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Abstract

This thesis is concerned with systems of partial differential equations from mathemat-
ical biology that model the directed movement of microscopic cells along the gradient
of a chemical substance in numerous and varied settings. All modeling frameworks con-
sidered in this thesis trace their lineage back to the seminal work by Keller and Segel
studying the chemotactic behavior of dictyostelium discoideum slime mold but present
additional mathematical challenges due to irregularities introduced by some of the mod-
ified dynamics in addition to the intricacies already inherent to the original Keller—Segel
system. In this context, we are then interested in exploring whether said systems admit
global (classical or potentially only weaker) solutions and, if so, what qualitative prop-
erties said solutions exhibit.

The first framework we study in this regard is a chemotaxis-Navier-Stokes model with po-
tentially rotational flux in two-dimensional domains with no-flux boundary conditions,
which was first introduced by Tuval et al. in response to experimental observations
about the interaction between organisms and their surrounding liquid. In this setting,
we show that it is possible to construct certain generalized solutions to said system,
which eventually become classical and stabilize to their expected steady states. As a
crucial ingredient to the derivation of these long-time behavior properties without need-
ing undue additional assumptions, we derive two optimal functional inequalities based
on the Trudinger-Moser inequality via variational methods.

The second framework considered in this thesis is a haptotaxis model in bounded do-
mains of two or three dimensions that represents the invasive movement of cancer cells
into healthy tissue while also undergoing a non-Fickian myopic diffusion process. Under
a global positivity assumption on the diffusion and taxis tensor, we first show that classi-
cal solution exist for the system. Under much more relaxed assumption on the diffusion
and taxis tensor encompassing cases of spatial degeneracy on small sets, we then show
that it is still possible to construct weak solutions to the same model.

Finally for our third framework, we look at two well-known variations on the original
Keller—Segel system in bounded domains of two or higher dimensions but with highly
irregular initial data. More specifically, we consider the attractive-repulsive Keller—Segel
system as well as the chemotaxis-consumption system. In these settings, we show that
even if these systems start in such a highly irregular state, e.g. a Dirac measure, classical
solutions to the systems can still be constructed and in fact become immediately smooth
as opposed to the persistence of singularities observed in some simplified versions of the
original Keller—Segel system.
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Zusammenfassung

Diese Arbeit beschéftigt sich mit System partieller Differentialgleichungen aus der ma-
thematischen Biologie, welche eingesetzt werden, um das gerichtete Bewegungsverhalten
mikroskopischer Zellen entlang von Stoffkonzentrationsgradienten in vielzéhligen und un-
terschiedlichen Situationen zu modellieren. Dabei kénnen zwar alle von uns betrachteten
Modelle ihre Abstammung auf das viel untersuchte, klassische Modell von Keller und
Segel fiir die Analyse des chemotaktischen Aggregationsverhalten von Dictyostelium dis-
cotdeum Schleimpilzen zuriickfithren, aber stellen dennoch génzlich neue mathematische
Herausforderungen aufgrund neuer oder verédnderter Dynamiken und der zugehérigen
potentiellen Irregularitdten dar. In dieser Arbeit liegt unseren Fokus darauf zu bestim-
men, ob es trotzdem moglich ist fiir besagte Modelle globale (klassische oder potentiell
nur schwéchere) Losungen zu konstruieren und, wenn ja, zu untersuchen, welche quali-
tativen Eigenschaften diese Losungen haben.

Das erste Modell, das wir in dieser Hinsicht betrachten, ist ein Chemotaxis-Navier-
Stokes-System mit potentiell nichtdiagonalen Flussanteilen in zweidimensionalen, be-
schrinkten Gebieten. Systeme dieser Art wurde von Tuval et al. unter anderem als Ant-
wort auf neue experimentelle Beobachtungen zu der Interaktion von Organismen mit der
umgebenden Fliissigkeit vorgeschlagen. In diesem Kontext zeigen wir, dass es moglich
ist verallgemeinerte Losungen fiir das Modell zu konstruieren, die nach einer potentiellen
Wartezeit klassisch werden und sich auf langen Zeitskalen ihrem erwarteten Equilibri-
umszustand annadhern. Eine kritische Zutat zu unserer Herleitung dieser qualitativen
Eigenschaften ohne Notwendigkeit fiir weiterer Annahmen an die Systemparameter sind
zwei optimale Funktionalungleichungen auf Basis der Trudinger-Moser Ungleichung, die
wir mit Methoden der Variationsrechnung nachweisen.

Als das zweite Modell dieser Arbeit betrachten wir ein Haptotaxis-System in zwei- und
dreidimensionalen, beschrankten Gebieten, welches aus der Modellierung des invasiven
Verhalten von Krebszellen in gesundes Gewebe bei gleichzeitiger nicht-Fickscher, kurz-
sichtiger Diffusion hervorgegangen ist. Unter einer globalen Positivitsannahme an den
Diffusions- und Taxistensor zeigen wir zunéachst, dass globale, klassische Losungen fir
das System existieren. Wir schwéchen dann unsere Annahmen an besagten Tensor deut-
lich ab, so dass auch Falle von lokaler, rdumlicher Degeneriertheit auf kleinen Mengen
behandelt werden kénnen, und zeigen dann, dass es trotzdem noch méglich ist schwache
Losungen fiir das gleiche System zu konstruieren.

Zuletzt betrachten wir zwei klassische Varianten des originalen Keller—Segel Systems in
zwei und hoéherdimensionalen, beschriankten Gebieten: Das attraktiv-repulsive Keller—
Segel System und das Chemotaxis-Verbrauch-System. Im Gegensatz zum Léwenanteil
bisheriger Untersuchungen dieser Modelle versehen wir beide Systeme allerdings mit po-
tentiell stark irreguléren Anfangsdaten wie z.B. einem Dirac-Mafl. Wir zeigen dann, dass
es trotzdem moglich ist klassische Losungen zu konstruieren, welche sogar unmittelbar
glatt werden. Dies steht in direktem Kontrast zur fritheren Resultaten, dass chemotak-
tischer Kollaps dieser Art in bestimmten Vereinfachungen des originalen Keller—Segel
Systems persistent sein kann.
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1 Introduction

1.1 On the modeling and dynamics of chemotaxis

Both in the realm of the microscopic as well as the macroscopic, the behavior of many
biological entities is shaped in key ways by the intricacies of their movement mecha-
nisms. It thus stands to reason that better understanding said mechanisms should in
turn yield deeper understanding of the organisms themselves. Especially in the domain
of individual cells, migration along gradients of a diffusive or nondiffusive substance,
commonly called chemotactic or haptotactic movement, respectively, is of some promi-
nence in many biological processes. This can range from bacteria being simply attracted
to a food or fuel source to complex self-organization patterns facilitated by the produc-
tion of a signal chemical. Spurred on by the seminal research papers due to Keller and
Segel (cf. [57], [58]) investigating exactly this kind of self-organized aggregation behavior
of the dictyostelium discoideum slime mold by way of modeling the organism’s dynamics
as a coupled system of partial differential equations, recent decades have seen ever in-
creasing interest in this type of modeling technique for various systems involving similar
migration patterns.

The popularity of this kind of approach to understanding certain biological processes as
well as its mathematical allure can naturally already be illustrated well using the original
Keller—Segel system, which (slightly simplified) reads as

{nt =An—V - (nVe), (KS)

¢t =Ac—c+n.

It is generally posed in either the whole space or a bounded domain with additional no-
flux boundary conditions, which is the setting we will focus on in this thesis. In the above
system, the function n represents the population of the slime mold and the function ¢ the
concentration of the chemoattractant at a specific location z and time ¢. Both the slime
mold population as well as the chemical are modeled to be diffusive substances using
the Laplacian terms in either equation while the attractive chemotaxis interaction is
represented by the cross diffusion term —V - (nVe). The second equation further features
the production term +n and decay term —c modeling that the attractant is volatile and
decays over time but is produced by the slime mold to facilitate self-organization.

While the number of explicitly modeled interactions present in the system is fairly small
as we have just seen, it has nonetheless been shown that model solutions exhibit rather
subtle dynamics due to the interplay between the stabilizing effects of diffusion and the
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aggregation promoting effects of the cross-diffusion term. More importantly, the behavior
of solutions to the classic Keller—Segel system seem to match experimental observations,
that is to say some solutions to the above system grow arbitrarily large at certain points
in the considered domain in finite time while mass is always preserved, which can be
readily interpreted as aggregation. This kind of solution behavior is typically called
finite-time blowup. In the case of the Keller—Segel system whether blowup occurs can
depend on various factors. In fact in one-dimensional domains, classical solutions to the
Keller—Segel system are always global and bounded (cf. [92]) while in three or higher
dimensional domains there e.g. exists a dense set of radially symmetric initial states that
lead to finite-time blowup (cf. [126]). In two-dimensional domains, the blowup behavior
becomes much more subtle. If the initial state of n has a mass less than 47 (or 87
for radially symmetric initial data), globally bounded classical solutions to (KS) always
exist (cf. [89]). Conversely for almost any initial mass greater than the aforementioned
critical value 47, unbounded solutions to (KS) have been successfully constructed (cf.
[51]), which in the radially symmetric setting have even been shown to blow up in finite
time (cf. [50], [81], [82]). In the parabolic-elliptic version of the Keller—Segel system, this
critical mass phenomenon in two-dimensional domains has been even more conclusively
proven (cf. [85], [86]). Strikingly, it has further been shown that certain blowup solutions
in fact approach Dirac-type singularities (cf. [88]), which in some simplified settings can
even be shown to persist past blowup time (cf. [10]). This naturally gives even more
credence to the aggregation interpretation.

As this struggle of stabilization versus aggregation is fundamental to the rich dynamics of
the Keller—Segel system, it should come as no surprise that understanding how this battle
plays out in similar scenarios featuring cross-diffusion has been an exciting area of recent
study. In this thesis, we will explore how aspects of this contest between the existence
of bounded global classical solutions and blowup play out in various closely related but
markedly irregular frameworks featuring added or modified dynamics compared to the
classic Keller—Segel system.

1.2 Framework 1: A chemotaxis-fluid model with
non-rotational flux

The first such cross-diffusion framework we will consider here is the chemotaxis-fluid
model

ne+u-Vn=An—V-(nS(z,n,c)Ve),
¢t +u-Ve=Ac— f(c)n, (CF)
ut + (u-V)u=Au+ VP +nVe, V-u=0.
in a smooth bounded domain Q C R? with no-flux boundary conditions and appropriate
parameter functions S : © x [0,00)? — R2*2| f:[0,00) — [0,00) and ¢ : Q2 — R.

The introduction of models of this type by Tuval et al. in [115] was motivated by the
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experimental observation due to Dombrowski et al. that a population of Bacillus subtilis
generate speeds of fluid movement after aggregation that seemed to be insufficiently
explained by considering each cell in isolation (cf. [28]). This challenges the up to that
point standing assumption that fluid-cell interaction can be disregarded because each
cell has only negligible influence on the fluid. Thus one of the key changes to the original
Keller—Segel system here is the addition of a full Navier—Stokes fluid model, which is
coupled to the chemotaxis system via the buoyancy term nV¢ and the convection terms
u-Vn as well as u-Ve. Apart from this, the second equation features a consumption term
— f(n)c instead of the original production and decay terms —c+n as the chemical in this
model is supposed to be a food or fuel source as opposed to a method of self-organization
for the organisms. Lastly, the model also features a general sensitivity function S as
part of the taxis term, which allows it to represent a much broader spectrum of taxis
scenarios by choosing specific sensitivity functions. This can range from the classic
Keller—Segel taxis interaction, over a taxis interaction incorporating certain volume-
filling effects to even fully matrix-valued sensitivity functions with potentially rotational
flux. Due to analytical findings of long-time homogenization in settings with scalar-
valued sensitivities (cf. e.g. [127]), which conflict with experimental observations of more
intricate structure formation (cf. [28]), the matrix-valued case has seen increased interest
from a modeling standpoint in recent years. More specifically as experimental settings
suggest that new structural patterns originate near the boundary of the observed domain
(cf. [28]), modern modeling approaches often introduce rotational flux components near
said boundary, leading to a sensitivity function .S of roughly the form

10 0 -1
S—@(O 1>+b<1 O) fora>0,beR

with significant non-diagonal entries near the boundary (cf. [142], [143]).

Challenges of the model. The added dynamics described above pose some significant
new challenges when establishing solution theory for (CF) as well as when exploring
long-time behavior of any thus obtained solutions compared to the original Keller—Segel
model. These complications centrally stem from allowing our sensitivity function S to
be matrix-valued and fairly general as well as considering a full Navier—Stokes fluid
model as opposed to the easier to handle Stokes model or no added fluid model at all.
To elaborate on these unique difficulties, let us now remind ourselves of some prior
discoveries in related settings to establish proper context.

For scalar sensitivities S, there exist many results about similar systems to (CF), with or
without fluid interaction, concerning global existence (cf. [20], [29], [125], [147]) and long-
time behavior (cf. [127], [131]) in two-dimensional settings due to some very convenient
energy inequalities. In three-dimensional domains, there are generally only less ambitious
existence results available, likely due to the problematic Navier-Stokes equation (cf.
[125], [130], [131]). In the matrix-valued case, the aforementioned energy inequalities are
no longer available. This makes analysis of especially the first equation in (CF) highly
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difficult. Therefore to our knowledge, prior work concerning non-scalar sensitivities has
either hinged on some strong assumptions about S or the initial data (cf. [16], [18§],
[120], [121], [122]), on adding sufficiently strong nonlinear diffusion to the first equation
(cf. [128]) or only constructing generalized solutions (cf. [132]). Even in the fluid-free
version of (CF) without imposing any strong assumptions on .S, global smooth solutions
in the two-dimensional case seem to have thus far only been constructed under significant
smallness conditions for ¢y (cf. [67]) and, if we allow for general initial data and space
dimension, only global generalized solutions (similar to those in Definition 3.3.1) seem
to be available (cf. [129]).

If we remove the nonlinear convection term and simplify the fluid model to a Stokes
equation in (CF), existence and eventual smoothness of generalized solutions can be
shown (cf. [134]). Sadly the methods used to establish this seem to not translate to the
full Navier—Stokes case.

Our results. Overcoming these challenges, we show that there exist generalized solu-
tions (cf. Definition 3.3.1) and that such generalized solutions in fact eventually become
smooth and stabilize as the food source gets depleted. This is done under fairly mild
assumptions on both the initial data as well as the system parameters f, S and ¢. The
precise theorem as well as the full proofs are laid out in Chapter 3.

New functional equalities. As a key ingredient to the proof of this result, we will spend
Chapter 2 on the derivation of optimal versions (along one axis of optimization) of two
functional inequalities stemming from the well-known Trudinger—-Moser inequality (cf.
[21], [84], [114]). More precisely we will show that there exists By > 0 such that

Low-m<g [om(Z)+ 5 { Lo} [ e (F1)
[on(@) < bl mmer

hold for all @ > 0 and sufficiently regular functions ¢, in two-dimensional domains
of appropriate regularity. While similar inequalities have found previous application in
chemotaxis settings (cf. [89], [135]), prior versions still featured an additive integral term.
In our arguments, this would have lead to an additional small-mass condition on ng for
our eventual smoothness and stabilization result, which in light of our new versions of
these functional inequalities would have been purely technical as opposed to an essential
property of the model. Interest in inequalities of this type is naturally not restricted to
only chemotaxis applications in planar domains but similar functional inequalities have
also been considered on spherical domains and in related settings (cf. [27], [91], [140]).

and

Even though we developed the above functional inequalities to solve an immediate prob-
lem in our efforts to explore the long-time behavior properties of solutions to (CF), the
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result seems of some independent interest given that it explores the boundaries of the
crucial gap between the Sobolev space W2 embedding into every LP space with finite p
but not embedding into L*° in two-dimensional domains. In fact, this particular gap of-
ten seems to be the locus of particular intricate dynamics. This is e.g. evident in the fact
that the critical mass phenomenon of the Keller—Segel system in two-dimensional do-
mains, which we mentioned before, is inextricably connected to another critical constant
of the Trudinger—Moser inequality (cf. [51], [89]). Widening our field of view slightly for
another example, there also exist blowing-up solutions to the mean field equation (cf.
[96] or [3] for a similar discussion in a slightly different setting), where the mentioned
blowup occurs as again a critical system parameter approaches a value connected to
the Trudinger—-Moser inequality. Given that these functional inequalities have already
proven their usefulness in our concrete setting and are of a fairly general form, they might
prove to be a useful tool for future explorations of various problems in two-dimensional
settings.

1.3 Framework 2: Haptotaxis with a potentially degenerate
diffusion and taxis tensor

The second taxis process we study in this thesis is the invasive movement of tumor cells
into healthy tissue along gradients of tissue density during the progression of certain
types of cancer (cf. [100]), which is naturally of extensive interest from a medical per-
spective. Differing from the oxygen-consuming bacteria discussed in the previous section,
cancer cells are generally modeled as following a haptotactic as opposed to chemotactic
movement mechanism (cf. [19]). Notably not only in the narrower setting of cancer cell
modeling but more general mathematical taxis models, by far the most attention at this
point has been paid to approaches employing a Fickian diffusive movement model for the
entities in question, which assumes some homogeneity of the underlying medium. But
bolstered by experiments observing cell aggregation near interfaces between grey and
white matter in mouse brains (cf. [14]), it has recently been suggested that especially in
more heterogeneous environments, such as brain tissue, cell movement might be better
described by non-Fickian diffusion (cf. [9]), which is far less mathematically studied in
these taxis settings.

This being the case, we choose exactly such a haptotaxis model of cancer invasion fea-
turing non-Fickian myopic diffusion, which was introduced in [30], as our second focal
point in this thesis. More specifically, we consider the system

(DH)

¢t = —nc

{nt =V - (DVn+nV-D) - xV - (nDVe) + un(l —n""1),

in a smooth bounded domain Q C RN, N € {2,3}, with a no-flux boundary condition and
appropriate parameters xy > 0, > 0, 7 > 2 and D : Q — RV*N D positive semidefinite

on ). The first equation models the invading cancer cells moving according to the
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aforementioned myopic diffusion, which is represented by the term V - (DVu + uV - D),
as well as according to haptotaxis, which is represented by the term —xV - (uDVw).
Apart from this, the equation further incorporates a logistic source to represent the
proliferation of cancer cells. The second equation models the remaining healthy tissue
cells and only features a consumption term.

The key feature of interest in the above system from both an application as well as a
mathematical perspective is of course the parameter matrix D, which represents a space
dependent coupled diffusion and taxis tensor. In practice, this tensor can be derived from
the underlying tissue structure by employing biomedical imaging methods (cf. [30]) and
represents the influence of said underlying structure on the movement of cells through it.
To account for situations of both locally very dense as well as locally very sparse tissue,
which both occur in concrete applications and hinder cell movement significantly, we
allow D to be potentially degenerate. Notably in one dimension, solutions to a closely
related system with degenerate diffusion have already been shown (cf. [133]) to reflect
the aggregation behavior in interface regions seen in experiments (cf. [14]) while to our
knowledge in systems with non-degenerate diffusion long-time behavior results seem to
generally be restricted to convergence of solutions to spatially constant states (cf. e.g.
[119]). This seems to indicate that models of this kind featuring degenerate diffusion
could potentially be a better representation of real world behavior, but to our knowledge
have thus far only been mathematically studied in one dimension. Therefore, establishing
existence theory for such models in higher dimensions (but under weak assumptions on
the parameters) seems a natural next step to explore their applicability and usefulness
to the analysis of real world scenarios.

Our results. Our main results are twofold: First, we establish the existence of global
classical solutions given a uniform positivity condition for ID, which allows us to basically
treat it as we would any other elliptic diffusion operator, as well as a condition ensuring
sufficient regularizing influence of the logistic source term (cf. Theorem 4.1.1). Second,
we establish that it is still possible to construct fairly standard weak solutions under
much more relaxed conditions for ID. More specifically, we drop the assumption that
D must be globally positive in £ and replace it with a set of assumptions much more
tailored to our methods for constructing said weak solutions, which are strictly weaker
than the prior positivity assumption in allowing for matrices that are in some (small)
parts of 2 only positive semidefinite (cf. Theorem 4.1.13). The proofs of both of these
results are laid out in full detail in Chapter 4.

Prior work. To give some context for the above results, we will now give a brief summary
of some relevant literature regarding haptotaxis in general and our system in particular.
For a broader overview, we refer the reader to the general haptotaxis survey found in
[118].

Let us first note that for the one-dimensional case, where D simplifies to a real-valued
function, there are already some results available for a variant of our scenario without
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a logistic source term (including potential spatial degeneracy) dealing with existence
theory as well as long-time behavior (cf. [133], [136], [137]). Weak solutions have also
been constructed in very similar haptotaxis systems featuring porous-medium type and
signal-dependent degeneracies as opposed to spatial ones (cf. [149]).

Regarding haptotaxis systems with non-degenerate diffusion operators, e.g. D = 1 in our
system, global existence and sometimes boundedness theory has been studied in various
closely related settings (cf. [15], [70], [78], [108], [116], [117], [139]). Notably, these sys-
tems often feature an additional equation modeling a diffusive (potentially attractive)
chemical and the fixed parameter choice » = 2 for the logistic term in addition to the
more regular diffusion. In many of these scenarios, it has further been established that
solutions converge to their constant steady states (cf. [71], [78], [95], [108], [119], [148])
under varied but sometimes restrictive assumptions. There has also been some analysis
of haptotaxis with tissue remodeling, which is represented in the model by some addi-
tional source terms in the equation for ¢ (cf. [94], [104], [109]).

Apart from haptotaxis models, there has also been significant analysis of chemotaxis
models featuring degenerate diffusion (cf. [52], [66], [141] including degeneracies depend-
ing on the cell density itself).

Lastly, let us just briefly mention that the regularizing effects of logistic source terms
we rely on for our result have already been very well-documented in various chemotaxis
systems (cf. [62], [124] among many others) as well as haptotaxis systems (cf. [110]).

1.4 Framework 3: Measure-valued initial data in
attractive-repulsive chemotaxis as well as
chemotaxis-consumption models

For our final topic of this thesis, we will investigate an attractive-repulsive chemotaxis
system as well as a chemotaxis-consumption system regarding their ability to recover
from blowup. More precisely, we are interested in whether in these popular systems
blowup states always persist in the form of Dirac-type singularities as observed in the
original Keller-Segel system under some circumstances (cf. [10], [65]) or whether instead
solutions to the systems can immediately become smooth again. While most prior inves-
tigations into blowup behavior ask whether a classical solution to a chemotaxis system
can ever reach a measure-valued blowup state after some finite time, we approach study
of blowup in a sense in reverse here as we presuppose a measure-valued initial blowup
state and then ask whether classical solutions can still be constructed that connect to
said initial state in a reasonable fashion.
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Attraction-repulsion chemotaxis system. The first model we consider in this regard
is the attraction-repulsion chemotaxis system

ne=An—xV - (nVe,) + &V - (nVe,),
TCar = Acqg + an — Beg, (AR)
Tery = Acy +yn — de,

in a smooth bounded domain Q@ C RN, N € N, with parameters x,& > 0, a, 3,7, > 0
and 7 € {0,1} as well as no-flux boundary conditions. Such variations of the original
Keller—Segel model, which not only feature an attractive but also a repulsive chemical,
have recently been introduced in an effort to e.g. understand Alzheimer’s disease (cf. [79])
or describe quorum-sensing effects observed in certain kinds of bacteria (cf. [93]). The
first equation models the movement of the organisms in question toward the attractive
chemical represented by ¢, at rate x and away from the repulsive chemical represented
by ¢, at rate £&. As seen in the second and third equation, both chemicals are produced
by the organisms at rates depending on the choice of o and -, respectively, and decay
over time at rates 8 and ¢, respectively. Notably, the second and third equation can
either be of parabolic or elliptic type depending on the choice of parameter 7. This
choice is generally interpreted as the chemicals either conforming to evolution at similar
time scales as the organisms in the parabolic case or the chemicals reacting almost
immediately to changes in organism concentration in the elliptic case.

Prior work. From an intuitive standpoint and in many cases very much by design, one
would expect a sufficiently strong repulsive influence to counteract the aggregation be-
havior often underlying finite-time blowup and thus leading more readily to the global
existence of classical solutions. In fact given regular initial data, this intuition seems
to be supported by prior mathematical analysis as it has been shown that, if the re-
pulsive taxis in the system (AR) is strictly stronger than its attractive counterpart in
the sense that &y — xya > 0, then global classical solutions exist in two dimensions if
7 = 1 and in arbitrary dimension if 7 = 0 (cf. [76], [105]). It has further been shown
that under potentially additional parameter restrictions said solutions are even globally
bounded or exhibit certain large-time stabilization properties (cf. [54], [56], [74], [77]).
Conversely if attraction dominates over repulsion, the blowup results already established
for attraction-only systems (cf. e.g. [85], [86], [123], [126]) seem to largely translate to the
competition case (cf. [55], [63], [105]). Naturally apart from the system in (AR), which
stays fairly close to the original Keller—Segel system, many of its canonical variations
have also been explored as well. To mention a few, there has been some consideration of
models, in which the attractant is consumed instead of produced (cf. [32], [33]), in which
the taxis mechanisms further interact with a logistic source term (cf. [69], [146]), or in
which the movement mechanisms feature some form of nonlinearity (cf. [22], [32], [75]).
Apart from this, there has also been some analysis of the interaction between attraction
and consumption in the whole space case (cf. [87], [144]).

Let us further briefly mention that there is another prominent setting which at times
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deals with interaction of attraction and repulsion, namely predator-prey models. Here,
the predators, which are generally modeled by the first of two diffusive equations, are
attracted by the prey. The prey in turn, which is modeled by the second of the afore-
mentioned equations, is repelled by the predators. If both taxis mechanisms are present
in such a setting however, the situation seems to be much less clear cut than in the
attraction-repulsion model seen in (AR) as even the construction of (potentially only
generalized) solutions seems to be rather challenging given that cross-diffusion is present
in both equations (cf. [36], [37], [111]). Due to this, most efforts in this area focus only
on one of the two mechanisms and remove the other.

Our results. Given any measure-valued initial data for the first solution component
and sufficiently regular W17 (Q) data for the second and third solution components, we
show that the system in (AR) admits global classical solutions in the two-dimensional
parabolic-parabolic and parabolic-elliptic case as long as the repulsive forces are suffi-
ciently stronger than their attractive counterparts. For the three-dimensional parabolic-
elliptic case, we are still able to construct similar solutions but additionally need to
assume that the initial data for the first solution component is slightly more regular
than L'(Q) in addition to the strong repulsion assumption. The precise conditions on
the system parameters and initial data as well as the full construction can be found in
Chapter 5.

Chemotaxis-consumption system. To neatly bookend our discussions in this thesis,

we return to a chemotaxis-consumption system (albeit this time without a coupled fluid

model and in arbitrarily high dimensions). More precisely, as our last system of consid-
eration we investigate

ne = An — xV - (nVe),

i o

¢ =Ac—cn

in a smooth bounded domain @ C RV, N > 2, with y > 0 and no-flux boundary
conditions. Even when not coupled to a fluid equation, models of this type are still often
used to e.g. model certain bacteria that are attracted by oxygen (cf. [115]) as already
elaborated upon previously.

Prior work. Under a smallness assumption for the initial state of the second solution
component, it has been shown that bounded global classical solutions to (C) with smooth
initial data exist in domains of arbitrary dimension (cf. [6], [103]). Removing the initial
data condition, a classical existence result of this type still holds in two-dimensional
domains (cf. [53]) and it has further been shown that weak solutions exist in three-
dimensional domains, which eventually become smooth (cf. [107]). There has also been
extensive exploration of chemotaxis-consumption models with modified taxis or diffusion
mechanisms (cf. e.g. [17], [67], [68], [145]), added production terms (cf. e.g. [64], [68]), as
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well as models coupled with a fluid equation (cf. e.g. [4], [130], [135] for some relevant
existence theory and [72], [135] for discussions of long-time behavior in this setting).

Our results. Building on this base of knowledge, we show that given any measure-
valued initial data for the first solution component as well as L°°(2) initial data satisfying

the smallness condition
™ /2
0 < lcoll Lo () < Vv
for the second solution component, global classical solutions to (C) can still be con-
structed in domains of arbitrary dimension N in a way that connects them to the initial
data in a reasonable way. To our knowledge, the above condition on ¢y seems weaker
than those required in previous works on (C) even when assuming smooth initial data.
We present the full theorem and proof in Chapter 6.

1.5 Notation

Concluding this introduction, we will give a brief overview over some relevant notation
used in this thesis. To this end, let U C R*, V C R7, k,j € N as well as let m,n € Ny,
p € [1,00] and « € (0, 1) for the remainder of this section.

We will call a matrix M € RF*% positive definite or positive semidefinite if and only if
it is symmetric and 2 - Mz > 0 or # - Mz > 0 for all z € R*\ {0}, respectively. We
will further write M; > M, if and only if x - Mix > z - Msx for all x € ]Rk, where
M, My € R¥¥k. For a positive semidefinite matrix M € R¥*¥ /M is the standard
matrix square root. Further, M + s := M + sI and M > s if and only if M > sI for all
M € R¥*F and s € R, where I € RF*¥ is the identity matrix. The relations <, < and >
between two matrices as well as a matrix and a scalar are defined in the same way. Any
matrix properties are always to be understood in a pointwise fashion when applied to a
matrix-valued function.

For the purposes of this thesis, we will represent strong and weak derivatives in the same
way. Whenever possible, we mean strong derivatives. We will use standard notation for
partial derivatives, e.g. 0,7, % f or f, for the derivative of f with respect to x. Vf is
the gradient of f, V - f is the divergence of f and Af is the Laplacian of f. We use
standard notation, i.e. [, for integration and always mean the Lebesgue integral with
the Lebesgue measure or surface measure for surface integrals, respectively, if no explicit
measure is specified. In surface integrals as well as boundary conditions, the symbol
v = v(x) always denotes the unit outward normal vector of the currently considered
domain at that point z on the boundary. The absolute value | - | applied to a vector
x € R¥ always denotes the Euclidean norm of z, applied to a matrix M € R**¥ always
denotes the Frobenius norm of M and applied to a measurable set U always denotes the
Lebesgue measure of U.

10
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In the following paragraph, U and V are always assumed to be sets with nonempty inte-
rior that are a (potentially proper) subset of the closure of their interior, i.e. nonempty
open sets, the closure of nonempty open sets or essentially anything in between. We
then say that f is an m-times continuously differentiable real-valued function over such
a set U if f is m-times continuously differentiable on the interior of U and f as well as
its first m derivatives can be continuously extended to the entirety of U.

CY(U) is the space of continuous real-valued functions over U with
| fllco@y = sup |f(x)| if U is compact.
zeU

C™(U) is the space of m-times continuously differentiable real-valued functions over U
with
Bl

if U is compact.

[ fllem @y = max sup |-—
IBI<m zeU

C>(U) is the space of arbitrarily often continuously differentiable real-valued functions
over U and C2°(U) is the space of such functions f with compact support

supp f :={x € U| f(z) # 0}.
C*(U) is the space of locally a-Hoélder continuous real-valued functions with

[f(z) = F(y)l

|z —y|*

| fllce@w) = Il fllcow) + SUP{ x,y e Uyx # y} if U is compact.

C™*+(U) is the space of functions f € C™(U) such that the m-th derivatives of f are
locally a-Hélder continuous with

Bl
o8 /

[fllem+a@y = [ fllem@) + m if U is compact.

= ’ co(U)

C™™(U x V) is the space of real-valued functions defined on U x V that are m-times
continuously differentiable with respect to U and n-times continuously differentiable
with respect to V. For compact sets U and V', the parabolic Holder space Ca’%(U x V)
consists of functions f € C°(U x V) such that the following parabolic Holder norm is
finite:

[f(x.t) — f(y,9)] |2y €U,
|z —yle+]t—s|z | t,s€V,

Hf”ca F(UxV) = || fllco va)—i-sup{ x#yort;«és}

For definitions of higher order versions of this type of parabolic Hélder norm and asso-
ciated space (e.g. C2To1H3 (U x V), we refer the reader to [61, pp. 7-8] as spaces and
norms of this type will mostly find use in this thesis in the context of Schauder theory
cited from the aforementioned reference.

11
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The Lebesgue spaces of real-valued functions LP(U) are defined in the standard way
with

1
I fllr @y = </U |f($)|pdw>p if p < oo
or
HfHLoo(U) = esssup,ey | f(7)] if p = oo.

LIAm(=+1)(T7) is the corresponding Orlicz space (with the Luxemburg norm) associ-
ated with the N-function (satisfying a global As-condition) given by z +— |z|In(]z] + 1)
(cf. [2, Chapter 8], [59]). If U has finite measure, it is straightforward to show that
LI+ (7)) embeds continuously into L*(U) (by e.g. using the property of the Lux-
emburg norm seen in (9.21) from [59]). L (U) is the space of measurable real-valued

loc

functions f on U such that || f||z»(x) is finite for all compact sets K C U.

M (U) is the set of all positive Radon measures on U equipped with the vague topol-
ogy (cf. e.g. [7, Chapter IV]). When necessary, we will interpret nonnegative functions
f € LY(U) as elements of M (U) by treating them as a density function relative to the
standard Lebesgue measure. For example, we say a sequence of nonnegative functions
(fi)ien € LY(U) converges to a measure u € M, (U) in the vague topology as i — oo if
and only if [;; () fi(z)dz — [;; o(x) du(z) as i — oo for all € CY(U) with compact
support.

In this paragraph, U is always assumed to be a domain, i.e. a nonempty, open and
connected set. We then denote the standard Sobolev spaces as W™P(U) (cf. [2]) with

1
GIE] =
oo = {(me 122112, ) forp< oo

|81
max|gj<m Hgﬁf“Lw(U) for p = oo

These are the spaces of m-times weakly differentiable LP(U) functions with weak deriva-
tives in LP(U). If p < oo, these spaces can be equivalently characterized as the comple-
tion of C°°(U) regarding the norm || - [|yym»(rr) (cf. [2, Theorem 3.17]). We then define
the spaces W (U) as the closure of C2°(U) in W™P(U) or equivalently as the subsets
of W™P(U) where an appropriate boundary trace is 0 if U is of sufficient boundary
regularity (cf. [2, Theorem 5.36 and Theorem 5.37]).

While we have thus far only talked about spaces of real-valued functions, let us briefly
address the case of functions with values in some more general Banach space X, which
will come up fairly regularly during this thesis. In this case, we write variants of the
above spaces with values in X instead of R following the convention seen in e.g. C°(U; X)
or C%(U; X). When referring to the spaces LP(U; X) and L (U; X), we always mean
the standard Bochner—Lebesgue spaces. Any norms introduced above (not featuring
derivatives) are adapted to this case by simply replacing absolute values in them by the
corresponding norm associated with X as necessary. If X = R¥ or X = R¥*¥, then
derivatives will always be understood componentwise. When applying a norm defined
above for real-valued functions to such a vector-valued or matrix-valued function, we

always take the absolute value of the function at every point « € U first and then apply

12
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said norm.

For variants of the above spaces used in the study of fluid equations, i.e. LE(U) and
ngf "P(U), as well as associated projection operators P = P,, see Remark 3.6.6 for the
relevant definitions. For variants of the above spaces used in our study of spatially de-
generate parabolic equations, i.e. LY (U), Wﬁ)’p U), W;ff (U; RF*k)  as well as associated
projections operators P;, ¢ € {1,2}, see Definition 4.1.7.

We always write the dual space of any Banach space X as X*. Moreover, we denote
convergence of a sequence (f;)ieny € X to f as i — oo by writing f; — f and weak
convergence to f as ¢ — oo by writing f; — f.

For any sectorial operator A (e.g. the negative Neumann Laplacian —A or the Stokes
operator), we will write the semigroup generated by —A as (e 7*4);> or e *¢ when
applied to a function ¢. We further denote the spectrum of A as o(A). If all elements
of o(A) have positive real part (e.g. in the case of the Stokes operator), we write the
fractional powers of A as A” and their domains as D(A”) with 8 > 0 (cf. [49], [80]).

For space and clarity reasons, we will often abbreviate terms. We will e.g. sometimes
write n, ¢ instead of n(z,t), c(z,t). Differential operators like the Laplace operator, di-
vergence operator or gradient operator always only apply to the space variable z. Inside
a time integral with e.g. integration variable s, the functions n, ¢ will depend on said
integration variable s instead of a constant time ¢ if nothing else is explicitly stated.

13






2 Two new functional inequalities based on
the Trudinger—Moser inequality

2.1 Main result

As a crucial prerequisite for the next chapter as well as a result of individual merit, we
will devote this chapter to deriving the following functional inequalities:

Theorem 2.1.1. For any piecewise C?, bounded, finitely connected domain G C R?
with a finite number of vertices and a minimum interior angle O € (0, 7] at its vertices,
there exists a constant By € (0,20) such that

[ro-otfon(S) el me

for all ¢ € WH2(Q), positive 1 € LP(G) with p > 1 and a > 0 and

[on(3) =4 (Lo} fromor

for all positive ¢ € LP(G) with p > 1 and In(y) € WH2(G). Here, ¢ == \%I Ja .

Remark 2.1.2. The restrictions on the regularity of the domain G in Theorem 2.1.1
originate directly from the version of the Trudinger-Moser inequality from [21] laid out in
Theorem 2.3.1, which serves as the basis for our arguments in this chapter. In accordance
with [21], Theorem 2.1.1 also encompasses domains that are entirely C? and thus have
no vertices. In this case, g is equal to w. While the characterization of a piecewise
C?, bounded, finitely connected domain in R? with a finite number of vertices and a
minimum interior angle 6¢ € (0, 7] at its vertices is left somewhat vague in [21] by not
giving a formal definition or reference for some of the more ambiguous properties, any
reasonable characterization of such a domain G should certainly imply the segment and
cone conditions for G as defined in [2, Paragraph 3.21 and Paragraph 4.6], which are the
only other boundary regularity conditions needed for the remaining arguments in this
chapter. The segment condition is used here to ensure that the set C!(G) is dense in
W2(G) (cf. [2, Theorem 3.22]) and the cone condition is used here to ensure that the
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set WhH2(G) embeds continuously and compactly into LP(G) for all p € [1,00) (cf. [2,
Theorem 4.12 and Theorem 6.3]). The latter directly implies the Poincaré inequality

lellize < ClIVelg — forall p e W2(G) with | ¢ =0

for some constant C' > 0 under the same cone condition (see the proof of [138, Theorem
7.7] for the relevant argument), which is the final result used in this chapter that requires
additional boundary regularity. Therefore, no further restrictions on the domain G than
those already present in Theorem 2.3.1 are necessary for our proof of Theorem 2.1.1.

Remark 2.1.3. For functions v of higher regularity (e.g. C*(G)), the inequality in (F2)

can be rewritten as ,
1 \Y%
f v <Z> <athe ) | w@ ’

which is how we will use it in Chapter 3.

Remark 2.1.4. Let us further note that many types of domains commonly encountered
in the study of partial differential equations are always finitely connected as a conse-
quence of some stronger regularity property typically assumed of such domains. Indeed,
star-shaped domains (and thus convex domains) are straightforward examples of finitely
connected domains as they are easily shown to be simply connected. While perhaps less
intuitively obvious but even more widely applicable, many standard boundary regularity
properties central to the study of Sobolev spaces and partial differential equations also
ensure that the domain in question must already be finitely connected as long as the
boundary of the domain is also compact. This is due to the fact that common charac-
terizations of e.g. Lipschitz or smooth boundary regularity (cf. e.g. [2, Paragraphs 4.4 to
4.11], [26, Section 2.3.4] or [138, Section I.2] for a more in depth discussion on how vari-
ous boundary regularity properties relate to each other) entail that the boundary can be
covered by a family of connected open sets as a consequence of the boundary being e.g.
locally representable as a graph of a sufficiently regular function or the boundary being a
embedded submanifold of sufficient regularity. Due to compactness, the boundary must
thus be a subset of a finite union of connected sets and can thus only have finitely many
connected components. As each interior hole of the domain corresponds to a connected
component of the boundary, this naturally directly implies that the domain can only
have finitely many interior holes and is thus finitely connected.

As a matter of convenience, G will always be a piecewise C2, bounded, finitely connected
domain in R? with a finite number of vertices and a minimum interior angle 6 € (0, 7]
at its vertices for the remainder of this chapter. As already mentioned in Remark 2.1.2
if G has no vertices, then ¢ is equal to 7 in accordance with [21].
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2.2 Approach

Both (F1) and (F2) are ultimately a consequence of a standard corollary of the Trudinger—
Moser inequality (cf. [84], [114]), namely the inequality

/ e? < Cgexp <1/ IV|? + 1 <p> for all ¢ € Wh2(G) (2.2.1)
@ 48 Ja Gl Ja

which holds for all g € (0,20¢] as well as some fixed Cg > |G| (This lower bound for
C¢ directly follows from setting ¢ := 0). Although the above inequality is fairly easy to
derive if optimality of the constants is not necessarily an objective, our aim here will be
minimizing the constant Cg as this is central to the derivation of our new inequalities.

To achieve such a minimization of Cg in planar domains, we begin by employing tech-
niques from the calculus of variations to first find a minimizer ¢z of the functional

- S o-m(—= [ ) foran :
J3(¢) 4B/G|V<p| + i Ggo n<|G| /Ge > or all p € WH4(G),

which arises in a natural way from (2.2.1) after some rearrangement, for each 8 € (0, 20].

