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Preamble

This thesis is concerned with the analysis of non-linear partial differential equations arising naturally from
biological models. These models include non-linearities, long-range interactions, or local effects which pose
a challenge that require new PDE techniques. In this thesis, the main tools that we need are Otto calculus,
Wasserstein gradient flows, viscosity solutions, Cp-semigroup theory, and finite volumes.

The models we are interested in show a dichotomy between diffusion and aggregation. Therefore, one of
the main question is to understand the long-time dynamics and to check wether diffusion, aggregation, or a
mix of both dominates the behaviour of the equation. Hence, this work contains various parabolic PDEs of
aggregation-diffusion type for which we analyse different properties. For example existence, uniqueness, long-
time behaviour, steady states, or minimisers of the associated free energy functional, among others.

Chapter 1 is an introduction, presenting the mathematical context, motivations and necessary tools for the
chapters to follow. Chapter 2 to 4 each correspond to a manuscript. Chapter 5 presents new outcomes and
perspectives.

List of works contained in this thesis

In Chapter 2 we study well-posedness and long-time behaviour of aggregation—diffusion equations of the form
% = Ap™ +div(p(VV + VW % p)) in the fast-diffusion range, 0 < m < 1, and V and W regular enough. We
develop a well-posedness theory, first in a ball and then in R¢, and characterise the long-time asymptotics in the
space W ! for radial initial data. In the radial setting and for the mass equation, viscosity solutions are used
to prove partial mass concentration asymptotically as t — oo, i.e. the limit as ¢ — oo is of the form ady + pdx
with & > 0 and p € L' where &y is the Dirac at z = 0. Finally, we give instances of W # 0 showing that
partial mass concentration does happen in infinite time, i.e. a > 0. The results of this chapter have been already
published in Journal of Differential Equations; [93].

Key words: Nonlinear parabolic equations, nonlinear diffusion, Dirac delta formation, blow-up in infinite time,

viscosity solutions.

In Chapter 3 we focus on a family of nonlinear continuity equations for the evolution of a non-negative density
p with a continuous and compactly-supported nonlinear mobility m(p) not necessarily concave. The velocity
field is the negative gradient of the variation of a free energy including internal and confinement energy terms.
Problems with compactly supported mobility are often called saturation problems since the values of the density
are constrained below a maximal value. Taking advantage of a family of approximating problems, we show the
existence of Cp-semigroups of L' contractions. We study the w-limit of the problem, its most relevant properties,
and the appearance of free boundaries in the long-time behaviour. This problem has a formal gradient-flow struc-
ture, and we discuss the local/global minimisers of the corresponding free energy in the natural topology related
to the set of initial data for the L°°-constrained gradient flow of probability densities. Furthermore, we analyse
a structure-preserving implicit finite-volume scheme and discuss its convergence and long-time behaviour. The
results of this chapter are contained in a preprint that is currently under peer review; [94].
Key words: Saturation, nonlinear parabolic equations, long-time behaviour, Cy-semigroup, free boundary,
Euler-Lagrange condition, implicit finite-volume scheme.

In Chapter 4 we give sharp conditions for global-in-time existence of gradient-flow solutions to a Cahn-
Hilliard-type equation, with backwards second-order degenerate diffusion, in any dimension and for general
initial data. Our equation is the 2-Wasserstein gradient flow of a free energy with two competing terms: the



Dirichlet energy and the power-law internal energy. Homogeneity of the functionals reveals critical regimes that
we analyse. Sharp conditions for global in time solutions, constructed via the minimising movement scheme,
also known as JKO scheme, are obtained. Furthermore, we study a system of two Cahn-Hilliard-type equations
exhibiting an analogous gradient flow structure. The results of this chapter have been already published in the
Proceedings of the London Mathematical Society; [88].

Key words: Cahn-Hilliard, aggregation-diffusion, variational problems, Wasserstein gradient flows.