Having found such minimizers, we then show that they solve a Neumann problem cor-
responding to the equation

1 Avw — 1 n e®s
2/ ¥e= G|~ [gers

in a weak sense. As a property inherent to their construction, we can immediately
see that all minimizers are bounded in W%2(G) independent of 3. We further note
that, when 8 becomes small, the Laplacian on the left-hand side of the above equation
becomes arbitrarily strong, which has the following consequence: If we restrict ourselves
to solutions, which are normalized to [ ¢3 = 0 and are bounded in W?(G) by a fixed
constant independent of 3, then as 5 ™\, 0 the only solution that fulfills these constraints
is ¢g = 0. Combining these insights, we can then conclude that our minimizers must
be equal to zero almost everywhere as well if § is sufficiently small. But this directly
gives us Jg > Jg(pp) = Jg(0) = 0 for sufficiently small 3, which implies (2.2.1) with
Ce = |G|.

2.3 The Trudinger—Moser inequality

We will start the derivation of our new functional inequalities by reminding ourselves
of an already well-known inequality first pioneered by Trudinger in [114] and then later
refined by Moser in [84, Theorem 1], which will serve as the starting point for all further
considerations. As it is somewhat more convenient for our purposes, we use the more
recent formulation of the same inequality by Chang and Yang in [21, Proposition 2.3],
which can be extended from C!(G) to WH2(G) by a straightforward density argument
(cf. [2, Theorem 3.22]):
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Theorem 2.3.1. Let G C R? be a piecewise C?, bounded, finitely connected domain
with a finite number of vertices and a minimum interior angle 6c € (0, 7] at its vertices.
Then there exists a constant Cg > |G| such that, for all ¢ € WH2(G) with

/|V<p\2§1and/cp:0
G G

/ 66902 SCG
G

and 0 < 8 < 20q, we have

As the above restrictions on ¢ can be somewhat inconvenient, we will now prove a
standard corollary to the Trudinger—Moser inequality eliminating said restrictions at
the cost of some corresponding terms on the right-hand side and a slightly different term
on the left-hand side of the inequality:

Corollary 2.3.2. For each 0 < 8 < 20g and ¢ € W12(G), we have

e? < Cgex < / ) R R ) 2.3.1
/G G OXP 443 Vel |G| ( )
with Cq from Theorem 2.5.1.

Proof. As (2.3.1) is trivially true if [|[Vel|r2(q) = 0 with Cg = |G| due to functions with
this property being constant almost everywhere we can assume that ||[Vol|p2(g) > 0 for
the remainder of this proof without loss of generality. Then by using Young’s 1nequahty

to see that )
_ _ Y= 1 2
—7<le-9| < B | i=—— | +-=IVeli:
Vel 4B e

with @ = el L o », we directly gain from Theorem 2.3.1 that

— 1
PP < i 2
/Ge _CGexp(4B/G]ch|>
¢ < 2
/Ge CGeXp<4B/] o +|G| )

for all 0 < 3 < 205 and ¢ € WH2(G). O

or further that

As integrals of the form [ e? will naturally play a significant role in the following
arguments, let us briefly note that the above corollary ensures that said integrals are
always positive and finite if ¢ € W1?(G), which makes them reasonably straightforward
to handle.
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2.4 A variational approach to minimizing Cg

Understanding the relationship of the constants C'¢ and 8 in Corollary 2.3.2 will be the
linchpin to our proof of Theorem 2.1.1. While there have been considerable efforts to
achieve the above inequality for optimal, meaning large, values of 8 in many different
contexts (cf. [1], [23], [84], for instance), we will be more interested in how small we can
make Cg > |G| at the cost of only allowing for smaller values of 5. To our knowledge,
minimizing Cg has thus far only been considered on the sphere S and in related settings
(cf. [27], [91], [140], for instance).

Therefore, what we are now essentially looking at is a minimization problem, which we
will handle using variational methods. Concerning which functional to minimize, we let
ourselves be guided by a similar approach in [39, Theorem 18.2.1] to minimizing the
constant C on the sphere S? (cf. [27] for an overview about proof techniques on S?).
Thus for each 8 € (0,20¢], we will analyze the following functional:

T(p) = 46/ Vol? + ’G|/ <|G|/e¢) for all p € W'2(G).  (2.4.1)

As Jg > 0 immediately implies that (2.3.1) holds with Cg = |G|, which is the smallest
possible value for Cg in said inequality, it will be our aim for the remainder of this
section to show that minimizers ¢z for Jg exist and that, for sufficiently small 3, they
have the property Jg(ypg) = 0.

To do this, let us now first consider a basic lower boundedness and coerciveness property
of Jg directly following from Corollary 2.3.2:

Lemma 2.4.1. There exists a constant C > 0 such that
1
Ja(p) > — / Vo2 -C>-C
s(v) = 3 5 L IVel >
for all o € WH2(G) and B € (0,0q].
Proof. Let 8 € (0,0c] and v := 25 € (8,20¢]|. Then we know from Corollary 2.3.2 that

(g L) =5 [0t Le-m (i)

for all ¢ € WH2(@G) after some minor rearrangement. If we now apply this to Jg, we see

that
Cq
002 (5= 35) oot ()
() - Vel Il
Ca
2 ln< )
=35 / Vel G
for all ¢ € W12(G), which completes the proof. O
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2 Two new functional inequalities based on the Trudinger—Moser inequality

This property now enables us to find a minimizer ¢g for each Jg by first allowing us to
construct a minimizing sequence for each functional and then arguing that said sequences
converge in certain topologies to some limit function in W2(G). We then only need to
further show that said convergence properties lead to sufficient estimates to ensure that
the limit object is in fact an actual minimizer.

Moreover by utilizing the then established minimizer property, we can additionally show
that each g solves a certain weak elliptic Neumann boundary value problem as a first
step in our efforts to show that Jg(pg) = 0.

Lemma 2.4.2. For each 8 € (0,0¢], there exists a function oz € WH2(G) with

=0
[

1 U — L Jobers
QB/Gwﬁ Vi — |G|/Gz/1+ e (2.4.2)

for all v € WY2(QG), which is a minimizer of Jg, meaning that

and

inf J =J .
- 8(p) = Js(ep)

Proof. We fix B € (0,0¢]. We know from Lemma 2.4.1 that inf ,cyy1,.2(g) Jg(p) > —C for
some C' > 0 and we can therefore choose a (minimizing) sequence (3 )reny € WH2(G)
such that

J inf  J
ﬁ(@k)_)SDe‘/%/rll’Q(G) ()

as k — oco. Without loss of generality, we can further assume that
/(pk:() forall k € N
G

because it is easily seen that Jg is invariant under the addition of constants to its argu-
ment. Because the sequence (J3(¢k))ren converges, it is bounded and thus Lemma 2.4.1

implies that the sequence
([ 1vearl?)
G keN

is bounded as well. As we know that [ ¢; = 0 for all k € N, the Poincaré inequality (cf.
[138, Theorem 7.7]) implies that therefore the sequence (¢)ren is bounded in W12(G)
as well. Without loss of generality (by choosing fitting subsequences), this allows us to
assume that there exists a function ¢z € W?(GQ) with

{sok — g in WH(G) (2.43)

or — g in LY(G) and L*(G)
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2.4 A variational approach to minimizing Cg

as k — oo by standard compactness arguments (cf. [2, Theorem 6.3]). The above L!(G)
convergence then ensures that [, ¢g = 0. Further due to the mean value theorem, we
can now observe that

< / Pk — 98|

‘/ Pk _ /6805
S/ low _¢5|e|¥7k|+|¢[3|
G
1
2
< HQDk: _ SO,BHL?(G) (/G 62¢k|+2|¥7[3|>

for all k € N. Using the L?*(G) convergence from (2.4.3) as well as the fact that
[ e2lerl+2l2sl is uniformly bounded due to Corollary 2.3.2 and the W2(G) bound for
the sequence already established prior, this directly implies that

/€¢k—>/e¢6
G G

Using this convergence property combined with (2.4.3), we then see that

as k — oo.

inf  Ja(p) = lim Js(er)

PEWL2(G)
hm mf/ Vorl? + hm / ( lim e‘P’“)
> Jﬂ(soxs)
and therefore that

J, = inf  Js(p).
() o 5()

Thus, g is a minimizer of Jg.

It now only remains to show that ¢g is also a weak solution of the Neumann problem
corresponding to (2.4.2). To this end, let now ¥ € W12(G) be fixed but arbitrary. We
then consider the function

fr(=1L1) =R, t— Jg(pp + 1),
which has a global minimum in 0 by our observations about Jz. Further
1 2 2 / 2
)= — t— t
)= 15 | IVesl +ig5 [ Vs Vo iz [ vyl

+ g e+ |G|/ o= (g fe).

One easily sees that f is differentiable as it is mostly a polynomial in ¢ and the remaining
terms are amenable to results about the differentiation of parameter integrals (note that
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2 Two new functional inequalities based on the Trudinger—Moser inequality

Corollary 2.3.2 can be used to establish the necessary integrability properties). The
minimality property of f in 0 therefore implies that

1 ¥
0=f’(0)=25/0v<p5~v¢+|g’/w fGGiZ;,

which gives us (2.4.2) and thus completes the proof. O

Having now constructed the minimizers (g, the key to showing that for sufficiently small
B we have Jg > Jg(pg) = 0 is understanding the weak elliptic Neumann problem

1 “B
QBASOﬁ |G‘ + f; e@ﬁ on G,
Veg-v=0 on 0G.

In this regard, the two most crucial insights about the above system as well as the
minimizers are the following: First, the minimizers are bounded in W2?(G) independent
of B as a consequence of their minimization property. Second by reducing the value of
B, we can make the Laplacian in the above system arbitrarily strong when compared
to the source terms on the right, which manifests as the following property: When only
considering solutions that are normalized to [ ¢3 = 0 and are bounded in W1?(G) by
some constant C' > 0 independent of 3, we can increase the strength of the Laplacian to
such a degree that at some point the only member of the aforementioned solution class
is g = 0.

Combined, this means that, for sufficiently small 3, the minimizers ¢z must be almost
everywhere equal to zero as well. But this directly implies Jg(pg) = J3(0) =

We will now make these ideas precise to prove the following lemma.

Lemma 2.4.3. There exists By € (0,0¢] such that

inf  Jz(p) =0
- ()

for all B € (0, By).

Proof. For each 8 € (0,0¢], let ¢3 be the minimizer of Jg constructed in Lemma 2.4.2.
First note that there exists a constant K7 > 0 such that

0=, £ J J, _K
B0)> it T5(0) = ples) > 55 L IVesl - o

and therefore that
/ IVsl® < 88Ky < 80¢K1
G
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2.4 A variational approach to minimizing Cg

for all 8 € (0,6¢] by Lemma 2.4.1. As a direct consequence of this as well as Corol-
lary 2.3.2, the Holder inequality and the Poincaré inequality with constant Ky > 0 (cf.
[138, Theorem 7.7]), we gain that

‘e 3 :/ e3lesl < Caexp (9/ |ch5!2+3/ S%\)
3G Jo 80c Ja G| Ja
3
< Cgexp <9K1 + \/@HWML?(G))
3K
< Cgexp <9K1 + \/ﬁ”V%B\LZ(GJ

1
80 K1\ 2
< Cgexp <9K1 + 3K, ( |GG’ 1> 2) = K3 (2.4.4)

for all 5 € (0,6g]. We now further observe that

/Ge% |/ @5 > |G\exp<‘G’/ ﬂ) el (2.4.5)

for all 8 € (0,60¢] because of Jensen’s inequality and the fact that [, s = 0. We then
set ¥ = g in (2.4.2) to see that

1 f soﬁ
P p—— / WP orall B (0.00] 2.4.6
55 L IVesl =~ [ s Be0.0cl (240
As a first consequence of (2.4.6) and the fact that [ ¢z = 0, we gain that
e¥r >0
| osen 2
and therefore that
Jo ese? _ Jgppe?
Jgerr — |G|

for all 5 € (0, 6¢] because of (2.4.5). If we then apply this to (2.4.6), we see that

1
2 < %_1> (/ e¢6_6)</ 2lesl
26/‘ ppl” < |G‘ (/ pp(e 1€l sl e Glml

He\%ﬂl

= — ¥B
L el P

< —
1 1 1
LE A K§Kj 2 K K3 2
< Terleslisg < S IVesliag = i [ Vel
for all 8 € (0,0g] by (2.4.4), the mean value theorem, the Holder inequality and a

Poincaré-Sobolev inequality with constant K4 > 0 (cf. [138, Theorem 7.7], [2, Theorem
4.12]). If B is now smaller than or equal to

BO ‘= min &7 GG )
AKF K2
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2 Two new functional inequalities based on the Trudinger—Moser inequality

Vos|* =
L1ves

from the previous inequality, which implies that ¢3 = 0 almost everywhere as [ ¢z = 0.
Therefore

we gain that

inf  Jy(p)=J — J5(0) =
- 3(p) = Jalpp) = Js(0)

for all 5 € (0, 5y}, which completes the proof. O

This new insight now allows us to significantly improve upon Corollary 2.3.2 (along one
specific axis) by manipulating some of the terms in the functional Jgz defined in (2.4.1)
to gain the following:

Corollary 2.4.4. For each 0 < 3 < By and ¢ € WH2(Q), we have

/Geg" < |G| exp (45/ |Vl + |C1¥] ) (2.4.7)

with By from Lemma 2.4.5.

2.5 Proving our new functional inequalities

After this brief excursion into the calculus of variations and the theory of elliptic prob-
lems, we will now refocus our efforts on proving Theorem 2.1.1 using our optimal Corol-
lary 2.4.4 and similar methods as those seen in [135, Section 2.1]:

Proof of Theorem 2.1.1. Let ¢ € WY2(Q), ¢ € LP(G) with p > 1, let 9 be positive and
let m :== [, 1 > 0. Observe now for any a > 0 that

RIS
(e (3)
il

by Jensen’s inequality. Note that our choices of function spaces for ¢ and 1 ensure that
all the integrals are well defined. If we now combine this with Corollary 2.4.4 (applied
to ay) and multiply by ™, we get that

Lev<s [om(2)+ 1n<|G|exp<45 Lvet+ g [ ))
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2.5 Proving our new functional inequalities

=é Gwln<i)+$)/elvw\2+m/so+ n(|Gl)

or further that

Lot [vom(S)+ 5 { Lo} [ e

after some rearranging with v := TCIH Je ¥, which is (F1) exactly.
For ¢ € LP(G) with p > 1, 1 positive with In(¢) € W1H2(G), we now set

@ :=In (i) and a:=2

in the previous inequality to get that

[on(3) 5 (2) = [on(2) o) fromor

Because by Jensen’s inequality we have

this directly implies the inequality (F2).
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3 Eventually smooth generalized solutions
to a chemotaxis-fluid system with
rotational flux

3.1 Main result

In this chapter, we turn our attention to the chemotaxis-fluid system

ne+u-Vn=An—V-(nS(xz,n,c)Ve),
¢t +u-Ve=Ac— f(c)n, (CF)
ur + (u-V)u=Au+ VP +nVe, V-u=0.

in a bounded domain © C R? with a smooth boundary. We further add the boundary
conditions

Vn-v=n(S(z,n,c)Ve)-v, Ve-v=0, u=0 forall ze€d,t>0 (CFB)
and initial conditions
n(x,0) = no(x), c(z,0)=co(z), u(x,0)=wup(x) forallxecQ (CFI)

for initial data with the properties

ng € C*(Q) for some ¢ > 0 and with ng > 0 in €,
co € WH®(Q)  with ¢g >0 in Q, (3.1.1)
ug € D(AY) for some ¥ € (3,1)

to (CF). Here, Ay denotes the Stokes operator on the Hilbert space L2(f2) as defined in
Remark 3.6.6.

Assuming further that the functions f,S and ¢, which parameterize (CF), have the
properties that

feCl([0,00)) with f(0)=0 and f(c)>0 forall ce (0,00), (3.1.2)
that, for S = (Sij); jeq1,2)5

Si; € C*(Q x [0,00) x [0,00)) fori,j € {1,2}, (3.1.3)
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3 Eventually smooth solutions to a chemotaxis-fluid system with rotational flux

that
|S(z,n,c)| < Sp(c) for all (z,m,c) € Qx[0,00)? (3.1.4)

and some nondecreasing Sy : [0, 00) — [0,00) as well as that
¢ € W2 (Q), (3.1.5)

we show that the above system admits global generalized solutions. We will further
show that the solutions we construct become eventually smooth and stabilize. That is,
we prove the following theorem:

Theorem 3.1.1. Let Q C R? be a bounded domain with a smooth boundary. Assume
further that f, S, ¢ satisfy (3.1.2)-(3.1.5) and the initial data (ng,co,uo) have the
properties outlined in (3.1.1). Then the system (CF) with initial data and boundary
conditions (CFI) and (CFB) has a global mass-preserving generalized solution (n,c,u)
in the sense of Definition 3.3.1 below and there exists a time tg > 0 such that

(n,c,u) € C*H(Q x [tg, 00)) x C*(Q x [tg,00)) x C*H(Q x [tg, 00); R?). (3.1.6)

Further, there exists P € C19(Q x [tg, 00)) such that (n,c,u, P) is a classical solution of
(CF) on Q X (to,00) with boundary conditions (CFB).

Additionally,
1
n(',t)—>|Q/Qn0, () = 0, u(t) =0 (3.1.7)

in C?(Q) or C?(Q;R?), respectively, as t — 0o.

3.2 Approach

As will be not be the last time in this thesis, our arguments in this chapter will be based
on first defining a family of approximated versions of the system in question indexed
by some parameter € € (0,1) as seen in (CF.), which easily admit some approximate
solutions (ne, e, us). We then derive sufficient uniform bounds to construct our desired
generalized solution in the sense of Definition 3.3.1 as the limit of their approximate
counterparts along a suitable sequence of parameters € by standard compact embedding
results for appropriate function spaces. Working on this approximate level will further
afford us the luxury of being able to largely stay in the realm of classical solutions
to derive even our additional long-time smoothing and stabilization results for these
generalized solutions at the cost of our arguments only applying to exactly the solutions
we construct here, which we do not prove to be necessarily unique.

At a fundamental level, these arguments will rest on some important pieces of a priori
information, which we derive in Section 3.4.2 by utilizing some key testing procedures
and making careful use of the new functional inequalities from Theorem 2.1.1. We begin
this section by making use of the favorable consumption term in the second equation
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n (CF¢) to gain the following fairly strong bounds for the second solution components
Ce:

o0 1
el Ollirey < lec)iney and [~ [[Vef<s [ G2

for all p € [1,00],t >0, s € [0,¢] and € € (0,1). By testing the first equation in (CF,)
with n%_, we then gain the following only fairly weak, yet crucial, a priori information for
the first solution components n.:

2 2
/ / leia‘l / /'Vna‘ for all £ € (0,1) (3.2.2)
€

Employing the new functional inequality in (F2), we can then use this information to
gain further uniform bounds of the form

/ / ne In (ng) <C forallee (0,1). (3.2.3)
0 Q no

Using the above bound for n. combined with the new functional inequality in (F1) to
control the buoyancy term in the third equation in (CF.), we further gain that

sup [Juz( ) 2@y < C, / /|u5|2§0 and / /|Vu5|2§0 (3.2.4)
0 Q 0 Q

te(0,00)

holds for all € € (0,1).

Notably, time-local version of many of these bounds could also be achieved by using
non-optimal versions of our functional inequalities from (F1) and (F2) as e.g. found
n [135, Section 2.1]. While this would pose no additional challenge for our existence
theory, it would naturally make the above estimates much less useful for our long-time
behavior analysis. Our corresponding arguments could essentially be adapted to still
work with such weaker a priori information if we introduced an additional small mass
assumption but our improved functional inequalities and the thus resulting better a
priori information make such an additional (and in this light purely technical) small
mass assumption unnecessary.

Construction of generalized solutions. Following in the footsteps of a similar con-
struction carried out for the Stokes case in [132], we use the above a priori bounds
to derive some additional space-time integrability properties for the time derivatives of
In(n: + 1), ¢, ue in Lemma 3.5.1 to facilitate an argument based on the Aubin—Lions
lemma in Lemma 3.5.2 to construct solution candidate functions n, ¢ and u as limits of
the approximate solutions along a suitable sequence of parameters €. As this approach
inherently only yields fairly weak convergence properties for the first solution compo-
nents and only for terms of the form In(n. + 1), we then make use of the bound in
(3.2.3) to improve the convergence properties for the family (n¢).c(,1) in Lemma 3.5.3
by employing the de la Vallée Poussin criterion for uniform integrability as well as the
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3 Eventually smooth solutions to a chemotaxis-fluid system with rotational flux

Vitali convergence theorem. Finally by revisiting an argument based on Steklov aver-
ages from [132] to further improve the convergence properties of the family (c:).c(o,1)
in Lemma 3.5.4, we can prove that all necessary solution properties in fact survive the
limit process in Lemma 3.5.5 and thus the limit functions are indeed a mass-preserving
generalized solution in the sense of Definition 3.3.1.

Eventual smoothness and stabilization. As in our arguments eventual stabilization
and smoothing will be inextricably linked, our first step in proving both of these proper-
ties will be deriving a fairly strong uniform convergence property for the second solution
components ¢.. In fact using our functional inequality from (F1) combined with (3.2.1)
and (3.2.3), we can show in Lemma 3.6.1 that the mass of ¢. and thus every LP({2)-norm
of ¢ with finite p must become arbitrarily small as t — oo in a uniform fashion. As a
direct consequence of this and again (3.2.1), we further gain that [ [ |Ve|> becomes
uniformly small as t — oo as well. While the former is already a great indication of
our expected stabilization behavior, it is the latter that will prove crucial for our further
arguments here.

We can now introduce what is arguably the very core of our remaining arguments in this
chapter, namely the (eventual) energy functional

n 1 1
F(#) ::/Qnsln (Tm) +§/9|ch|2+%/§2|245|2. (3.2.5)

By analyzing the time evolution of this functional, we can show that, if F. ever becomes
small at some point in time, it in fact stays similarly small from that time on. More
precisely, we show in Lemma 3.6.3 that, if F.(tp) < % and [ [o|Ve|* < % holds
for sufficiently small § > 0 at some uniform point in time ¢t > 0, then not only will
the functional itself stay smaller than  for all ¢ > tg but also space-time integrals of
some key dissipative terms connected to the functional will become small as well. It is
this conditionality of our central energy functional where the link between stabilization
and smoothing in our arguments reveals itself most clearly as the above means that we
can only gain a uniform energy bound once we are already close to stabilizing in our
approach.

That it is always possible to find a uniform ¢g > 0 for any § > 0 such that prerequisites
for Lemma 3.6.3 are fulfilled is now an easy consequence of (3.2.1)—(3.2.4) as well as the
long-time behavior properties for c. we already discussed two paragraphs ago. Therefore,
Fe must become uniformly small as ¢ — oo, which not only essentially provides us with
some already pretty reasonable convergence properties for our solution but also crucially
with some improved uniform a priori information after a potential waiting time.

This new a priori information then proves to be an important foothold to derive much
better LP(Q2)-type bounds for our solution components as well as some of their derivatives
by way of a bootstrap procedure in Section 3.6.3. Based on the methods presented in
[135], we begin this procedure by deriving better bounds for n. and u. via testing-based
methods immediately followed by the derivation of even stronger bounds for all solution
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3.3 Generalized solution concept

components based on semigroup methods. Expanding on this further, we then devote
Section 3.6.4 to the derivation of C*2-type parabolic Holder bounds for all solution
components via a mixture of semigroup methods inspired by [34] and [120, Lemma 3.4]
as well as standard parabolic regularity theory. Shifting from the approximate level to
our concrete generalized solution now, we then use these fairly strong bounds and the
compact embedding properties of such Hélder spaces to show in Section 3.6.5 that our
generalized solution must have been of a correspondingly high level of regularity after
some appropriate waiting time as well and in fact satisfy a more standard notion of weak
solution than Definition 3.3.1. This then allows us to apply parabolic regularity theory
to our generalized solutions directly to show that they must have already been classical
after said waiting time. We employ this argument on the level of our limit function as
opposed to still working with the approximate system to avoid the regularizations in
(CF¢) complicating our application of this higher order regularity theory.

Finally using the strong eventual boundedness properties derived for our generalized
solutions during the arguments laid out in the previous paragraph combined with the
already mentioned uniform eventual smallness of F., we can fairly quickly derive our
desired stabilization properties in Section 3.6.6 as well. As this was the last piece of the
puzzle still missing, this essentially completes our proof of Theorem 3.1.1.

3.3 Generalized solution concept

We begin our arguments proper by introducing the central solution concept we will be
concerned with in this chapter. Because of the similarities of the problem discussed in
this chapter to the pure Stokes case seen in [132] and our desire to not unnecessarily
duplicate effort, we let ourselves be guided by the generalized solution concept presented
in said reference, which we of course slightly adapt to the full Navier—Stokes case. This
reads as follows:

Definition 3.3.1. Let Q C RV, N > 1, be a bounded domain with a smooth boundary
and f € C%([0,00)), S € CO(Q x R x R; RVXN) as well as ¢ € W1°(Q) some parameter
functions. We then call a triple of functions

n € L*((0,00); L'(2)),
c€ L2 (2 x [0,00)) N LE.([0,00); WH2(Q)) and (3.3.1)
u € Lis,([0,00); (L*(2))*) N Lie([0, 00); (Wy*(2))%)

withn >0,¢>0,V-u=0a.e. in  x (0,00),

/ n(-,t) = / ng fora.e. t>0 (3.3.2)
Q Q

and
In(n +1) € LE.(]0, 00); WH2(Q)) (3.3.3)
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3 Eventually smooth solutions to a chemotaxis-fluid system with rotational flux

a global mass-preserving generalized solution of (CF), (CFB), (CFI) and (3.1.1) if the
inequality

_/OOO/an(n—F Dy — /an(no + 1)¢(-,0)

Z/OOO/Qm(n+1)A<p+/ooo/g|v1n(n+1)y2¢

_/Om/gnilvm(nﬂ)-(S(:v,n,c)VC)@

o n

+ /OOO /Q In(n+1)(u- V) (3.3.4)

holds for all nonnegative ¢ € C°(Q x [0, 00)) with Vi -v = 0 on 9Q x [0, 00), if further

/OOO/QC%-F/QCOCP(.,O):/OOO/QVC.Vap—i-/OOO/an(c)go—/OOO/QC(U.VSD) (3.3.5)

holds for all p € L*®(Q x (0,00)) N L2((0,00); WH2(Q)) having compact support in
Q x [0,00) with ¢ € L2(Q x (0,00)), and if finally

—/Doo/gu-got—/guo-go(-,O):—/OOO/QVU-V@—F/OOO/Q(U@JU)-Vgo—i—/OOO/QanS-go
(3.3.6)

holds for all ¢ € C2°(Q x [0, 00); R?) with V- ¢ =0 on Q x [0, 00).

Remark 3.3.2. It can be shown that generalized solutions of this type become classical
if the functions n, ¢ and u as well as the relevant parameter functions f, S and ¢
are sufficiently regular. The argument for this can be sketched as follows: For the
solution components v and ¢, this is standard as both satisfy the common variational
formulation of their respective equations while the solution component n presents us
with somewhat more of a challenge as it only satisfies a very specific integral inequality
and mass conservation property. That this is already sufficient has for instance been
argued in [129, Lemma 2.1] for the case u = 0 and the argument transfers easily.

3.4 Approximate solutions

Similar to e.g. the approach seen in [132], the key to our construction of generalized
solutions with the desired eventual smoothness and stabilization properties will be a
family of regularized versions of the problem in (CF) with (CFB) and (CFI) as this
will allow us to essentially work with global classical solutions for large parts of this
chapter.
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3.4.1 Regularized versions of (CF)

We define the aforementioned regularized problems as follows: We first fix families of
functions (pe)ee(0,1) and (Xe)ze(0,1) With

pe € C(2) such that 0<p. <1inQ and
pe /41 pointwise in 2 as € \ 0
and
Xe € C2°([0,00)) such that 0 < x. <1in [0,00) and
Xe /1 pointwise in [0,00) as £ \, 0
constructed by standard methods. For € € (0,1), we then define
Se(x,n,c) = pe(x)xe(n)S(z,n,c) for all (z,7,c) € Q x [0, 00)>

and consider the following initial boundary value problems:

Net + Ue - Vng = An. — V- (nSe(x,ne, cc)Vee), x e, t>0,
Cet +ue - Vee = Ace —n-f(ce), zeN, t>0,
Uet + (ue - V)ue = Aue + VP +n. Vo, e, t>0, (CF.)
V-u. = 0, T€EN, t>0, }
Vne.-v=Ve.-v=0, u. =0, x eI, t>0,
ne(x,0) = no(x), c(,0) =co(x), us(z,0) =up(xr), =€

This regularized version of (CF) with (CFB) and (CFI) then easily admits a global
classical solution because it replaces the more involved no-flux boundary condition seen
in (CFB) with standard Neumann boundary conditions and makes the first equation
accessible to comparison arguments with a non-zero constant to gain a global upper
bound for n., which would be much harder to achieve otherwise. This of course only
works under similar assumptions on the parameter functions f, S, ¢ as stated at the
beginning of this chapter. As the techniques to achieve such an existence result for the
approximated system above are fairly well-documented and do not appreciably differ for
our case in comparison to e.g. the case studied in [125], we will only give a short sketch
to justify the following lemma:

Lemma 3.4.1. Let Q C R? be a bounded domain with a smooth boundary. Then for
e € (0,1), initial data with regularity properties as seen in (3.1.1) and f, S, ¢ satisfying
(8.1.2)-(3.1.5), there exist functions

Ne,c. € CO(Q x [0,00)) N C%HQ x (0,00)),
ue: € C%(Q x [0,00); R?) N C%H(Q x (0,00); R?),
P. € CH(Q x (0,00))

such that ne > 0, cc > 0 on Qx(0,00) and (ne, ce, ue, P:) is a classical solution of (CF:).
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3 Eventually smooth solutions to a chemotaxis-fluid system with rotational flux

Proof. Standard contraction mapping methods in an appropriate setting (as e.g. seen in
[125, Lemma 2.1] for a similar system) provide us with a classical solution for (CF.) on
a space-time cylinder Q X [0, Tiax,) with some maximal Tinaxe € (0,00] and a blowup
criterion of the following type:

If Thhax,e < 00,

then limsup ( [}z (,0)llz<() + lle=( Olwraqey + [ 430 )20y ) = o0,

max,e

Here, g is some number greater than 2 and ¥ is as in (3.1.1). Nonnegativity and positiv-
ity on QX (0, Tinax.c) of cc and n. respectively are immediately ensured by the maximum
principle. Note now further that standard comparison arguments can be used to imme-
diately gain a global upper bound for n. on the whole space-time cylinder because we
defined S; to be zero for sufficiently large values of n. This already rules out blowup
regarding n.. As the second equation in (CF.) is generally fairly unproblematic in this
regard as well, similar boundedness results can be achieved for ¢, (cf. Lemma 3.4.2).
Regarding the possible blowup of ¢. or u., we can look at the prior work done in Sec-
tion 4.2 of [125], where it has been proven that the two norms in the blowup criterion
regarding c. and u. respectively are bounded for much weaker prerequisites as already
established here. Note that this is mostly done using the second and third equation of
the system studied in said reference, which are apart from some slight generalizations
the same as the second and third equation in (CF.). Only one step in the reference uses
an energy inequality not available to us to establish a bound for [, |[Vce|?, which in our
case can be easily gained by a straightforward testing procedure for the second equation
in (CF.) without using said energy inequality. Thus we can fully rule out blowup and
Timax,e = 0o must always hold. O

For the remainder of this chapter, we now fix a smoothly bounded domain § C R2,
some initial values (ng, cg, ug) with regularity properties as seen in (3.1.1) and parameter
functions f, S and ¢ satisfying (3.1.2)—(3.1.5). We then further fix a corresponding family
of solutions (ne, ¢z, e, Pr)cc(0,1) to (CFe) as constructed in Lemma 3.4.1.

3.4.2 Basic a priori estimates

As the starting point for both the construction of our generalized solutions as well as
the arguments yielding their more intricate qualitative properties, we now derive some
fairly standard uniform a priori estimates for our fixed family of approximate solutions
by testing methods.

Lemma 3.4.2. The mass conservation property

/Qng(-,t):/gno (3.4.1)
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3.4 Approximate solutions

holds for allt >0, € € (0,1) and, for each p € [1, 0], the inequality

Hcs('at)HLP(Q) < HCe(',S)HLp(Q) (3.4.2)

holds for allt > s >0 and ¢ € (0,1). We further have that

/too/ﬂ Vel < ;/QCE(*” (3.4.3)

for allt >0, e € (0,1) and there exists C > 0 such that

2 00 2
/ / ‘vna‘ / ‘v”;‘ <C (3.4.4)
o Ja n?

for alle € (0,1).

Proof. The mass conservation property in (3.4.1) is immediately evident after integration
of the first equation in (CF.). Further, testing the second equation in (CF.) with =1
for p € [1,00) gives us

;/ch(-,t) —1// p2|V05\2+//n5p1f05— /cp

for all ¢ > s > 0, which immediately yields (3.4.2) for finite p as well as (3.4.3). The
case p = o0 in (3.4.2) then follows by taking the limit p — oo. To now derive (3.4.4), we
test the first equation in (CF.) with nl—s to obtain

2
/ In( |vn€‘ / b - Se(w,me, cc)Vee  for all ¢ >0,
dt @

n?2 Ne

which we then further improve to

1/ |vn€|2 S |Vn5|2 /l ||CO||L°° Q) /|V E|2
2 Ja (ne+1)2 = 2 n2 dt

for all t > 0 by application of Young’s inequality, (3.1.4) and (3.4.2). Due to (3.4.1),
(3.4.3) and the fact that In(z) < z for all x > 0, time integration of the above then
results in (3.4.4). O

As reflected by the above lemma, strong uniform a priori information for the first solution
components seems much harder to achieve than e.g. for the second solution components.
It thus seems prudent to make use of what little information we nonetheless have to
the best of our ability. This is where our improved functional inequalities from the
previous chapter will make a crucial contribution to allow us to derive a global space-
time integral bound slightly stronger than L' for the first solution components. By
another application of the functional inequalities from Theorem 2.1.1, this in turn allows
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3 Eventually smooth solutions to a chemotaxis-fluid system with rotational flux

us to control the buoyancy term in the third equation in (CF;) to gain a similar space-
time integral bound of L?-type for the third solution components and their gradients.
Notably, previous versions of said same inequalities (cf. e.g. [135, Section 2.1]), which
contain an additional mass term, would still yield time-local variants of the results below.
While such bounds would be sufficient to construct our generalized solutions, it crucially
would not allow us to gain our desired eventual smoothness result without introducing
an additional small mass condition on the first solution component, which is avoided by
using our improved variants of said functional inequalities.

Corollary 3.4.3. There exists C' > 0 such that

/Oo/naln<ng>§0
0 Q no

for all e € (0,1) with ng == ﬁ Jo n0-

Proof. Combining the inequalities in (3.4.1) and (3.4.4) from Lemma 3.4.2 with the
functional inequality in (F2) from Theorem 2.1.1 directly yields this. O

Lemma 3.4.4. There exists C > 0 such that

Jue( )Lz < C (3.4.5)
forallt >0 and e € (0,1) as well as
/ / lue|? < C, / / Vu.> < C (3.4.6)
0o Jo 0o Jo
for all e € (0,1).
Proof. We first test the third equation in (CF.) with u. to gain that
) dt/ ucl? == [ [V + [ 0.V
- / ’v’u’E’Q + / (ne —M0) (Vo - uc)
Q Q
with g = ﬁ Jono for all t > 0 and € € (0,1) using that [, V¢ - u. = [4q d(ue - v) —

Jo @V - ue = 0 due to the fourth and fifth lines in (CF.). We can then improve this via
our functional inequality in (F1) from Theorem 2.1.1 to

3 dt/\ ? < /\Vua\2 /neln (m) +4ﬂ0{/ no}/Q!V(Vgﬁ-ug)P (3.4.7)

for any @ > 0 and all t > 0 as well as € € (0, 1). Using that there exists C}, > 0 such that

lelle) < CollVellpe)  forall p € CH(Q) with ¢ = 0 on 09
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3.5 Construction of generalized solutions

due to the well-known Poincaré inequality (cf. [12, p. 290]), we now further note that

L1970 w0 <2 [ Vol IVucl +2 [ 1D uc?
Q Q Q
<2Vl [ Vuel + 2Dl ey [ ucl < Ko [ [Fucl?

with K1 = 2|V@| ) + 2l D?|7 00 ) C5 for all ¢t > 0 and € € (0,1), where D¢ is the
Hessian of ¢. If we now choose

in the inequality in (3.4.7), we gain that

i Jyl =g [t g { o) S ()

forallt > 0 and e € (0,1). After time integration and some rearranging, we then further

see that
2 t 2 o K t Ne
/\u(,t)] +/ / | V| S/ luo|* + — /ng //neln —
Q 0 Jo Q Bo Ua 0 Jo no

for all ¢ > 0 and € € (0,1). By the integrability property laid out in Corollary 3.4.3
and the fact that Jensen’s inequality ensures that o neIn(f) > 0, there then moreover
exists a constant K9 > 0 such that

Lrucop+ [ [ vup < [up+ S22 o)

for all t > 0 and ¢ € (0,1). This together with one last application of the Poincaré
inequality completes the proof. ]

3.5 Construction of generalized solutions

3.5.1 Constructing the limit functions (n, c, u)

Having now established suitable baseline bounds for all three of our solution components
in the previous section, we can begin the final preparations for the construction of limit
functions for our family of approximate solutions as € N\, 0. We do this by proving some
additional, albeit still fairly weak, boundedness results for the time derivatives of the
three families (In(n: + 1)).c(0,1), (¢2)ee(o,1) and (ue)ee(o,1) as this will provide the last
prerequisite for some central applications of the Aubin-Lions lemma (cf. [112, p. 215]):
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3 Eventually smooth solutions to a chemotaxis-fluid system with rotational flux

Lemma 3.5.1. For all T > 0, there exists a constant C(T') > 0 such that

T
/0 10 (ne(-,£) + 1) gy gy A < C(T), (3.5.1)
T
/0 et Ol g2 qy)- A < C(T) and (3.5.2)
T
/0 et D)l 2y < C(T) (3.5.3)

for all e € (0,1).

Proof. We will only give this proof in full detail for (3.5.3) and then just provide a sketch
for (3.5.1) and (3.5.2) as all three inequalities can be proven in quite similar fashion and
more detailed proofs for (3.5.1) and (3.5.2) can also be found in [132].

We first fix ¢ € WOQC?(Q) and then test the third equation in (CF.) with 1 to gain that

Juav== [ @ Vo= [ Vuvi- [ R(V-0)+ [ 0560

for all ¢ > 0 and ¢ € (0,1) after some partial integration steps. This then leads to

’/Qust-lb‘
< [ luellVucliol + [ [Vuclvol + [ nelollul

< luell 2@ Vel 2 1Yl e ) + Vel 2 IV L2 (o)
+ IVl (o ¥l [ e

< { (el + 1) 1Vl o) + V6l [ no b (1910 + Nolzien)

for all t > 0 and € € (0,1) by using the Cauchy—Schwarz inequality and the fact that
V-4 = 0. By employing Young’s inequality, the fact that W22(2) embeds continuously
into L>°(€2) and (3.4.5) from Lemma 3.4.4, we see that there exist constants K, Ky > 0

such that
T T 9
/0 Hu‘gtH(WOQj(Q))* S/O (Kl/Q’VUg’ +K2)

for all ¢ € (0,1). Another application of Lemma 3.4.4 and specifically (3.4.6) therein
then directly gives us the desired bound for the family (uc).¢(o,1)-

By testing the first equation in (CF;) with +1 and the second equation in (CF.) with
v for any ¢ € W22(Q), we gain that

[Vn.[? / 2 / 2
—+ . < —_— + \V4
‘/Q&gln(ns Y w‘_Kg{l—l—/Q(ns—i—l)z Q| ol + Q|u€| .
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3.5 Construction of generalized solutions

(179l 2(0) + (0 )

and

[eav| <mafie [1VeP s+ [} (190l + [¥)
Q Q Q

for all t > 0, € € (0,1) and some K3 > 0 by similar techniques as seen above or in the
proof of Lemma 3.4 in [132]. Combining these two inequalities with Lemma 3.4.2 and
Lemma 3.4.4 then yields the remaining two bounds for the families (). (0,1, (Ce)ee(0,1)
and therefore completes the proof. O

This then allows us to use essentially three applications of the Aubin-Lions lemma (cf.
[112, p. 215]) to prove the following sequence selection and convergence result:

Lemma 3.5.2. There exists a sequence (€;)jen C (0,1) with €5 N\, 0 as j — oo such
that

Ne —> 1N a.e. in Q x (0,00),

n(ne +1) = In(n +1) in L3, (0, 00); WH2(9)),

e = ¢ in L .(Q x [0,00)) and a.e. in Q x (0,00),

ce(+,t) = e+, t) in L*(Q) for a.e. t >0, (3.5.4)
e in L,o([0, 00); WH2(9)),

Ue —> U in (LE.(Q x [0,00)))? and a.e. in Q x (0,00) and

Ue = u in ([0, 00); Wy 2(9))

ase =¢; \, 0 and a triple of limit functions (n, c,u) defined on Q x (0, 00) and satisfying
n,c > 0 almost everywhere and V - u = 0.