In Chapter 5 we explore perspectives and new outcomes to continue the research presented in this thesis in
the near future. In particular, we give a small summary on two on-going projects. In Section 5.1 we suggest a
deterministic particle approximation to the fourth order aggregation-diffusion equation introduced in Chapter 4.
The result of this project is an on-going work with Charles Elbar. In Section 5.2 we present a new approach to
study the Keller—Segel system. We suggest a Li—Yau and an Aronson—Bénilan type estimate that entail new L>°
estimates on the density depending on its initial mass, up to the critical mass. As a consequence, we also show
global existence of smooth solutions under fewer regularity assumptions on the initial data compared to previous
literature. The result of this project is an on-going work with Charles Elbar and Filippo Santambrogio.

Key words Section 5.1: Cahn-Hilliard, deterministic particle approximation, Wasserstein gradient flows, non-
local Cahn-Hilliard equations, aggregation-diffusion.

Key words Section 5.2: Li—Yau, Aronson—Bénilan, Lipschitz estimates, Keller—Segel equation, Liouville equa-
tion, Lane—Emden equation.

How to read this thesis

Each chapter is written to be self-contained. In Chapter 1 we provide an overview of the problem, presenting
Chapter 2 to 4. We comment the main results and novelties of this thesis. Furthermore, we introduce the
techniques that we use during the rest of the thesis.

Chapter 2 and 3 are tackling similar problems since both study second order aggregation-diffusion problems.
Chapter 4 focuses on a fourth-order PDE that models cell-cell adhesion. We present the existence theory for the
single and two-species case, and we explore their gradient flow structure. Chapter 5 presents new outcomes and
perspectives to continue this line of research. We introduce two on-going projects. In Section 5.1, building from
the theory presented in Chapter 4, we introduce a deterministic particle approximation for the single species
case. Finally, Section 5.2 introduce a new perspective towards the Keller—Segel equation via a Li—Yau and an
Aronson—Bénilan type estimate.
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Statement of originality

I hereby declare that my dissertation entitled “Aggregation-diffusion equations in biology with a gradient flow
structure” is not substantially the same as any that I have submitted, or, is being concurrently submitted for a
degree or diploma or other qualification at the University of Oxford or any other University or similar institution.
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Esposito and Carles Falc6'.
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1 Introduction

Contents
1.1 Outlineof thisthesis . . . . . . . . . . . . . . . . ... .. ... .. e 3
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1.4 Cy-semigroup theory . . . . . . . . . . .. L. e 16

Haciendo y deshaciendo se va aprendiendo. — Spanish proverb

Over the last few decades the mathematical community has been interested in modelling different biological
phenomena with systems of partial differential equations (PDE). For instance, there exist PDE models that
explain the formation of cells by meiosis [68], embrio-genesis or angio-genesis [114, 240], the Balo disease
[224], bio-convection [123], cell-cell adhesion [287, 262, 107, 186], and several other phenomena.

The growing interest on these biological models justifies the intensive mathematical study of this type of PDE
systems. A particular example to which the community has devoted a huge effort over the last 25 years is the
Keller-Segel system, which is by now well understood in its classical setting. The Keller-Segel system was
derived by Keller, and Segel in [223], and by Patlak in [271], and it models a phenomenon known as chemotaxis
that governs the behaviour of a family of amoeba, the Dictyostelium discoideum. This behaviour is summarised
as a competition between aggregation and diffusion and it is capsulised in the system!

% = Ap —div(pVe),
_AC =P,
p(,t) = po = 0.

The classical Keller-Segel equation in dimension 2 reads as follows,

a*f = div(pV(log(p) — K #p))  in (0, +00) x R, -
K(z) = —% log |x| in R?,
where /C is the Poisson kernel. It has a very rich mathematical structure, depending on the initial mass, we find
in the literature: Global existence for subcritical mass [213, 50, 46]; blow-up (Dirac delta formation) at infinite
time for critical mass [49, 151, 144]; or blow-up at finite time (chemotactic collapse) [203, 278, 126, 127].
Since the model developed by Keller, Segel and Patlak was introduced in the 1970s the community has pro-
posed further more general aggregation-diffusion equations to explain various phenomena appearing in Biology
[207, 17]. The diffusion term describes population pressure effects, whereby groups of cells naturally spread
away from areas of high concentration. The aggregation term is used to describe an attractor towards high-
density population areas, due to a physical or chemical pressure that produces an increasing gradient towards
cells direct their movements.