Proof. By applying Lemma 3.4.2 and Lemma 3.5.1 as well as the Aubin-Lions lemma
(cf. [112, p. 215]), we immediately gain relative compactness of the families (In(n. +
1))ee(o,1) and (ce)zc(0,1) in L ([0, 00); W2(Q)) with respect to the weak topology and
in L2 .([0,00); L%(2)) and therefore L2 (€2 x [0, 00)) with respect to the default topology.
Moreover, by the boundedness properties presented in Lemma 3.4.4 and Lemma 3.5.1

and another application of the Aubin—Lions lemma to the triple of function spaces
1,2 2,2 %
WO,a' (Q) - LcQT(Q) - (WO,U (Q)) s

2 (2% [0,00)))? with respect
to the default topology and in L2 ([0, 00); W&UQ(Q)) with respect to the weak topology

loc
because of the inequalities in (3.4.5), (3.4.6) and (3.5.3). By multiple standard subse-
quence extraction arguments, we can therefore construct a sequence () en such that

gj \v 0 as j — oo with the convergence properties seen in (3.5.4).

we gain relative compactness of the family (ue).(o,1) in (L}
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3 Eventually smooth solutions to a chemotaxis-fluid system with rotational flux

Note that the nonnegativity properties directly transfer from the approximate functions
because of pointwise convergence while V -« = 0 is directly ensured by u being an
element of L2 ([0, 00); Wolf(Q)) O

loc

For the remainder of this chapter, we now fix (n, ¢, u) as constructed in Lemma 3.5.2 as
well as the sequence () en used in said construction.

3.5.2 Proving the generalized solution properties of (n,c, u)

While the convergence properties outlined in Lemma 3.5.2 are already almost sufficient
for proving that the limit functions found in said lemma are in fact solutions in the sense
of Definition 3.3.1, we still need to prove that the sequences converge in slightly stronger
ways to fully complete this argument. In this vein, we first focus on the sequence (ne;);jen
as it thus far exhibits the weakest convergence properties. To improve this, we will now
show that (n.;);en converges towards n in an L' fashion as well. While we can find a
proof for this in [132], which should still work in our case without any modification, we
present a somewhat shorter argument here based on Corollary 3.4.3 and standard results
about uniform integrability.

Lemma 3.5.3. The limit function n has the further convergence property

ne —n in L (Q x [0,00)) as e =¢; \,0.

Proof. Fix T > 0. For

t
G(t) =tln () +79>0 forallt>0,
0

observe that
. G@)
lim —* =0

t—oo ¢

and there exists a constant K > 0 such that

T T n T
[ Lot~ [ fran()+ [ fymecmon
0 Q 0 Q no 0 Q

for all ¢ € (0,1) by Corollary 3.4.3. Therefore, the family (n.).(o,1) fulfills the De La
Vallée Poussin criterion for uniform integrability on  x (0,7) (cf. [25, p. 24]).

Because Lemma 3.5.2 furthermore ensures pointwise convergence of the sequence (ne; ) jen
to n almost everywhere as j — 00, all prerequisites for the Vitali convergence theorem (cf.
25, p. 23]) are therefore met and it directly provides us with the desired Li (€2 x [0, o0))
convergence as T' > (0 was arbitrary. O
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3.5 Construction of generalized solutions

Though we have already ensured certain weak convergence properties for the first deriva-
tives of the sequence (c¢,)jen in Lemma 3.5.2, they appear to be insufficient to ensure
convergence of the type of terms seen in (3.3.4) stemming from the modeling of the
chemotactic interaction. Thus as the final step of our construction, we will show that
the gradients of the sequence (c; ) jen not only converge in a weak sense but also already
in a strong sense using a technique based on an approximation by Steklov averages. As
our application of this technique here is very similar to arguments presented for the
proof of Lemma 4.4 in [132] and Lemma 8.2 in [129], we will only give a sketch of the
critical steps to prove the following lemma.

Lemma 3.5.4. The limit function c satisfies (3.3.5) for all ¢ € L*™(Q x (0,00)) N
L2((0,00); WH2(Q)) having compact support in Q x [0,00) with ¢; € L*(Q x (0,00)) and
the convergence property

Vee = Ve in L3 (Q x [0,00) as e = \, 0
holds.

Proof. Note first that, due to the convergence properties seen in Lemma 3.5.2 and the
fact that all c. satisty (3.3.5) for appropriate ¢ as a consequence of them being a classical
solution of the corresponding partial differential equation, it is easy to see that c satisfies
(3.3.5) for appropriate ¢ as well by passing to the limit € 0.

We further observe that the convergence properties for (c).¢(o,1) shown in Lemma 3.5.2

already give us that
T
/ /|Vc| <hm1nf/ /\ch|2
0 Q =€ J

for all " > 0 and we therefore only need to show that a similar estimate from below also
holds.

Our argument to achieve this will be twofold: First, we construct a family of test func-
tions ¢ that are essentially time averaged versions of ¢ with approximated initial data,
which sufficiently approximate c itself. This ensures the necessary regularity for the
family of test functions to be used in (3.3.5) and after some limit processes we gain that

;/QCQ(-,T)_; ch+/0T/Qch12 > —/()T/anﬂc) (3.5.5)

forall T € (0,00) \ N whereby N is a null set such that (0,00)\ N contains only Lebesgue
points of the map

(0, 050) — [0, 00), tr—>/902(x,t) dz.

We only consider the aforementioned Lebesgue points to ensure that certain time aver-
ages converge properly. For the full details, see e.g. Lemma 8.1 in [129].

Second by potentially enlarging N, we can further assume that outside of N the inte-
gral [, c2(-,t) converges to [oc?(-,t) as e = £; N\, 0 because of Lemma 3.5.2 without
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3 Eventually smooth solutions to a chemotaxis-fluid system with rotational flux

loss of generality. Combining this with (3.5.5), uniform L* boundedness of the family
(Ce)ee(o,1) from Lemma 3.4.2 and the L' convergence property from Lemma 3.5.3 then
yields that

[ feis - fems - [ fers
za_lgrio{—;/gcg(-,T)—i-;/QC(Q)—/OT/QneCEf(CE)}

T
= lim / / |Ve.|?
e=e;N\0.Jo JQ

for all T € (0,00) \ N. This is exactly our desired lower bound for almost every 17" &
(0,00), which is sufficient to complete the proof. O

v

Having prepared all the necessary convergence results, we can now prove the first half
of Theorem 3.1.1, namely that there exist global mass-preserving generalized solutions
to (CF) with initial data and boundary conditions (CFI) and (CFB).

Lemma 3.5.5. The triple of limit functions (n,c,u) is a global mass-preserving gener-
alized solution to (CF) with initial data and boundary conditions (CFI) and (CFB) in
the sense of Definition 3.5.1.

Proof. We have already established some of the properties needed for Definition 3.3.1 in
Lemma 3.5.2 as well as Lemma 3.5.4 and therefore now only need to show that (3.3.1),
(3.3.2), (3.3.4) and (3.3.6) also hold. The mass conservation property in (3.3.2) follows
directly from our L! convergence result in Lemma 3.5.3 and the mass conservation
property of the approximate solutions seen in Lemma 3.4.2. This then further ensures
that n is of the appropriate regularity for (3.3.1) while the remaining regularity properties
for ¢ and u are provided by the convergence results in Lemma 3.5.2, the uniform L
bound for the sequence (c;)jen in Lemma 3.4.2 and the uniform L? bound for the
sequence (e, )jen in Lemma 3.4.4.

It is further easy to see that the approximate solutions satisfy both (3.3.4) and (3.3.6) by
partial integration and use of the boundary conditions in (CF.). We therefore only need
to further argue that these solution properties survive the necessary limit process. For
most terms in the integral equality in (3.3.6) concerning u, this is fairly straightforward to
show using the convergence properties established in Lemma 3.5.2 but we will nonetheless
give the full argument for at least the newly introduced term (compared to the Stokes
case) as an example. This is especially pertinent as we needed to establish stronger
convergence properties for u to handle this term compared to [132], namely standard L?
as opposed to weak L? convergence.

We first fix o € C5°(£2 x [0, 00); R?). Then there exists T' > 0 such that

supp(¢) € Q2 x [0, 7.
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We now observe that

‘/ooo/g(%@“f)'V‘P—/Ooo/ﬂ(u@@u)-w’
/OT/Qlus—uHus\+/0T/Q‘u||u€—u|]

[ | ue — u||L2(Q><(0,T))||u€||L2(Q><(0,T)) + [[ull L2 (x 0,0 lIte — ullL2(@x0,1)) ]

< IVl oo (x (0,00))

< IVl oo (x (0,00)) X

for all € € (0,1), which ensures that

/ /u5®u5 Vg0—>/ /u@u Ve as e=¢; \0

because of the Lf (Q x [0,00)) convergence of the sequence (ue,)jen towards u.

As it has been pretty thoroughly discussed in the proof of Theorem 1.1 in [132] that
(3.3.4) similarly survives a corresponding limit process given similar convergence prop-
erties as proven here, we will not go into further depth regarding this point and refer
the reader to the reference. O

3.6 Proving the eventual smoothness and stabilization
properties of (n,c,u)

Given that we have now successfully constructed the triple of functions (n,c,u) and
proven that said triple is in fact a proper generalized solution in the sense of Defini-
tion 3.3.1, we turn our attention to proving that our solutions enjoy the further eventual
smoothness and stabilization properties outlined in Theorem 3.1.1.

3.6.1 Eventual uniform smallness of the family (c.).c(0,1) in LP(2) for all
p € [1,00)

As the second equation in (CF;) is in many ways the easiest to handle, it is not surprising
that the first fairly strong result of this section is in fact concerned with the family
(ce)ec(o,1y- Namely, we will now prove that the LP(Q2)-norms of said family are not
only monotonically decreasing for p € [1,00) as seen in Lemma 3.4.2, but that they in
fact tend to zero for ¢ — oo in an e-independent fashion. Similar to our prior results
in Corollary 3.4.3 and Lemma 3.4.4, this is again heavily based on our new functional
inequalities from Theorem 2.1.1.

Lemma 3.6.1. For each p € [1,00) and 6 > 0, there exists a time to = to(d,p) > 0 such
that

e )l () <0
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for allt >ty and € € (0,1).

Proof. As our first step, we integrate the second equation in (CF.) to gain that

d
7/68:—/naf(ca) for all > 0 and € € (0,1),
dt Jo Q

which implies that

/Ooo/gnaf(ca) < /QCO for all e € (0,1) (3.6.1)

by time integration. We now rewrite [, f(c.) as follows:

[ 1) = — | [ @@ - naste) + [ nesieo)]

for all t > 0 and € € (0,1) with 7y := ﬁ Jomo. This then allows us to the apply

functional inequality in (F1) from Theorem 2.1.1 (setting ¢ = —f(cc), ¥ = n. and
a = 2) to further see that

L s[5 [ramn (22) s { [} [1- Vs + [ nesie]
Ne 2
gnlo B/ﬂnsln(m)nL;;lo{/Qno}/QIVCEIZJr/Qngf(Cs)]

for all € € (0, 1) with 8y as in Theorem 2.1.1 and K := ||f/HLoo([(LHCOHLOO(Q)]). Considering
the integrability properties in Corollary 3.4.3, Lemma 3.4.2 and (3.6.1), there must
therefore exist a constant Ko > 0 such that

IN

/OO/ fle) < K» forall e € (0,1), (3.6.2)
0 Q

We now fix § > 0 and then let £ = ﬁ. Because f is positive outside of zero and
continuous, there must exist a constant K3 > 0 such that

fly) > Kz forall y € [¢, [|col| oo (0)]-
Because (3.6.2) implies that
to K3 )
fee — foralle e (0,1
% / / = Teollzm 2 (0.1)

with
Kallcoll oo ()

2
K3 5
we can, for each € € (0,1), find at least one t. € (0,ty) such that

[ sty < 2
Q

= leollzoo (o) 2

ty = > 0,
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Using this, we then gain that

/Ca(‘ata) :/ Ca(',t5)+/ Ca('yta)
Q {ee(1t) <&} {e(ste)>E€}

< j0je+ =D e )
o 9

35—1—5:5 for all e € (0,1)

and therefore
/ ce(,t) < foralle € (0,1) and ¢t > to
Q

because of the monotonicity properties for the family (c:).¢(o,1) seen in Lemma 3.4.2
and the fact that t. < ¢¢ for all ¢ € (0,1). This is exactly our desired result for p =1
and, because Lemma 3.4.2 further gives us a global uniform L>°(€2) bound for the family
(ce)z(0,1), our desired result also follows for p > 1 by interpolation. O

By combining the above lemma with (3.4.3) from Lemma 3.4.2, we then immediately
gain an important corollary about the gradients of the family (cc).¢(o,1)-

Corollary 3.6.2. For each § > 0, there exists a time tg = to(d) > 0 such that

/ / Ve <6
to Q

for alle € (0,1).

Proof. Because of Lemma 3.6.1, there exists tg > 0 such that
/ (-, tg) <26 forall e € (0,1).
Q

The inequality (3.4.3) from Lemma 3.4.2 then immediately implies our desired result. [

3.6.2 Eventual uniform smallness of a key functional and its associated
norms

As our next step, we will now show that, if the functional F. seen in (3.6.3) is small at
some time tg > 0, it in fact stays at least somewhat small from there on out. While the
functional itself is already composed of some key integrals, the argument yielding this
result also gives us that time-space integrals over some higher-order derivatives of our
solution components become small when considered only from ¢y onward. This approach
is inspired by similar methods seen in [135].
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3 Eventually smooth solutions to a chemotaxis-fluid system with rotational flux

Lemma 3.6.3. There exist constants g > 0, C' > 1 such that the following holds for
all 6 € (0,80) and € € (0,1):

If there exists tg > 0 such that the functional

1 1
() = /Qn In (ZO) + 5/9 Ve? + %/Q > forallt >0, (3.6.3)

where g == |ﬁ1| Jono, has the property

0
< — .0.
and further the inequality
o0 1)
2
< — .0.
/to /Q|Vce| < (3.6.5)
holds, then
F(t) <o (3.6.6)

for all t >ty as well as

o [Vne|? > 2 o 2
— <, |Ac|* <6 and |Vue|* <. (3.6.7)
to Q us to Q to Q

Proof. Before we present the actual core of this proof, let us first fix some necessary
constants to streamline later arguments and make sure that there are no hidden inter-
dependencies:

Let first C, > 0 be the constant used in the following well-known Poincaré inequalities
on  (cf. [12, p. 290)):

lellzz) < CollVel2@)  for all p € CH(Q) with ¢ =0 on 992 (3.6.8)
and
IVellr2) < CollApllp2q) forall p € C?*(Q) with Vg - v = 0 on 99 (3.6.9)

Let now Cs > 0 be the constant in the following combination of a Sobolev inequality
with another Poincaré inequality (cf. [12, p. 313]):

2 = 1
/ lp —7|* < Cs {/ |Vg0|} for all ¢ € C1(Q) with @ = —/ © (3.6.10)
Q Q Q] Jo

Finally, let Cgni > 0 be such that the inequality

/ IVol* < Cani {/ |ch\2}/ |Ap|>  for all p € C*(Q) with V- v = 0 on 99,
Q Q Q
(3.6.11)

46



3.6 Proving the eventual smoothness and stabilization properties of (n,c,u)

which can be derived from the Gagliardo—Nirenberg inequality (cf. [90]), elliptic regular-
ity theory (cf. [34, Theorem 19.1]), the Poincaré inequality (cf. [12, p. 312]) and (3.6.9),
holds.

Let us further fix the basic constants

K1 = So([leol| Lo () Ky = |l fller(o,)1coll oo o)

K3 = ||Vl L), Ky =2K7 +2K3 + Ko,
which only depend on the parameters of the system (CF) and the initial data c¢y. Then
let

1

C = max (2KSC Cs mo,K4|Q| ) , Ks:= CsmoKZ +C and dp:= m

with mg := [ no. For the actual core of this proof, we now fix € € (0,1), 6 € (0,dp) and
to > 0 such that (3.6.4) and (3.6.5) hold with C and Jy as fixed above. We then test
each of the first three equations in (CF.) with certain appropriate test functions:

We test the first equation with In(n.) and use Young’s inequality to see that

d 2
7/ Ne In (ns) = — / |vn€‘ + / vne : Se(xa Ne, CE)VC€
dt 9] no Q Ne Q

7 2
gff/ [Vre| +2K§/ Vee|2ne (3.6.12)
8Ja mne Q

for all £ > 0. We then test the second equation with —Ac, to see that

s LIVl == [18el+ [ (- Ve)de+ [ nefle)ac
Q Q Q

1
—/ |Ace|? — / (VueVee) - Vee — 5/ e - V|Vee|?
Q

/f (ce)Vne - Vca—/ ne f'(co)|Vee|?

—/Q]ACE\Q /\Vua\Q—i—C/ Ve |

1 [ |Vn?
- —/ [Vn[” + (2K3 +K2)/ Ve *n. (3.6.13)
8Ja ne Q
for all ¢ > 0 by again using Young’s inequality and the fact that

/ e - V|Ve|? = —/(v.ug)\vcgﬁ _
Q Q

because V - u. = 0. Similar to the proof of Lemma 3.4.4, we test the third equation with
us to see that

1d
2 el == [ [Vl + [ =7V - )

47



3 Eventually smooth solutions to a chemotaxis-fluid system with rotational flux

K3Cp 1
_ 2 34p 2 2
[ 19u+ =2 [ (e =) —1-203/9|u5|

1 K2C?C, 2

g——/ Vo2 22 {/ Vn5|}
Q
K 3C2C; 2
2 Q  Ne

2
<—*/ [Vue|” + 4/ Wna' (3.6.14)

for all ¢ > 0 by using Young’s inequality, the Holder inequality, (3.6.8) and (3.6.10).

The inequalities in (3.6.12) and (3.6.13) then combine to give us

d Ne 1d 9
— In (= -
dt/ e n(o) 3 dt/g’v%‘
W”e‘Q 2 2 4 2
S [ B [1acl o [1VuP w0 [ vet+ Ko [ [vea.
Q Q Q

for all ¢ > 0. The most critical term here is [, |Vce|?ne, which we therefore further
estimate in a similar fashion to the arguments seen in (3.6.14) as

/Q|V05]2n6:/ \Vc€|2(n5—ng |Q’/]V 6\2
< - 2
Cm0K4/ Ve |* +4Cm0K4/(n€ ,Q‘/IV |

Vn.|?
< ; K 54 /| (3
< Cmg 4/Q\vc| e

|Ve:|* forall t >0,
\QI/
to gain that
d Ne 9
T 51 a 14 €
dt/gn n( >+2dt/|VC’
1 [ |Vn.]? 2 2 / 4
<-= — [ 1A — K t
<5 [ [1acP+ o [Vl + ks [ Vet + .00

with G.(t) = Kyigt Jo |Vee(-,t)|? for all t > 0. This combined with (3.6.14) then finally

gives us
d Ne 2
el 1 - =
dt/n€n< )+2dt/| 2Cdt/’€’
L[ |Vn 2 / 2 / 4
< - A - — A2+ K 1),
<= LR = [1ael - 45 [ Vel + ks [ e+ 6.0

which can be further rewritten as

1 [ |Vn|? 1
() + - = /A +— IV 2<K/v ! t
1 | [ 1Al + 45 [ 19wl < Ks [ Vel +6.0)
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3.6 Proving the eventual smoothness and stabilization properties of (n,c,u)

for all ¢ > 0. Because we further know that

fivedtt < G { [ 1vec} [ 18l < 20070 [ 18l
Q Q Q Q

due to (3.6.11) and the fact that Jensen’s inequality ensures that [on.In(52) > 0, we
finally gain that

/ ‘V”E‘Q 2, 2
Ft / (L - 2K5CuiFo(t / A + /Q Vu|? < G.(¢)
for all ¢t > 0. We then let
Se ={T >ty| Fe(t) <o forallt e (t,T)},

which is non-empty because of the continuity of F., (3.6.4) and the fact that C' > 1. For
all T'€ S. and t € (t9,T'), we know that

, 1/ |Vn.|? 1/ 5 1 / 5
t)+ = — [ 1A — ||V < G.(t 6.1
+4 0 +2 Q| Ce| —1—40 Q] ue|® < Ge(t), (3.6.15)

because
(1 = 2K5CeniF:(t)) > (1 — 2K5Cgnid) > (1 — 2K5Cgnid0) =

If we now integrate from ¢y to ¢ in (3.6.15), we gain that

1 [t [ |Vne|?
e [ [y //|A P [ (v
to JQ Ne to to

0 5
< Felto)+ [ Ge(s)ds Iy / \vceyQ
to 8 |Q’ (9}
5 6 moKs 8§ _6
<— < <= 6.1
3¢ Taccpl S0 S 4 (3.6.16)

forall T € S; and t € (tp,T') because of (3.6.4) and (3.6.5) as well as the fact that C' > 1
and ’T”&fé‘l < 1 by definition of C'. Therefore, S. = [tg,00) due to the continuity of S.
and thus (3.6.16) holds on the entire interval [tg, c0).

This then directly implies (3.6.6) and (3.6.7) and consequently completes the proof. [J

We can now use the above insight in combination with the various properties derived
in Lemma 3.4.2, Corollary 3.4.3, Lemma 3.4.4 and Corollary 3.6.2 to show that the
smallness conditions for the functional F. and gradient of ¢. are in fact achievable for
every 0 > 0 at some e-independent time ¢y and that therefore the functional and thus
its individual components become small in a uniform fashion. As an added bonus, we
naturally also gain some uniform higher order smallness information for some of the
associated dissipative terms, which will prove useful later on.

49



3 Eventually smooth solutions to a chemotaxis-fluid system with rotational flux

Lemma 3.6.4. For each § > 0, there exists to = to(0) > 0 such that

/na(-,t)ln (”(t)> <, / Ve (B2 <6, / (- 2 < 6
Q no Q

for all t > to, € € (0,1) with Tg = ﬁ Jo o and

%) 2 00 00
[ EE s [ el <o [T [ 1vup <o
to JQ  Te to JQ to JQ

for all e € (0,1).

Proof. Let g > 0, C > 0 and the functional F. be as in Lemma 3.6.3. Without loss of
generality, we assume § < dg. Because of Corollary 3.6.2, we find ¢; > 0 such that

2
/t1 / |Vee|” < C2 for all € € (0,1).

Because of Corollary 3.4.3, Lemma 3.4.2, and Lemma 3.4.4, we further know that there
exists a constant K7 > 0 such that

1
P— f()d

T () L[ e [ ] <

for all € € (0,1) and ¢ > ¢;. This implies that, for ¢y :== 351 +¢; and all € € (0,1), w
have

1 )
ds < —.
to — 11 f() 8_80

Therefore for each € € (0,1), there must exist ¢. € (¢1,%) such that

Fe(t
( 5) — 80

This directly implies our desired result from t. and therefore from ¢y onward for all
e € (0,1) by application of Lemma 3.6.3. O

3.6.3 Eventual uniform bounds for ||n.|| 1<), ||Vee|rr@), [|APuc] 1r(q) for
p € [1,00) and B € (%, 1) via bootstrap arguments

The eventual smallness and integrability results of the previous section now give us a
critical foothold to establish even better uniform a priori bounds for all three solution
components of our approximate solutions from some large time tg > 0 onward. The
methods used for this will be a combination of testing procedures and semigroup methods
used in a fairly standard bootstrap process.

50



3.6 Proving the eventual smoothness and stabilization properties of (n,c,u)

Our first step of this section will therefore be to improve our thus far very weak bounds
for the family (n:).c(o,1) to LP(£2) bounds for arbitrary but finite p. This is done mostly
by testing the first equation in (CF.) with n?~! and using the results of the previous
section to argue that from some time ¢y > 0 onward the following is true: In any time
interval of length 1, there exists at least one time, at which n. is uniformly bounded in
LP(2), and, from that time on, the growth of [, nf(-,t) is at most exponential, whereby
the bound and all the growth parameters are independent of the choice of interval. Taken
together, these two facts directly imply our desired result.

This approach as well as the one used in the lemma immediately following it are again
inspired by similar methods seen in [135].

Lemma 3.6.5. There exists to > 0 such that, for each p € (1,00), there is C(p) > 0
with

[ne (- )| e () < C(p)
for allt >ty and e € (0,1).

Proof. Due to Lemma 3.6.4, there exists tg > 1 such that

0 2 oo
/ / Vnel” o / / Ac2 <1 (3.6.17)
to—1 JQ Ne to—1JQ

[Ve( )2 <1 forallt >ty —1 (3.6.18)

and

for all e € (0,1).
We fix p € (1,00) and t; > tg. Because

11 2
/ / [Vrne| <1 forallee(0,1),
t1—1JQ

Ne

there must, for each € € (0,1), exist t. € (t; — 1,¢1) such that

’vns('at€)|2 <1.
Q nE('atE)

Due to the Gagliardo—Nirenberg inequality, this implies

1
Hns('7ts)HLP(Q) = [n2 ('7t€)H%2p(Q)

1 1 1 2

< K 1902 ()l lnd (1 + o ()|
. 2\ ¢ 1-a

< 9K, ’vne( >t€)| (/ no) +/ no

Q ne('ats) Q Q

l—«

< 2K, l(/ ’I’Lo> —l—/ n0‘| =: Ko (3619)

Q Q
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3 Eventually smooth solutions to a chemotaxis-fluid system with rotational flux

with some K1 > 0 and a := % € (0,1) for all € € (0,1). As our next step, a standard
testing procedure yields that

14
77/ nls) = _(p - 1)/ |Vn€|2n§_2 + (p - 1)/ nlg)_lvns : Ss('ansacs)vcs
p dt Jo Q Q
—1
< —p—/ |Vn5\2n§_2+K3/ Ve Pn?
2 Q Q
2(p—1) 2 P
<=2 [ 1Vnd P+ Kall Vel o o

for all ¢ > 0 and € € (0,1) with K3 := %Sg(HCQHLoo(Q)). According to the Gagliardo—
Nirenberg inequality (cf. [90]), well-known elliptic regularity theory (cf. [34, Theorem
19.1]), the Poincaré inequality (cf. [12]) and (3.6.18), there exists a constant K4 > 0
with » » » »

102 124y < KallVne ||z 108 [l 2() + Kalln 720

forallt > 0 and € € (0,1) and
IVeelFaoy < KallAcell 2l Veell 2y < KallAce||2(q)
for all t > tp — 1 and € € (0,1) implying that

1d/np
pdtJo °©

2(p—1) p p p p
< -2 [ 1k P+ Kkl Aclay (190 Lz I Lo + 10 o)

—1 P
S )/\Vn§|2+K5/|Ac€]2/n’a’—l—/ng
p Q Q Q Q

§K5/]Ac€\2/n§+/n§ forallt >ty —1and e € (0,1)
Q Q Q
2

with K5 = (ﬁ + 7)K3K{. This differential inequality combined with (3.6.17) and
(3.6.19), then gives us that

t
/ n? < K% exp (ng,/ / |Ac.|? + p(t — ts)) < K§exp (pK5 +p) = Kg
Q te JQ

for all t € (t.,t- + 1) because t. > t; — 1 > tg — 1 by a standard comparison argument
for all € € (0,1). As further ¢; € (t,t- + 1) due to t. € (t1 — 1,¢1), this implies

/Qng(-,tl) < K.

Because t1 > tg was arbitrary and Kg is independent of ¢, this completes the proof. [

Given that we have now established quite a strong set of bounds for the family (n¢).¢(o,1),
which will make the n.V¢ term in the third equation of (CF.) much more manageable,
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3.6 Proving the eventual smoothness and stabilization properties of (n,c,u)

we will now turn our attention to said equation.

For this, let us briefly introduce some definitions and results used in the theory of fluid
equations, which were already alluded to when talking about initial data regularity in
the introduction (cf. (3.1.1)) and will now become an important tool.

Remark 3.6.6. We define L2 () as the space of all solenoidal functions in (LP(2))2,
or more precisely

L5(Q) = {f e @)’ |V f=0}

for all p € (1,00) with V- interpreted as a distributional derivative. We then let
Wl (Q) = (Wy"P(Q))? N LE(Q) for all m € N and p € (1,00). As proven in e.g,
[38, Section III.1], there further exists a unique, continuous projection

Py (LP(Q))* = L5(Q)

called the Helmholtz projection for all p € (1, 00). In fact, Py is an orthogonal projection
(cf. [101, Section I1.2.5]). As the construction of this projection in [38] essentially rests on
solving a certain elliptic Neumann problem, it can be shown that for sufficiently regular
functions (e.g. C°(Q2)) all Helmholtz projections introduced above are in fact identical
and therefore we will often simply write P for the projection and leave out the subscript
when appropriate.

Using this, we define the Stokes operator on LP () as
Ay = —P,A

with D(A,) = (W2P(Q))2 N Wy E(Q) (cf. [40], [101, Section IIL.2]) for all p € (1,00).
As the above definition is based on the Helmholtz projection, all operators A, are again
identical when applied to a sufficiently regular function (e.g. C?(£2)). Thus, we will often
omit the subscript here as well and just write A when appropriate. In [40] and [41], it
has been shown that, for all p € (1, 00), A, is sectorial (in fact its spectrum is contained
in (0,00)), that —A, generates a bounded analytic semigroup (e~*47),5¢ of class Cy on
D(Ap) and that the fractional powers Aj of A, exist for all @ € (0,1). Due to the
regularity theory for the stationary Stokes equation (cf. e.g. [38, Lemma IV.6.1]), the
Stokes operator further has the following property: For each p € (1,00), there exists
C(p) > 0 such that

lellwar@) < C@)AppliLeie)  for all p € D(Ay). (3.6.20)

Notably, this means that the norm |4, - ||1»(q) is equivalent to the standard Sobolev
norm || - [[y2.p() on D(Ap) for all p € (1,00). Therefore, we will from hereon out
consider |[Ay, - [[zr(q) to be the default norm of the space D(Ay). In a similar vein when
talking about the domains of the fractional powers D(A5), p € (1,00), a € (0,1), we
will from now on always assume these spaces to be equipped with the corresponding
norm ||AY - || zp(q). Framed in this way, the spaces D(Aj) then have rather favorable
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3 Eventually smooth solutions to a chemotaxis-fluid system with rotational flux

continuous embedding properties into certain Sobolev and Hélder spaces due to standard
semigroup theory (cf. [41] or [49, p. 39]) and the regularity property in (3.6.20), which
will be useful on multiple occasions.

After this brief excursion, let us now return to our actual objective, namely the derivation
of an L?(€2) bound for the gradients of the family (uc).c(0,1). Structurally this proof is
very similar to the one for Lemma 3.6.5 in that we again establish boundedness for the
gradients at one time in every time interval of length 1 (from some time ¢y > 0 onward)
and then derive an additional growth restriction in said interval, whereby both times all
parameters are again independent of the choice of interval.

Lemma 3.6.7. There exist tg > 0 and C > 0 such that
/ \Vu(-,t)]> < C
Q
for allt >ty and € € (0,1).

Proof. We first fix tg > 1 and K7 > 0 such that
[ne(C, D)l 22 < K1, [lue( )2 <1 forall t >ty —1 (3.6.21)

and

/t 1/9\Vu8\2 <1 (3.6.22)
.

for all € € (0,1) according to Lemma 3.6.5 and Lemma 3.6.4.

Let t; > to be fixed but arbitrary. Then for each € € (0,1), there exists t. € (t1 — 1,%1)
such that

/ V(- t))2 < 1 (3.6.23)
Q
due to (3.6.22). We may now further fix Ko > 0 such that

e |7 () < Kall Auc 120y luel 120y < Kall Aue|l 120 (3.6.24)

for allt >ty — 1 and € € (0,1) due to (3.6.21), the Gagliardo-Nirenberg inequality and
the regularity property in (3.6.20). We then apply the Helmholtz projection to the third
equation in (CF;) and test with Au. to see that

55/9\%4
— g oAbl == [ 1w = [Pl Vyud + [ Au P a5l
2 dt Ja Q Q Q
1
—5 | 1Au + [ Pl VP + [ (Pl
Q Q Q

1
5 L 1Awl+ [ e D+ [ vl
Q Q Q

IA

IA
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3.6 Proving the eventual smoothness and stabilization properties of (n,c,u)

1
< =5 [ 1A + el Ve [y + KE IVl

1
< /Q | Auc|? + K| Auc | 2 () | Ve 72 () + KF V|7~ ()

K22 2 2 2 2
< 2 ([ 1V0l) + K1Vl <oy

for all t > t) — 1 and € € (0,1) by using (3.6.24), Young’s inequality and some funda-
mental properties of the fractional powers of the Stokes operator (cf. [49], [101, Lemma
I11.2.2.1]). This further implies that

2
;t/ |Vue|? < K3 (/ |vugy2) + Ky forallt>ty—1andee€(0,1)
Q Q

with K3 = K2, K; = 2K12HV¢||%00(Q). This differential inequality combined with
(3.6.23) and (3.6.22) then gives us that

[ 19t

t t t
< (/ !Vue(-,ts)IQ) exp (Ks/ / !VuEIQ) +K4/ exp (Kg/ / \Vus\2> ds
Q te JQ te s JQ

< (1 -+ K4)€K3 = K5

forallt € (t.,t-+1) and € € (0, 1) because t. > t; —1 >ty —1 by a standard comparison
argument. As further ¢; € (t,t. + 1) due to the fact that t. € (t; — 1,¢1), this implies

/Qrwe(.,mﬁ < Ks.

Given that t; > ty was arbitrary and K3 is independent of ¢, this completes the proof.
O

As already seen in the proof above, deriving an L?(2) bound for the gradients of the
family (ue)oc(0,1) is equivalent to deriving a bound for HA%ua(-, t)||2(), which is fairly
easy to check by using fundamental properties of the fractional powers of the Stokes
operator (cf. [49], [101, Lemma II[.2.2.1]). As our next step then, we now want to
expand on this by proving stronger bounds of the form || APu.(-,t)] @) < C because

the embedding properties of D(AQ%) are not quite sufficient for our later arguments,
namely the derivation of certain Hoélder-type bounds. This is done mostly by using
the above results in combination with semigroup methods and well-known smoothing
properties of the Stokes semigroup (cf. [42], [49, p. 26]).

Lemma 3.6.8. There exists to > 0 such that, for each 5 € (%, 1) and p € (2,00), there
is C(B,p) > 0 with

1A ue (-, ) 1oy < C(B,p)
forallt >ty and € € (0,1).
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3 Eventually smooth solutions to a chemotaxis-fluid system with rotational flux

Proof. We fix g € (%, 1) and p € (2,00). We can then fix a time ¢y > 1 independently of
p and a constant K71 > 0 such that

ue(5Ollz2@) <1, ne( )l r@) < K1, [Vue(, )l 2) < K

for all ¢ > tp — 1 and € € (0,1) due to Lemma 3.6.4, Lemma 3.6.5 and Lemma 3.6.7.
Lastly, we fix ¢ € (2,p) such that

11
Bro—o <t (3.6.25)

The Sobolev embedding theorem (cf. [26, Theorem 2.72]) implies that there further exists
K5 > 0 such that

Hus('7t)H a(p+q) < Ko, Hue('7t>||Lp(Q) < Ky
L p=1 (Q)
for all t > tp — 1 and € € (0,1) due to us working in two dimensions and due to the
previously established bounds.

Let now t; > ty be fixed but arbitrary. Then relying on the smoothing and continuity
properties of the Stokes semigroup (e~4);>¢ and the Helmholtz projection P, (cf. [38],
[42, p. 201], [49, p. 26]), we estimate each u. using the variation-of-constant representa-
tion of the third equation in (CF.) on (¢; — 1,¢;) after projecting with P as follows:

| APuc(-, )| o ()
t

= HA'@e(t(tll))Aus(-,tl -1)— APe==DAD [(u (-, 5) - Vue(-, s)] ds
t1—1
t
+ APe==9AD [ (-, 5)V ] ds
t1—1 LP(Q)

< Kt — (tr — 1) P Jluc(-t1 — 1) £ogy

+ K3 /tl—l(t — S)’ﬁf%r% 1P [(ue(-, 8) - V)ue(-, S)]HLQ(Q) ds

t
+ K3/t _1(t - 3)_/3 ”P [n5(78)v¢”|Lp(Q) ds
< Ks(t—(t— 1) + K

t g1yl
FIK [ (=9 T uCn) | g IVuC8)] g s
t1—1 L p—a (Q)

t

< Ks(t—(t — 1) P+ K +KKK/
< Ks(t—(t1 — 1)) 5 2GRy | LB )

(3.6.26)

K1 K3K4|[V| 100 ()
1-8

with some K3, K4 > 0 and K5 := max(K2Ks3,
and ¢ € (0,1).

) for all t € (t1 — 1,14]

Interpolation using the Holder inequality combined with the fact that D(Ag ) embeds
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3.6 Proving the eventual smoothness and stabilization properties of (n,c,u)

continuously into W1P(Q) (cf. [49, p. 39] or [41]) because 8 > 3 then gives us K¢ > 0
such that

HVue(nt)lleQj(m < Ve )l (i Ve ()| 5o < Ky Kol A%uc (-, 0)l|F0 (0
for all £ > to — 1 and € € (0,1) with a := (3 — -3.)(3 — )" € (0,1). In (3.6.26), this
then results in

AP uc (-, )| o) < Ks(t— (t1— 1)) 7 + K5

t —B=5t511 A8 a
+K7/t 1(75—3) v || A “6(‘a5)||Lp(Q) ds (3.6.27)
-

for all t € (t; — 1,t1] and € € (0,1) with Ky := K| *KoK3K,Kg.

Let now
Moo= sup (s — (tr = 1)°|A%us(:, ) ooy < oo
s€(t1—1,t1]
for all t € (t;1 — 1,t1] and € € (0,1). With this definition, we can conclude from (3.6.27)
that

(¢ = (t1 = D)7 1A%, ) 1o (o)

¢
< 2K5 4+ K7 Mt — (t; — 1))? (t—s) P ati(s— (41 — 1)) *Pds  (3.6.28)
t1—1
for all t € (t; — 1,¢;] and € € (0,1). As both of the exponents in the remaining integral
are greater than —1 due to our choice of ¢, a straightforward estimation yields Kg > 0
such that
1

t
[ = s = (0 = 1) s < Kalt — (- 1)
t1—1

and thus
t 1

(t—s) P a5 (s — (11 — 1))~ P ds < K

(t— -1 |

t1—1

for all t € (t; — 1,¢1] and € € (0,1) again due to our choice of ¢q. If we apply this to
(3.6.28), we find that

M. < 2Ks + KrKsM® < 2K + (1 — a)(K7Ks) ™5 + aM.
due to Young’s inequality and therefore that

K 1
* 4 (K7Kg)T+ = Ko

2
M. < 5

for all € € (0,1). This further gives us that
HAﬁ’U/E(',tl)HLp(Q) < Me < Kg for all e € (0, 1)

and thus completes the proof as t; > ty was arbitrary. ]
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3 Eventually smooth solutions to a chemotaxis-fluid system with rotational flux

Given the regularity properties of the fractional powers of the Stokes operator, we gain
the following corollary, which translates the above abstract bounds into more familiar
settings.

Corollary 3.6.9. There exists tg > 0 such that, for each o € (0,1), there is C(a) > 0
such that

e (5 )| oo () < e (5 O)llwroe () < Nlue(s Dl crvagy < Cla)

forallt >ty and € € (0,1).

Proof. We first choose p € (2,00) and 3 € (3,1) such that

2
l+a<28——,
p
which is always possible.

Lemma 3.6.8 then gives us tg > 0 and K7 > 0 such that
A%, 1) || Loy < K1

for all t > tg. Note that tg given to us by the lemma is in fact independent of 5 and p.
By well-known continuous embedding property of D(Ag) into C1T%(Q) seen for example
in [41] or [49, p. 39], this already implies our desired result. O

As our next step, we will now use semigroup methods to prove some additional bounds for
the families (n¢)cc(0,1) and (ce)ee(o,1) in a fairly standard and therefore brief fashion:

Lemma 3.6.10. There exists tg > 0 such that, for each p € (1,00], there is C(p) > 0
with

[Vee(- )| o) < C(p)
for allt >ty and € € (0,1).

Proof. We use the variation-of-constant representation combined with standard semi-
group smoothness estimates from [123, Lemma 1.3] to estimate the family (cc)cc(0,1) as
follows:

IVee (0l oy

t t
< H VeAcg(-, t—1)— Ve(t*s)A(uE -Vee)ds — Ve(tfs)Aj"(cg)n€ ds
t—1 t—1

t

LP(Q)

141
< Killllpooy + K1 [ (14— 9)7 0

t—1

{Ilell oo @1V el 2@y + 11|z eol ooy 17l 220 | ds
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3.6 Proving the eventual smoothness and stabilization properties of (n,c,u)

with some constant K7 > 0 for all £ > 1. This already implies our desired result for
all finite p and sufficiently large tg > 0 because of Corollary 3.6.9, Lemma 3.6.4 and
Lemma, 3.6.5. For the case p = oo, we use a similar approach as before to derive

t

Vel < Kelleollpqey + K [ (1+(t=3)

]

)X
{HUEHLOO(Q)HVCEHL4(9) + Hf”LOO([O,HCOHLOO(Q)D||naHL4(Q)} ds

with some constant Ko > 0 for all £ > 1. Using this very result for p = 4 as proven
above and the same lemmas as before then completes the proof. O

Lemma 3.6.11. There exists tg > 0 and C' > 0 such that
()| oo () < C

for allt >ty and e € (0,1).

Proof. Using the variation-of-constants representation applied to the family (n.).c(o,1)
and combining it with semigroup smoothness estimates from [123, Lemma 1.3] yields
that

t
eAn(t—1) — / =98 (u, - Vn,) ds

Ine(, )l Loy = -

t
7/ et=5)Ay . (neSe(+,ne,cc)Vee) ds
t—1

L= (%)

t
eAng(-,t—1) — / et =IAY . (uon,) ds
t—1

t
—/t X et=5)Ay . (neS:(+,ne,c2)Vee) ds

L=(9)
t

< Kflne(ot = Dl + K1 [ (14 (0= 9) ")

{ [uell oo ) Ine | () + Solllcoll oo () 1l Loy | Vel Ls o) } ds

with some constant K; > 0 for all ¢ > 1 because V - u; = 0. Combining this with
Corollary 3.6.9, Lemma 3.6.5 and Lemma 3.6.10 then gives us the desired bound by
similar arguments as in the previous lemma. O

One immediate consequence of this lemma is an additional global space-time integrability
property for the gradients of n.. This property will prove useful when later arguing that
n is in fact a weak solution of its associated differential equation as a step in the process
of proving its more classical solution properties.
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3 Eventually smooth solutions to a chemotaxis-fluid system with rotational flux

Lemma 3.6.12. There exists tg > 0 and C > 0 such that

/ / Vn? < C
to Q

for alle € (0,1).

Proof. Due to Lemma 3.6.11, there exist tg > 0 and K7 > 0 such that
[ne(- ) [Loo) < K1 forallt >t and € € (0, 1). (3.6.29)

Testing the first equation in (CF.) with n. in a similar fashion as in the proof of
Lemma 3.6.5 and applying Young’s inequality immediately yields

1d 1 || 0||L
m/ﬂnis—i/gwnarz /|Vcar2 :
1
5 [1vneP v K [ w
Q Q

with Ky == %K%Sg(HCOHLoo(Q)) for all ¢t > tp and € € (0,1). Time integration combined
with Lemma 3.4.2 and (3.6.29) then directly gives us our desired result. O

IN

3.6.4 Establishing baseline uniform parabolic Hélder bounds for the families
(nE)EE(O,l)! (Ce)ee(o,l) and (ue)ee(O,l)

As our next step in the journey towards a proof of Theorem 3.1.1, we will now tran-
sition from only establishing uniform space bounds for the solution components of our
approximate solutions to fully parabolic Holder-type bounds. Establishing such bounds
will then allow us to use the well-known compact embedding properties of such spaces
to argue that, at least from some large time onward, our generalized solutions were in
fact of a similarly high level of regularity.

We will start by establishing a uniform C%([t,t+ 1]; C1T%(Q))-type bound for the family
(e )ee(0,1) @8 ue plays a role in all three equations of (CF) due to the convection terms.
While the step from the bounds already established in the previous sections to uniform
parabolic Holder bounds is often achieved by employing well-known and ready-made
parabolic regularity theory, we are not aware of such a result that fits the third equation
n (CF.) and gives us the type of bound desired here.

Similar to the methods seen in e.g. [34] and [120, Lemma 3.4], we will therefore use a dif-
ferent approach that is based on the regularity properties of the fractional powers of the
Stokes operator and the variation-of-constants representation of the family (uc).c(0,1),
not unlike what we did in the proof of Lemma 3.6.8. The key difference to similar pre-
vious efforts in this chapter is that we apply these methods to difference terms of the
form wc (-, t2) — ucs(-, 1) instead of u. itself.
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3.6 Proving the eventual smoothness and stabilization properties of (n,c,u)

Lemma 3.6.13. There exists tg > 0 such that, for each € (0,1), p € (2,00), there is
a constant C(3,p) > 0 such that

1—

1-8
1A% [ue (-, ta) = ue(- t1) ]l o (o) < C(B,p)(t2 — t1) 2
for all ty >t > tg withto —t1 <1 and e € (0,1).

Proof. We fix 8 € (0,1) and p € (2,00). We then further fix ¢ty > 0 independently of
and p and K7 > 0 such that

e (5 D)l ey < Ka, Jue (-, D)l Lo () < K1,
B+1
[Vue (- t) | Lo (@) < K, A2 ue (-, )| o) < Ka

for all t >ty and € € (0,1) according to Lemma 3.6.5, Corollary 3.6.9 and Lemma 3.6.8.
This then implies for

F.(z,t) =P —(ue(x,t) - V)ue(x,t) + Vo(z) - ne(z,t)]  for all (z,t) € Q x [0, 00)
that
172, ) e (o)
< Ko [|[=(ue(-t) - V)ue(+ 1) + Vo - ne (1) | 1o (q)
1
< Ko|Qf P [Juc (-, 1) || oo () [ Ve (D) oo () + K2l VOl oo ()l (-5 1) | o ()
1
< |Q’T’K12K2 + K1K2”V¢HLOO(Q) =: K3

for all t > tp and € € (0,1) with some constant K5 > 0 due to the continuity of the
Helmholtz projection Pp.

Let now to > t1 > o be such that to — t; < 1. Using the variation-of-constants repre-
sentation of u. with respect to the semigroup (6_tA)t20, we then observe that

A Jue(t2) — e )| )

< Aﬁe*(tQ*tO)Au(-,to) _Aﬁe*(tlfto)Au(.’tO)‘

Lr(Q)

to t1
+ ) APe (2794 (L ) ds — ) APe= =94 (L s)ds
0 0

= D1+ Dy forallee(0,1).

Lr(Q)

Using well-known smoothing properties of the Stokes semigroup (cf. [49, Theorem 1.4.3])
combined with the defining fact that

d —tA __ —tA
5¢ Te=—Ae "y
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3 Eventually smooth solutions to a chemotaxis-fluid system with rotational flux

for all t > 0 and ¢ € C?(Q) with ¢ =0 on 92 and V- = 0 on Q and the fundamental
theorem of calculus, we now estimate Dy as follows:

t
Dy = HAB t Y Ae 0y (. fo) ds
1

Lr(9)

t
/ s e_(s_tO)AA%u(', to) ds
t1

Lp(Q)
to to
< K4/ (s — tO)_%HA%U(HtO)”U’(Q) ds < K1K4/ (s — to)_% ds
i1 t
2K K 1-8 18
-7 _1 ﬁ4((t2 —to) > — (- tO) 2 ) < Ks(ta — tl) (3.6.30)

for all e € (0,1) with K4 > 0 being the smoothing constant from [49, Theorem 1.4.3]
and Ky := ZKlg(‘*

By a similar argument, we gain for Ds that

to
D2 < K [ (t2 = 5) AIF ) | o(e ds

t1

N /tl A,B |:€—(t2—s)A —(t1 s)A:| ( )dS
o Lr(Q)
K3 K, t1 to
< 3 G(tg—tl)l_’8+ / AP Ae_("_s)AFE(-,s) do ds
1 - B to t1 LP(Q)
K3 K, t1 2
< 13_56(752—t1)1ﬁ+K3K6/ / (0 —s) 1 Pdods
K3 K K3 K
=3 6(t2 - tl)l_ﬁ 520 (t2 — 8)_”8 — (t1 — s)_ﬁ ds
1- 6 ﬁ to
_ K3Ks _3
— )
KSKG 1-8 1-8 1-8 1-8
430 Ty ) B (g — ) B — (b — 1) B 4 (4 —
50— L2 =07~ = )P (= 8 (1))
< Kr(ty — )77 (3.6.31)

for all € € (0,1) with K¢ > 0 being the smoothing constant from [49, Theorem 1.4.3]
and K7 = K. 3K6ﬁ(%fﬁ). Note here that the last step was made possible by the fact that

(t2 —t0)' =7 = (t1 — to)' .
Because t9 — t1 < 1, we further know that
1-8
(tr— 1) P = (la—11) 7 (2 —t1) 7 < (ta—t1) 2
Therefore the two estimates (3.6.30) and (3.6.31) complete the proof. O
By again using similar methods to the proof of Corollary 3.6.9 as well as using said

corollary itself, we can now derive our desired parabolic Hélder bound for the third
solution components ..
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3.6 Proving the eventual smoothness and stabilization properties of (n,c,u)

Corollary 3.6.14. There exists to > 0 such that, for each a € (0, %), there is a constant
C(a) > 0 with
HusHca([t’t+1];cl+a(§)) < Cla)

for allt > to and € € (0,1).

Proof. Let 8:=1—2a € (£,1) and p € (2,00) be such that

2
l+a<26——,
p

which is always possible because 1 4+ a < g < 28. Then Corollary 3.6.9 as well as

Lemma 3.6.13 give us a parameter independent time ¢y > 0 and constant K; > 0 such
that

”us('at1)||cl+a(§) < K (3.6.32)

and
IAP [ue (- t2) — ue(-t1) ] | pogey) < Kt —t1)*

for all € € (0,1) and t9 > t; > tg with to — t; < 1, which by the continuous embedding
of D(AP) into C1T(Q) (cf. [49, p. 39] or [41]) implies that

HUE('th) - ue('a t1)||cl+a(§) S KlKQ(tQ - tl)a (3633)

for all € € (0,1) with some K3 > 0. Combining (3.6.32) and (3.6.33) then implies the
desired result. I

To now prove similar, albeit slightly weaker, parabolic Hoélder bounds for the first
two solution components of our approximate solutions, we will employ the ready-made
parabolic regularity theory of [97] to the first two equations in (CF,).

Lemma 3.6.15. There exist to > 0, a € (0,1) and C > 0 such that

<C

) + ”c‘f”ca’%(ﬁx [tt41]) =

Hna”c‘%% (Qx[t,t+1]

for allt >ty and € € (0,1).

Proof. As preparations for the proof, let us now fix to > 0 and K7 > 0 such that

Inell Lo @xfto—1,00) < K1 [ Veelloe(@xito-1,000) < K1 (3.6.34)

[eell oo (xfto—1.00)) < K1y [tellzoo(xfto—1,00)) < K1

due to Lemma 3.6.11, Lemma 3.6.10, Lemma 3.4.2 and Corollary 3.6.9.

Let us now check that our approximate solutions conform to the prerequisites used for
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3 Eventually smooth solutions to a chemotaxis-fluid system with rotational flux

Theorem 1.3 in [97]. Framed in the notation of the reference, the first two equations in
(CF.) considered in isolation translate to

a(z,t,y, z) =z — ne(x,t)Se(x,ne, c2)Vee(z,t) — ue(z, t)ne(z,t), b(x,t,y,z) =0,
a(x,t,y, z) =z — us(x, t)ce(z,t), b(x,t,y,z) = —ne(x,t) f(ce(x, 1))

(3.6.35)
for (z,t,y,2) € Qx [tg—1,00) x R x R?, respectively. We can then choose the parameters
in the reference to be mostly constants, which only depend on K; due to (3.6.34) and
(3.6.35), or to be trivial. We further choose p == 2, r "= 00, ¢ = 2, k1 = % The
remaining conditions to use Theorem 1.3 from [97] are then easy to check and we can
therefore apply it to the first and second equation in (CF;) to gain « € (0,1), Ko > 0
such that

< Ky

- HCEHC’“’%(ﬁx[t,t—i-l]) =

17l e g @x[t,t+1))

for all t > ¢ty and € € (0,1). As Theorem 1.3 makes it explicit, how K9 and a depend on
the chosen parameters, it is easy to verify that both constants are in fact independent
of t. This completes the proof. ]

3.6.5 Deriving C?+*1* 2 _type parabolic Holder regularity properties for
(n,c,u)

We now transition from proving properties of the approximate solutions to the general-
ized solutions (n,c,u) themselves. This is done mostly to mitigate problems stemming
from the approximated sensitivity term S. when applying higher order parabolic regu-
larity theory to the approximate solutions. More specifically, said problems stem from
the fact that the standard regularity theory found in [61] and [73] would require all S. to
be uniformly bounded in some appropriate Holder spaces to yield uniform higher order
Holder space bounds for the solutions themselves but our method of approximation for
the sensitivity function S does not necessarily yield such uniform bounds.

Our first step then is to translate the uniform parabolic Holder regularity properties
of the approximate solutions derived in the previous section to our generalized solution
(n,c,u) by using the well-known compact embedding properties of Holder spaces. No-
tably, the argument to achieve this requires us to potentially redefine the functions n, ¢
and v on a null set to make sure they coincide with a new set of locally Holder-continuous
limit functions. For ease of notation, we assume without loss of generality that the triple
(n,c,u) was already chosen in Lemma 3.5.2 in such a way as to not need any such re-
definition here. This is possible because it can be easily seen that any changes to n,
c or w on a null set do not interfere with the properties derived in Section 3.5 and all
arguments in this section thus far have been restricted to the approximate level.

Lemma 3.6.16. There exist to > 0, a € (0,1) and C > 0 such that

<C (3.6.36)

HnHCo“%(ﬁx[t,tJrl]) + HCHC“’%(ﬁx[t,tJrl]) + |’u‘|0a([t7t+1];01+‘1(5))
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3.6 Proving the eventual smoothness and stabilization properties of (n,c,u)

for all t > ty.

Proof. As we already know that (n,c,u) are the (almost everywhere) pointwise lim-
its of the approximate solutions (n., ¢, u.) along a sequence (¢;);ecn, the compact em-

bedding properties of the Holder spaces C'B’g(ﬁ x [t,t + 1]), CP([t,t + 1];CHP(Q))
into similar spaces with slightly smaller parameters combined with Corollary 3.6.14 and
Lemma 3.6.15 directly yield our desired result (see the paragraph leading into this lemma
for the reason why we can assume without loss of generality that no redefinition of the
functions n, ¢ and w on a null set is necessary here). O

While the weak solution properties described in Definition 3.3.1 for the second and
third equation are fairly standard and therefore very accessible to ready-made regularity
theory, the integral inequalities used for the first solution component n in said definition
are not compatible with such standard regularity results. Therefore, our second step in
this section is arguing that n fulfills a similar weak solution property to the other two
solution components from some time tg > 0 onward due to the strong a priori bounds
derived in the previous sections.

Lemma 3.6.17. There exists tg > 0 such that n is a weak solution of the first equation
in (CF) on § X [tg,00) with no-flur boundary conditions in the sense that n € C°(Q x
[t0,00)) (1 L2,.([t0, 00); W12(92)) and

loc

/too /Q e /Q n(:,t0)¢ (- to)

:/:/Qvn-w/:/QnS(-,n,c)vc-w/:/Qn(u.w) (3.6.37)

holds for all p € C2°(Q x [tg, 00)).

Proof. We begin by fixing 9 > 0 and K > 0 such that

IRl Lo (@x[to,00)) < K Inellr2 (9,000 wr2()) < K, 3638
leellrz_(ito.00pmrz@)) < K, luecllLoo@xite,o0n < K

due to Lemma 3.6.11, Lemma 3.6.12, Lemma 3.4.2 and Corollary 3.6.9. Among other
things, this then allows us to assume without loss of generality (by potentially choosing
a subsequence) that

Vn. = Vn and Ve, — Ve  in L (Q x [tg, 00)) as e = g; \, 0. (3.6.39)

This combined with Lemma 3.6.16 then immediately gives us that n € C°(2 x [tg, 00)) N
L2 ([to, 00); WH2(Q)).

loc
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3 Eventually smooth solutions to a chemotaxis-fluid system with rotational flux

It is further easy to see that the approximate solutions satisfy

/ /n£¢t+/n£('7t0)¢('7t0)

to Q Q

:/ /Vng-Vgo—/ /nES N, ce)Vee - Vi — / /nE V) (3.6.40)
to Q to Q to

for all o € C°(Q x [tg,00)). We therefore now only need to show that all of the
above integral terms converge along the sequence (g;)jen to the corresponding terms
n (3.6.37). For the first two and the last term in (3.6.40), convergence is immediately
assured by the dominated convergence theorem in combination with some of the bounds
from (3.6.38). The convergence of the third term in (3.6.40) follows directly from (3.6.39).
For the remaining fourth term in (3.6.40), consider first that (3.6.38) combined with the
(almost everywhere) pointwise convergence of the approximate solutions implies that
neSe(z,ne, c2)Vio — nS(x,n, c)V in L*(Qx[tg,00)) as e = £; \, 0 due to the dominated
convergence theorem and the fact that the approximate sensitivities S converge to S in
a pointwise fashion as € N\, 0. This then combined with the weak convergence properties
from (3.6.39) ensures the convergence of the last remaining term and therefore completes
the proof. O

Given that now n, ¢, and u each fulfill a quite standard weak solution property for their
corresponding equations and are already of fairly high regularity (cf. Lemma 3.6.16),
our final step of this section is to use the well-known uniqueness and regularity theory
from [61] and [73] (for the first two equations) as well as [101] and [102] (for the third
equation) combined with a standard cutoff function argument to remove the influence of
initial data regularity (cf. also Lemma 5.5.4 for the same basic technique) to argue that
all three solution components were already bounded in some C?to1*2(Q x [t,t + 1])
spaces. Our application of said Schauder theory largely follows the approach shown in
[18, Lemma 5.7] but will deviate slightly from this precedent to make it more explicit that
our constants are uniform in time as needed for our later long-time behavior results.

Lemma 3.6.18. There ezist to > 0, a € (0,1) and C > 0 such that

<C

||n||C2+a‘l+%(§>< i) T ||C||C’2+°"l+%(§><[t,t+1]) + HUHCZJ”"*H%(QX [t,t+1])

for allt > ty.

Proof. Due to requiring some temporal leeway for the removal of initial data regularity
conditions from the Schauder theory at the core of the following arguments by using
cutoff functions, we need to choose a time ¢y > 0 in this lemma that is slightly larger
than the times ¢y found in Lemmas 3.6.16 and 3.6.17. More specifically, we use the two
aforementioned lemmas to choose tg > 1, oy € (0,1) and K; > 0 such that

] + el <K (3.6.41)

Cal (Qx[t,t+1]) C"‘l Q><[t t+1]) H HCOq ([t,t+1]);C o1 (Q))
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3.6 Proving the eventual smoothness and stabilization properties of (n,c,u)

holds for all ¢ > t9 — 1 and such that n is a weak solution on € x [ty — 1, 00) in the sense
laid out in Lemma 3.6.17.

By framing the functions n and c as solutions to partial differential equations of the form
—pt+V-(Ax,t, 0, Vo)) +B(z,t,p, V) = 0 with boundary condition A(x,t, ¢, V)-v =
0 and A and B defined in a very similar way to a and b in (3.6.35), both solution
components become available to the parabolic regularity theory laid out in [73, Theorem
1.1]. When combined with the bounds established in (3.6.41) as well as a cutoff function
argument to remove initial data conditions, said parabolic regularity result then yields
additional Holder bounds for ¢, which in turn allow us to apply the same regularity
theory again to gain similar bounds for n. In this way, we can find ay € (0,1) and
K5 > 0 such that

7]l og i1 + el

a <K 3.6.42
Cco2th == (Qx[t,t+1]) coetl 22+1(§x[t,t+1]) 2 ( )

for allt>t0—%.

We now consider the first two equations in (CF) in the standard form ¢ = Ap+ F(z,t)
with boundary condition V¢ - v = G(x,t), where F and G are appropriately chosen
source and boundary terms, respectively. This makes n and ¢ accessible to the well-
known Schauder theory found in [61, p. 170 and p. 320] combined with another cutoff
function argument. By leveraging the bounds established in (3.6.42), we can thus apply
this regularity theory first to ¢ and then to n to find ag € (0,1) and K3 > 0 such that

< K3

) * HCHCQ*%H%S@X [t,t+1]) —

1720l oragasop (@ [t4+1]

for all ¢t > .

Let us now briefly elaborate on two somewhat subtle but important reasons for us
first using [73, Theorem 1.1] to establish some intermediate Holder bounds for n and ¢
before applying the theory from [61] in the paragraph above. First, the boundary term
G(x,t) = n(x,t)(S(x,n(z,t),c(x,t))Ve(x, t))-v(x) for the first equation in (CF) features
a potentially nonlinear dependency on n due to the arbitrary matrix-valued function S
and thus the boundary condition Vn - v = G(x,t) can not generally be rewritten as
Bn = 0 with a linear boundary operator B that is independent of n. This means that,
for the standard regularity theory from [61] to be usable, we need a Cl‘*'ﬂ’#—type
bound for n and thus G on the boundary, which is provided by [73] under less stringent
requirements on n. Second while it would be possible to streamline the above argument
somewhat by reinterpreting some of the source terms (e.g. u - Vn or u - Ve) as parts
of the relevant elliptic operators to apply the results from [61] earlier, the standard
theory laid out in [61, p. 170 and p. 320] does not explicitly account (in the actual text
of the relevant theorems) for how bounds of the coefficients of the considered operator
ultimately play into the final constants obtained in the theorems and it would thus be
much less obvious that our constants are uniform in time.

Finally, we now turn our attention to the third equation in (CF), which can be framed
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3 Eventually smooth solutions to a chemotaxis-fluid system with rotational flux

as the standard evolution Stokes problem ¢; = Ap + VP + F(x,t) with V-¢ = 0
and boundary condition ¢ = 0 as well as the specific source term F(x,t) = —(u(z,t) -
V)u(z,t) + n(x,t)Ve(x). Due to (3.6.41), we already know that there exist ay € (0, 1)

and Ky > 0 such that ||F|| o4 _ < Ky for all t > tg— 1. This then allows us to
C™ 72 (Qx[tt+1])

combine the uniqueness result for weak solutions laid out in [101, Theorem V.1.5.3] with
the regularity theory from [102, Proposition 1.1] and another cutoff function argument
to conclude that there exist as € (0,1) and K5 > 0 such that

S K57

Hu||cz+a5,1+‘175

for all ¢ > ty, which completes the proof. ]

3.6.6 Stabilization of (n,c,u)

Having now essentially established all our desired regularity properties for the generalized
solutions in the previous lemma, we now focus on proving the remaining long-time
stabilization properties for n,c and u in C?(Q).

Lemma 3.6.19. The generalized solution (n,c,u) has the long-time stabilization prop-

erty in (3.1.7).

Proof. Lemma 3.6.18 directly gives us a € (0,1), to > 0 and K; > 0 such that
Hn”c“‘l’“%(ﬁx[tﬂ%l}) + HCHC«2+a,1+%(§X [t,t+1]) + HUHCQ*"”H%(QX[t,tJ,-l}) S Kl

for all t > .

Let us further fix Ko > 0 such that

le =Pl < Kz\// @ - \// ¢ ln (SO>
Q Q ¥

for all nonnegative ¢ € C°(Q) with @ = ﬁ Jo ¢ according to a Cziszar-Kullback or

Pinsker-type inequality (cf. [24]). Let now 6 > 0. By Lemma 3.6.4 and the inequality
above, there therefore exists t5 > ty such that

Ine(+t) = Mol i) < Kz\//Q no - \//Q ne(-,t) In (ner(u;t)> < g (3.6.43)

for all t > t5 and € € (0,1). Further for each t > t5 > t¢, there exists an (¢) € (0,1)
such that

1)
In(,t) = ey (D)l L) < 5

because of, for example, the (almost everywhere) pointwise convergence of the approx-
imate solutions to the generalized solutions combined with the dominated convergence
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3.7 Proof of the main theorem

theorem (using a constant majorant as established by Lemma 3.6.11). Combining the
above two inequalities then results in

[n(-,t) — 7ol L) < In(t) = ey (5 Dl L) + 1ne@) (1) — Mol L) <6
for all t > t5 and therefore n(-,t) — mg in L'(Q) as t — oo.

As the start of a proof by contradiction, we assume now that n(-,¢) does not converge
to mp in C%(Q) as t — oo. Then there must exist a constant K3 > 0 and a sequence
(tx)ken With t — 0o as k — oo such that

In(-,tx) — TT0||C2(§) > K3 forall ke N. (3.6.44)

As the family
(n(-; k) ken

is furthermore uniformly bounded in C?*%(Q) by Ki, an application of the Arzela—
Ascoli theorem yields that the sequence (t)ren has a subsequence, along which n(-, tx)
converges to some limit value in C?(Q2). As we already know that n(-,¢;) converges to 7g
in L1(Q) as k — oo by prior arguments, the above C?(£2) limit must be 7ig as well. This
is a contraction to (3.6.44) and therefore we have proven that n(-,¢) — g as t — oo in
C?(9Q).

As we have proven similar uniform convergence properties to (3.6.43) for c.(-,t) and
ue(+,t) in Lemma 3.6.1 and Lemma 3.6.4, the above argument can basically be reused
verbatim to prove the remaining two convergence properties in (3.1.7). This completes
the proof. O

3.7 Proof of the main theorem

As we have at this point collected all of the necessary parts, we can now present the
proof of our main result in a fairly swift fashion.

Proof of Theorem 3.1.1. Let (n,c,u) be the functions constructed in Lemma 3.5.2. In
Lemma 3.5.5, we have then shown that these functions form a global mass-preserving
generalized solution in the sense of Definition 3.3.1, which constitutes the first part of
Theorem 3.1.1. As a direct consequence of Lemma 3.6.18, we can then find ¢y > 0 such
that (3.1.6) holds, meaning that our generalized solutions were in fact already smooth all
along from some t3 > 0 onwards. As we further know that n, ¢ and u fulfill a standard
weak solution property due to Lemma 3.5.5 and Lemma 3.6.17 for their corresponding
equations in (CF), standard solution theory then yields that our solutions must have
already been classical on §2 x (t9,00) and that an associated pressure function P for the
fluid equation can be constructed (cf. [61, p. 170 and p. 320], [101, Theorem V.1.8.3]).
Finally, Lemma 3.6.19 yields the long-time stabilization property seen in (3.1.7). This
completes the proof. O
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4 Weak solutions to a haptotaxis system
with a potentially degenerate diffusion
and taxis tensor

4.1 Main result

In this chapter, we consider the potentially degenerate haptotaxis system

{nt =V (DVn+nV D) = xV - (nDVe) + pn(l —n"~), (DH)

¢t = —nc

in a smooth bounded domain Q@ C RV, N ¢ {2,3}, with the no-flux boundary condi-
tion

(DVn)-v=x(nDVe)-v—n(V-D)-v forall x € 9Q,t >0 (DHB)

and appropriate parameters Y > 0, ¢ > 0, 7 > 2 and D : Q — RY*N D positive
semidefinite on Q.

Our results concerning the system in (DH) with boundary condition (DHB) are twofold.
We will first derive the following existence result concerning global classical solutions
in two and three dimensions under the assumptions that D and the initial data are
sufficiently regular, ID is positive definite on Q and the logistic source term is sufficiently
strong.

Theorem 4.1.1. Let Q C RN, N € {2,3}, be a bounded domain with a smooth boundary,
X € (0,00), 1 € (0,00), 7 € [2,00) and D € C?(QRN*N). We further assume that D
is (symmetric and) positive definite on Q and satisfies (V -D)-v = 0 on 0. Let
no,co € C2T(Q), ¥ € (0,1), be some initial data with ng,cy > 0 on Q and (DVng) -v =
(DVey) - v =0 on 0f.

If either r > 2 or pu > XHCOHLOQ(Q), then there exists a unique pair of positive functions
n,c € C*1(Qx[0,00)) such that (n,c) is a global classical solution to (DH) on Qx (0, 00)
with the no-flux boundary condition (DHB) and initial data (ng,co).

This result, while of course also of independent interest, will then serve as a building
block for the construction of weak solutions to the same system under much more relaxed
restrictions on D and the initial data. Chiefly, global positivity of the matrix D is not
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4 Weak solutions to a haptotaxis system with degenerate diffusion and taxis

necessarily needed anymore and is instead replaced by a set of much weaker regularity
assumptions, which are precisely tailored to our specific approach.

The first such regularity property concerns the divergence of D (applied columnwise)
and how it can be estimated by the (potentially degenerate) scalar product induced by
D on RY at each point = € €.

Definition 4.1.2. Let Q@ C RN, N € N, be a bounded domain with a smooth bound-
ary. We then say a positive semidefinite matrix-valued function D = (D; ... Dy) €
LYOQ;RVNY) with V- D == (V-Dyq,...,V-Dy) € LY RY) allows for a divergence
estimate with exponent 3 € [%, 1) if there exists A > 0 such that

fp)-o|<a([ @-poy 1) (4.1.1)

for all ® € CO(Q;RM).

Remark 4.1.3. Note that, if D € CO(Q;RV*N), D allowing for a divergence estimate
with exponent 3 € (3,1) implies that V- D € L%(Q;RN) C L?*(Q;RY). This stems
from the fact that the estimate in (4.1.1) essentially implies that the functional ® —
[o(V D) - ® is an element of (L2°(Q; RY))*, which is isomorphic to L%(Q; RM).

It is fairly easy to verify that any smooth, positive definite ID allows for such an estimate
with the optimal exponent g = % Let us therefore now briefly illustrate that the
above property is also achievable for less regular D, which are e.g. at some points in 2
only positive semidefinite, by giving some examples. While we will not necessarily fully
explore these examples and leave out some of the more cumbersome corner cases for
ease of presentation, they will accompany us throughout this section as a tool to give
some intuition for later introduced definitions as well as to give concrete examples for

degenerate cases in which weak solutions can still be constructed.

Example 4.1.4. We will first take a look at the prototypical case of a matrix-valued
function D; on a ball with a single degenerate point in the origin, or more precisely we
will consider Dy (z) = |z|*T on Q = B1(0) C RN, N € N, I being the identity matrix
and s being some positive real number.

As V- Dy (x) = V(|z|*) = s|z|* 2z almost everywhere, we can estimate

(D). ’ L 17Dy r§s/ﬂ|x!“1\<1>!=sH|:c\%*1(<I>-Ix\SI<I>)% .
< sl ey, @ lal1®R]
= 8H|x‘%7 ‘ngél(ﬂ) (/Q (<I>-]D)1<I)) " 1)
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4.1 Main result

for all B € (3,1) and ® € CO((;RY) using the Holder inequality as well as Young’s

s _25
inequality. As |z|27! € LZ-1(Q) if and only if %(% — 1) > —N, the prototypical

case discussed above fulfills the divergence estimate for all g € (%,oo) N (3,1).
Note that for s > 2 — N, which in two or more dimensions is always ensured, the set
(%, o) N (%, 1) is never empty, and therefore our prototypical example always has

the discussed property for all positive s and some appropriate .

Example 4.1.5. To illustrate that our framework also supports analysis of singularities
occurring on higher dimensional manifolds, let us further consider the similar prototypi-
cal example Dy(z1,...,2n) = |z1]|°] on the same set 2 with s now being a real number
greater than 1. As here V - Do(x1,...,2x) = (s|1]°7221,0,...,0) almost everywhere,
we gain that Dy has the property laid out in Definition 4.1.2 for all § € (%, o0) N (%, 1)
by a similar argument as for the previous example.

As to be expected in both of the above examples, smaller values of s result in the
divergence estimate only holding for ever larger exponents 5. As we will see in our
theorem regarding the existence of weak solutions at the end of this section, these larger
values of 8 will necessitate stronger regularizing influence from the logistic source term
to compensate for our arguments to work.

Example 4.1.6. To complement the previous discussion, we will lastly give a nondiag-
onal example, which is only ever degenerate regarding one of its eigenvalues, namely

(z1+ 2)|wa|  —3|walzs

— 3 |za| 22 1 on Q=B (0) C R
2

]D)3<371, 1’2) =

We first note that det(Ds(x1,x2)) = |xa|(x1 + 2 — %) > 3|z9| on Q. Therefore by
Silvester’s criterion, D3 is positive definite on Q if zo # 0. If x5 = 0, it is easy to
see that D3 has the eigenvalues 0 and 1 and is thus still positive semidefinite but not
positive definite anymore. Because V - D3 = 0 almost everywhere on {2 as can be seen
by a simple computation, D3 moreover trivially allows for a divergence estimate with
exponent 5 = %

Before we can now approach the second regularity property of this section as well as
properly define what we in fact mean by weak solutions in this chapter, we need to
first introduce a set of function spaces. Said spaces are generally fairly straightforward
generalizations of standard Sobolev and Lebesgue spaces incorporating D as well as
some spaces derived from them, which are more specific to our setting. We will further
take the introduction of said spaces as an opportunity to present some of their most
important properties for our purposes immediately after defining them. For a more
thorough discussion of e.g. the degenerate Sobolev spaces introduced below, we refer the
reader to [99].
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4 Weak solutions to a haptotaxis system with degenerate diffusion and taxis

Definition 4.1.7. Let @ C RY, N € N, be a bounded domain with a smooth boundary
and p € [1,00).

We then define the Sobolev-type space
Wil (@ RYVN) = {M € P RYVN) | V- M e LP(;RY) |
with the norm
It vy = 1M Loy + IV - Mll oz

Herein, the divergence of a square matrix-valued function M = (M; ... My) is defined
asV-M:=(V-My,...,V-My).

Let now D € C°(Q; RV*N) be positive semidefinite everywhere. We then define the
Lebesgue-type space LT () as the set of all measurable R¥-valued functions ® on

with finite seminorm .
»
I@ly0) = ([ (@-D2)F)

modulo all of those functions with ||| @ = 0 in the same vein as the standard
Lebesgue spaces.

(SIS

Furthermore, we define the Sobolev-type spaces Wﬂf})’p (Q) as the completion of the func-
tion space C°°(2;R) in the norm

HSOHW]I;p(Q) =llelle) + IVellr @)

in the same vein as the standard Sobolev spaces. It is straightforward to see that each
space Wp”(Q2) can be interpreted as a subspace of LP(Q2) x L5 () in a natural way and
thus elements of these spaces can be written as tuples (@, ®). Therefore, there exist the
natural continuous projections

P WpP(Q) = LP(Q)  and Py : WpP(Q) — L5(Q)

associated with this representation.

Remark 4.1.8. We will now give a brief overview of the properties the above spaces
retain from the standard Sobolev and Lebesgue spaces as well as some of the differences.
As most of the proofs translate directly from standard Sobolev theory or are laid out in
[99], we will only list the properties we are interested in without extensive argument.

First of all by construction, Wy¥(Q;RN*N), L2 (Q) and WyP(Q) are Banach spaces,
which are reflexive if p € (1,00), by essentially the same arguments as for the standard
Sobolev and Lebesgue spaces and, for p = 2, they are in fact Hilbert spaces with the nat-
ural inner products. It is further easy to see that, if (¢, ®) is a strong or weak limit of a
sequence ((pg, Pk))ken in Wﬁ)’p(Q), the function ¢ € LP(2) coincides with the pointwise

almost everywhere limit of the sequence (¢ )ken if it exists due to P, being continuous
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regarding both topologies and well-known results about strong and weak convergence in
LP(Q).

As opposed to the standard Sobolev spaces, the spaces Wﬂf})’p (©) can not in general be un-
derstood as subspaces of the spaces LP(Q2) as P; is not always injective. (For an example
of this, see [99, p. 1877]). Given that this can be problematic when deriving analogues
to the (compact) embedding properties of Sobolev spaces for our weaker variants, let us
now briefly note that, under sufficient regularity assumptions for D, the spaces Wﬂ%)’p (Q)
do in fact embed into the spaces LP(2). In particular if p = 2, which is the parameter
choice we are most interested here, this is the case if v/ € Wji’f (€; RYXN) according to
Lemma 8 from [99]. In fact, this is achieved by actually recovering some weak derivative
type properties for Py(p), ¢ € Wﬁ’Z(Q), and then using the uniqueness of weak deriva-
tives to argue that Pa(p) and therefore ¢ itself is uniquely identified by P;(¢).

While it presents a slight abuse of notation, we will in a similar fashion to [99] use ¢
to mean P;(¢) € LP(R2) for elements ¢ € Wﬁ;p (©2) when unambiguous and generally use
the convention Vi = Py(¢) even if Vo is not necessarily the actual weak derivative.
If ¢ is additionally an element of C'(Q), we will always assume V¢ to be equal to the
standard derivative, of course.

Having introduced the necessary function spaces, we can now clearly state the second
and last regularity property for ID we are interested in. It is a simple compact embedding
property, which is mainly used in this chapter to facilitate application of the well-known
Aubin-Lions lemma.

Definition 4.1.9. Let Q C RV, N € N, be a bounded domain with a smooth boundary.
We say a positive semidefinite matrix-valued function D € C°(Q; RV*N) allows for a
compact L*(Q) embedding if WH%)’Z(Q) embeds compactly into L'(Q), i.e. Py is injective
and each bounded sequence in Wﬁ)’Q(Q) has a subsequence that converges in L(Q).

Remark 4.1.10. Let us briefly note that any D, which is equal to zero on any open
subset U of 2, cannot fulfill the property laid out in Definition 4.1.9 as it is well docu-
mented that L?(U), which is equal to WH%)Q(U ) in this case, does not embed compactly
into LY(U).

We will now give some additional criteria for the above compact embedding property to
not only make our results easier to use in applications but also to help us prove that the
examples discussed above in fact fulfill it.

Lemma 4.1.11. Let Q C RY, N € N, be a bounded domain with a smooth boundary
and U be a relatively closed set in Q0 of measure zero. Moreover, let D € CO(Q; RN*N)
be positive semidefinite.

If WH%)’Q(Q) embeds compactly into Li (Q\ U), i.e. Py is injective and each bounded

sequence in WH%)Q(Q) has a subsequence that converges in L .(Q\ U), then D allows for
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4 Weak solutions to a haptotaxis system with degenerate diffusion and taxis

a compact L*(Q)) embedding.

Further if D is positive definite on Q\U, then W]I;Q(Q) embeds compactly into LL (Q\U)
in the above sense and thus D allows for a compact L'(2) embedding.

Proof. To prove the first half of our result, we assume that WE%)Q(Q) embeds compactly
into L .(2\ U) in the above sense. As this already ensures that Pj is injective, we only
need to show that any bounded sequence (pp)ren C WH%)’Q(Q) has a subsequence that
converges in L'(Q). To do this, we use our assumed compact embedding property to
choose a subsequence (gokj )jen and measurable function ¢ :  — R such that Pr; — ¢ in
LY (K;) as j — oo for all i € N, where (K;);cy is an increasing sequence of compact sets
such that ;e K = Q\U. We can then employ a standard diagonal sequence argument
to gain yet another subsequence, which we will again call (¢4, ) en for convenience, with
the property that ¢, — ¢ almost everywhere in \ U and thus almost everywhere in
all of 2 as 7 — oo because U is a null set. Given that the thus constructed subsequence
is further bounded in L?(Q2) due to it being bounded in WH%)Q(Q), we can use Vitali’s
theorem and the de la Vallée Poussin criterion for uniform integrability (cf. [25, pp.
23-24]) to conclude that ¢, — ¢ in LY(2) as well, yielding the first half of our result.

To prove the second half of our result, we assume that D is positive definite on Q \ U
and then need to show that Wé’z(Q) embeds compactly into L{ (2 \ U) in the above
sense. To do this, we first choose a countable family of open balls (B;);en such that
B; C Q\ U and U;ey Bi = ©\ U, which is possible by e.g. considering the open balls
centered at rational points with rational radii as Q\ U is open. As D is positive definite
and continuous on each compact set B; C 2\ U, there exists a constant M; > 0 such
that ﬁ < D < M; on B; for each i € N. Therefore, the norms of the spaces W12(B;)

and WH%)Q(BZ-) are equivalent for all 7 € N.

Let us now verify that P; is injective. To do this, let ¢ € WH;’Q(Q) be such that
l¢llLe) = 0. If we restrict ¢ to a ball B;, the above implies that |[¢l|lz2(p,) = 0
and thus [[¢[ly12(p,) = 0 because ¢ is an element of WH%)’Q(Bi) = WY2(B;), which in
turn implies that ”SOHV"I[%’Q () = 0 for all i € N. As our collection of balls was in fact
countable, this then directly implies that H"OHWS’Q @ = 0 by the o-subadditivity prop-
erty of measures. Thus P is injective. To then show that this embedding is further
compact, we again begin by fixing a bounded sequence (¢k)ken C Wﬂ%)’Q(Q). We then
first note that our sequence (¢ )ren is bounded in W2(B;) for each i € N as well and
that, due to the Rellich-Kondrachov theorem (cf. [2, Theorem 6.3]), the spaces W12(B;)
embed compactly into L'(B;). Thus a standard diagonal sequence argument yields a
subsequence (pr;)jen and measurable function ¢ : Q\ U — R such that ¢, — ¢ in
LY(B;) as j — oo for all i € N as our family of balls was countable. As any compact
set K C Q\ U is contained in the union of finitely many balls B, it further follows that
¢r, — ¢ in L'Y(K) as j — oo for all compact sets K C Q\ U. We have thus shown
that @, — ¢ in L (Q\U) as j — oo and therefore WIS)’Q(Q) embeds compactly into
L} .(2\ U). This completes our argument. O
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While we have now invested some effort into formalizing the restrictions on D necessary
for our later construction of weak solutions, we have yet to clarify what we in fact mean
by a weak solution to (DH). Let us now rectify this in the following definition.

Definition 4.1.12. Let Q C RV, N € N, be a bounded domainlvith a smooth boundary
andlet y e R, p e Randr € R. Let D € W(}’Q(Q RN N CO(Q; RV*N) be (symmetric
and) positive semidefinite everywhere, ¢ € (1,00) and p = max(2,r, ;1 —L). Let further

no, co € L*() be some initial data.