"Here we present a simplification by Nanjundiah [263] of the original model.



1 Introduction

Figure 1.1: Aggregation phenomenon observed in Dictostelium discoideum to create a more complex
structure.  Source: Wikipedia https://en.wikipedia.org/wiki/Dictyostelium
discoideum.

This thesis focuses on three particular problems from the family of aggregation-diffusion equations. The
first problem that we discuss in this work concerns the competition between fast diffusion and aggregation. By
fast diffusion we refer to Ap™ for 0 < m < 1, in contraposition to the case m > 1 which is often regarded
as slow diffusion. Notice that when 0 < p < 1, the diffusion is faster for the case 0 < m < 1 since p™ is
bigger. However for larger values of p the situation is opposed and the case m > 1 actually diffuses faster.
The fast diffusion equation appears in plasma physics (the case m = % is known as the Okuda-Dawson law
[267, 36]). It is also used to model diffusion of impurities in silicon [229]. In Chapter 2, we study in more detail
the competition between fast diffusion and different types of aggregation, focusing on the long-time dynamics.

The second project of this thesis (Chapter 3) contains a thoughtful study of the competition between diffusion
and drift with a saturation effect that prevents “overcrowding”. Aggregation-diffusion equations with saturation
appear naturally in mathematical biology, for instance in order to explain chemotaxis models with prevention of
overcrowding [112, 206, 107]. Moreover, it has further applications in mathematical physics. It describes the
relaxation of gas of fermions [217, 218], phase segregation [291, 314], or thin liquid films [245, 252] among
others.

Finally, on Chapter 4 we focus on fourth-order aggregation-diffusion equation with local effects. In particular,
we study a model that was proposed for tissue growth and patterning due to cell-cell adhesion [186] (see also
[187] and the references therein). Nevertheless, the family of PDEs that we consider also have applications on
lubrication theory [208, 39, 201].

Beyond the biology and the few mathematical physics applications that we just mentioned, the family of
aggregation-diffusion equations also have meaningful applications on the field of global optimisation and ma-
chine learning. Currently, many researchers are exploring these ideas in order to perform gradient-free optimi-
sation [275, 100, 101], gradient-free sampling [231, 160, 110], neural network calibration [260, 124, 238], or
Bayesian parameter estimation [51, 199, 91].

By now, the literature concerning aggregation-diffusion problems is extensive (see [17, 200] and the refer-
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1.1 Outline of this thesis

ences therein). There exists several techniques developed by the community in order to understand this type of
problems. In our case, we take advantage of the 2-Wasserstien gradient flow structure of the problems using
Otto calculus, the notion of viscosity solutions, or semigroup theory, among other tools. In the the remaining of
this chapter we will first make a brief introduction of Chapter 2 to 4 and afterwards we will make a short review
of the techniques mentioned above.

1.1 Outline of this thesis

The mathematical results of this thesis are structured in three chapters. In the following, we provide a short
detailed description in the Section 1.1.1 to 1.1.3 presenting the main results.
1.1.1 Singularity formation for fast-diffusions with aggregation, Chapter 2

In this chapter we study the nonlinear aggregation-diffusion equation

o _
ot

where 0 < m < 1 (fast-diffusion range). In order to get a better overall picture we focus on the problem posed
in a ball Br. We take a more general kernel K (x,y) = K (y, ) and consider

Ap™ +div(pVV) + div(pVIV * p)

?)i = Ap™ +div(pVV) + div (,OV K(, y)p(y)dy) in (0,00) X Bp,
Br
p(0,z) = po(x) for x € Bp, (1.2)
<me +pVV +pV K(-’y)p(y)dy> v(z) =0 on (0,00) x 0Bg
Bgr

where we have included a no-flux boundary condition on the boundary of the ball. As a convenient assumption,
we also require that V' does not produce any flux across the boundary VV (z) - v(z) = 0, on 9Br. We are
in particular interested in the interaction kernel K (z,y) = n(x)W (z — y)n(y) where 7 is any function in
C2°(BpR). Here, K does not produce any flux across the boundary. In this chapter we will study the case in
which V € W2>(Bg), K € W2 (Bg x Bg) and V, K > 0 as a convenient assumption.