We then call a tuple of functions

n € Li([0, 00); Wiy () N L,

loc(Q X [Oa OO)),
c € L}, ([0, 00); Wiy * ()

a weak solution of (DH) with boundary condition (DHB), initial data ng, ¢o and the
above parameters if

/()Oo/ﬂngot—/nggo / /Vn DV<,0+/ / (V-D)
~x [ [ nve-nve—p [ /Qnu—\n\“l)so

/Ooo/ﬂapt—/ﬂcw(wo):/ooo/gncw

hold for all ¢ € C°(Q x [0, 0)).

and

As we have at this point clearly defined our target and some of the necessary precon-
ditions, let us now fully state the second main theorem we endeavor to prove in this
chapter.

Theorem 4.1.13. Let Q@ C RN, N € {2,3}, be a bounded domain with a smooth
boundary, x € (0,00), p € (0,00), 8 € [%, 1), r € [2,00) with % < randD €
W;i’f(Q;RNXN) N COQ;RY*NY be (symmetric and) positive semidefinite everywhere.
Let further D allow for a divergence estimate with exponent  (cf. Definition 4.1.2)
and let D allow for a compact L'(Q) embedding (cf. Definition 4.1.9). Finally, let
ng € LEWHD(Q) and ¢ € L®(Q) be some initial data with \/co € WH2(Q) and
ng > 0, ¢g > 0 almost everywhere.

Then there exist a.e. nonnegative functions

n € L2 (10, 00): Wy ™ () 1 Lo (3 x [0,0)). (112
¢ e L2 .([0,00); Wp*(€2)) N L®(2 x (0, 00)) (4.1.3)

such that (n,c) is a weak solution to (DH) with boundary condition (DHB) in the sense
of Definition 4.1.12.
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4 Weak solutions to a haptotaxis system with degenerate diffusion and taxis

Remark 4.1.14. In light of the above theorem, we will now take another look at the
three examples introduced previously in this section. Let us first note that the second
criterion in Lemma 4.1.11 is fairly easy to verify for all three examples and thus all
three allow for a compact L'(2) embedding. As already discussed in Example 4.1.4, the
matrix-valued function Dy (x) = |z|*I, s > 0, on Q = B1(0) C RN, N € {2,3}, allows

for a divergence estimate for all 8 € (%, 00) N (3,1) # 0. Indeed for any
N _N
ref2,00) with r> = STV 4.1.4
) s=2+ N 1- iy -

we can find 5 € (%, 1) such that r > % and such that D; allows for a divergence estimate
with exponent 3 because the function z — 2 is continuous in % € (0,1). Note

2
3

that, if % < %, we can always choose = % asr > 2= Similarly if we assume

that

2¢
1-3

1 1
€12 ith > =9 4.1.5
refoo) with r> =it (4.1.5)

then there exists 8 € (3, 1) such that r > % and such that the matrix-valued function
Do(21,...,2x) = |z1|°I, s > 1, on Q := B1(0) C RN, N € {2,3}, from Example 4.1.5
allows for a divergence estimate with exponent 5 by essentially the same argument.

Notably, D3 from Example 4.1.6 always allows for a divergence estimate with exponent
1

% and thus no additional condition on r > 2 is necessary as 2 > 1 = 1_5 T. Therefore,
2

Theorem 4.1.13 means that, for sufficiently regular initial data ng, ¢g and if either D = Dy
and r and s satisfy (4.1.4) or D = Dy and r and s satisfy (4.1.5) or D = D3, weak solutions
to (DH) with boundary condition (DHB) in fact exist.

4.2 Approach

For the derivation of Theorem 4.1.1, we begin by using standard contraction mapping
methods to gain local solutions with an associated blowup criterion as the operator in
the first equation is strictly elliptic for a globally positive matrix-valued function D.
We then immediately transition to analyzing the function a := ne™X¢, which together
with ¢ solves the closely related problem (DH*). We do this because, in a sense, this
transformation eliminates the problematic cross-diffusive term from the first equation
by integrating it into the function a and its associated diffusion dynamics. Using a fairly
classic Moser-type iteration argument, we then establish an L>°(€2) bound for a, which
translates back to n. Using this bound combined with two testing procedures then yields
a further W1#(Q) bound for ¢, which together with the already established bound for
n is sufficient to ensure that finite-time blowup is in fact impossible in two and three
dimensions and thus completes the proof of our first result.

Regarding the proof of Theorem 4.1.13, we begin by approximating the initial data,
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the matrix-valued function D as well as the logistic source term in such a way as to
make the already established global classical existence result applicable to the in this
way approximated versions of (DH) with boundary condition (DHB). For the family of
solutions (ne, ¢z).c(0,1) gained in this fashion, we then establish a bound of the form

. t . t
/nE ln(n5)+/ Vee - Devee +/ / Vne - D Ve —I-/ /n£+€ In(ne) <C
Q Q Ce 0 JQ Ne 0 JQ

by way of an energy-type inequality, which already proved useful in the one-dimensional
case discussed in [133]. Using this as a baseline, we derive the bounds necessary for
applications of the Aubin-Lions compact embedding lemma to gain our desired weak
solutions as limits of the approximate ones.

4.3 Existence of classical solutions

As the existence of classical solutions to (DH) with boundary condition (DHB), apart
from being an interesting result on its own merits, plays an important role in our con-
struction of their weak counterparts, we will in this section first focus on their derivation.
In fact, our ultimate goal for this section will be the proof of our first main result, namely
Theorem 4.1.1. The methods presented here will in many ways mirror those for similar
systems with a standard Laplacian as diffusion operator. We mainly verify that the
differing elements in our systems do not impede said methods.

To this end, we now fix a smooth bounded domain Q C RY, N € {2,3} and system pa-
rameters x € (0,00), p € (0,00), 7 € [2,00) and D € C?(; RV*N), We further assume
that D is in fact positive definite everywhere and has the property (V-D)-v = 0 on 9f.
Given these assumptions, we can fix M > 1 such that

1

We also fix some initial data ng, co € C**?(Q), 9 € (0,1), with (DVng)-v = (DV¢g)-v =0
on 09 and ng > 0, cg > 0 on Q.

Comparing the very strong regularity assumptions for DD in this section to the much
weaker ones in the following section devoted to the construction of weak solutions, the
question why the gap in assumed regularity between these sections is as large as it is
naturally presents itself. Let us therefore briefly address this issue. It is certainly pos-
sible to derive most of the a priori estimates that are used in this section to argue that
blowup of local solutions is impossible under similarly specific regularity assumptions
as seen in Definition 4.1.2 or Definition 4.1.9 (albeit with some additions). But gen-
eralizing the theory employed by us to first gain said local solutions with less regular
D would necessitate something similar to standard parabolic Schauder and semigroup
theory but for potentially very degenerate operators, which is not a focus of this thesis
as establishing such results would likely necessitate a rather extensive detour.
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4 Weak solutions to a haptotaxis system with degenerate diffusion and taxis

4.3.1 Existence of local solutions

After this introductory paragraph giving our rationale for the assumptions on D in this
section, we will now focus on the construction of local solutions to the system (DH)
with boundary condition (DHB) as a first step in constructing global ones. As for an
everywhere positive definite matrix-valued function D, the diffusion operator in the first
equation is strictly elliptic and therefore accessible to most of the same existence and
regularity theory as the Laplacian, we will not go into detail concerning the construction
of local solutions but rather refer the reader to a local existence and uniqueness result
for a similar haptotaxis system with our operator replaced by the Laplacian in [109],
which can be fairly easily adapted.

Lemma 4.3.1. There ezist Tiax € (0,00] and a unique pair of positive functions n,c €
C?L( Q% [0, Timax)) such that (n,c) is a classical solution to (DH) with boundary condition
(DHB) as well as initial data (ng,co) on Q x (0, Tmax) and satisfies the following blowup
criterion:

If Thnax < 00, then limsup (Hn(-,t)HLoo(Q) + ”C(',t)”wl,N+1(Q)> = 00. (4.3.2)

max

For ease of further discussion, we now fix such a maximal local solution (n,c) on Q x
(0, Timax) with initial data (ng, co) and the parameters as stated in the above introductory
paragraphs for the remainder of this section.

Before diving into the derivation of more substantial bounds for the above solution, we
derive a straightforward mass bound for the first solution component as well as an L>(2)
bound for the second solution component. These bounds will not only prove useful when
ruling out blowup in this section but also serve as a baseline for bounds derived in our
later efforts focused on the construction of weak solutions.

Lemma 4.3.2. The inequalities

[t <uelt+ [ mo and et Ol < ool

hold for all t € (0, Tinax)-

Proof. Integrating the first equation in (DH) and applying partial integration yields

d -1
— = 1—n" < ulQ
@A” uém ™1y <l

for all ¢ € (0,7T) and therefore immediately give us the first half of our result by time
integration. Given that further ¢; < 0 due to the second equation in (DH), the second
half of our result follows directly as well. ]
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4.3 Existence of classical solutions

4.3.2 A priori estimates

The next natural step after establishing local solutions with an associated blowup cri-
terion is of course arguing that finite-time blowup is impossible and the maximal local
solutions were in fact global all along. To do this, we will devote this section to a set of
a priori estimates, which increase in strength as the section goes on until they rule out
blowup of both n and c.

As is not uncommon in the analysis of these kinds of haptotaxis systems (cf. [110]), we
will from now consider the function a := ne X¢ defined on  x [0, Thax) and its associated
initial data ag := nge X% defined on ) in addition to the actual solution components n
and ¢ themselves. A simple computation then shows that (a,c) is a classical solution of
the following related system:

ar = e XV - (eXDVa) + e XV - (aeX(V - D))
+ pa(l — a"1eX ey 4 ya2eexe on  x (0, 00),
¢t = —aeXc on Q x (0,00), (DH*)
0= (DVa) -v=—-a(V-D) v on 99 x (0, 00),
a(+,0) =ap >0, ¢(,0)=c¢y >0 on .

Notably, the boundary condition for a in the penultimate line of (DH*), which we gain
as a consequence of (DHB), simplifies to (DVa) - v = 0 on 99 due to our standing
assumption that (V -D)-v =0 on 99 in this section.

The key property of the above system, which makes it so useful for our purposes, is that
it, in a sense, eliminates the taxis term or at least the explicit gradient of ¢ from the first
equation (by essentially integrating it into a and its associated diffusion dynamics). This
alleviates many of the common problems associated with the taxis term in testing or
semigroup-based approaches used to derive a priori estimates. A second useful property
of this transformation is that, by definition, bounds that do not involve derivatives are
easily translated back from a to n as we will see later. Note however that, as soon
as we want to propagate bounds about the gradient of a back to n, the complications
introduced by the taxis term come back into play, making this transformation much less
useful for endeavors of this kind.

We now begin by translating the baseline estimates given in Lemma 4.3.2 to our newly
defined function a as we will henceforth focus on (a,c) as our central object of analysis
for quite some time. We will further for the remainder of this section work under the
assumption that Ty .x < 0o as this is exactly the case we want to rule out by leading
this assumption to a contradiction using the blowup criterion in (4.3.2).

Corollary 4.3.3. If Tihax < 00, there exists C > 0 such that

/aSC
Q

for all t € (0, Tynax)-
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4 Weak solutions to a haptotaxis system with degenerate diffusion and taxis

Proof. As [qa = [pnex¢ < eXlellze@ [ n holds, this is an immediate consequence of
Lemma 4.3.2 if Tihax < 00. ]

In preparation for a later Moser-type iteration argument for the first solution component
a (cf. [5] and [83] for some early as well as [35] and [106] for some more contemporary
examples of this technique), which will later be used to rule out its finite-time blowup,
we will now derive a recursive inequality for terms of the form [, aP. This recursion will
in fact allow us to estimate each term of the form [, a” by terms of the form (f, a?)?,
which will prove sufficient to later gain an L*°(€2) bound for a. The method employed to
gain said recursion is testing the first equation in (DH*) with eX¢aP~! followed by some
estimates based on the Gagliardo—Nirenberg inequality.

To facilitate this derivation of said recursion, we will from now on assume that the reg-
ularizing influence of the logistic source term in the first equation of (DH) is sufficiently
strong, or more precisely we assume that either » > 2 or u is sufficiently large in com-
parison to x and the L*°(€) norm of ¢y. However at this point and therefore for the
whole of the Moser-type iteration argument, we will not use our assumed restriction to
two or three dimensions just yet.

Lemma 4.3.4. If Tinax < o0 and either r > 2 orr =2 and p > x|[col| (), then there
exists a constant C' > 0 such that

2
sup /ap < C'max /ag, crtl p¢ sup /a%
t€(0,Tmax) 7/ €2 Q t€(0,Tmax) /2
for all p > 2.

Proof. We test the first equation in (DH*) with eX¢aP~! and apply partial integration
to see that

1d/ excap:/ excap—lat_,_z/ Ctexcap:/ excap—lat_ﬁ/ ce2xeqptl
p dt Jo Q pJa Q p Ja
- / IV - (X°DVa) + / 1Y - (aeX°(V - D))
Q Q
+u/ eXaP —u/ erxeqr=1r P2 ! / ce?XeqP Tl
Q Q p Q
=—(p-— 1)/ eXa’~%(Va -DVa) — (p — 1)/ eXeaP~1((V - D) - Va)
Q Q
—1
—|—,u/ excap—,u/ erxcap_1+r+xL/ ce?XeqPT! (4.3.3)
Q Q p Q

for all t € (0,Tmax) and p > 2. Given the properties of D seen in (4.3.1), we can use
Young’s inequality to further estimate that

—(p—1) /Q eX¢aP~%(Va -DVa) — (p — 1) /Q eXeaP~1((V - D) - Va)
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4.3 Existence of classical solutions

-1
<2 / eXaP~%|Val? + M(p — 1)/ eXaP~1Val|
Q

M Jo
—1
< . " excap_2|Va|2+2M3(p—1)/ eXaP
2M Ja Q
p—12 T
< — — | eX|Vaz|* +2M eXal
p? M Jo | | P Jq
11
<—=—= eXc|Va§|2+2M3p/ eXaP
pM Jo Q

as well as more elementary that

-1
Xp ce2XeqPtl < XHCollLoo(Q)/ 2xe Pt
p Ja Q

for all t € (0, Tynax) and p > 2, which when applied to (4.3.3) results in

1d 11 P

el excap+——/ XU b |2

pdt/Q p M Jo ’ ‘
S(,u—FQM?’]))/Q(BXCCLP—,u/Qe’"XCaprr-i-choHLoo(Q)/QeQX"’a][’Jr1 (4.3.4)

for all t € (0, Tihax) and p > 2. If » > 2, we can now further estimate that

—M/QGTXCGP_HT +XHCOHL°°(Q)/Q€2XCGP+1

< —,u/ erxcap—1+r+x||COHLoo(Q)/ erXeqptl
Q Q
Jeoll =
C oo T
< xlleoll (e (XOML(@) ool ] < KPH

with

1
coll 700 r=2
K = (XHCO||Loo(Q)eTX”COHL°°(Q)|Q‘ + 1) <X’0’LL(Q)>

for all ¢t € (0,Tmax) and p > 2 by Young’s inequality. If, however, r = 2 and pu >
Xllcoll o (), it is immediately obvious that

—u/d”“*”+xwﬂmm»/¥W““SOSKﬁl
Q Q
with K7 := 1 for all ¢ € (0, Tinax) and p > 2. Therefore, we can in both cases conclude

from (4.3.4) that

1d 11 P 1
- excap—i-ff/ X\ Va2 > < (u+2M3 /eXCap+Kp+
e g [ evat < i aarty) | 1

SpK2/ a” + KP" (4.3.5)
Q
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4 Weak solutions to a haptotaxis system with degenerate diffusion and taxis

with Koy := (u 4 2M3)eXlIeollz©) for all ¢ € (0, Tiax) and p > 2.

We can now use the Gagliardo—Nirenberg inequality as well as Young’s inequality to fix
a constant K3 > 0 such that

@ = lla o) < KalIVa¥ 1350 laf 135 + Ksllaf 20
L1111 |v 2 4 (pPPMEKy)Ta K +K)</ ’2’)2
—_—— — a «@
~ PP MK, ? 3 Y\ o
Ry )
T PP MK, Q

for all t € (0, Thax) and p > 2 with

1
a = 5 €(0,1)
1+ 2

_1

and K = max(£%, (M K,)™ aK3 + K3). Applying this to (4.3.5) then implies

d 2 2
a/ eXa? S K2K4pK4+2 (/ ag) —|—pK{)+1 S K2K4pK4+2 </ a§> + (2K1)p+1
Q Q Q

for all t € (0, Tiyax) and p > 2. Time integration then yields

/Qap("t) S/Qexcap(',t)

2
S TmaxK2K4pK4+2 sup / ag ('7 3)
SG(Omiax) Q

+ TmaX(QKl)p+1 + €XHCOHLOC(Q) / ag
Q

for all t € (0,Tiax) and p > 2 as Tyax < 00, which after estimating the sum on the
right-hand side by thrice the maximum of its summands completes the proof. O

We will now proceed to give the actual iteration argument yielding an L°°(Q)-type
bound for a and therefore n, which is sufficient to rule out finite-time blowup for the
first solution component n.

Lemma 4.3.5. If Tinax < o0 and either r > 2 orr =2 and p > x|[col| L (), then there
exists a constant C' > 0 such that

la(, )l () < C and therefore  ||n(-,t)||p=(q) < CeXllcollLoo (@)

for all t € (0, Tynax)-
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4.3 Existence of classical solutions
. 1
Proof. Let p; = 2', i € No, and J; = supye(o,1;,..) (Jo @' (,1))7. Then Jy is finite
because of Corollary 4.3.3 and the fact that pg = 1. We further know that
laollzei () < (1 + [2])[laol| Lo (o) =t K-

Due to Lemma 4.3.4, we can conclude that there exists a constant Ky > 1 such that the
numbers J; satisfy the following recursion:

)

1 pitl Ky
Ji < KJ* max ( laollLei (), Ko™ 5 p;™ Ji_1> for all i € N.

Iterating this recursion finitely many times ensures that all .J; are finite.

If there exists an incrementing sequence of indices ¢ € N, along which the inequality
J; < max(K1Ks, K3) holds, we immediately gain our desired result by taking the limit
of J; along said sequence. Thus, we can now assume that there exists ig € N with
1
Ky [laoll i (@)
1 pi+1

Ky K,"

Ji > max(K 1Ko, K3) > for all i > ig
to cover the remaining case. Given these assumptions, the above recursion simplifies to

Ko 1

Ji < (piKa) 7 Jio1 < K37 Ty

K
for all i > i¢p with some K3 > 0 (only depending on K3) as the function z — (ZKQ)Tz is

bounded on [1,00). By now again iterating this recursion finitely many times, we gain
that

.
J < K Jio-1 (4.3.6)
for all i > ig. As ‘ ,
s (B) <2 ()
o—=>[—=) <> (=) <x
S VP S\ =NE

for all ¢ > 4¢ due to the series on the right side being of geometric type, we can conclude
from (4.3.6) that the sequence J; is uniformly bounded. Therefore, taking the limit
1 — oo gives us our desired bound for a. As n = aeX¢, the corresponding bound for n
follows directly from this and Lemma 4.3.2. O

To now establish that finite-time blowup of the W*(2)-norm of the second solution
component c¢ is equally as impossible, we will begin by testing the first equation in
(DH*) with —V - (DVa) and combining the result with a differential inequality enjoyed
by [o|Vel*. The key to extracting a sufficiently strong bound for ¢ is to then use
the strength of the absorptive terms originating from the fully elliptic operator —V -
(DV) to counteract the influence of potentially destabilizing terms due to the haptotaxis
interaction. Note that the ellipticity of the operator is ensured because we assume that
D is positive definite everywhere in .
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4 Weak solutions to a haptotaxis system with degenerate diffusion and taxis

Lemma 4.3.6. If Tiyax < o0 and either v > 2 orr =2 and p > x||col| Lo (), then there
exists a constant C' > 0 such that

Vel )llpa) < C

for all t € (0, Timax)-

Proof. Given Lemma 4.3.5, we can fix a constant K7 > 1 such that
la( t)l| oo () < K1 and /Q (a®(.t) + ¥ (- 8) +a' (1)) < Ki (4.3.7)

for all t € (0, Tiax). Using the Gagliardo—Nirenberg inequality and standard regularity
estimates (cf. [34, Theorem 19.1] or [80, Theorem 3.1.1]) for the elliptic operator —V -
(DV ) (with Neumann-type boundary conditions), we can fix a constant K > 1 such

that
Lvelt < ([ 19-@90F + [ 167) el

for all ¢ € C?(Q) with (DV¢) - v = 0 on 9. This in turn implies that
/ Val* < K3 (/ |V - (DVa)|? + 1> (4.3.8)
Q Q

for all t € (0, Tyax) With K3 = K} K> .

After establishing these preliminaries, we now note that the first equation in (DH*) can
also be written as

at =V - (DVa)+ xVe-DVa+ V- (a(V-D))+ xa(Ve- (V-D))
+ pa(l — a"1eX( 1) 4 ya?eexe,

We then test this variant of said equation with —V-(DVa) and employ partial integration
(using the fact that (V-D)-v = 0 on 02) as well as Young’s inequality to conclude that

%% /Q (Va-DVa) = / (Va; - DVa)

—/v . (DVa)) ]D)Va—i—x/VVc DVa) - DVa
+/V - (aV -D)) - ID)Va—Fx/VaVc (V-D))-DVa
—|—/QV pa(l —a""teXhe) 4yg cexc) -DVa

< —;/Q!V-(DV@)F+2X2/Q]VC-ID>VCHVa-]D)Va]

+2/ |v-(av.m>)\2+2x2/ 2|Ve|V - DI
Q Q
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+ K4/ (a2 +a® + a4) (4.3.9)
Q

2
for all t € (0,Tax) with Ky = 8max (u, /,LBX(T‘_I)HCOHLOO(Q)7XHCO||Loo(Q)€X”cO”LOO(Q>> .
Using the bounds outlined in (4.3.1) and (4.3.7), we can now further derive that

2X2/ |Ve-DVe||Va - DVal| §2X2M2/ V]2 Val?
Q Q

1
§8X4M4K3/ |VC‘4+8?/ |Va]4
Q 3JQ

and
2/ V- (aV - D)2 §4/ \Va|2|V-]D>\2+4/ 2|V - (V - D)J?
Q Q Q
< 4M? (/ |Va\2+/ a2>
Q Q
< 4M? (/ Val? + K1>
Q
< 1/ \Va|* + 32M* K3 + 4M?K,
8K3 Ja
and

2x2/ a?|Ve|*|V - D < x2M? (/ a4+/ |vc\4) < X*M*K, </ yvc|4+1>

Q Q Q Q

for all t € (0, Tinax). Applying these three estimates combined with the second bound in
(4.3.7) to (4.3.9) then yields

1d

2 dt
for all t € (0, Thnax) with K5 = 8x\*M*K3 + x> M?K; and Kg := 32M*K3 + 4M?K; +
X2M2K1 + K1 Ky.

1 1
/(Va-]D)Va) < —f/ yv-(DVa)|2+—/ ]Va\4+K5/ Vel + Kg (4.3.10)
Q 2 Jo 4K3 Ja Q

As our second step, we now obtain the following estimate for the time derivative of
certain gradient terms of the second solution component ¢ as follows:

1d
——/ Vel :/ IVe|?Ve- Ve = —/ \Ve|?Ve - V(aeXe)
4 dt Jo Q Q
= —/ \Ve|*aeX(xe + 1) —/ |Ve|?(Ve - Va)eXee
Q Q
§K7/ Vel Val §K7/ |Vc\4+K7/ Val*
Q Q o)

for all ¢ € (0, Tinax) With K7 = ||co|| oo (qyeXlI®lzw@.
Now combining this with (4.3.10) (using an appropriate scaling factor) we gain

1d 1 d
~— [ (Va-DVa) + ———— [ |Vc*
2dt/9( a-DVa) + 1ot dt/g| d
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1 1
g——/ \v-(DVa)y2+—/ yVa|4+K8/ Vel* + K
2 Jo 2Ks3 Ja Q

for all t € (0, Tmax) with Kg == K5 + ﬁ. The application of (4.3.8) to the inequality
above then yields

1d 1 d
- DVa) 4 ——— — 4
2dt /Q(V“ a) + 16K3K7 dt /9 Vel

1
gKg/ \Ve|* + K¢ + =
Q 2

1 1 ) 1
< - ) - -
_Kg<2/Q(Va DVa)+16K3K7/Q|Vc\ >+K6+2

with Kg := 16 K3K7Kjs for all t € (0, Tinax), which, by a standard comparison argument
and the assumption that T,.x is finite, directly gives us our desired result. O

Remark 4.3.7. The result of the above lemma only ensures that finite-time blowup of
the second solution component’s gradient according to (4.3.2) is impossible in two and
three dimensions. In fact, it is at this point and only this point in this section, where
our restriction to two or three dimensions becomes necessary. This, of course, in turn
means that any extension of the results of this section to a higher dimensional setting
would only need to extend the above argument to one providing better bounds for the
gradient of c.

Given that Lemma 4.3.5 and Lemma 4.3.6 rule out any kind of finite-time blowup for
our local solutions, the proof of the first central result of this chapter can now be stated
quite succinctly.

Proof of Theorem 4.1.1. If we assume Tp,x < oo, Lemma 4.3.5 and Lemma 4.3.6 in
combination contradict the consequence of the blowup criterion in (4.3.2) in this case.
Therefore, Thax = 0o and thus the local solutions constructed in Lemma 4.3.1 must be
in fact global. This is sufficient to prove Theorem 4.1.1 as the fixed assumptions of this
section were in fact identical to those of said theorem. O

Remark 4.3.8. It is still possible to construct global classical solutions in the two-
dimensional case even when removing the logistic growth term from (DH) by using
methods that have previously been used when for example dealing with standard diffu-
sion and some slightly modified versions of our arguments (cf. [8]).

Essentially, the argument boils down to using an estimate of the form

111250y < ellnllfyra Inn@m)llzie) + CE) Il g

with € > 0 being potentially arbitrarily small (cf. [11, p. 1199]) in combination with an
additional baseline [, nln(n) estimate based on a well-known energy-type inequality (cf.
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Lemma 4.4.2) to establish an L?(Q2) bound. From there, the arguments are very similar
to the Moser-type iteration argument presented above, only with some slight complica-
tions added, which are easily surmountable. Lemma 4.3.6 translates basically verbatim.

We decided not to present this result here as it will not be needed for our later construc-
tion of weak solutions and is not appreciably different from what we have done here or
has already been done in the standard diffusion case.

4.4 Existence of weak solutions

We have at this point established all the classical existence theory we want to address
in this chapter and therefore will now transition to our construction of weak solutions,
which is in part based on said classical theory.

4.4.1 Approximate solutions

Our construction of weak solutions will centrally rely on approximation of said solutions
by classical solutions, which solve a suitably regularized version of the original problem.
As we already derived global existence of classical solutions for the system (DH) with
boundary condition (DHB) under very strong assumptions on D, we of course want to
construct our weak solutions under much weaker assumptions on . In fact, the central
regularization employed by us will be concerned with approximating a potentially quite
irregular D by matrix-valued functions D, that are sufficiently regular to ensure classical
existence of solutions. Apart from this, we will use approximated initial data. We will
also slightly modify the logistic source term to ensure r» > 2 in our approximated system
because we can then further eliminate the assumption concerning the parameters y and
u needed for the classical theory when » = 2. One central advantage of this approach is
that our approximate systems are very close to the system we actually want to construct
solutions for and thus our regularizations only minimally interfere with the structures
present in the system, which we want to exploit for e.g. a priori information.

To now make all of this more explicit, we begin by fixing a smooth bounded domain
Q C RY N € {2,3}, and system parameters x € (0,00), u € (0,00), 7 € [2,00). We
also fix some a.e. nonnegative initial data ng € LIFI™(Z+D)(Q) and ¢y € C°(Q) with
Vo € WH2(Q). We further fix D € W2 (Q; RV*N) 0 CO(Q; RV*N) with the following
properties:

o D is positive semidefinite everywhere.

e DD allows for a divergence estimate with exponent 8 € [%, 1) and constant A > 0
such that % < r (cf. Definition 4.1.2).

« D allows for a compact L'(2) embedding (cf. Definition 4.1.9).

89



4 Weak solutions to a haptotaxis system with degenerate diffusion and taxis

Asforany g € [%, %] the condition % < r is always fulfilled independent of our choice of

r € [2,00) and as it is easy to see that, if D allows for a divergence estimate in accordance
with Definition 4.1.2, it also allows for a divergence estimate with any larger exponent,
we can assume that the parameter 3 seen in the second of the above properties is in fact
an element of [%, 1) C (3, 1) without loss of generality. Then according to Remark 4.1.3,
the aforementioned divergence estimate directly implies that

1

D € Wil RYN) C W2 (@ RVN) € Wy (2 RVY)

v

with q = % < 00.

Having fixed D with the properties laid out above, we now want to also fix an approx-
imate family (De).c(o,1) of more regular versions of D as already mentioned. But as
this approximation should ideally uniformly retain most of the structural properties in
some reasonable way while being regular enough to work with our already established
classical existence theory, the construction of such a family is rather involved. Thus, we
will prove this approximation result as the following lemma:

Lemma 4.4.1. There exists an approzimate family (D:)ce(0,1) € C?(Q; RV*NY with D,
positive definite on Q, (V-D.)-v =0 on 9Q for all e € (0,1) and

D. D in Wil QRN nCO(Q;RYY)  as e\, 0. (4.4.1)

We can further choose this family in such a way as to ensure that

/Q(V D) - ¢>‘ <B (/Q(cﬁ DB + 1) (4.4.2)

with B:=A+1 and
D+e<D. <D+ 3¢ (4.4.3)

for all ® € CO(Q;RYN) and e € (0,1). Here, A >0, 3 € (%,1) and q = % € (2,00),

are the constants fixed at the beginning of this section.

Proof. This proof is a two-step process. We first approximate I in our desired function
space with the appropriate boundary conditions and then, as a second step, we show
that, with only slight modification, we can gain the remaining properties from that
approximation.

For the initial approximation, we assume without loss of generality that D is smooth. We
can do this as it is well-known that a standard convolution-based argument would give
us a smooth approximation of D in our desired space, which we can then approximate
again to gain all additional desired properties. In our case, the key property not covered
by such a convolution-based method is that we want all our approximate matrices to
fulfill a very specific boundary condition. Therefore, we will now demonstrate how an
approximation of a smooth D by matrices with exactly this property can be achieved
using the continuity properties of semigroups associated with carefully chosen sectorial
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operators (cf. [31]).

To this end, we fix functions d’ such that

a i
e e 44

d’J, if i # j
for alld,j € {1,..., N}, where (d;;); jeq1,..n} = D. As can be easily seen, the functions
d’ - are linear combinations of the components of D and therefore smooth as well. We
then set d} .. = e*4iid, . e € (0,1), where A; ; is the Laplacian on C°(Q) with boundary

1,5, 0,5
operator B; j(x, D) == SN, vi(x) Dy + $vj(2)D; + $vi(z)D;, which corresponds to the
boundary condition V- v+ 3(8,,¢)v; + 5(0x,90)vi = 0, ¢ € C'(2), and domain D(4; ;)
as given in [80, Corollary 3.1.24 (ii)]. Let us briefly note that we introduced the functions
d’ to ensure that the operators A; ; have non-tangential boundary conditions and are
therefore sectorial (cf. [80], [113]) while still being able to choose the boundary conditions

in such a way as to allow for the computation in the next paragraph.

Due to the well-known continuity properties of said semigroup (cf. [49], [80]), we know
that d;” — dj ; and therefore d;j. — d;; in WH(Q) N CYQ) as e \, 0 with d; ;.
defined in an analogous fashion to (4.4.4). Thus, D = (dije)ijeq1,...ny — D in our

desired way. Further,

N N N
(v : Ds) V= (ardz, ',E)Vi = (8wdz, ',s)Vz' + (atidi,i,s)yi
v} FRaidY)
i,7=1 i,5=1, z‘;ﬁj i=1
N N
= Z azjdgjs VZ+Z 6$zd;15+ Z awidg,k,a Vi
1,j=1,i#j l,k=1
N N
= Z ( (ax]d;j e) (avzd;]e Vj) + Z Vdg,k,e v
1,7=1 l,k=1
N
Z (Vd;,] e’ (a’tg d;] 5) (axzd;j s) ) =0 (445)
3,5=1

on 0} for all € € (0,1) due to the prescribed boundary conditions of the operators
A;j. Thus, we have constructed a suitable approximate family for D with the correct
boundary conditions.

As our second step, we will now fix one such family of approximations of D and call it

(DL)ce(0,1), as we still want to slightly modify it. We can assume that

ID. — Dl|ey <e and |[V-D.-V-D| <e:
L7 1(Q)

for all £ € (0,1) without loss of generality. If we then set D := D + [|[D. — D|| () + ¢,
we can ensure that

D+e=D.—D.+D+e=D.—D.+D— D — D poo(q)
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4 Weak solutions to a haptotaxis system with degenerate diffusion and taxis

< De + ||D. — D ooy — [IDL — D[ ooy = D
and
De=D-D+D. =D+D. —D+ D] —D||poc(r) + €
SD—FQHD’S—D”L@(Q)—FESD—F?)&‘

for all € € (0,1) without affecting any of the desired properties that we already derived
as we only modify . by adding spatially constant terms that converge to zero as £ N\, 0.
This gives us (4.4.3).

To derive the divergence estimate, we first observe that

A(V-DS).@—A(V-D)@‘

S/IV-DE—V-D]|<I>|§HV-]D)E—V-]D)H Bl
Q L7T(Q)

gus%@”m(m g/g(cb-e@)ﬁﬂ < /Q(<I>-IDE¢)5+1

for all € € (0,1) and ® € C°(%; RY). We can then further estimate

/Q(V-De)-@‘S’/Q(V-D)~<I>’+’/Q(V-Dg)-q>—/ﬂ(v-m)-q>‘

§A</9(<I>~}D><I>)ﬁ+1)+</Q(<I>-DE<I>)B+1)

<(A+1) (/Q(q»m@)ﬁﬂ)

for all € € (0,1) and ® € C°(Q;RY) using our assumed divergence estimate for D and
(4.4.3). This gives us (4.4.2) and thus completes the proof. O

We now fix an approximate family (De).¢(o,1) for ID as constructed in the above lemma
as well as the associated constant B. We then proceed to construct our approximate
initial data. To do this, we first fix families (n0,¢)-c(0,1), (¢hc)ee(0,1) € C*(Q) of positive
functions with (D:Vnoe)-v = (DeVey ) -v = 0 on 9Q and ||cj .|| () < [[v/Coll () +1
for all € € (0,1) as well as

o — Mo in LPF=+D Q) € 1Y), (4.4.6)
o — Vo in WhH2(Q)
as € N\ 0. These families can again be constructed by using convolutions (cf. e.g. [2,
Theorem 8.21] for the Orlicz space case) or by a similar semigroup-based method as seen
before in the much more challenging case of the family (D:).¢(o,1)- Positivity of both

families can further be achieved by first approximating the function in a nonnegative
way, which is a property of both convolution and semigroup-based methods, and then
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4.4 Existence of weak solutions

adding € to the resulting approximation as a secondary step. Lastly, the L°°(£2) bound
for the family (0678) c€(0,1) is a straightforward consequence of e.g. the maximum principle
in the case of a semigroup-based approximation.

We then let o := (¢ .)? € C3() for all € € (0,1) and, because of the properties already

established for the family (06,5)56(0,1)7 it is straightforward to derive that ¢y > 0 on Q,
(D:Vepe) - v =0 on 00 and

Co,e = Co in LP(Q) for all p € [1,00), (4.4.8)
N in W12(0)
as € \(0.

One important consequence of the above approximations is that we can fix a uniform
constant M > 0 such that

IV - Dellr2) < M, |IDel[ro@) < M (4.4.10)
and
/ no,e S Ma / no,e 1n(no,s) S / no,e hl(nO,s + ]-) S M, (4411)
Q Q Q
Veoe - DV e
lcoell Lo () < M, /QOECOEO <M (4.4.12)

for all € € (0,1).

We then consider the approximate systems

Net = V- (DVne +n.V - D)
—xV - (nD.Vee) + pn(1 — n§+5_1) on Q x (0,00),

Cet = —MNeCe on Q x (0, 00), (DHE)
(D:Vne) - v = x(neD:Ver) - v —n(V-Dy) - v on 09 x (0, 00)
ne(+,0) = neo, c(-,0) =cep on )

and use our already established classical existence theory from Theorem 4.1.1 to now
fix positive global classical solutions (n.,c:) to the above system for each ¢ € (0,1)
and the remainder of this section. Note that as » + ¢ > 2, we do not need to make
additional assumptions on the parameters y and p to ensure that said existence theory
is applicable.

4.4.2 Uniform a priori estimates

We will now derive the bounds necessary to ensure compactness of our families of approx-
imate classical solutions in function spaces conducive to the construction of our desired
weak solutions to (DH) with boundary condition (DHB) as limits of said approximate
solutions along a suitable sequence of € € (0,1).
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4 Weak solutions to a haptotaxis system with degenerate diffusion and taxis

Apart from the baseline established in Lemma 4.3.2 for the classical existence theory,
which can be easily translated to our approximate solutions in an e-independent fash-
ion, we will now derive some extended bounds based on an energy-type inequality as an
additional baseline for later arguments in this section. This type of energy inequality
was already used in the one-dimensional case in [133].

Lemma 4.4.2. For each T > 0, there exists a constant C = C(T) > 0 such that

. t . t
/ngln(ng)—l—/ Ve -D:Veg +/ / Vne - D Vn, +/ /n?a In(n.) < C
Q Q Ce 0 JQ Ne 0 Ja

holds for allt € (0,T') and all € € (0,1).

Proof. Fix T > 0.
By then testing the first equation in (DH.) with In(n.) we gain that

d d
E/Qn€ ln(ng)—a/gn6 :/Qnatln(ng)

= /an(ne)v - (DeVne +n.V-De) — X/an(ne)v - (n:DeVee)

+ u/ ne(1 = n7 Y n(n,)
Q
B _/ Vne - D:Vn,
Q

Ne

—/(V-DE)-Vng—f—xf Vn. -D.Ve.
Q Q
[ ne = n ) Ingn)
Q
V. - DV
<_/ M+B/(vne-mvn5)ﬁ+3+x/ Ve - D.Ve.
Q Q

o Q Ne
+ u/ ne(1 — n7+ Y In(n,)
Q

1 ‘D B 1 =
< _= M +21—5B1i5 / n;*ﬁ _|_B—|-X/ Vne - DVe,
Q Q Q

€

- 2 n
iy / ne(1 = n" = Yn(n,) (4.4.13)
Q

for all t € (0,7) and € € (0,1) by partial integration, use of the no-flux boundary
condition and the divergence estimate in (4.4.2) combined with Young’s inequality. We
can then further gain from the second equation in (DH.) that

1d/ Ve - D Ve,
2 dt Jo

Ce
B / Ve -D.Vee 1 cet(Vee - DVee)
~Ja Ce 2 Ja c?
_ _/ ne(Vee - DVee) _/ Vn. - D.Ve. + 1/ ne(Vee -DVee)
Q Ce Q 2 (9] Ce
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4.4 Existence of weak solutions

1/ ne(Vee - D Ve
Q

Ce

) —/ Vne - D, Ve < —/ Vne - D.Veg (4.4.14)
2 Q Q

forallt € (0,7) and € € (0,1). Combining (4.4.13) and (4.4.14) now allows us to further
estimate as follows due to the critical [, Vn.-D. Ve, terms in both equations neutralizing
each other given the correct coefficients:

d X Vcs-]D)EVce} 1/ Vne - DVng
e 1 _ A [ Ve HeVTe - Yl e Vite
g yretntod = [t 3 [ TE22 beg [T

8 B
< 9173 BT-F / na’ +B—|—,u/ ne In(ng) —,u/ nZte In(n.) (4.4.15)
Q Q Q

forallt € (0,7) and € € (0,1).
As % < r by assumption, there exists a constant K > 0 (independent of €) such that

i i i i
9T-F BTF 2 T-5 — %ZTJFE In(z) < 9T-F BT ,T-5 — %zr In(z) <K

for all z > 0 and € € (0,1). Given this, we can then further estimate in (4.4.15) to see
that

d X Ve - DEVCE} 1 / Vne -D.Vn.  wu / T
— < In(n, 2 — - —— 4+ = "¢ In(n.
dt{/gn n(n)+2/Q Ce +2 Q Ne Jr2 Qns n(n)

d
ﬁ#/nsln(n€)+7/ns+K|Q’+B
Q dt Ja

for all t € (0,7) and € € (0,1). Time integration in combination with Gronwall’s
inequality and the uniform L!'(2) bound for n. due to Lemma 4.3.2 as well as the
uniform initial data bounds from (4.4.11) and (4.4.12) then yields our desired result
as the above differential inequality essentially means that the growth of the considered
terms can be at most exponential. O

We now further extract some relevant but straightforward additional bounds for our
approximate solutions from the previous lemma.