The main goal of this project is to understand the long-time dynamics of (1.2) for the case in the ball By
and to extend it to R?. In this part of the thesis we are inspired on the result by Carrillo, Gémez-Castro and
Vazquez [96] for the case W = 0. In this result, they only cover the case with the local interaction drift V' and
they are able to prove partial mass concentration at time infinity for certain choices of initial datum and drifts.
The authors base their analysis on a combination of techniques coming from classical PDE analysis, gradient
flows (see Section 1.2), and viscosity solutions (see Section 1.3). Building up on this previous result we want to
extend their techniques in order to also cover (1.2).

Uniqueness and local in time existence follows from classical (but technical) PDE analysis theory. Problem
(1.2) is a 2-Wasserstein gradient flow of the free energy functional

Flol= /B pla)mda + /B V(a)p(a)d + //B  Kleadyds. (1)

We are able to show that solutions to (1.2) are such that for every 0 < ¢; < t9 < 00

to m
o< [ p'v <1pm1+V+ K<',y>p<y>dy)
t1 Br m — Br

Since, the free energy is also bounded from below we recover equicontinuity in time to W~1!(Bg). We can
use it in order to construct a subsequence (in time) that converges to a time-independent measure i in the space
W~L1(BR). Nevertheless, the properties of the negative Sobolev space are insufficient to study any further

2
dadt = Flpr,] — Flpu, ).
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properties on fi. Thus, we realise that a more natural setting to characterise the time limit is the one of the
mass equation and viscosity solutions. We assume the initial datum py and the potentials V' and K are radially
symmetric. We consider the spatial variable v = |z|¢| B1 | and mass function

M(t,v) = /A; o)

where B, is the ball centered at 0 and with volume | B,| = v. Here, we use the notation R,, for R, = | Bg|. On
this new variable, equation (1.2) reads like

M = k()20 (0, M)™ + K(v)?0, MOy, (V + W % 0, M), (1.4)

Log—1 . . . . .
where k(v) = dw(jvT (wq refers to the volume of the d-dimensional sphere). Now, we consider viscosity
solutions (see Section 1.3) as the natural notion of solutions and we study (1.2) under this newer framework and

~

the further symmetry assumptions specified above. In particular, we show that there exists M such that %%}M =0
in M([0, R,]) up to an isometry and that M is also a time-independent viscosity solution of (1.4).

Therefore, we just need to show that M is locally Lipschitz in (0, R,] in order to show that ;i = «dy + pdx
with p € L'(Bg) (see Remark 2.8 for a rigorous justification of this statement). This reasoning leads to the
main result of Chapter 2.

Main Result 1 (Chapter 2, Theorem 2.10). Under suitable conditions on the initial datum py and the potentials
V and K, it follows that %(Rv) > 0 and for a.e. v € (0, R,)

88]\;[(”) _ (?j(Rﬁ) + 1-m (V(m) + K(x,y)dﬁ(y)) :

m Br v=|Bi |z|d

In particular M € Wlfgo((o, Ry)), i.e. W2 for every compact set in (0, R,).

This result also characterises p, the absolutely continuous part of the asymptotic state /i, as a solution to

1-m

1—m

(z) = (h +—= (vu») +

m

K(e0)d70) )

Br

for some h > 0. The proof is based on a careful analysis using the notion of inf- and sup-convolutions for
viscosity solutions and a result concerning the equivalence between viscosity solutions and weak solutions, in
the spirit of [211, 254, 288].

Finally, under further assumptions we extend the theory to R? and we construct a family of examples of
potentials V and W where we can observe the presence of a Dirac delta at the origin (both, Bx and R?).

As we mention above the main novelty of this work consist on the extension of [96] to the case of non-local
aggregation. Moreover, we also manage to improve the existing viscosity solution theory in order to study
the dynamics of aggregation-diffusion problems, managing to obtain a deeper understanding of the techniques
involved.