Corollary 4.4.3. For each T > 0, there exists C' = C(T") > 0 such that

T T
/ / neIn(n ") < C, / / n?ln(n.) < C, (4.4.16)
0 Q 0 Q

T 1
2 2
| o)l ds < €, (44.17)
T 2r T 27

/ Ine(, )77 5, ds < / Ine( )T, ds<C (4.4.18)

0 W]D) r+1 (Q) 0 WDET+1 (Q)

and
T 9 T )

/0 ||Cs('a5)||WS,2(Q) ds < /0 HCE(WS)”WSS(Q) ds < C (4.4.19)

for alle € (0,1).
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4 Weak solutions to a haptotaxis system with degenerate diffusion and taxis

Proof. Fix T > 0.

Then given that
Ve: -D:Vee

/st D, Ve, < Hcelle(Q)/
Q @ e

for all ¢t € (0,7) and € € (0,1) as well as knowing that D < D, according to (4.4.3) for
all € € (0,1), Lemma 4.4.2 combined with Lemma 4.3.2 and (4.4.12) yields (4.4.19).

As
2'In(z) < 2" In(z) and 2" In(2"TE) = (r+¢€)2"CIn(z) < (r +1)2"In(z) + 1

for all z> 0 and ¢ € (0, 1), the result (4.4.16) follows directly from Lemma 4.4.2.
To address the last remaining results in (4.4.17) and (4.4.18), we now note that

and

27

/(Vng-DEVnE)% :/nﬁ’"l (Vne'DeVney“
Q Q

€ ns
§/n§+/ Vne - DVn,
Q Q Ne
D.Vn,

Sr/ngln(ng)—HQH—/ Ve - DeVne
Q Q n

€

for all t € (0,7) and £ € (0,1) due to Young’s inequality. Given this, the results in
(4.4.17) and (4.4.18) also follow directly from Lemma 4.4.2 and the fact that D < D, for
all € € (0,1) according to (4.4.3). O

By another testing procedure for the first equation in (DH.), which is very similar to
the one already used in the proof of Lemma 4.4.2, we will now derive another space-time
integral bound for n. and its gradient.
Lemma 4.4.4. For each T > 0, there exists a constant C = C(T) > 0 such that
T _3
/ / ne 2 (Vne -DVn,) < C
0 Q

foralle € (0,1).

Proof. Fix T > 0.
We first note that

1
/ ne 2(V-Dg) - Vn.
0
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4.4 Existence of weak solutions

1 1\ B
_9 ng/ <Vn§-]DEVn§> +2B
Q

1
JRCEER
Q

.D B .
< 23/ (M) 12B < 2B/ Ve - DeVne opasa)  (4.4.20)
Q Q0 n

e €

for all t € (0,7) and € € (0,1) due to (4.4.2).

_1
We then further test the first equation in (DH.) with —n. ? to derive that

d 1 1
—25/97252 :_/Qn82n€t
_1 _1
= —/Qn8 2V - (D:Vne +n:V - D) —i—x/ﬂn5 2V - (n:D:Vee)
1
—p [ mE e
1 -3 1 _1
=~ [ ¥ (Vne D.Vn) - 7/ n2((V-Dy) - Vi)
Q 2 Ja
X -3 3 -1
+§/ Ne 2(Vng-}D)chg)—,u/ n2(1—niteh
Q Q
1 -3 1 1
<= [0 (Vne DY) + ‘/Qn 5(V-D.) - Vine)
D o1
+X/M+X/VC5'DEVC‘€+//L/TLE+E2
4 Ja Ne 4 Ja Q

for all t € (0,7) and € € (0,1) by partial integration, use of the no-flux boundary
condition and the Cauchy—Schwarz inequality combined with Young’s inequality. This
then immediately implies

1 _3
f/ ne 2 (Vne - DVne)
2 Ja
d % 1 —%
SQE/QHE —|—§ /Qns (V-D.)-Vng)

) 1
+K/ MJFX/VCE.DEVCEJFM/@*E 2 (4.4.21)
4 Jo n 4 Jo Q

£

for all t € (0,7) and € € (0,1). As Young’s inequality as well as the fact that z <
zIn(z) + 1 for all z > 0 further yields that

rae 1
[ [ il < [ nr ) + 210
Q Q Q
for all t € (0,7) and € € (0,1), the inequality in (4.4.21) combined with the already

established bounds from Lemma 4.3.2, Lemma 4.4.2 and (4.4.11) as well as (4.4.20)
gives us our desired estimate after an integration in time. O

As our final preparation for a now soon following compactness argument (based on the
Aubin-Lions lemma), which is used to construct the candidates for our weak solutions,
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4 Weak solutions to a haptotaxis system with degenerate diffusion and taxis

1/2

we will prepare uniform integrability estimates for the time derivatives of nz’~ and c..

Note that the construction of a solution candidate for the second solution component ¢
could likely be achieved by less powerful means. But as we will already need to employ
fairly extensive compact embedding arguments to handle the first solution components
ne anyway and deriving the necessary additional uniform bounds for ¢, is trivial, we will
use the same compactness argument for the second solution component as well for the
sake of uniformity of presentation.

Lemma 4.4.5. For each T > 0, there exists C = C(T') > 0 such that

T 1 T
/0 1(n2)e D)l w2y dE < € and /0 et )| v .2y dt < C
for alle € (0,1).

Proof. Fix T > 0.

We then begin by noting that the bound for ¢ is an immediate and straightforward
consequence of Lemma 4.3.2 combined with (4.4.12) and the second equation in (DH,)
as well as the fact that WN+12(Q) embeds continuously into L>(€).

1
We now focus our attention on deriving the (n); bound. To this end, we test the first
1

equation in (DH.) with ne 2¢, p € C*°(Q), and apply partial integration to see that

b = e

_1 1 _3
/nEQVnE-DEw]+\/ nﬁ(Vns-Dewe)so‘
Q 2 |Ja

1 1 _1
Lt - ve)|+ 3 | [ ¥ (7DD Tnay]

1 _1
+ X ’/QnSch . ]DDngc?’ + % ‘/Qns 2(VC5 : DavnE)SD‘ +p

<

_l’_

1
Jnd=nzrey
Q

<

_1 1 _3
/ ne 2Vn, - ]D)EVgo‘ + = ‘/ ne 2 (Vne ']DEVnE)go'
Q 2 /o

1 1
+2| [ nd(v-D) Vo) + | [ (V-D2) - Vinbe)
1 _1 1
+X’/Qngvcs'DsV90’+>2<‘/QnaQ(Vcs-DgVns)SO‘+u‘/9n3(1—n£+5_1)<p‘
for all t € (0,7) and ¢ € (0, 1). Using that
1 1 1 B
/(V.]D)E) (n2e ‘<B/< (n2¢p Dv(g)) +B
Q

1 1
<B/V (nZp) - D.V(n2p) + B(Q| + 1)

98



4.4 Existence of weak solutions

B -D
< 2/Q|<p|2vn€n€vn€+2B/ﬂn5V<,0-ID)€Vg0+B(\Q|+1)

€

due to (4.4.2) and (4.4.10) as well as the Holder and Young’s inequality, we can further
estimate to conclude that

1

1
2 . 2 oo _3
< (/ VQP.DavSO)Q (/QW)Q_F”QOHL(Q)/Q%%V%.DSV%)
Q

Ne 2

+ 2Vl ([ ne+ [ 9-D)

2
+ B||SDHLoo(Q) / Vne - DVn, 198
2 Q Ne

1 1
+ x (/ neV - ID)EVgD) ’ (/ Ve - ]D)EVC5> ’
Q Q

n X”g()HLoo(Q) </ Vng ngns)é </ VCE ‘stcs)é
2 9 Ne &

1
r+e 5

1
+ullelim [ n +ullelie [ ot

/QnEVgo D.Ve + B(|Q| + 1)

< K (Il + 99l + 19130y + 1 Vel3eo) ) %

- D _3
</ u _|_ / Ne 2 (Vns . DEVTLE)
Q Q

Ne

—i—/ Vee - D Ve +/ niteIn(nlte) + 1)
Q Q

forallt € (0,7) and ¢ € (0,1) with some appropriate constant K > 0 only dependent on
Q, w,r,x, B, T and M. Given the above inequality, the remainder of our desired result
follows from Lemma 4.4.2, Corollary 4.4.3 and Lemma 4.4.4 as well as the continuous
embedding of WN*12(Q) into W1°°(Q) and density of C*°(Q) in WN*1.2(Q). O

4.4.3 Construction of weak solutions

Having prepared all the necessary bounds, we will now construct the solution candi-
dates by using various compact embedding arguments to gain them as the limit of our
approximate solutions.

Lemma 4.4.6. There exist a null sequence (g;)jen C (0,1) and a.e. nonnegative func-
tions

27

2r _
n € L (10,00); Wy ™ () 1 Ly (€ x [0, 00)),

¢ € Li,.([0,00); Wy*(Q2)) N L(Q x (0, 00)),

r
loc

99



4 Weak solutions to a haptotaxis system with degenerate diffusion and taxis

such that
Ne =N in Lj,.(Q x [0,00)) and a.e. in Q x [0, c0), (4.4.22)
n't s n"  in L. (Q x [0,00)) and a.e. in Q x [0, 00), (4.4.23)
2r 2r
Ne —n in L7 ([0, 00); WH;’“’I (Q)), (4.4.24)
ce = ¢ in LY (Q x [0,00)) for all p € [1,00) and a.e. in Q x [0,00), (4.4.25)
. —~c in LE([0,00); Wp* () (4.4.26)

ase=¢j \,0.

1
Proof. Given that both of the families (n2).c(0,1) and (ce)zc(o,1) are bounded in the
space L2 ([0, 00); WH§2(Q)) according to Corollary 4.4.3 and similarly both of the fam-

loc

1
ilies ((n2)¢)ee(0,1) and (cet)ee(0,1) are bounded in the space Li ([0, 00); (WNF12(Q))*)
according to Lemma 4.4.5, we can apply the Aubin—Lions lemma (cf. [112, p. 215]) to the
above families using the triple of embedded spaces WH%)Q(Q) C LY(Q) € (WNHL2(Q))*.,
Note that this is only possible as the first embedding is in fact compact by our assump-
tions (cf. Definition 4.1.9). Therefore, there exists a null sequence (g;);en C (0,1) and

functions 7, ¢ : Q x [0,7) — R such that

1 _
n2 —-n and c.—c in L} ([0,00); L}()) and therefore in Ll (Q x [0, 00))

as € = ¢; \, 0. This sequence is constructed by applying the Aubin-Lions lemma

countably infinitely many times on time intervals of the form [0,7], T" € N, combined

with a straightforward extension and diagonal sequence argument. We can further choose
1

the above sequence in such way as to ensure that nZ — 7 and c. — ¢ pointwise almost
everywhere as € = ¢; N\, 0 by potentially switching to another subsequence. Due to the
family (c:)ce(o,1) furthermore being uniformly bounded in L*°(€2 x (0, 00)) (cf. (4.4.12)
and Lemma 4.3.2), the above convergence properties directly imply (4.4.25) as well as
the fact that ¢ is nonnegative almost everywhere and ¢ € L>(€Q x (0, 00)).

We now set n := 712 and observe that the above almost everywhere pointwise convergence
for the already constructed sequences then ensures that

ne —n and nlT° —=n"  a.e. pointwise

as € = ¢ ¢ 0. This immediately gives us non-negativity of n as well. Further as for
every T > 0 there exists K = K(T') > 0 such that

T T
/ / nn(n.)| < K and / / nCe In(nl )| < K
0 Q 0 Q

for all € € (0,1) according to Corollary 4.4.3, we can use Vitali’s theorem and the de la
Vallée Poussin criterion for uniform integrability (cf. [25, pp. 23-24]) to gain the conver-
gence properties in (4.4.22) and (4.4.23).
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4.4 Existence of weak solutions

The remaining weak convergence properties in (4.4.24) and (4.4.26) then follow imme-
diately by another similar but fairly standard subsequence extraction argument as the
respective families of functions are bounded in the relevant spaces according to Corol-
lary 4.4.3.

As all not yet explicitly established regularity properties for n and c directly follow from
the convergence properties and we have at this point proven all said properties, this
completes the proof. O

For the remainder of this section, we will now fix the functions n and ¢ as well as the
sequence (&) en constructed in the preceding lemma. While the convergence properties
derived in Lemma 4.4.6 are in fact already sufficient to allow us to translate the weak
solution property from our approximate solutions to our now established solution can-
didates, we will as a last effort prior to the proof of Theorem 4.1.13 derive some more
specifically tailored convergence properties to handle some of the more complex terms
in the weak solution definition.

Lemma 4.4.7. The convergence properties

o0 o0
/ / Vne - DV — / / Vn-DVe ase=c¢;\,0 (4.4.27)
o Jo o Jo

and
/ / n:Vee - DV — / / nVe-DVp ase=¢;\,0 (4.4.28)
0 Q 0 Q
hold for all ¢ € C2°(Q x [0, 00)).

Proof. Fix ¢ € COO(Q x [0,00)) and T' > 0 such that supp(¢) C 2 x [0,7). We can then
fix a constant K1 = K1(T") > 1 such that

T T
/ / (Vng - D Vng )T
0 Q

for all € € (0,1) according to Corollary 4.4.3. This implies that

T
< K; and / / Vee -DeVe: < Ky
0 Q

r4+1

2r
IVnellpiax o) < (19 +1) (/ / (Vne - VnsV“)

1 T r
< (|2]+1) ( - / / (Vne - D.Vn, )1
er+1 JO Q

) vk (4.4.29)

and

IVee 2 gax 0.1y = (/ / Ve, - m)
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4 Weak solutions to a haptotaxis system with degenerate diffusion and taxis

1 T %
(191+1) ( | [ ve- st%)
gJo JQ

< K2

€
for all € € (0,1) with Ky = Ko(T') := K1(|2] + 1) due to the Holder inequality and the
(4.4.3). We then observe that

IN

(4.4.30)

[V

estimate in

T

DV — / /Vn DV

/Vn€ DV — / /Vn€ DV
+/ /Vns-]D)Vgo—/ /Vn-]D)VgD
0 Q 0 Q

< |IVnell L1 axo,m) P — Dl oo () IV @l oo (2% (0,1))

T T
+/ /Vng-]D)Vgo—/ /Vn-Dw
0 Q 0 Q

T T
Vng-]DVgo—/ /Vn~DVg0
Q 0 Q

1
< 3Kae? ||Vl o (ax0,1) +

for all ¢ € (0,1) because of (4.4.3) and (4.4.29). This inequality immediately implies
(4.4.27) due to the weak convergence property in (4.4.24) presented in Lemma 4.4.6.

We now similarly estimate that

T T
neVee - DV — / / nVe-DVyp
Q 0 Q

T T
neVee - DV — / / nVee - DV
Q 0 Q

T T
nVee - DV — / / nVee - DV
Q o Ja

T T
nVee - DV —/ / nVe-DVp
Q 0o Ja

0
< (/OT/QVCE-DN%)% (/OT/Q(nnE)Q(W-DEW)Y

+ Il z2@x 0.0 I Veel 2 @x 0,0 P — DIl Loo () IVl Loo (23 (0,1))

T T
+ / /nVce-ID)Vap—/ /nVc-ID)VqJ
Q 0 Ja

1
K (|ID]| ooy + 3) Vel ze@)lln — nellL2xo,m))
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1
+ 3K2e2 ||nf| L2(ax 0,0) | V@l oo (2 (0,7)

T T
/ / nVe, - DV — / / nVe-DVp
0 JQ 0 JQ

for all e € (0,1) because of (4.4.3) and (4.4.30). Due to the convergence properties in
(4.4.22) and (4.4.26) as well as the fact that r > 2 and therefore n € L2 (Q x [0,00)),

loc

the above estimate implies (4.4.28) and thus completes the proof. O

_l’_

As all convergence properties necessary to argue that n and ¢ are in fact our desired
weak solution have been established, we can now present the at this point fairly short
proof of our second main existence result, namely Theorem 4.1.13.

Proof for Theorem 4.1.13. We first note that n, ¢ are already sufficiently regular to
ensure that (4.1.2) and (4.1.3) hold due to Lemma 4.4.6.

It is further straightforward to verify that (ne, cz).c(0,1) are weak solutions in the sense of
Definition 4.1.12 for all € € (0,1) with only slightly different parameters. Consequently,
we only now need to confirm that all the terms in the weak solution definition converge
to their counterparts without . For all the terms that are structurally identical in both
the approximated case as well as in the weak solution definition we want to achieve for n
and c, this is covered by Lemma 4.4.6 as well as the convergence properties of the initial
data laid out in (4.4.6) and (4.4.8). The terms that differ because D was replaced by D,
are covered by either Lemma 4.4.7 or (4.4.1) combined with (4.4.22) from Lemma 4.4.6.
Finally, the logistic terms [;° [, ne(1—nZ~1%¢)p occurring in the weak solution definition
for our approximate solutions converge to their proper counterpart [ f;, n(1 — n" Y
due to (4.4.22) and (4.4.23) from Lemma 4.4.6 as well. We have now discussed that all
the terms occurring in the weak solution definition of the approximate solutions converge
to the correct terms for our solution candidates. Therefore, (n,c) is a weak solution of
the type described in Definition 4.1.12. O
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5 Smooth solutions to an
attractive-repulsive chemotaxis system
with measure-valued initial data

5.1 Main result

In this chapter, we will look at a recent extension of the seminal Keller—Segel system,
which adds a second repulsive chemical to the mix. More precisely, we consider the
System
ne = An — xV - (nVe,) + €V - (nVe,),
TCat = Acg + an — Beg, (AR)

TCrt = Ay + 90 — 0Cp

in a smooth bounded domain Q C RN, N € N, with parameters x,& > 0, o, 5,7, > 0
and 7 € {0,1} and the Neumann boundary conditions

0=Vn-v=Ve¢,-v=Ve¢. -v forall zed,t>0. (ARB)

While this system has been fairly thoroughly explored given initial data of high regularity
as expanded upon in the introduction, we will show that even when the models starts
out in what is essentially a blown-up state, that is with measure-valued initial data for
the first solution component, it is still possible to construct smooth solutions to the
system assuming the regularizing forces are stronger than their aggregation promoting
counterparts. More specifically, we will spend this chapter proving the following result:

Theorem 5.1.1. Let @ C RN, N € N, be a bounded domain with a smooth boundary,

X,§ >0 and a, B,7,0 > 0 as well as T € {0,1}. Let further no € M(Q) be an initial
datum with m == ng(Q) > 0. If 7 = 1, let further ca0,cro € WHT(Q) with r € (£,2) be
some additional nonnegative initial data. If

T=1, N=2 and &y—xa>0or (S1)
C

7=0, N=2 and fv—va—% or (S2)

7=0, N=3 and &y—xa>0 aswell asnge L*(Q) with k € (1,2), (S3)

where Cga > 0 is a constant only depending on the domain ), then there exist nonnegative
functions n € C%1(Q x (0,00)) and cq,c. € C*>7 (2 x (0,00)) solving (AR) with boundary
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5 On smoothing in an attractive-repulsive chemotaxis system with irregular initial data

conditions (ARB) classically on Q x (0,00). They further attain their initial data in the
following fashion:

n(-,t) — ng in M4 (), (5.1.1)
ca(-st) = a0 in WhH(Q) if T =1, (5.1.2)
cr(-t) = crp in WhH(Q) if =1 (5.1.3)

as t \, 0, where we interpret the functions n(-,t), t > 0, as the positive Radon measures
n(x,t)dx with dz being the standard Lebesgue measure on §).

5.2 Approach

Similar to the approach seen in previous chapters, the construction of our desired solution
will be based on approximating them by a family of solutions (ne,Ca.c, Cre)ec(o,1), for
which global existence is much easier to establish. To this end, we will spend the next
section approximating our initial data by smooth functions in a fashion convenient for
later arguments and then prove that with such smooth initial data classical solutions to
(AR) with boundary conditions (ARB) exist globally as an extension of the arguments
presented in [76] and [105]. Additionally in this section, we also introduce the functions
¢e = &Cre — XCae for each € € (0,1), which allow us to transform the system (AR)
with boundary conditions (ARB) to the system (AR*), because the second system will
prove more convenient for some of the later arguments. The remainder of this chapter
will then be devoted to deriving uniform a priori bounds for exactly these approximate
solutions to facilitate a central compact embedding argument, which will serve as the
source of our actual solutions, as well as to ensure that the thus constructed solutions
have our desired continuity properties at ¢ = 0.

Naturally any substantial a priori estimates have to necessarily decay toward ¢t = 0 if they
are to be uniform in the approximation parameter ¢ as our initial data are very irregular.
Thus, the a priori estimates serving as the linchpins of all further considerations will

roughly have the form
G(ne(-,t), co( 1)) < Ot (5.2.1)

or

/Ot S G(ne(-, ), ce(-,8))ds < C (5.2.2)

for some A > 0, where G is some key norm or functional and the parameter A represents
how severely the estimate decays close to ¢ = 0. The derivation of these estimates will
take place in Section 5.4 and, while most of the arguments afterward will handle both
the parabolic-parabolic and parabolic-elliptic cases in a fairly integrated fashion, said
derivation will use very different methods depending on the value of 7.

For the parabolic-elliptic case, the argument boils down to testing the first equation in
(AR) with n?~! and then after two partial integrations directly replacing the resulting
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5.2 Approach

Ac,. and Ac, . terms by lower order expressions using the elliptic second and third
equations in (AR). Applying carefully chosen interpolation inequalities as well as elliptic
regularity theory to this then allows us to derive a differential inequality with super-
linear decay for [, n?, which is sufficient to yield an estimate of the type (5.2.1) for
Jo n? with any p € (1, 00).

In the parabolic-parabolic case, our approach hinges on the use of the well-known energy-
type functional F.(t) = ¢ [oneIn(n.) + 5 o [Vee|* with ¢ == &y — xa. But as this
functional cannot necessarily be uniformly bounded at ¢ = 0 due to our initial data
potentially not having finite energy, we further decouple it from the initial data by mul-
tiplying it with t*, A > 0. Using testing based methods, analysis of this functional then
not only yields an estimate of type (5.2.1) for the functional itself but crucially also
a bound of type (5.2.2) for the dissipative terms [, |Ac:|* and ¢ [, |V/nz|>. Notably
while the first set of bounds could also be achieved by a similar super-linear decay ap-
proach as described in the previous paragraph, the latter bounds seem to be much more
conveniently accessible by analyzing the aforementioned time-dampened version of the
functional F.. And importantly, it is in fact exactly said latter bounds that will allow
us to prove our desired continuity properties at ¢ = 0 in this scenario, as well as allow us
to derive a set of uniform bounds for [, n? away from ¢ = 0 to give us a similar starting
point to the parabolic-elliptic case for the next section.

In Section 5.5, we then use the uniform bounds for [, név away from t = 0, which
we have at this point established in all scenarios, as the basis for a bootstrap argu-
ment taking us all the way to uniform bounds for the first solution components in
C2+6,1+5 (2 x [to, t1]) and uniform bounds for the second and third solution components
in 02+9’T+%(§ X [to,t1]) with t; > t9 > 0. We do this mostly using the variation-of-
constants representation of the involved equations or corresponding elliptic regularity
theory as well as fairly standard Holder regularity theory from [61], [73] as well as [97].
Due to the compact embedding properties of Holder spaces this immediately allows us to
construct our desired solutions (n, ¢4, ¢,) as limits of the thus far discussed approximate
ones and argue that they classically solve (AR) with boundary conditions (ARB) as the
resulting strong convergence properties safely transfer any solution properties from the
approximate solutions to their limits.

It thus only remains to be shown that said solutions are connected to our initial data in
the fashion outlined in (5.1.1)—(5.1.3), which will be the main subject of Section 5.6. To
do this for the first solution component, we essentially start by proving that the approx-
imate solutions are uniformly continuous at ¢ = 0 in the sense of (5.1.1). We accomplish
this by showing that the space-time integral [J |[n.(-,s)Vee(:, s)||z1(q) ds related to the
chemotaxis mechanism becomes uniformly small as ¢ goes to zero in all scenarios. That
it is possible to prove such a property chiefly depends on the degradation toward zero of
our estimates derived in Section 5.4 to be sufficiently benign. Notably, the magnitude
of the degradation parameters naturally depends on the regularity of our initial data in
the sense that better regularity leads to smaller degradation toward zero and thus the
derivation of the aforementioned bound is, however indirect, the source of our initial data
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5 On smoothing in an attractive-repulsive chemotaxis system with irregular initial data

regularity needs in Theorem 5.1.1. We then use said property combined with the first
equation in (AR) and the fundamental theorem of calculus to gain our desired uniform
continuity property, which by virtue of the already established convergence properties
translates immediately to our actual solutions. Using a convenient property of our ini-
tial data approximation, a similar argument built on semigroup methods grants us the
properties in (5.1.2) and (5.1.3) in the parabolic-parabolic case.

5.3 Approximate solutions

From here on out, we fix the system parameters x,£ > 0, o, 3,7,0 > 0 and 7 € {0,1}
as well as a domain Q C RV, N € N, with a smooth boundary for the remainder of the
chapter. We further fix some initial data ng € M4 (Q) with m = ng(Q) > 0 as well as
nonnegative ¢q0,¢r0 € W (Q) with r € (g, 2) if 7 = 1. Moreover if ng is additionally
assumed to be an element of L®(Q2) for some k € (1,2), we also fix this parameter .
Otherwise, we let k be equal to 2 so « is defined in all scenarios for convenience of
notation in some later arguments.

To construct the solutions laid out in Theorem 5.1.1, we will use a family of approximate
solutions, which will later be argued to converge to our desired solutions. This section will
thus be devoted to the construction of said approximate solutions and to facilitate this
we will begin by approximating our potentially highly irregular initial data by smooth
functions, which will in fact be the only regularization necessary.

Thus, we now fix a family of approximate positive initial data (noc).c,1) S C™(Q)
such that

noe — no in M4 (Q) ase \ 0 as well as / no = no(Q) =m for all € € (0,1),
Q
(5.3.1)

where we interpret the functions ng . as the positive Radon measures ng o (z)dz with dz
being the standard Lebesgue measure on §2.

Remark 5.3.1. Let us give a brief argument as to how such an approximation of Radon
measures can be achieved: It is fairly easy to see that approximating Dirac measures 9,
by smooth functions in this way is indeed possible given sufficient boundary regularity
(e.g. by using f-(y) == C’(g)e_%‘:‘_y|2 with C'(g) > 0 being some normalization constant
under the assumption that ) satisfies e.g. a fairly weak cone property as laid out in
[138, Definition 2.2]). This implies that the Dirac measures are contained in the closure
(relative to the vague topology) of the set F = {o € C®(Q) | [ = 1,¢ > 0}.
Further, one can show that the Dirac measures are the extreme points of the convex
set of probability measures M;(Q2) C M, (Q), which is compact in the vague topology.
This makes it accessible to the Krein-Milman theorem (cf. [98, Theorem 3.23]) implying
that

My (Q) = conv({d, |z € Q}) CF C M(Q)
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5.3 Approximate solutions

and therefore that M;(2) = F (see also [7, Corollary 30.5]). As M () is metrizable
(cf. [7, Theorem 31.5]) and thus the elements of the closure of any set A C M (Q) can be
characterized as the limits of sequences entirely contained in A, the above observations

are sufficient to gain our desired approximation after a straightforward scaling argument.

If ng is additionally an element of L*(Q), we let ng. = eAng € C®(Q) for all € €
(0,1) instead, where (e/®);>¢ is the Neumann heat semigroup on €. By the continuity,
positivity and mass conservation properties of said semigroup, this not only directly
ensures the previously prescribed properties but also that

noe —ng in L°(2) as e \,0 (5.3.2)
as well. Similarly if 7 =1, we let
Cape =LA, o= e P, € CF(Q) (5.3.3)

and
Croe = eE(A_‘S)cnO = e‘EéeEAcT,O € C*(Q) (5.3.4)

for all ¢ € (0,1). These approximate functions are nonnegative due to the maximum
principle and have the following convergence property due to the continuity of the semi-
group at t = 0:

Ca0e —* Cap and cpoe—Cro in WL (Q) as e \, 0. (5.3.5)

As a convenient by-product of this construction, we also gain that

/ Ca0e < / Cap and / Cr0,e < / Cr,0 (5.3.6)
Q Q Q Q

again due to the mass conservation property of the Neumann heat semigroup.

As it will not only be a useful tool in arguing that our approximate solutions are in fact
global, but will also play a key part in many of our later derivations of a priori estimates,
we will now introduce the following transformation for classical solutions to (AR) with
boundary conditions (ARB): For any such solution (n, ¢4, ¢,), we let

c(x,t) = Eer(x,t) — xco(z,t) and (=&y—xa€R aswellas o:=x(f—-0) eR

(5.3.7)
for all z € Q, t € [0,00). Then (n,c,c,) solves the related system
ne = An+ V- (nVe) on Q x (0, 00),
= Ac—dc+(n+oc, 2 x (0, 00),
e c—dc+{n+oc on (0, 00) (AR¥)
TCat = Acg + an — Beg on Q x (0, 00),

0=Vn-v=Vc-v=Ve,-v ondfdx(0,00).

In part using this, we can now formulate the necessary existence result for our approxi-
mate solutions.
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5 On smoothing in an attractive-repulsive chemotaxis system with irregular initial data

Lemma 5.3.2. There exists Csy > 0 such that, if we assume (S1), (S2) with Csy < Cso
or (S3), then the following holds:

For each ¢ € (0,1), there exist a positive function n. € C°(Q x [0,00)) N C%1(Q x
(0,00)) and nonnegative functions cqc,cre € CO(Q x [0,00)) N C%HQ x (0,00)) such
that (ne, cqe, Cre) s a classical solution to (AR) on §2 x (0, 00) with boundary conditions
(ARB) and initial data ng. as well as initial data cq 0 and cro. if T = 1. Further,

/Qng(-,t) = /an€ =no(Q) =m (5.3.8)

as well as

/caﬁ(-,t) < max (m,T/ ca,()) and / Cre(-,t) < max <7m,7'/ cr,()) (5.3.9)
0 p Q 0 J Q

for all t € (0,00).

Proof. As the system in (AR) with boundary conditions (ARB) is the same as the one
discussed in [105], we can in fact use Lemma 3.1 from said reference to ensure that,
for each ¢ € (0,1), nonnegative local solutions exist on some time interval (0, Tinax.c)
and, if Tiaxe < 00, then limsup, ~z,  |Ine(+,)||p~(@) = oo. The mass conservation
property in (5.3.8) and mass boundedness properties in (5.3.9) then immediately follow
by integrating the equations in (AR). Positivity of n. is further a direct consequence of
the maximum principle.

If &y — xa > 0, finite-time blowup of the above solutions has already been ruled out in
[76, Theorem 1.1] or [105, Theorem 2.1] for all of our scenarios.

If &y — xa = 0, then ¢ = 0 and thus the second equation in the closely related system
(AR*) does not directly depend on n. anymore, which makes the system much less
challenging. In two and three dimensions, we can thus use either elliptic regularity
theory or semigroup methods to first conclude that there exist bounds for ¢, in LP(2)
for all p € (1, N') using the mass conservation property in (5.3.8), which by the same line
of reasoning gives us a bound for ¢, in WP?(Q) for any p € (1,00) and c. defined as in
(5.3.7) (cf. Lemma 5.5.1 for a similar argument). Similar to the reasoning employed in
Lemma 5.5.2, another semigroup-based argument then allows us to rule out finite-time
blowup in this case altogether.

If &y — xa < 0, we are necessarily in Scenario (S2). As thus N = 2, we can use the
same elliptic regularity theory for L!(£2) source terms (cf. [13, Lemma 23]) we will later
also use in Lemma 5.4.8 to fix a constant Kj(p) > 0 for each p € (1,00) such that
Jo cre? < Ki(p) on (0, Tiax,e) due to the mass conservation property in (5.3.8). Further
using a straightforward consequence of the Gagliardo—Nirenberg inequality found e.g.
later in Lemma 5.4.7, we then fix K5(p) > 0 for each p € (1, 00) such that

D
/Qni?“ < Kz(p)m/Q [Vn [ + Ka(p)m? ™! (5.3.10)

110



5.3 Approximate solutions

for all € € (0,1) and ¢ € (0, Timax,c), where K2(p) only depends on p and the domain .
Having fixed these constants, we now let Cgy := m.

We then test the first equation in (AR) with n2~! use partial integration and then use
the second and third equation in (AR), the estimate in (S2) with Cgy < Cgy as well as

Young’s inequality to gain

1 d 4 3
p(p_l)dt/ﬂn??z—pg/QIVm?V+;/QVnE-Vca,E—i/QVng.vcm

4 p
_ _p2/g|vng|2— ;f/{lngAca75+§/szn€AcT75
4 b 5
o vndE =S [t X s S

4 D 07 6
< —7/ |vn3,z+s2/n§+1+£/ oon?
4 po 205
S _p2/§‘)’vn€2’2+ﬁ];f/g‘)n€+l+K3(p>mp/;ch,€p+l
4 p, 2Csy
< [IVnE 4 T [ K+ DI @) (331)

for all e € (0,1), t € (0, Tynax,e) and p € (2, 00) with K3(p) = (%)pﬂ(%)_p. If we now
apply (5.3.10) to the above and set p = 8, we gain

1d [ o
-4 <K
56 dt/gnf— 4

for all € € (0,1) and t € (0, Tax,e) With Ky = (55 + K1(9)K3(8))m® by our choice of
Cso. Thus by time integration and standard elliptic regularity theory (cf. [34]) applied
to the second and third equation in (AR), it follows that there exists K5 > 0 such that

[ne(, O)lls) < K5y leae(t)llwes) < K5 aswellas e (1) [lwzs) < Ks

for all e € (0,1) and ¢ € (0, Tinax,e) if Tinax,e is finite. With ¢, defined as in (5.3.7), this
directly gives us

Hce(',t)||W2,8(Q) < K5(|£| + ’X|) — K6

for all e € (0,1) and ¢ € (0, Tinax,e) if Tmax,c is finite. Using the variation-of-constants
representation for n. corresponding to the first equation in (AR*) and the smoothing
properties of the Neumann heat semigroup (cf. [123, Lemma 1.3)), it further follows that

t
emno,E + / =92y . (ne(+,8)Vee(, s))ds
0

126 ()| oo () <
1(9)
t

3
< Ksl[noello= (o) + K?/O (1+ (= 5)")[ne(-,1)Vee(-, 8)ll La() ds

t 3
< KG””O,EHLOO(Q) + K5K6K7/0 (1+s 1)ds
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5 On smoothing in an attractive-repulsive chemotaxis system with irregular initial data

for all € € (0,1) and t € (0, Tiax,c) With some appropriate constant K7 > 0 if Tipaxc
is finite. As the remaining integral is bounded for ¢ € (0, Tiax,c) if Timaxe is finite, the
above inequality in fact rules out finite-time blowup in this scenario as well and thus
completes the proof. O

As we will henceforth always work in at least one of the three scenarios (S1), (S2) with a
constant smaller than the constant Cgy introduced in the above lemma or (S3), we will
also fix the solutions constructed above as (ng, ¢qe, ¢re) for all € € (0,1) as a matter of
convenience for the remainder of the chapter. We further always correspondingly define
¢, 0 and ¢ as in (5.3.7).

5.4 A priori estimates degrading toward zero

As is typical for a construction of this kind, we will now spend the remainder of this
chapter deriving sufficient a priori estimates to gain our desired solutions as limits of the
approximate solutions fixed in the previous section. Notably as a consequence of the low
initial data regularity, most of these bounds necessarily need to decay as t ~\, 0 if they are
to be independent of €. While we will see that the degree to which this decay happens is
not important to ensure that our limit functions solve (AR) with boundary conditions
(ARB) on 2 x (0,00), we will in fact need more qualitative information regarding the
decay to ensure that the limit functions are continuous at ¢t = 0 in the sense laid out in
(5.1.1), (5.1.2) and (5.1.3). Therefore, the aim of this section is to derive exactly such
uniform a priori information for n., cq¢, ¢, and c..

As the parabolic-parabolic and parabolic-elliptic cases call for very different methods to
establish this important baseline information, we will address them here separately.

5.4.1 The parabolic-parabolic case

Before we approach the derivation of the titular a priori estimates decaying close to time
zero for the parabolic-parabolic case, we first derive the best to be expected Sobolev
bounds for ¢, ¢, ¢, and c. that hold up to time zero corresponding with the initial data
regularity for ¢, and ¢, as well as the mass conservation property in (5.3.8). These
bounds will later serve as a useful baseline for interpolation.

Lemma 5.4.1. Assume we are in Scenario (S1). Then there exists C > 0 such that
lcacCsllwir@) < C lereDllwir) < C le(5 D) llwrr) < C

for allt € [0,00) and € € (0,1) with r € (2,2) as fived at the beginning of Section 5.3.
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5.4 A priori estimates degrading toward zero

Proof. Given the convergence properties in (5.3.5), we can fix K1 > 0 such that

l[Cae(+0)[lwir(e) < K1

for all € € (0,1). Then using the variation-of-constants representation of the second
equation in (AR) and known smoothing properties of the Neumann heat semigroup (cf.
[123, Lemma 1.3]), we can fix Ky > 0 such that

IVeae(D)llr o)

¢
< || Vet A Pe, (-,0) + a/ Velt=) A0y (., s)ds
0

L7(©)

t 1.3, _B(i—s
< Kol Veae(0) vy + e [ (14 (= 55 ) e ds
t
§K1K2+ome2/ (1—|—s%_%)e_'85ds
0

for all t € [0,00) and € € (0,1). As due to r € (1,2) the remaining integral term is
bounded independent of ¢, our desired bound for ¢, ¢ follows from the above by combining
it with the mass bound from (5.3.9) and e.g. the Poincaré inequality. By essentially the
same reasoning, we obtain a corresponding bound for ¢, .. The bound for ¢, then follows
immediately as c. is merely a linear combination of ¢, . and ¢, .. ]

Since in Scenario (S1) we work in a two-dimensional setting, the Sobolev embedding
theorem directly yields the following corollary to the above, which we will use to handle
the case o # 0 whenever necessary.

T

Corollary 5.4.2. Assume we are in Scenario (51). Then for each p € [1, 2], there
exists C' = C(p) > 0 such that

”Ca,s(‘, t)”LP(Q) <C

for allt € [0,00) and € € (0,1).

To now gain the central result of this section, we will employ an energy-type argument
based on the familiar functional F.(t) :== ¢ [one In(n:)+1 [, [Vee|? multiplied by t* with
a sufficiently strong dampening exponent A to make it initial-data independent while
ensuring that the resulting additional terms can still be absorbed by the dissipative
terms. This will not only allow us to derive a bound for said energy-type functional
itself but more importantly some dampened space-time integral bounds corresponding
to higher order terms of n. and c¢., which will prove crucial to connect our desired
solutions to their initial data. Further note that this argument centrally relies on the
restriction ¢ = £y — ya > 0 from (S1) to ensure that the functional is always bounded
from below and in fact this is the main reason this restriction is necessary for Scenario

(S1).
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5 On smoothing in an attractive-repulsive chemotaxis system with irregular initial data

Lemma 5.4.3. Assume we are in Scenario (S1). Then there exists X € (0, %) such that,
for each T > 0, there is C = C(T) > 0 with

C/ ne(-,t) In(na(-,t)) < Ct™> an / Ve (-, t)2 < ot (5.4.1)
as well as
\Vng (x,s) by 9
C/ / dx ds<C and / s / |Ace(z,s)|“deds < C  (5.4.2)
0 Q
forallt € (0,T) and € € (0,1).
Proof. We begin by fixing A € (0, ) such that
2
A— 2>,
r

which is possible as r > g.

We now test the first equation in (AR*) with ¢} In(n.) and use partial integration to
gain

d [ A [Vne|? ) ] A—1
t neln(ng)| = —t t Vne - Ve + A\t neln(ng)  (5.4.3)
dt QO Q Ne Q Q

for all t € (0,00) and € € (0,1). We then fix p € (1,2) such that

1-
—+A>0
2_p —|- >

and employ the Gagliardo—Nirenberg inequality as well as Young’s inequality combined
with the mass conservation property in (5.3.8) to find K7 > 0 such that

1 1
/Qngln(ns)ge(p_l)/ﬂngze(p)n €HL2p

1 op—2 |V e|2 !

t Vn.|? 1-p
g/’ nel L ot
2X Jo  ne

1— B e
for all t € (0,00) and € € (0,1) with Ky := QTZ)\ngKffp. We now apply this to (5.4.3)
to see that

d t 2 1p )
at |:t/\/9n51n(n5)] < _2/Q|v{:8|—t/\/ﬂvn€'VC5+AK2t2£+/\ 1+)\K1t)‘_1 (5.4.4)

for all t € (0,00) and € € (0,1).
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5.4 A priori estimates degrading toward zero

As our next step, we test the second equation in (AR*) with —t*Ac. and use partial
integration to gain

d [t

a [QAIVC€|2]

_ —tA/ ]Aca|2—5t’\/ |ch\2+g“t)‘/ Ve, - V.
Q Q Q

—Ut)‘/QcaﬁAce—i—%t/\*l/Q]Vca\Q (5.4.5)

for all t € (0,00) and € € (0,1). Another application of the Gagliardo-Nirenberg in-
equality as well as Young’s inequality combined with elliptic regularity theory and the
baseline bound in W17 (Q) established in Lemma 5.4.1 further yields K3 > 0 such that

-3
196 = IVelagey < KallAculzfyy + Ko = Ka [ 18cP) "+ Ky

< —/ |Ac.|? + Kot' =7 + K3
Ao

2
for all t € (0,00) and € € (0,1) with Ky = KJ A7~L. If we now apply this as well as
Young’s inequality and Corollary 5.4.2 to (5.4.5), we see that

d [t}
a [/ |VC€|2]

K K
<——/ ]Aca|2—|—Ct)‘/VcE Vn. — ot? /caEAcg—}—)\ 475)‘_7 %t)‘_l
Q
MK MK
<——/ ]Ace|2—i—Ct)‘/Vc5 Vn, + 2K5t)‘+ 24 - T‘;t)‘*l

for all t € (0,00) and ¢ € (0,1) with K5 > 0 as provided by Corollary 5.4.2 because
QfT > 2. Combining this with an appropriately scaled (5.4.4) yields

d | A ) AN AVA T LR 7 5
et 1 . - “ A
t[c /"en("€)+2/g|vc€1+<2/g n. +4/n‘ cel

< Kg {w P AT =R Lty tA}

for all ¢ € (0,00) and ¢ € (0,1) with Kg = max(CAK», 254, (AK; + 252, 02K2). Given
that our choices of p and A ensure that the exponents on the right 51de of the above in-
equality are all larger than negative one and { > 0, our desired result follows immediately
by time integration. O

The above result now leads directly into a straightforward but important corollary.
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5 On smoothing in an attractive-repulsive chemotaxis system with irregular initial data

Corollary 5.4.4. Assume we are in Scenario (S1). Then for each T > 0, there exists
C =C(T) > 0 such that

t
/ 52’\/ Ve (z,s)[*dzds < C
0 Q
forallt € (0,T) and € € (0,1) with X\ as in Lemma 5.4.3.

Proof. Using the Gagliardo—Nirenberg inequality, we see that

tQA/Q Veel' = M| Vee|Tagy < KM AT IVeel 2 () + Kt Vel 120

(2 el (2 f et ek (0 f e

forall e € (0,1) and ¢ € (0, 00) with some appropriate K > 0. Given the bounds already
established in Lemma 5.4.3, this immediately gives us our desired result. O

While we have now already established all the necessary estimates to ensure continuity
of our desired solutions at time ¢ = 0, we will now derive a further L?(f2) estimate for
ne away from t = 0 to facilitate the uniform handling of both the elliptic and parabolic
cases in the next section, which is devoted to the derivation of regularity away from
t = 0. This is achieved by adapting a standard testing argument for parabolic-parabolic
repulsion systems in a similar manner to the above energy-based arguments.

Lemma 5.4.5. Assume we are in Scenario (S1). Then for each ty,t1 € R with t; >
to > 0, there exists C = C(t1,t0) > 0 such that

e (- Ol L20) < €

for allt € (to,t1) and € € (0,1).

Proof. We begin by fixing t; > t; > 0 and then use Corollary 5.4.4 to further fix

K = Kl(to,tl) > 0 such that
t1
Jo [ velt <5
nJo
2
for all € € (0,1).

We now test the first equation in (AR*) with (¢ — %)?n. to gain

d [(t—1%)?
dtl > /anl

= (=) [19n = (t=9) [ nVn Ve (=) [ 02
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5.4 A priori estimates degrading toward zero

to

-9 -9
< _TZ/ va%T?/ n?!VcEIQ—F(t—%’)/Qng

< /|Vna|2 b 2 (/ ) (f |Vca|4) H-) [ n2 (5.40)

for all t € (%2,¢1) and € € (0,1) by applying the Young and Holder inequalities.

Using the Gagliardo—Nirenberg inequality combined with the mass conservation property
n (5.3.8), we now fix Ko > 1 such that

|72 = el < Kall Vo + Ko = Koy [ 1902+ Ko

(t*%o) 2 to\—1 2
<2 /Q|Vn,3| bt - ) IK2 4 K,

[t = Ineliao

< K3|[Vne||Fagq) el o) + K2

— &3 ([ 1vnP) ([ 2) + K3

for all t € (%2,¢1) and € € (0,1). Applying these inequalities to (5.4.6) then yields
657
at| 2 Jo'

3 > >

/ |Vne|* + </ \Vn€\2> (/ ng) (/ |ch4)

Q Q
Kot — ko
+2<72 </ |VCE|4>2 +K3

e () () o)
=K, (/Q|vcgy4) <1+(t— 30)2/97@) + Ky

for all t € (%2,1) and e € (0,1) with K3 = K3(to,t1) = K3 + (t1 — 1t—O)K’Q and Ky =

Ky(to, t1) = max( K3+ (t1 — %)), Setting y=(t) = 1+ (t — )2 [y n?(-,t) for all
te [%’, t1), the above implies that the function y. satisfies

and

) <280 (14 [ Velo)) )

for all t € (%,¢1) and € € (0,1) as well as y.(%2) = 1 for all ¢ € (0,1). By a standard
comparison Wlth the explicit solution to the dlfferential equality corresponding to the
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5 On smoothing in an attractive-repulsive chemotaxis system with irregular initial data

above inequality, this then yields
(=4 [ 2t <14 0- 47 [ w20 =5t
¢
< exp <2K4(t — %0) + 2Ky /LO /Q Ve (-, S)|4 dS)
2

< exp (2K4(t1 - %0) + 2K1K4) = K5

for all t € (£,¢1) and € € (0,1). Thus

for all ¢t € (to,t1) and € € (0, 1), which is sufficient to complete the proof. O

5.4.2 The parabolic-elliptic case

We now turn our attention to the parabolic-elliptic case. As our methods here will not
be based on the energy inequality used in the previous section and we also do not need
any dissipative information of type seen in e.g. (5.4.2) to facilitate later arguments, our
approach to gain initial data independent estimate for higher order norms will differ
from the previous section somewhat. In fact instead of multiplying the norms we are
interested in by a dampening term of the form t* as before, we will instead derive a
superlinearly decaying ODI for said norms. More specifically we will show that LP(2)
norms for n. are subsolutions of a system of the form

{y’(t) =—-Ay*(t)+ B, t>0, (5.47)

y(0) = yo.
Using a sequence of straightforward comparison arguments, it is then easy to see that

such subsolutions satisfy an estimate independent of the initial data but decaying toward
t = 0 similar to those of the previous section.

Lemma 5.4.6. For each A > 0,B > 0 and o > 1, there exists C = C(A,B,«a) > 0
such that the following holds: The solution y € C°([0,00)) N C1((0,00)) of (5.4.7) with
initial data yo > 0 has the property

y(t) < Cts +C for allt > 0.

Proof. We fix A > 0,B > 0,a > 1 and initial data yy > 0.

The Picard-Lindelof theorem immediately ensures that a solution y to (5.4.7) exists
locally and is unique. Global existence and nonnegativity of y then follow by comparing
with a sufficiently large constant or zero.
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5.4 A priori estimates degrading toward zero

Q=

If yo < (B /A)%7 then by comparison with a constant function of value (B/A)~, we
immediately know that

y(t) < (%)E for all t > 0. (5.4.8)

As this is already sufficient for our desired result for any such small yq, we will now focus
1
on the remaining case of yy > (B/A)=. In this case, we immediately gain
1

y(t) > (%)E forallt >0

by essentially the same comparison argument. Given this, we define z(t) = y(t) —
1
(B/A)= >0 for all t > 0 and then note that

Z(t)=y'(t) = —Ay*(t) + B

=4 (y(t) - (%)é + (f)i‘)a +B
< —Az%(t) forallt > 0.

By now comparing z with the explicit solution to the initial value problem w' = —Aw®,

w(0) = 2(0), we can conclude that

2(t) < (Ala— Dt +2179(0)) ™" < (Ala—1) == 75 forall t >0

and therefore that
1

y(t) < (A(a— 1)) t75 + (§)" forall t >0, (5.4.9)

As we have now covered all necessary cases, combining (5.4.8) and (5.4.9) completes the
proof with

C = max ((A(a —1)7=, (B/A)7 ). 0

As a second prerequisites for our later derivations, we will now further prove some
straightforward consequences of the Gagliardo—Nirenberg inequality.

Lemma 5.4.7. For each p € (1,00), there exists C = C(p) > 0 such that
2 P
/ n€+N < C’m%/ |Vn§\2 +C’mp+% (5.4.10)
Q Q

and

4+ v2p
(/ np) T < ommE [ V4 ot TEe (5.4.11)
Q Q

forallt >0 and ¢ € (0,1) with m as defined in (5.3.8).
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5 On smoothing in an attractive-repulsive chemotaxis system with irregular initial data

Proof. Fix p € (1,00). As then

4
<2<24 —
S2< +Np’

1 1 1 1 2+ +N _ 24N 1
+— > I > = — and
2—|—Np N +N N 2N+4 2N +4 2

T

we can use the Gagliardo—Nirenberg inequality, or rather a variant of it from [70, Lemma
2.3], which allows for some of the parameters to be from the interval (0,1) in a way not
covered by the original inequality, to gain K7 > 0 such that

g
e

2 7 1l—a 2
5 () < K1||Vng ||L2 Q)Hna || 2@ +K1H7’La ” %( Q)

for all ¢ > 0 and € € (0,1) with

This then implies that

4 2
2+ LP

p+ +Np 32 Nip 2 Ni
[ = < Kol Vnd ooy In217F o+ ol
Q P (Q) Q)

b
= Kom¥ / IVnZ |2 + szp+% (5.4.12)
Q

with Ky == (2K7) 2+%5 due to the mass conservation property seen in Lemma 5.3.2.

Because moreover 1 1
N + 5 2 — and

—_

<2,

)
ESERN

the same Gagliardo—Nirenberg type inequality from [70] is again applicable and gives us
K3 > 0 such that

Iné 20 <K3||Vn§||Lz Q)Ilns?ll1 BQ)+K3HH3II 2@)

for all ¢ > 0 and ¢ € (0,1) with

8=

[Slis}
+ |rors

This implies that

L NG-T -
() 7 =i e

< K4||vne ||L2(Q)||n€ || é 1 +K4Hn52 H ( QJ)V(P 1))
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5.4 A priori estimates degrading toward zero

2p ) 2 + 2p
:K4mN(P—1)/ (VnZ |2 + KymP T ¥oD (5.4.13)
Q

2
forall t > 0 and € € (0,1) with K4 = (2K3)2(1+N<P*1>) due to the mass conservation
property seen in Lemma 5.3.2.

Combining (5.4.12) and (5.4.13) then completes the proof. O

Having now established the above prerequisites, our first step proper toward the goals of
this section entails the derivation of bounds for ¢, ¢, ¢, and c. up to t = 0 as a baseline
for future interpolation. This time our argument is naturally based on elliptic regularity
theory as opposed to its parabolic counterpart in the previous section.

Lemma 5.4.8. Assume we are in Scenario (S2) with Csy < Cso and Csy as introduced
in Lemma 5.3.2 or in Scenario (S3). Then for each p € (1,+5), there exists Oy =
Ci(p) > 0 such that

[Cac(sD)llwrr) < C1 lere(5D)llwrr@) < Cr, lee( ) [we) < C1
and, for each q € (1, %), there exists Co = Ca(q) > 0 such that
[cac(sO)llLa) < C2y  lere( )la) < C2y lee(, )| age) < C2
for allt € [0,00) and ¢ € (0,1).

Proof. This is a direct consequence of the mass conservation and boundedness properties
in (5.3.8) and (5.3.9) combined with the elliptic regularity theory for L!(§2) source terms
from [13, Lemma 23] applied to the second and third equation in (AR) and the embedding
properties of Sobolev spaces as well as the fact that c. is merely a linear combination of
Cae and Cype. ]

Given this baseline, we now turn our attention to the main argument of this section,
which is naturally where most of the assumptions in (S2) and (S3) will become important.
Notably, it is here where the final value of Cgs is being fixed as a refinement of our choice
of Cg in Lemma 5.3.2.

Lemma 5.4.9. There exists a constant Cgo > 0 smaller than the constant Csy introduced
in Lemma 5.3.2 such that, if we are in Scenario (S2) with said constant Cgsa or in
Scenario (S3), the following holds:

For each T > 0, there ezists C = C(T) > 0 such that

N(p—1)

/ng(.,t) <ot
Q
for p € N, 3, 525} and, if ng € L~(Q),

e (-, )l ey < C

for allt € (0,T) and € € (0,1).
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5 On smoothing in an attractive-repulsive chemotaxis system with irregular initial data

Proof. To make sure that our choice of Cgs is sound, we will now fix Csy before starting
our argument proper. To this end, we fix Ky > 0 such that

p
/n§+N < KlmN/ IVnZ |2 + KymP+ s (5.4.14)
Q

for all t € (0,00), € € (0, 1) and p € {N, 3, &, 43”‘3} using Lemma 5.4.7. We then choose
Cso > 0 such that Cso < ok for all p € {N, 3 3, K, 4H 175} and such that it is smaller than

the constant Cgy mtroduced in Lemma 5.3.2.

Similar to some of the arguments presented in Lemma 5.3.2 and due to the fact that
both of our considered scenarios are of parabolic-elliptic type, we begin by testing the
first equation in (AR) with n2~1 and then use the second and third equation in (AR) to
gain that

p(p—l)dt/ € —/|V ’ /TIACQg"‘ /nACra
=~ [ 1o - 4/ pt X o+ [ e
Q
—7/ Vni | - C/ ng+1+5/ Cron? (5.4.15)
p? Jo pJa pJa "

for all ¢ € (0,00), € € (0,1) and p € (1,00). If we are in Scenario (S3), ¢ > 0 and thus

pJQ

IN

for all t € (0,00), € € (0,1) and p € (1,00) . If we are in Scenario (S2), we can apply

(5.4.14) to see that
C/ p+1 < CS?/ p+1 /’V ‘2+

for all ¢ € (0,00), € € (0,1) and p € {N, 3, k, 1255} by our previous choice of Cgy and
the fact that in this scenario N = 2. Thus in both scenarios, we gain

1 d £ 2P
p(p—l)dt/ e = _*/ Vné [+ /ch,en% o (5.4.16)

for all t € (0,00), € € (0,1) and p € {N, 5, s, 1225} from (5.4.15).
By employing Young’s inequality again combined with (5.4.14), we further see that

0 N 1
(g/ Cr,sng < K2/ CT’,51+TP + 72/ n€+N
P Ja Q pzmﬁKl

mP
§K2/Cr€ Tp /|V 2|2+7
Q
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5.5 Estimates away from t = 0 and the construction of our solution candidates

with an appropriate Ky > 0, which applied to (5.4.16) yields

! d 1 52 14-Ne 3ImP
b s [ wndp i [ e 2

for all t € (0,00), € € (0,1) and p € {N, 3 5Ky o 3} By applying the straightforward
consequence of the Gagliardo-Nirenberg inequality found in Lemma 5.4.7 to the above,
we can then find K3 > 0 such that

1 d 1 - XGD Np
- a n}g < / np) + K / cr I+ + K 5.4.17
P(P—l)dt/ﬁ Ks(ﬂ : ‘ot ’ ( :

for all t € (0,00), € € (0,1) and p € {N,3 5 ,4/{ “=}. Yet another application of the
Gagliardo—Nirenberg inequality in a fashion very similar to Lemma 5.4.7 then further
yields K4 > 0 such that

7] 1
||Cr,s”L1+%(Q) < Kyllcr, : ellLa()

with ¢ = ¢(p) == (N(N — 1) +25)(2+ )~ € (1,N 2) and 0 = 0(p) = L(1+ 22)1 ¢
(0,1) for all t € (0,00), € € (0, 1) and p € {N, 5, , 122;}. Combining this with elhptlc
regularity theory and the baseline established in Lemma 5.4.8 further yields K5, Kg > 0
such that

1 2
14 Np 4 B 2 1 N(p-1)
/QCT’E 2 < K5||n€\|ip(m = K5 (/Q ng) < Ve Qn§ + Kg

for all t € (0,00), € € (0,1) and p € {N, 3, , 1255}. Applying this to (5.4.17) gives us

that ,
1 d 1 B =y

for all t € (0, oo) e € (0, 1) andp € {N,3 Sk, o 3} From this, our desired results follow
directly from either Lemma 5.4.6, which provides us with an initial data independent
bound decaying towards zero for ODIs with superlinear decay, or by a straightforward
time integration if ng € L"(Q2) as this implies that the family (ngc).c(o,1) is uniformly
bounded in L"(£2) due to (5.3.2). O

5.5 Estimates away from ¢ = 0 and the construction of our
solution candidates

Our aim for this section is to use the uniform bound for n. in L™ (Q2) and the uniform
bound for Ve, in L' () away from ¢ = 0, which we established in the previous section for
both parabolic-parabolic as well as parabolic-elliptic scenarios, as basis for a bootstrap
argument to derive sufficient Holder bounds for n., ¢, and ¢, and thus construct a
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5 On smoothing in an attractive-repulsive chemotaxis system with irregular initial data

candidate for our desired solution via limit process. Notably, we will strive to prove
sufficiently strong bounds such that said limit solutions immediately inherit the classical
solution properties from the approximate solutions. To do this, we will generally focus
on the more challenging parabolic cases and only give references for how similar results
can be achieved in the elliptic cases where applicable.

We begin this process by first establishing bounds for c¢,., ¢, and c. in all Whp(Q)
with finite p by either semigroup methods or elliptic regularity theory. Following this,
we then use said bounds for a semigroup-based argument to derive a uniform bound for
ne in L*(Q).

Lemma 5.5.1. Assume we are in Scenario (S1), Scenario (S2) with Csa > 0 as in
Lemma 5.4.9 or in Scenario (S3). Then for each p € (1,00) and tg,t1 € R with t; >
to > 0, there exists C = C(p,to,t1) > 0 such that

[Cac(Dllwir) <O, lere()lwre) <€ and  |lce(,t)lwrw) < C
for allt € (to,t1).

Proof. Fix t; > top > 0 and p € (1, 00).

Then due to either Lemma 5.4.1 and Lemma 5.4.5 or Lemma 5.4.8 and Lemma 5.4.9
depending on the scenario, there exists K1 = Kj(tg,t1) > 0 such that

[ne( Ol v < K1 and - [[Veae( )l o) < K

for all t € [&2,17).

If 7 = 1, we can use the variation-of-constants representation of the second equation in
(AR) and well-known smoothing properties of the Neumann heat semigroup (cf. [123,
Lemma 1.3]) to gain a constant Ky > 0 such that

[Veae(, )l = || Ve(t_%o)m_ﬁ)ca,g(-, YW+ Velt=5)A=Bp (., s)ds

Lr ()
N _ N t N
§K1K2<1+(t—t20)2p 2>+aK1K2/ (1—}—(7&-5)217 )ds
to/2
N_N ) N
< KKy (1 + (%0) 2p 2) + aKlKQ(tl — %O) +04K1K2Wp(tl — %0)2?

for all ¢ € (to,t1) and € € (0,1), which gives us the first of our desired bounds when
combined with the mass boundedness property in (5.3.9) and the Poincaré inequality.
Essentially the same argument can be applied to ¢, . to achieve the second bound. As c.
is merely a linear combination of ¢, and ¢, ¢, the bound for ¢, then follows immediately
and completes the proof.

If 7 = 0, the same bounds follow directly from elliptic regularity theory (cf. [34]) com-
bined with the Sobolev embedding theorem. O
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5.5 Estimates away from t = 0 and the construction of our solution candidates

Lemma 5.5.2. Assume we are in Scenario (S1), Scenario (S2) with Csa > 0 as in
Lemma 5.4.9 or in Scenario (S3). Then for each to,t1 € R with t1 > tg > 0, there exists
C = C(to,t1) > 0 such that

(s )| o) < C
for allt € (to,t1) and € € (0,1).

Proof. Fix t; > tg > 0.

Then according to Lemma 5.4.5 or Lemma 5.4.9 as well as Lemma 5.5.1, there exists
K, = Ki(to,t1) > 0 such that

[ne(, Oy < K1 and  [[Vee (1) panv ) < Ki
for all t € [0, ;). We then further define

1
M= sup ||(t—9)2n:( )|l L) < o0
te(to/2,t1)

Using the variation-of-constants representation for the first equation in (AR*) combined
with the smoothing properties of the Neumann heat semigroup (cf. [123, Lemma 1.3])
yields a constant K9 > 0 such that

1
H(t Bl %)Qne("t)HLoo(Q)
_to\A
= | (t - %O)% |f<t 2> ne( ’%0) e(t_S)Av (ns( ,S)VCE( 75)) d5‘|
t0/2 LOO(Q)

1 t _3
< Kallne )l vy + Kot = 907 [ (14 (0= 5)7%) el ) Veale )l ooy ds

1 [t s 1 3
<Ko+ KiKot = )7 [ (14 (= 9)7) Ines) o Ine8) ey ds

t0/2
5 toy L 3 t _3 to\—32
§K1K2+K14K2(t—§0)2M54/ (14— 9)71) (s ) ¥ ds
t
for all ¢ € (%,¢1) and € € (0,1). As further

[ (=95 -5t as

0/2
tmi t
= [T ) - R [ (149 - )R s
to/2 tmid
tmid 3 3 [t 3
< {1+ z—LO_%/ s—W)"sds + z—t—o_g/ 14+ (t—s)"1) ds
(-7 [e-pFasr - [ (v
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5 On smoothing in an attractive-repulsive chemotaxis system with irregular initial data
with tmiq = 3 (t + %) and thus

t . .
_LO%/ T+ (t—s)"1)(s— )% ds
(t-%) W( (t=s)7%) (s = %)
<V2(R(5 -9+ B4 - 4)7) = Ks = Ka(to, 1)

for all t € (%£,t,), our previous considerations directly yield

4

3 3 K
M5§K4Me4+K4§ZM5+T4+K4

5
with K4 = K4(t0,t1) = max(KlKg, K14K2K3) and thus
M. < Ki + 4Ky,

which readily implies our desired result. O

We now use the above bounds to apply standard regularity theory by Porzio and Vespri
(cf. [97]), which conveniently is already formulated in such a way as to work with minimal
initial data regularity, to gain uniform space-time Holder bounds for all three solution
components.

Lemma 5.5.3. Assume we are in Scenario (S1), Scenario (S2) with Csy > 0 as in
Lemma 5.4.9 or in Scenario (S3). Then for each ty,t1 € R with t; >ty > 0, there exist
C = C(to,t1) > 0 and 0 = 0(to,t1) € (0,1) such that

Hng”cg’%(ﬁx[m,tl]) <C (5.5.1)
and

<
0% @xiton)) = C  aswell as |crell

for all e € (0,1).

<C (5.5.2)

HC(L,EH Ce’g(ﬁx[to,tl]) o

Proof. Reframing the first equation in (AR*) as

Net — V- (ac(x,t,ne, Vng)) = b(x, t,ne, Vng)

with a-(z,t,¢,P) = ® + n.(x,t)Vee(z,t) and b(z,t,p, @) == 0 for all (z,t, ¢, P) €
Q x (0,00) x R x RY makes it available to the results about Holder regularity proven
in [97]. In fact, the bounds established in Lemma 5.5.1 and Lemma 5.5.2 are already
sufficient to gain the first half of our desired result by [97, Theorem 1.3].

Similarly if 7 = 1, the second equation in (AR) can be rewritten as

atca,s -V (a(x> t, Cace, vca,e)) = b5($, t, Ca,e» Vca,s)

126



5.5 Estimates away from t = 0 and the construction of our solution candidates

with a(z,t, 0, ®) = ® and b.(z,t, 0, P) = an(x,t) — Bege(x,t) for all (z,t,¢,P) €
Q x (0,00) x R x RV, making it available to essentially the same argument as above
due to the bounds in Lemma 5.5.1 and Lemma 5.5.2. Given the similar structure of the
third equation in (AR) this also holds true for ¢, and thus gives us the second half of
our result.

If 7 = 0, then our desired bounds for ¢, and ¢, . can be derived as follows: Given that
we have already proven the first half of this results, we can fix K1 > 0 and 6 € (0, %)
such that

||n5||c29,9(§><[t07t1]) < Kl,

which by a straightforward calculation yields a second constant K9 > 0 such that

HneHCg([to,tﬂ;Ce(ﬁ)) S K2

for all € € (0,1). We can then use Theorem 3.1 from [60, p. 135] to gain K3 > 0 such
that

Hca,s(‘vt)chw(ﬁ) < K3H”€(’at)Hce(§) < K3 K3
for all ¢ € [to,t1] and € € (0,1). Note further that

0= A(cae(-st) = cael,8)) = Bleae(-st) = cael-, s)) + a(ne(-,t) —ne(:,s)) on

as well as
V(CG,E('7t) - Ca@(', S)) V= 0 on aQ

for all t,s > 0 and ¢ € (0,1). Essentially the same elliptic regularity argument yields
K4 > 0 such that

0
s (o) = caclo8)loasam < Kallne( ) = ne( 8)ll oy < KoKalt — s)8

for all ¢,s € [to,t1] and € € (0,1). As C’g([to,tl];C’”e(ﬁ)) embeds continuously into
o (€2 x [to, t1]) and the exact same argument works for ¢, . as well, this is sufficient to
complete the proof. O

Using the parabolic regularity theory from [61] and [73] now allows us to gain the final
bounds necessary for our solution construction, namely higher order space-time Hoélder
bounds. As said regularity theory requires higher initial data regularity than we have
uniformly available, we combine it with a straightforward cutoff function argument to
decouple it from the initial data.

Lemma 5.5.4. Assume we are in Scenario (S1), Scenario (S2) with Csa > 0 as in
Lemma 5.4.9 or in Scenario (S3). Then for each tg,t1 € R with t; >ty > 0, there exist
C = C(to,t1) > 0 and 0 = 6(to,t1) € (0,1) such that

<
HnsH02+9,1+%(§><[t0,t1]) N
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5 On smoothing in an attractive-repulsive chemotaxis system with irregular initial data

and

<
Hca,s‘|c2+9,r+%(ﬁx[toytﬂ) <C aswell as

for alle € (0,1).

<
”Cr,sH02+9v7+%(§><[t07t1]) o

Proof. Fix t1 >t > 0. We then further fix a cutoff function p € C*([%,#1]) with
p=0on[% 9] pt)e(0,1] forall t € [to/2,tg] and p=1on [t,t].

We now begin by treating cq . and ¢, .. If 7 =1, we first let ¢, (2, t) = p(t)cq(x,t) for
all z € Q, t € [to/4,t1] and € € (0,1). These functions then are classical solutions of

OtCae = Alqe + fe(x,t)  on Qx (%O,tl),
Vége v=20 on 90 x (£,ty),

Ea,s(-,tzo) =0 on

with fo(z,t) == [p/(t) — Bp(t)]cac(z,t) + ap(t)n.(z,t) for all z € Q, t € [to/4,11] and
e € (0,1). As the bounds established in Lemma 5.5.3 ensure that there exist K; =
Kl(to,tl) > (0 and 91 = 91(750,751) S (0, 1) such that

Hfa” <I(l

" <
C"1 727 (Qx[to/4,t1])

for all € € (0, 1), we can apply standard parabolic regularity theory from [61, p. 170 and
p. 320] to gain constants Ko = Ks(to,t1) > 0 and 02 = 62(to,t1) € (0,1) such that

< Ky

||&a,s 0y _
C*HO2TET Qx[to/4,t1])

for all e € (0,1). As p =1 on [to, t1], this directly implies

< Ky

c
| a78||02+02,7+972(ﬁx[to,tl})

foralle € (0,1). By essentially the same argument, we can further find K3 = Ks(tg,t1) >
0 and 03 = 65(to,t1) € (0,1) such that

< K3

c
H T\ ||C2+63»T+073 @x[tot1])

for all € € (0,1).

If 7 = 0, then the corresponding bounds follow directly from standard elliptic regularity
theory (cf. [60]) by the exact same argument as presented in proof of Lemma 5.5.3.

These arguments of course immediately also ensure the existence of constants Ky =
K4(t0,t1) >0 and 04 = 04(t0,t1) € (0, 1) such that

< Ky (5.5.3)

C
|| 8||C'2+94’T+%4(§X[t0’t1])
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5.5 Estimates away from t = 0 and the construction of our solution candidates

for all € € (0,1) as ¢ is a linear combination of ¢, . and ¢, .

Given that we have now established the second half of our result, we can focus our
attention on n.. We again begin by setting 7i.(x,t) = p(t)n.(z,t) for all x € Q, t €
[to/4,t1] and € € (0,1). Then these functions are a classical solution of the system
fiet =V - (Ac(z,t, 71e, Viie)) + Be(z,t, 71, Vi) on Q x (4,¢),
A (z,t,ne, V) - v =0 on 90 x (%, t1),
fie(-,2) =0 on (2
with Ac(x,t, 0, ®) == ® + p(t)n.(x,t)Vee(z,t) and Be(z,t, 0, ®) = p'(t)n:(x,t) for all
(z,t,0,®) € Qx (0,00) x R x RN and ¢ € (0,1), which is compatible with the notation

from [73]. As Lemma 5.5.3 and (5.5.3) ensure that there exist K5 = K5(to,t1) > 0 and
= 95(t0,t1) € (O, 1) such that

[mell oo (x (20 /4,t1)) < K55 ||lmaVCa|| B Gixto/ta) < Ks
and
1 Bell oo (0 (10 /4,41) xR xRN < 5
after a standard time shift for all ¢ € (0,1), we can apply [73, Theorem 1.1] to gain
K¢ = Kﬁ(t(),tl) > 0 and 6 = 96(t0,t1) € (O, 1) such that

HVnEHC% < K¢ and thus ||VnEH < Kg (5.5.4)

(QX[t0/4 tl]) (QX[tU,t1])
for all € € (0,1).
Slightly reframing the above system to make it available to the results presented in [61],
N is also a classical solution to
Net = Ane + fe(z,t)  on Q X (’t—0 t1)

Vie-v=0 on 90 x (%,11)

fie(-, 2) =0 on )
with f-(z,t) == p(t)Vne(z,t)-Vea(x,t) + p(t)ne(z,t) Ace (x, 1) + o' (t)n.(z, t) for all z € Q,

t € [to/4,t1] and € € (0,1). Due to the bounds established in Lemma 5.5.3, (5.5.3) as
well as (5.5.4), there exist K7 = Ky(to,t1) > 0 and 67 = 07(to,t1) € (0,1) such that

< K7
| fell ' F @xto/At])

after a standard time shift for all € € (0,1). This then allows us to apply the same
regularity theory from [61, p. 170 and p. 320] as before to find Kg = Kg(tg,t1) > 0 and
Os = Hg(to, tl) S (0, 1) such that

7 < Kg and thus n <K,
I7e c*to%; 1+ (Qx[to/4,t1]) ® H a||C2+68’1+978(§><[t07t1]) =00

for all € € (0,1), which completes the proof with 8 = 6(tp,t1) := min(fy, 03,0g) and an
appropriate constant C'. O
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5 On smoothing in an attractive-repulsive chemotaxis system with irregular initial data

Using these bounds, we now construct our desired solution candidates as follows:

Lemma 5.5.5. Assume we are in Scenario (S1), Scenario (S2) with Csa > 0 as in
Lemma 5.4.9 or in Scenario (S3). Then there exist nonnegative functions n € C%1(Q x
(0,00)) and cq,cr € C*T(2 % (0,00)) as well as a null sequence (g;)jen such that

Ne =N in C1(Q x [to, t1]) (5.5.5)
Cae = Ca in C*7(Q x [to, t1]) (5.5.6)
Cre = Cr in C*7(Q x [to, t1]) (5.5.7)

for allty > tg >0 as € = ¢ \( 0 and such that (n,cq,c,) is a classical solution to (AR)
with boundary conditions (ARB).

Proof. Given the bounds established in Lemma 5.5.4, the convergence properties in
(5.5.5) to (5.5.7) as well as the existence of nonnegative functions n, ¢4, ¢, of appro-
priate regularity are an immediate consequence of the compact embedding properties
of Holder spaces combined with a straightforward diagonal sequence argument. As our
approximate solutions ne, ¢, ¢, ¢ are already classical solutions to (AR) with boundary
conditions (ARB) and given the now established fairly strong convergence properties in
(5.5.5) to (5.5.7), our desired solution properties immediately transfer from the approx-
imate solutions to their limits n, ¢, and ¢,. This completes the proof. ]

5.6 Continuity at¢t =0

Having now constructed solution candidates, which already solve (AR) with boundary
conditions (ARB) classically, the only thing that remains to be shown is that said can-
didates are connected to the initial data in the way outlined in (5.5.5) to (5.5.7). We
first focus on (5.5.5) as it is not only relevant in all of our scenarios but also the most
challenging of the continuity properties. In fact, the key to deriving this property is to
first show that our approximate solutions are continuous at ¢ = 0 in an appropriate and
€ independent fashion. To do this, we first show that a space-time integral of a quantity
connected to the taxis becomes uniformly small as ¢ goes to zero.

Lemma 5.6.1. Assume we are in Scenario (S1), Scenario (S2) with Csa > 0 as in
Lemma 5.4.9 or in Scenario (S3). Then there exist C > 0 and 0 > 0 such that

t
/O [, 8) Ve 8) [ 1y ds < CFF

for allt € (0,1) and € € (0,1).
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5.6 Continuity at t = 0

Proof. We begin by considering Scenario (S1) and more specifically we start by treating
the simpler case of ( being equal to zero. Here, we can use the variation-of-constants
representation of the second equation in (AR*), smoothing properties of the Neumann
heat semigroup (cf. [123, Lemma 1.3 (ii)]), (5.3.5) combined with the Sobolev inequality
and Corollary 5.4.2 to find K7 > 0 such that

t
quxutwLwan=:HVe“A®c4n0>+w(4 Velt-9@-0), (. ) ds

L= ()

_1_2-r t _1_2-r
<Kj(1+t 2 2 )+|U|K1/(1+(t—s) 2”20 )ds

0
1 ¢ _1
< 2Kt +2|0‘|K1/ (t—s) rds
0

=2K it +2 |O’|K1t r < 2(1+ |0’D K1t7;

for all t € (0,1) and ¢ € (0,1) as ¢ = 0. Due to the mass conservation property in
(5.3.8), this directly implies

t
[ neos) Ve Gl ds < m [ 19,9y ds

t
§2m(1—|—]0|)%K1/ st ds
0

=2m(1 + |o|)(;Zy)* Kat =

for all t € (0,1) and ¢ € (0, 1), which sufficiently addresses this case as r > 1.

Let us now consider the more subtle case of { being positive in Scenario (S1). Here, we
first fix A € (0, %) as in Lemma 5.4.3 and an appropriately small constant 6 € (0, 1) such
that

3 2 1
—5)\—9> —1+60 aswell as —§/\—§0> —146.
Using Young’s inequality, we then see that
4
(s )V ee (s ) gy < £3 9/9713 +t2’\+9/Q|VcE|4 (5.6.1)

forall t € (0,1) and € € (0,1). Due to Corollary 5.4.4, we already know that there exists
K5 > 0 such that

t t
/ 82)‘+6/ |Vee(z,s)|* de ds Stg/ 82)\/ Ve (z, s)|* deds < Kot? (5.6.2)
0 Q 0 Q
for all t € (0,1) and € € (0,1). Therefore we can now focus on the remaining term

involving n. in (5.6.1). To this end, we use the Gagliardo—Nirenberg inequality as well
as the mass conservation property in (5.3.8) to gain K3 > 0 such that

1

2y 1 4 2y 1, 1.8 _2y_1 Vne|?\? _2y_1

2 39/715’ — RO 2|, < Kyt 3R /\ el 4 Kyt 3330
Q L3(Q) Q  Ne
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5 On smoothing in an attractive-repulsive chemotaxis system with irregular initial data

1
V 2\ 3
= Kt 3" <t”9/ [Vn[” :5 > + Kyt 3230
€
<KtA+9/\ +Kt2A9+Kt3 —10
ao [ IV 2\2 140
< K3t /7+2K3t’ +
Q Ne

for all t € (0,1) and ¢ € (0,1), where the last step is facilitated by our choice of 6. Thus
by application of Lemma 5.4.3, we find K4 > 0 such that

2 t
/ —5A- le/ng (z,s)dxds < K3 / Ao deds%—?f@,/ sT1H0ds
0 Q

ne(x, s) 0
<Kt9/ /’V"E " da ds+2K/ 140 g
2K
< KKt + 7375

forallt € (0,1) and € € (0,1) as ¢ > 0. Combining this with the similar estimate (5.6.2)
and the estimate (5.6.1) then directly yields our desired result for Scenario (S1) with
¢>0.

We next look at Scenario (S2). Using Lemma 5.4.9 and Lemma 5.4.8, we here immedi-
ately obtain K5 > 0 such that

t
[ neteo) Vel ds < [ et o)l g, 19680 .

5K5 ti

t 52
< Ks | s 25ds=
0

for all ¢ € (0,1) and e € (0,1), which completes the proof for this case.

Lastly, we will handle Scenario (S3) as follows: According to Lemma 5.4.9, there exists a
uniform bound for n. in L"(2) on the time interval (0, 1) and thus by elliptic regularity
theory there further exist uniform bounds for c,., ¢, and therefore c. in W2E(Q) on
the same time interval. Using the Sobolev inequality, this means we can fix Kg > 0 such
that

Vel s, o < Ko

for all t € (0,1) and € € (0,1). Having established this, we can then use Lemma 5.4.9
to find K7 > 0 such that

t
[ netes) Vet )l ds < [ lnets)

o 17130 g

t 3—K 2 K K K=
< K6K7/ s ds = 00y
0 3k —3
for all t € (0,1) and € € (0,1). As 252 > 0, this in fact completes the proof. O
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5.6 Continuity at t = 0

Using the fundamental theorem of calculus and the first equation in (AR*), we now
derive the following uniform continuity property for our approximate solutions from the
above result.

Lemma 5.6.2. Assume we are in Scenario (S1), Scenario (S2) with Csa > 0 as in
Lemma 5.4.9 or in Scenario (S3). Then for each ¢ € C°(Q) and n > 0, there emists

to = to(p,n) € (0,1) such that
/na(-,t)so—/ 10,6
) Q

for all t € (0,tp) and € € (0,1).

=7

Proof. Let n > 0 and ¢ € C°(Q) be fixed but arbitrary.

As the set of functions v € C%(Q) with Vi - v = 0 on 99 is dense in C°(2) (which
can be seen by e.g. approximating any p € C°(Q) by functions py = e**p with A > 0,
where (em)tzo is the Neumann heat semigroup, in a similar way to our approach in
Section 5.3), we can further fix such a function ¢ with

-
3m’

o = YllLeo(e) < (5.6.3)

Using the fundamental theorem of calculus, the first equation in (AR*), partial integra-
tion and Lemma 5.6.1, we can then fix K1 > 0 and 6 > 0 such that

lémmww—AnM4= [Aym4=u[lgmm+[?4v«%vww
-/ /Qn,sAw—/O/QmaVca)-vw’

t
< Aoyt + [T¥ ey [ e 9)Ves(,9) 1) ds
< m||AY|| Loyt + K1l V| oo )t

for all t € (0,1) and ¢ € (0,1). Thus we can find a sufficiently small ¢y > 0 such that

for all t € (0,%p) and € € (0,1).

From this as well as (5.6.3), we can further conclude that

’/Qne(.,t)cp—/gno,sso < ’/Qne('at)‘P_/Q”e('at)w‘
| ot = [ nocw

133



5 On smoothing in an attractive-repulsive chemotaxis system with irregular initial data

‘/ no,eY — /HOESD‘

n
<m-1 L
Mt 3t Mg =
for all ¢ € (0,tp) and ¢ € (0,1), which is exactly our desired result. O

We now only need to argue that the above property survives the limit process undertaken
in Lemma 5.5.5 to gain the first of the continuity properties at ¢t = 0 for our solution
candidates.

Lemma 5.6.3. Assume we are in Scenario (S1), Scenario (S2) with Csa > 0 as in
Lemma 5.4.9 or in Scenario (S3). If n is the function constructed in Lemma 5.5.5, then

n(t) = ng in M4i(Q)
as t \, 0, where we interpret the functions n(-,t), t > 0, as the positive Radon measures

n(x,t)dx with dz being the standard Lebesgue measure on §).

Proof. Let n > 0 and ¢ € C°(Q) be fixed but arbitrary.
According to Lemma 5.6.2, we can then fix tg > 0 such that

/Qna(~,t)cp /9710590‘

for all t € (0,9) and € € (0,1).

Using (5.3.1) as well as Lemma 5.5.5, we can further, for each ¢ € (0, ), find e(¢) € (0, 1),
such that

’/ No,e(t)P — /@dno
Q

Combining the above estimates then yields

[ntte = [odna| <| [ nC.00- [ na0d]
Q Q

+ ’/ Ne (1) ('7t)QD_/ L) a(t)@’

’/ Noet)P — /@dno

3+3+§

00\3

2 and | [t [ 0606 <7

for all ¢ € (0,tp). This completes the proof. O
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5.6 Continuity at t = 0

As our last significant step of this chapter, we will now treat the remaining continuity
properties at ¢ = 0 for the parabolic-parabolic case. Similar to our prior arguments in this
section, we will do this by first showing that the approximate solutions are uniformly
continuous at ¢ = 0 by way of semigroup methods and then translate this continuity
property to our limit solutions.

Lemma 5.6.4. Assume we are in Scenario (S1). If cq, ¢r are the functions constructed
in Lemma 5.5.5, then

ca(t) = cao and (-, t) = ¢ in Wir(Q)

as t \ 0 with r € (g, 2) as fized at the beginning of Section 5.3.

Proof. Let n > 0 be fixed but arbitrary.

Using the variation-of-constants representation of the second equation in (AR), we first
note that
[cae(st) — Ca,O,EHWLT(Q)

t
< Het(A_ﬂ)Ca,O,s - Ca,O,EHWLT(Q) + a/ He(t_s)(A_'B)ns('a S)HWLT(Q) ds
0

for all t € (0,1) and € € (0,1).

To treat the first summand, we recall our definition of ¢, 0. in (5.3.3) and standard
properties of the Neumann heat semigroup to gain K7 > 0 such that

t(A—B) Q) = [ef AP (BB, o — (BB

= ||e=(A=A) (HA=H)

lle Jeaollwr @)

Ca,0,e — Ca,O,EHWl”“(
€a,0 = €a,0)lwir(a)

< Kyt ey — Ca0llwir (@)

for all t € (0,1) and € € (0,1). Due to further continuity properties of the Neumann
heat semigroup and the fact that c, o € WLT (), this then allows us to fix ¢; > 0 such

that
[|etA—5)

D3

Ca0,e = Ca0,e|lWlr(Q) <
for all t € (0,¢1) and € € (0,1).

Regarding the second summand, we begin by employing the smoothing properties of the
Neumann heat semigroup (cf. [123, Lemma 1.3]) to obtain K5 > 0 such that

¢ t 3,1
1) ey ds < K [ (14 (¢ = 9)7E ) e, 5) 3 ds

1_1
= mKot + 752 772
r 2

135



5 On smoothing in an attractive-repulsive chemotaxis system with irregular initial data

for all t € (0,1) and € € (0,1). Asr € (£,2), we can therefore fix 5 > 0 such that

t
o [ 1)l <
0 6
for all t € (0,2) and € € (0,1). Thus
n
cae(-st) = Cao.ellwrir) < 3 (5.6.4)

for all t € (0,t9) and € € (0,1) with tp := min(¢y, t2).

Due to (5.3.5) and Lemma 5.5.5, we can, for each ¢ € (0,1), further find £(¢) € (0,1)
such that

w3
w3

Hca,O,z-:(t) - Ca,OHle’“(Q) < and Hca('v t) - Ca,s(t)('v t)”WLT(Q) <

Using these estimates as well as (5.6.4), we then observe that

lea (1) = capllwrri < llca(t) = cacin (- Dlwrre)
+ Hca,s(t)('v t) - Ca,O,a(t)le,r(Q)
+ Hca,O,e(t) - Ca,()”WLT(Q)
n,n, n

<Ly DT
Sgtgtg=n

for all t € (0,%p). Therefore, we have proven our desired result for ¢,. Essentially the
same argument applied to ¢, then completes the proof. ]

5.7 Proof of the main theorem

As we have already given all the necessary arguments in previous lemmata, the proof of
our main theorem can now be given quite succinctly.

Proof of Theorem 5.1.1. Let n, ¢4, ¢, be the functions constructed in Lemma 5.5.5. By
construction, said functions are nonnegative classical solutions to (AR) with boundary
conditions (ARB) of appropriate regularity and, by Lemma 5.6.3 and Lemma 5.6.4, they
have our desired continuity properties at ¢ = 0. ]
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6 Immediate smoothing in a
chemotaxis-consumption system starting
from measure-type initial data in
arbitrary dimension

6.1 Main result

This chapter is devoted to the study of the chemotaxis-consumption system

{nt = An —xV - (nVe),

¢ = Ac—cn

(©)

in a bounded domain Q C RY, N > 0, with y > 0 and the Neumann boundary condi-
tions

0=Vn-v=Vec-v forall xze€dQ,t>0. (CB)

In a similar vein to the previous chapter, we are again interested in whether solutions to
(C) with boundary conditions (CB) are able to recover when starting out in a blowup
state. In fact, we show that, under a very similar smallness assumption to the classical
existence case for the system but with measure-valued initial data, it is still possible to
construct global classical solutions. More specifically, we prove the following theorem:

Theorem 6.1.1. Let Q@ C RY, N > 2, be a bounded domain with a smooth boundary
and let x > 0.

Then for all initial data ng € My (Q) with ng(Q) > 0 and nonnegative initial data

co € L>(Q) with
T /2
oo —\/ = 1.1
0 < leollLoen) < NV (6.1.1)

there exist nonnegative functions n,c € C*1(Q x (0,00)) such that (n,c) is a classical
solution of (C) with Neumann boundary conditions (CB) on Q x (0,00) and such that

HC(',t)HLoc(Q) < ||C()HLoo(Q) fOT’ allt > 0. (612)
They further attain their initial data in the following fashion:

n(-,t) — ng in My (Q) (6.1.3)
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6 Immediate smoothing in a chemotaxis-consumption system

c(,t) = co in LP(Q) for all p € (1,00) (6.1.4)

as t \, 0, where we interpret the functions n(-,t), t > 0, as the positive Radon measures
n(x,t)dx with dz being the standard Lebesgue measure on §).

Remark 6.1.2. In addition to the above, the solution component ¢ also attains its
initial data cp in the weak-* topology on L*°(2) as a consequence of (6.1.2) and (6.1.4).
This can be quickly seen by the following proof by contradiction: Assume that c(-,t)
does not converge to ¢y in the weak-* topology on L*°(€2) as t N\, 0. Then there must
exist C' > 0, a function ¢ € L'(Q) and a sequence of times (tx)reny C (0, 00) such that
tr (0 as k — oo and

’/ c(+ty)e —/ cow‘ >C for all k € N. (6.1.5)
Q Q

As a consequence of (6.1.4), we can then choose a subsequence (t; ) jen such that c(-, tx;)
converges to ¢y pointwise almost everywhere as j — oo. The bound in (6.1.2) combined
with Lebesgue’s dominated convergence theorem (using |¢|||col/ o () as the majorant)
then ensures that [, c(,tx,)¢ — Jocow as j — oo, which contradicts (6.1.5) and thus
completes the proof.

6.2 Approach

Following a similar approach as the previous chapter, we will construct our desired
solutions as the limit of a family of approximate solutions (1, cz)ce(0,1)- We will further
be guided by both the classical existence results for small data solutions to (C) with
boundary conditions (CB) and smooth initial data by Tao (cf. [103]) and Baghaei and
Khelghati (cf. [6]).

To construct the aforementioned approximate solutions, we first smoothly approximate
our initial data and then apply the ready-made local existence theory from [103] to the
otherwise unchanged system (C) with boundary conditions (CB). Ruling out finite-time
blowup for these local solutions will be a convenient by-product of our other arguments.
Using a slightly adapted version of the key result of [6], we then derive the following
uniform differential inequality in Lemma 6.4.2:

— p
L [nreted + 2P [ ptepwalp S [uevePso 62
with some small § € (0,1) and ¢(s) == e**), s € [0, llcol| oo ()] for all p € (1, 5 +6], where
z is a solution to the differential equation in (6.4.1) with carefully chosen parameters. It
is this argument that necessitates the introduction of the smallness condition in (6.1.1).
Notably while in [6] any a priori information of dissipative type thereby obtained was
discarded, it will play a crucial role in our later derivations, which is the key reason
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6.2 Approach

making the modifications to the original argument necessary.

In view of the potential irregularity of our initial data, we naturally cannot expect the
functional [, n2y(c.) to be uniformly bounded at ¢ = 0. Fortunately, the second term
in (6.2.1), which is of dissipative type, suggests that our functional enjoys immediate
boundedness properties independent of the initial state as long as there is at least a
uniform mass bound available similar to e.g. the immediate smoothing properties of
solutions to the heat equation. Instead of using a standard comparison argument to
show that this is in fact the case, we will use a similar technique as used in the previous
chapter to address the parabolic-parabolic case, which will allow us to further extract
some additional a priori information for the third term in (6.2.1). More specifically
by multiplying our functional by t* with a sufficiently large A > 0 and analyzing the
time evolution of the new functional obtained in this way, we gain the following uniform
bounds on any time interval (0,7") in Lemma 6.4.4:

t’\ / n?(z, ) dz < (T, p, \) (6.2.2)
Q

and

t
/ SA/ ne(x, s)P|Vee(z, 8)[* dzds < C(T,p, \) (6.2.3)
0 Q

In Section 6.5, we then use (6.2.2) as the basis of a straightforward bootstrap argu-
ment employing semigroup theory as well as standard parabolic regularity theory to
gain sufficiently strong parabolic Holder space bounds for our approximate solutions.
Using standard compact embedding properties of Holder spaces, this then allows us to
construct functions n,c € C%(Q x (0,00)) as the limit of our approximate solutions
by diagonal sequence argument, which immediately inherit their classical solution prop-
erties from said approximate solutions. Notably, the improvement of the initial data
condition in our result stems at its core from us starting this bootstrap procedure at a
uniform-in-time bound for n. in a function space just slightly above L%(Q) and not in
any smaller function space.

In Section 6.6, it now remains to show that the functions n and ¢ also satisfy the conti-
nuity properties in (6.1.3) and (6.1.4), respectively. Our approach here is twofold. We
first argue that our approximate solutions were already uniformly continuous in ¢ = 0 in
appropriate topologies and then only need to show that this uniform continuity property
survives the limit process. While this is fairly straightforward for the family (c:).c (0,1
treating the family (n.).c(o,1) is @ bit more involved due to the problematic taxis term
in the first equation of (C). To overcome this problem and control the taxis term, we
make decisive use of (6.2.3) to show in Lemma 6.6.1 that f; (-, 8)Vee (s, )| L1 ds
becomes uniformly small as ¢\ 0.
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6 Immediate smoothing in a chemotaxis-consumption system
6.3 Approximate solutions

For the remainder of this chapter, we fix a bounded domain Q@ C RV, N > 2, with a
smooth boundary, the system parameter y > 0 as well as the initial data ng € M ()
and cg € L>(Q) with m = ng(Q) > 0, ¢g > 0 and ¢y #Z 0. Constants and parameters in
the results and proofs of this chapter will only implicitly depend on the above parameters.

Any other dependencies will be made explicit.

As already expanded upon in the previous section, we will construct our desired solutions
as the limit of a family of approximate solutions obtained by using the already established
local existence theory for (C) with boundary conditions (CB) from [103]. To this end,

we begin by fixing a family (n0¢).c(0,1) € C°°(£2) such that all ng . are positive, that

noe — no in M4 (Q) as e \,0 and that / no = no(Q) = m for all € € (0,1).
Q

(6.3.1)
For more details on how such an approximation can be achieved, we refer the reader
to Remark 5.3.1 in the previous chapter. We further set cp. = By € C>(Q) for
each ¢ € (0,1), where (¢'®);>0 is the Neumann heat semigroup. Due to the maximum
principle, this immediately guarantees positivity of all ¢o . and further that

lco.elloo (@) < llcoll e (o (6.3.2)

for all e € (0,1). Moreover, the continuity properties of the heat semigroup ensure
that
coe — co in LP(Q) for all p € (1,00) (6.3.3)

as e\, 0.
As already mentioned, this now allows us to construct local solutions to (C) with bound-

ary conditions (CB) and initial data (ng., coc) using [103, Lemma 2.1].

Lemma 6.3.1. For eache € (0,1), there exists a mazimal existence time Tax e € (0, 00]
and a nonnegative classical solution

(nevez) € (CO % [0, Tanax)) N O (@ x (0, Traee)))

to (C) on Q x (0,Tmaxe) with Neumann boundary conditions (CB) and initial data
(noe, coe) as well as the following blowup criterion:

If Tinax,e < 00, then limsup ||ne(:,t)|| oo () = oo (6.3.4)

max,e

Further,
[net= [ noe=no@=m and el )l < llene o) < lleolli(o)

(6.3.5)
for all t € (0, Timax,)-
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6.4 A priori estimates up tot =0

Proof. This lemma is a direct consequence of [103, Lemma 2.1]. O

For the remainder of this chapter, we now fix the approximate solutions (ne,c.) es-
tablished in the previous lemma as well as their maximal existence time Tiax . for all
e €(0,1).

6.4 A priori estimatesup tot =0

In this section, we will prove some key uniform a priori estimates for the approximate
solutions up to t = 0. As the arguments to achieve such estimates will in part be built
on the techniques first developed in [103] and later refined in [6] to construct classical
solutions to (C) with boundary conditions (CB) and smooth initial data, let us briefly
reiterate the core ideas of said references to give some context. The key innovation of
[103] is to investigate the time evolution of the functional [, nPo(c.) with p(s) = e*(*)
and z(s) := (Bs)?, where 3 is carefully chosen to facilitate pointwise estimates for ¢
and certain multiples of its first and second derivatives to allow any term suggesting
growth of the functional to be absorbed by either of two terms of dissipative type using
Young’s inequality. Notably, said estimates only work for small values of s and are thus
the reason arguments in this lineage generally require a smallness condition on ¢y of the
type seen in (6.1.1).

In [6], Baghaei and Khelghati then showed that this approach can be extended to work
under a much weaker smallness condition on the initial data by making even more
effective use of the subtle structures present in the differential equation solved by the
functional. In fact, their key observation is that, if z is a solution to the ordinary

differential equation

2" (s) = g(z’(s))2 + gz’(s) + g (6.4.1)

with carefully chosen parameters A, B, C and D, the terms suggesting growth of the
functional together with their dissipative counterparts are equal to an integral of the form
— Jo (f(t) — g(-, £))* < 0 due to the binomial theorem. In their original argument, this
transformation required full use of the dissipative terms and thus yielded no a priori
information in this regard. As this kind of dissipative information will prove crucial to
our later arguments, some slight modifications to their original construction of z will
thus be necessary.

Lemma 6.4.1. Let § € [0,1) and p € (1,00). Then the function

2(s) = zps(s) = /08 [ B, v4AD - B tan <4AJ)—B27>] dr

94 + 94 20 (6.4.2)
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6 Immediate smoothing in a chemotaxis-consumption system

with
A=Ap,6) =4— Ay = 1;(1 0" >0, B=B(p,d)=—40x(p—1)<0,
(6.4.3)
Oy = =DU=0" o b pps) =P 1)2 >0,

p

is well-defined and smooth for all s € [0, sg] with

w1 (1-196)3

O0<sp< ——}| 77— 6.4.4
X /P \ 26p+ (1 —9) ( )
and solves the ordinary differential equation in (6.4.1) on (0, sg). Lastly,
B 4AD — B?
/ > > " > = 4.
2'(s) > 2A_0 and z'(s) > 1AC >0 (6.4.5)

holds for all s € (0, sp).

Proof. We first note that

AAD — B2 = 4 (4 _ A= 139(1 — 5)2> X’(p— 1) = 166°x*(p — 1)

- 16X2(p?>2 [p— (- 1)1 —0)* - po?]
IR L W) S A )
= 16X2(pl);(15) [20p 4+ (1 —6)] >0

and thus further that

0< \/4ADfBQS_ X+/P 2(5p+(175)8< E
- 2C 2 (1-10)3 2

for all s € [0,s0] due to (6.4.4), which ensures that z is well-defined on [0, s¢] and

smooth. As 2"(s) = 4A41D/xEBQ {1 + tan2 (7v4142%*323)}7 this also directly yields (6.4.5).

Finally because the solution property in (6.4.1) is purely a consequence of the structure
present in (6.4.2) and largely independent of the specific choice of constants, it can be
derived in the exact same fashion as in [6]. O

Even after the above modifications to the approach, we still evidently cannot expect
the functional [, n2¢(cc) to be uniformly bounded at t = 0. Nonetheless, a differential
inequality for said functional of a similar type to the one used in [6] or [103] will still
prove invaluable.
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6.4 A priori estimates up tot =0

Lemma 6.4.2. If ¢ satisfies (6.1.1), then there exists § € (0,1) such that
ols) 1= 5

with z = z, 5 as in Lemma 6.4.1 is well-defined for allp € (1, %—HS] and s € [0, [|col| oo ()]
and the inequality

1d 46(p — 1 P )
L [reted + 2P [ otepwalp 4L [ueveP <o 646)

holds for all p € (1,5 + 6], t € (0, Timax,e) and € € (0,1).

Proof. According to our assumption that ¢y satisfies (6.1.1), we can fix a small § € (0,1)
such that

(1-9)3 ol (1-9)3

T 1
oo < - N 950 1 (1 _ 8\
HCOHL (Q) X\/gT\/‘SN""Q(SZ ) - X\/f) 20p + (1 —(5)

for all p € (1, % + 4]. By Lemma 6.4.1, this directly ensures that z5, and thus ¢ are
well-defined on [0, |||z, ()] for all p € (1, % +4].

Applying the differential equations from (C) as well as partial integration to the terms
resulting from time differentiation of the functional [, nP¢(c.), we then gain that

! d/ nfe(ce)

pdt

1
= / nE™ (e )net + — / "(ee)eet

—/np 1 o(ce)An. — X/ nt= ! ©(c2)V - (n:Vee)
+ — / nPy'(cc)Ace — /an(p’(cg)c
pJa
:—(p—l)/ n§*2<p(c€)]Vn€|2—/nﬁ’*lgol(ca)VcE-Vna
Q Q
#x(p=1) [ a7 p(e)Ver Tt x [ nl ()| Vel
1
_/Qng_l()p/(cs)vne'vcs_p/g (PH(CE)‘VCEP p/anJrl(Pl(Cs)Cs

for all t € (0, Tmax,e) and € € (0,1). Given that the nonnegativity of ¢’ = 2z’ due to
(6.4.5) implies that —I% JomEt e/ (e-)e. <0, it further follows that

i L= 1) [ toteovnd + [ weeive

~(1=0)p—1) [ nZ Zp(co)|Vnef?
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6 Immediate smoothing in a chemotaxis-consumption system

+AJMp—D¢@a—2¢@JM5HVmMV%

- [ (20 - xe'(en)) e (647

for all t € (0, Tmax,e) and € € (0,1) after some slight rearrangement.
Regarding the rightmost term in the above inequality, the fact that
¢'(c) = 2'(co)plce)
as well as
¢'(cc) = 2" (eo)plee) + 2 (ee)p'(e) = [ (ec) + (2(e0))?] ole2)

combined with the ordinary differential equation in (6.4.1) then yields

1;f<,0”(65) - X‘Pl(cs)

= (e + (e - 255 led)

_1-6 o2 BA=0) —pxC .
= 5 (A O + T 22 @) + D) oles),

where A = A(p,d), B= B(p,d), C = C(p,6) and D = D(p,¢) are the constants defined
in (6.4.3). By directly using the definition of said constants, we now see that A+ C = 4,
D = x2(p —1)? as well as

B(1—0)—pxC  —46x(p—1)(1—6) —4x(p— 1)(1 - 4)*

(1-9) - 1-9) =—4x(p—1)
and thus that
1;590”(05) —x¥'(cc) = 1p;5 (22/(cc) — x(p— 1)) p(c2) > 0. (6.4.8)

This then allows us to complete the square on the right-hand side of (6.4.7) to gain

1d
p dt

< _/Q (\/(1 —0)(p— 1)80(Cg)n§*1’vn5] — \/%‘P’/(Cs) _ XQO/(CE)TL;;]VCE\)

“

for all t € (0, Tinax,c) and € € (0,1). Now noting that

_ 1)
/ ng@(ce) + 5(17 - 1)/ nl; 290(05)‘Vn8‘2 —+ 7/ TLI;QOH(CE)‘VC‘;F
Q Q pJQ

2

X(p = D)e(ee) = 2¢'(ce)| — 2\/(1 —8)(p - Dp(ee) (526 (ec) - xw’(ce))] x

n’e’*l |Vne||Vee|

/(1= 0)(p — Dypter) (526 ) — ()
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6.4 A priori estimates up tot =0

pC'
= [2¢/(cc) — x(p — Dp(ce)]

- 2\/ A== (92100 — x(p — 1))202(c)

due to (6.4.8), the definition of C' in (6.4.3) and the fact that ¢’ = 2'¢p, it follows that

1d o
- [ neted + 5= 1) [ a2 () Vna 4 2 [ ng (e Vet <0
p dt Jo Q pJa

for all t € (0,Tmax,c) and ¢ € (0,1). This directly implies our desired result because

ya
n272|Vne|? = 55 [Vn2 2, O

Remark 6.4.3. The original argument by Tao from [103] can be similarly adapted to
gain essentially the same result as above but only under the stricter initial data condition

0 < [leollze(0) < gy

Having now derived the above differential inequality, we can see that it not only provides

a favorable monotonicity property for the functional under consideration but also yields
p

a dissipative term of the form [, ¢(c:)|VnZ |, which is similar to terms often used to
derive the immediate smoothing properties of e.g. the heat equation as ¢(c;) is uniformly
bounded from below and above. In our case, this dissipative character of the above
inequality will in fact lead to a similar immediate uniform boundedness property for the
functional independent of its initial value (and only relying on a uniform mass bound).
While we could again use this to derive our desired boundedness property by showing
that the functional is a subsolution to an ordinary differential equation with superlinear
decay as in Section 5.4.2, we will instead take the same approach as in Section 5.4.1 to
also gain some time-weighted a priori information about the third term in (6.4.6). This
information will later be crucial to prove that our construction yields solutions that are
still connected to the initial data in a reasonable fashion.

Lemma 6.4.4. If ¢y satisfies (6.1.1), then there exists 6 > 0 such that the following
holds:

For each T € (0,00), p € (1, % + 0] and X > %(p — 1), there exists C = C(T,p,\) > 0
such that

£ / n?(z,t)dz < C (6.4.9)
Q

and
t
/0 s’\/ﬂng(x,s)\ch(x,s)deds <C (6.4.10)

for allt € (0,T)N (0, Thax,c) and € € (0,1).

145



6 Immediate smoothing in a chemotaxis-consumption system

Proof. We begin by fixing § > 0 as in Lemma 6.4.2, p € (1, 5 +6] as wellas A > 5 (p—1).

Multiplying the functional [, nP¢(c.) by t*, with ¢ as in Lemma 6.4.2, and differentiating
regarding the time variable yields

1d 45(p—1 5
yar [ fyrteted] + S [ S [ corve

< A / n2o(c.) (6.4.11)
p Q

for all t € (0, Thax,) and € € (0,1) due to (6.4.6). Noting that due to the first half of
(6.4.5) we know that

olee(-, 1)) = e?(c=(1)) < eZ(llcollLoo () —. K1 = K1(p)

for all t € (0, Timax,c) and € € (0,1) with z as constructed in Lemma 6.4.1, we can apply
a version of the Gagliardo—Nirenberg inequality allowing for a conveniently expanded
parameter range (cf. [70, Lemma 2.3]) to the problem term on the right-hand side of the
above inequality to gain Ky = Ka(p) > 0 such that

2(p— 1)

| ntetes) < Kalln sy < KaKal[né | nf”

-
P 142
< K </ ngﬁ)” N K,
Q

for all ¢ € (0, Tiax,c) and € € (0,1) with K3 = K3(p) :== K; Ko max(m?/(NP=N+2) yp)
due to the mass conservation property in (6.3.5). Using Young’s inequality and the fact
that ¢ > ¢*(®) = 1 due to (6.4.5), the above then yields

+ =

x K1K2Hns-:2 H2 2
()

g
LP

‘ﬁ

/n§¢(ca)§ 46(]3 L) /]Vn !2+K4t T— 1)+K3
Q

Blp— 1)75/ ()| Vnl 2 + K= 3 0D 4 K

Ny 142
with Ky = Ky(p,A) = (45(;\,{1))%@71)[(32 (p 1+N), which applied to (6.4.11) results in

1d 1)
- |:t/\/ ng@(cg):| +*t)\/ nzg)@”(ca)’VCeF SK5(t)\*%(p*1)*l+t)\fl)
p dt Q D Ja
for all t € (0, Thmax,c) and € € (0,1) with K5 = K5(p, \) = %maX(Kg, Ky). As our choice
of A\ ensures that
)\—1>)\——( -1)—-1> -1,

time integration combined with the fact that ¢ > 1 and ¢” = (2" + (2/)%)p > 2" >
4A£4632 = K¢ = K6( ) > 0 due to (6.4.5) then completes the proof with C(T,p, ) ==
pKs maX( )(T)\——(p 1)+T)\) n

5= X (p—1))
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6.5 Construction of a solution candidate
6.5 Construction of a solution candidate

Using the uniform bounds for the family (n.).¢(,1) in L%H(Q) from Lemma 6.4.4 as a
baseline, we now devote this section to deriving sufficient parabolic Hélder bounds for
our approximate solutions to construct a solution candidate for our main theorem by
employing suitable compact embedding properties of said Holder spaces. As we have
already presented this type of bootstrap argument fairly extensively in the previous
chapter, we will keep most of the proofs in this section fairly brief.

Our first step is to improve the bounds gained from (6.4.9) using semigroup methods in
a similar fashion to Lemmas 5.5.1 and 5.5.2.

Lemma 6.5.1. If ¢y satisfies (6.1.1), then there exists ¢ > N such that the following
holds:

For each to,t1 € R with t; > to > 0, there exists C = C(tg,t1) > 0 such that

lee( t)llwra@) < C

for allt € (to,t1) N (0, Tmax,e) and € € (0,1).

Proof. We begin by fixing tg > 0 and t; > tg. According to Lemma 6.4.4, we can then
fix ¢ > N as well as K7 = K (to,t1) > 0 such that

In( )], < Ko

for all t € (to/2,t1) N (0, Tmax,c) and € € (0,1). Using the variation-of-constants repre-
sentation of ¢, as well as the smoothing properties of the Neumann heat semigroup (cf.
[123, Lemma 1.3]), we can then find Ko = Ks(tp,t1) > 0 such that

[Vee (-, D)l Lo

t t
< ||Ve(t—70)ﬁce(-7 %O)HL‘Z(Q) + /t p ||Ve(t—s)AnE(.’ s)ee(-, S)HL‘J(Q) ds
)

1 t 1N
< Ka(t— 1) 2”¢e(u%’)”m(ﬂ)+K2/to/2(t—8) 22 ne(s s)ee( )l g ) A8

_N
2q

[NIES

L1k _
< Ko(%8) 729 |col oo () + K1 Kallcoll Loy (5 — 25) 7 (1 — %)

for all ¢t € (to,t1) N (0, Timax,e) and € € (0,1) as ¢ > N ensures that —3 — % > —1.
Combined with (6.3.5), this completes the proof.

Lemma 6.5.2. If ¢y satisfies (6.1.1), then, for all to,t;1 € R with t; > tog > 0, there
exists C' = C(to,t1) > 0 such that

()| Lo () < C

for allt € (to,t1) N (0, Tmaxe) and € € (0,1).
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6 Immediate smoothing in a chemotaxis-consumption system

Proof. We begin by fixing ty > 0 and ¢; > tg. Due to Lemma 6.4.4 and Lemma 6.5.1,
we can then fix ¢ > N and Ky = Kj(tg,t1) > 0 such that

el g o) < E1 and Vel t)llLo(e) < K

for all ¢ € [to/2,t1) N (0, Tinax,e) and € € (0,1). Let then r € (IV,q) be such that r > 4

and further
N

M(T) = Sup (t— LO) ang (-t

tE(to/Q,tl)ﬁ(O,T)

for all T' € (t9, Tmax,c) and € € (0,1).

< o0
Leo(Q)

Now using the variation-of-constants representation of n., the smoothing properties of
the Neumann heat semigroup (cf. [123, Lemma 1.3]) as well as the Holder inequality in
a similar way to the proof of Lemma 5.5.2, we can find Ko = Ka(to,t1) > 0 such that

N
H(t— ) ¥ (1)
L (Q)
t
< H<t )58, (i)
L>(Q)

t
X(t - %0)? /t /2 e(t*s)Av : (na('v S)VCE(', 8)) ds
0

Lo (Q)

N [t _1_N
< Kol Bl gy + Kol =) [ 0= F e ) Ve )y s
< KKyt Kot — )5 [ (= 532 d
- A4 — 2 2r . T

<K+ K= )T [ =) o)l e ds

atr s N t _1_N 3r—gq
< Ki1Ky + K* K2(t_§0)q /t/Q(t_S) 2 ?Hne(-,s)Hng(Q)ds

0

qtr 3r—q N t 1 N _N3r—gq

< K1 Ko + K2 Ko(M.(T)) 5 ( _%O)q/ (t—s) 5 2 (s— ) % 7 ds (6.5.1)
t0/2

for all ¢ € (to/2,t1) N (0,T), T € (to, Tmax,c) and € € (0,1). Note here that L. > § and

70 e (0,1)asg>r> L

Now applying the linear substitution s — (¢ — %O)s + %0 to the last remaining integral
term yields

t
/ (t—s) 5 (s — o) 4 5" ds
t0/2

_ 1 _
e il TR e P T
0

for all t € (tp/2,t1) with K3 == B(1 — ¥3=¢ 1 _ N} where B is the beta function.

Notably this is only possible because ¢ > r > N ensures that —% — % > —1 as well as
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6.5 Construction of a solution candidate

—%37"2;‘1 > _37"2;11 > —1 and thus that all of the integrals involved are finite. Applying

the above substitution to (6.5.1), we then gain that

3r—q

M.(T) < Ky + Ko(M.(T)) % (6.5.2)

for all T' € (tg, Tmax,c) and € € (0, 1) with

1_N
Ky = K4(t0,t1) = maX(KlKg,K r KQKg(h — %0)2 2‘1)

atr
2

?ES; 5q2>) .N imgli(islthat %1'— 31;7: % =i- 2—]\2 > 0. As gg;q € (0,1), the inequality in
.5.2) immediately implies tha
M(T) < K5

2r
for all T' € (tg, Tax,e) and € € (0,1) with K5 = K5(to,t1) == 2K4+ (2K4) = by Young’s
inequality. From this, it directly follows that

N
[ne(, )| ooy < ()70 K5

for all t € (to,t1) N (0, Thax,) and € € (0,1). O

The above lemma is now sufficient to rule out finite-time blowup for our approximate
solutions according to the blowup criterion in (6.3.4).

Corollary 6.5.3. If ¢ satisfies (6.1.1), then Tiyaxe = 0o for all e € (0,1).

The remainder of the bootstrap argument is now a straightforward combination of stan-
dard parabolic regularity theory from the literature and we will thus keep the following
proof relatively brief as it follows roughly the same outline as Section 5.5.

Lemma 6.5.4. If ¢y satisfies (6.1.1), then, for each to,t; € R with t; > to > 0, there
exist C = C(tg,t1) > 0 and 6 = 0(to,t1) € (0,1) such that
<C and

||n5|’02+9’1+%@X[to’tl]) = HCE||CQ+9’1+%(§X ltota]) —

for alle € (0,1).

Proof. Using the bounds established in Lemma 6.5.1 and Lemma 6.5.2 allows us to
apply standard parabolic Holder regularity theory (cf. [97, Theorem 1.3]) to find 6; =
01(to,t1) € (0,1) such that both (n:).c(o1) and (cc)oc(0,1) are uniformly bounded in

07 —
C%2 (Q x [%,#1]), where the bounds here and similar bounds later in the proof only
depend on tg and ¢;. Using further parabolic Holder regularity theory from [61, p. 170
and p. 320] combined with a straightforward cutoff function argument, we then gain 6y =
Oy __
02(to,t1) € (0,1) such that the family (cc).¢(o,1) is uniformly bounded in C2Ho2. 147 (Q x
[%9,#1]). We can then use a theorem due to Lieberman (cf. [73, Theorem 1.1]) and
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6 Immediate smoothing in a chemotaxis-consumption system

another cutoff function argument to find 63 = 65(to,t1) € (0,1) such that the family
(Vne)ee(o,1) s uniformly bounded in C93’973(§ x [%,t1]). This then yet again allows us
to apply regularity results from [61, p. 170 and p. 320] in a similar fashion as before
to gain 04 = 04(to,t1) € (0,1) such that the family (n¢).c(o,1) is uniformly bounded in
C2+94’1+974(§ X [t(), tﬂ).

Setting 6 = 0(tg,t1) = min(f, 04) then completes the proof. O

Using the above bounds combined with the Arzela—Ascoli compact embedding theorem,
we can now construct candidates for our desired solutions as limits of their approximate
counterparts. Given the strength of the bounds outside of ¢ = 0 in the above lemma,
it is then easy to see that all solution properties apart from those concerned with the
initial data immediately translate from our approximate solutions to their limits.

Lemma 6.5.5. If ¢y satisfies (6.1.1), then there exist a null sequence (g5)jen < (0,1)
as well as nonnegative functions n,c € C**(Q x (0,00)) such that

lle(-s )l (@) < lleollzoe () (6.5.3)

for all t > 0, such that
ne —n in C*1(Q x [to, t1]), (6.5.4)
e = ¢ in CPHQ x [to, 1)) (6.5.5)

for all to,t1 € R with t1 > tg > 0 as ¢ = €5 N\, 0, and such that (n,c) is a classical
solution to (C) with boundary conditions (CB) on € x (0,00).

Proof. For every k € N, we can find 0y € (0,1) such that the families (n.).¢(0,1)
0,
and (ce)ee(o,1y are uniformly bounded in 02+0k’1+?k(9 x [+,k]) as a consequence of

Lemma 6.5.4. As the spaces C2+9k’1+97k(§ X [%, k]) embed compactly into the spaces
C?1(Qx [1,k]) for all k € N due to e.g. the Arzela—Ascoli theorem, a straightforward di-
agonal sequence argument then allows us to construct functions n,c € C?*(Q x (0,00))
with the convergence properties seen in (6.5.4) and (6.5.5) by successively extracting
convergent subsequence in C*!(Q x [1,k]) for increasing values of k € N. As the result-
ing convergence properties ensure that all terms in the system (C) converge pointwise
on 2 x (0,00) and the terms in the boundary conditions (CB) converge pointwise on
08 x (0, 00), respectively, it also follows immediately that (n,c) is a classical solution to
(C) with boundary conditions (CB) as this was already the case for each (n.,c:). Non-
negativity of n and c as well as the upper bound (6.5.3) are further properties inherited
from the approximate solutions due to our strong convergence properties and the basic
solution properties laid out in Lemma 6.3.1. ]
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6.6 Continuity int =0

Having now constructed our solution candidate (n,c¢) in Lemma 6.5.5, it remains to
show that said solution candidate is connected to the initial data (ng,cp) in a sensible
fashion, i.e. we want to show that n and c¢ are continuous in ¢ = 0 in some appropriate
topology and with the correct values at ¢ = 0. As we will see, this will prove rather
more involved for the first solution component than the second solution component due
to some additional effort necessary to handle the taxis term. Nonetheless in both cases,
the approach is the same at a fundamental level. We first show that our approximate
solutions were already uniformly continuous in ¢ = 0 in some appropriate sense and then
show that this property survives the limit process due to its uniformity.

We begin by treating the first solution component n. As our first step toward deriv-
ing the aforementioned uniform continuity property, we will make crucial use of the
bound (6.4.10) from Lemma 6.4.4 to show that a certain space-time integral connected
to the taxis becomes uniformly small as the upper bound of the integration time interval
approaches zero.

Lemma 6.6.1. If ¢y satisfies (6.1.1), then there exist C > 0 and a > 0 such that

/ I, )V 8) | 1y ds < CH
for allt € (0,1) and € € (0,1).

Proof. Let § € (0,1) be as in Lemma 6.4.4. We then fix A € (J,1) and o € (0,1) such
that
Ata<l—o.

Using Young’s inequality as well as our choice of o, we now note that
[ nete )9t )1 oy s
Ntb ¢ N-s
/ ’\+a/ MNe v (z,5)|Vee(z, 8))? dxder/ )‘_a/ngN (z,s)dzds
Q

0

t
ne™ (x,5)|Vee(z,8) 2 deds +m '~ |Q|N/ 59 ds
0

A
N /0 /an+ (2, 8)|Vee(w, 8)]? dads + L% |0 ¢ (6.6.1)

1) due to the mass conservation property in (6.3.5). As
+5 =1+5 K N+5 we can then use Lemma 6.4.4 to gain

forallte(,) nd e
A>3 =D (A )
K>Osuchthat

\

/ (z,8)|Vee(z,8) > deds < K

for all t € (0,1) and € € (0, 1), which combined with (6.6.1) completes the proof. O
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6 Immediate smoothing in a chemotaxis-consumption system

Using the fundamental theorem of calculus, the above property now almost immediately
translates to uniform continuity of the first solution component of the approximate
solutions in ¢ = 0 in the vague topology. Due to the convergence properties already
proven in Lemma 6.5.5 as well as due to the properties of our initial data approximation,
this then readily gives us our desired continuity property for n.

Lemma 6.6.2. If ¢y satisfies (6.1.1) and n is the function constructed in Lemma 6.5.5,
then
n(-,t) = ng in My(Q)

as t \, 0, where we interpret the functions n(-,t), t > 0, as the positive Radon measures
n(x,t)dx with dz being the standard Lebesgue measure on §).

Proof. Let n > 0 and ¢ € C%(Q) with Vi - v = 0 on 9Q be fixed but arbitrary.

Using the fundamental theorem of calculus, the first equation in (C), partial integration
as well as Lemma 6.6.1, we gain K > 0 and « > 0 such that

[t [ noce| = [ [ 18019 Vel

net()o’ =
Q

t t
nsA(P + X/ / neVee - VSO’
Q 0 JQ

t
< mlApl eyt + XVl [ [ IneTedlzi)
< m||A|| @)t + XKVl oo (0)t”
for all t € (0,1) and € € (0,1). Thus, we can fix ¢ty € (0,1) such that

/ TLE(',t)(,O / nOsSD‘ U
Q Q 3

for all t € (0,tp) and ¢ € (0,1). Using the convergence properties from (6.3.1) as well as
Lemma 6.5.5, we can then, for each t € (0, ), fix e(t) € (0,1) such that

/nOE (2 /‘Pdno ‘/ n&(t)('vt)(p’ < g
Q

Combining the above estimates, we then conclude that

[ nre— [oans| < | [ atoe— [ nit04
Q Q Q Q
+‘/ Ne(t) ('775)90—/9710,5(@90‘
n
< -
stz t

‘/ 10,2 (¢) @dno 53 =

for all t € (0,%0). Given that the set of all functions ¢ € C?(Q2) with V- v = 0 on 99
is dense in C°(Q) (which can be seen by e.g. approximating any p € C%(Q) by functions
px = e p with A > 0, where (e'2);>¢ is the Neumann heat semigroup, in a similar way
to our approach in Section 6.3), this immediately implies our desired result. ]

n.,.n_
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6.6 Continuity int =0

To now prove a corresponding continuity property in ¢ = 0 for the second solution com-
ponent, we will use semigroup methods combined with the baseline bounds established
in Lemma 6.3.1 to facilitate an argument similar to the one laid out above. Notably, the
following reasoning is somewhat streamlined by our choice of initial data approximation
for cg, which is inherently compatible with the action of the Neumann heat semigroup.

Lemma 6.6.3. If ¢y satisfies (6.1.1) and c is the function constructed in Lemma 6.5.5,
then

c(-,t) = co  in LP(Q) for allp € [1,00)
as t N\ 0.

Proof. We fix p € [1,00). Let then n > 0 be fixed but arbitrary.

Using the variation-of-constants representation of the second equation in (C) combined
with the baseline bounds established in Lemma 6.3.1 and the smoothing properties of
the Neumann heat semigroup as well as the fact that cp. = e?®¢g by definition, we can
now estimate as follows:

ds

¢
lco,e — Ce('at)”Ll(Q) <lcoe — etACO,EHLl(Q) +/0 He(tismna(vs)cs(‘vs)‘ L1Q)

t
< e e = )l aey + K [ lne(cs)eats,s) o ds

< Klleo — "ol 1) + mK||col| oo ()t

forallt > 0 and € € (0,1) with some K > 0. Due to the further continuity properties of
the Neumann heat semigroup in ¢ = 0, the above allows us to find £y > 0 such that

leo.e = e=( )|y < 24 Plleoll 12 3p
for all e € (0,1) and t € (0,t). By application of the Holder inequality, we then further
gain that

1 p-1

l[co.e — Ce<'7t>HLP(Q) < leoe — Ca(Ht)Hzl(Q)HCO,a - CE('at)”Lgo(Q)
1 p—1

2 ||COE - CE('?t)“zl(Q)HCO”LZO(Q)

n

3

IN

(6.6.2)

for all e € (0,1) and ¢ € (0, ).

Using the convergence properties laid out in (6.3.3) as well as Lemma 6.5.5, we can, for
each t € (0,), find £(¢) € (0,1) such that

w3

and (-, t) = oy (5 )| e <

C»J\B

llco = co.e)llzr(a) <
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6 Immediate smoothing in a chemotaxis-consumption system

Combined with (6.6.2), this gives us that

lleo — ()| o (o)
< lco = coe@)llr@) + llcoew) = cot) (5 ) lLr) + llce@ (1) — e )l e

noomoon
<2y Iy 0
Sgtgtg=n

for all t € (0,tp). As n > 0 was arbitrary, this completes the proof. O

6.7 Proof of the main theorem

Having at this point proven all parts of Theorem 6.1.1 individually, its proof can now
be presented in a rather swift fashion.

Proof of Theorem 6.1.1. Assume that c satisfies (6.1.1). Then let n,c € C%1(Q2x (0, 00))
be the functions constructed in Lemma 6.5.5 under this assumption. According to the
same lemma, (n,c) is already a solution to (C) with boundary conditions (CB) on Q x
(0,00) and fulfills (6.1.2) due to (6.5.3). Lemma 6.6.2 and Lemma 6.6.3 then further
ensure that the continuity properties in (6.1.3) and (6.1.4) hold for n and ¢ as well. With
this, all necessary properties for n and c are proven. O
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