Open problems. There exists several directions in which we can continue this project. A first natural ques-
tions is to extend the result to the cases in which V' and W are more singular, e.g. the Riesz kernel. We also
wonder what happens in the case of non-radial problems. Another open question is what happens if VV - v # 0
or if the support of K is non-compact.

Furthermore, in the context of viscosity solutions we wonder if we can use the theory of viscosity solutions
developed during this chapter in order to study further aggregation-diffusion problems and their long-time dy-
namics.
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Another interesting question is to study the problem in R? for more general kernels. Chapter 2 covers the case
of R but only when you assume that the growth of V' and W is no faster than the quadratic. In [81] the authors
discuss the appearance of blow up for the case V' = 0 and W (z) = %. They also perform some numerical
experiments for other cases of W that suggest blow up as well depending on the exponent of the fast diffusion
and the dimension. Thereby, an interesting question is to study the problem in R? for more general potentials V'
and WW.

1.1.2 Drift-diffusion equations with saturation, Chapter 3

In this chapter we study the equation
dp = div (m(p)V(U'(p) + V)), in (0,00) x € (1.5)

for Q@ C RY bounded and no-flux boundary condition. Here, m(s) represents a continuous and compactly
supported nonlinear mobility (saturation) not necessarily concave; U corresponds to the diffusive potential and
it includes all the porous medium cases, i.e. U(s) = —15s™ form > 0or U(s) = slog(s) if m = 1; V
corresponds to the attractive potential and it is such that V' > 0, V € W2°°(Q).

In a previous work by Bailo, Carrillo, and Hu [19], they construct an implicit finite volume scheme for (1.5)
when m(p) = po(p) with o decreasing. Their numerical experiments suggest the appearance of a freezing
behaviour, i.e. free boundaries at the saturation level, see Figures 3.5 and 3.6. Thus, the main question that we
want to solve in this chapter is whether we can show analytically the appearance of this phenomenon. In order to
do that, we first study existence of the problem (1.5) using a suitable regularised approximation of the problem.
We show that the problem admits an L'-contractive Cp-semigroup (see Section 1.4). Later, we characterise the
L'-local minimisers of the associated free-energy functional in the corresponding class of measures. Moreover,
we understand the long-time behaviour of the constructed solutions in view of its gradient flow structure. All of
this can be summarised in the following three main results.

Main Result 2 (Existence, Section 3.2.2). Consider A == {p € L*(Q) : 0 < p < a} where a is the
saturation level. Then, the problem (1.5) admits a free-energy dissipating semigroup S; : A — A, in the sense
of Definition 3.2.

Main Result 3 (L'-local minimisers, Section 3.2.3). Consider the corresponding free energy

Flpl Z/U(p)Jr/Vp (1.6)

and the set Ay = {p € A : ||pllpiq) = M} with M € (0,|S2]). Then, under suitable conditions on U, we
have that
p(x) = min{a, (U)"HC -V (2))}+ (1.7)

is the local and global minimiser of F on Apy; where C' is unique and only depends on the mass M.

Main Result 4 (Long-time behaviour, Section 3.2.4). There exists a time-limit operator Soe : A — A, in
the sense of Definition 3.7, such that for any py € A we have Sypy — Soopo strongly in L' () as t — oc.
Furthermore, So is an L'-contraction. We present situations where Seopo = p for all py € Ay and some
where this does not hold.

With regard the L'-local and global minimiser in (1.7), it follows that it is such that S;p = p for any ¢ > 0.
However, pis not necessarily the unique steady state and we provide some examples for which (1.5) has infinitely
many steady states different from p and they are limits ¢ — oo for some initial datum other than themselves.
Finally, we consider a variation of the implicit Finite-Volume scheme introduced in [19]. We study further
properties of the method and we connect the numerical results with the ones obtained during the mathematical
analysis stage.

The main novelty of this chapter is to provide a unified theory based on Cy-semigroup theory (see Section 1.4)
where we do not restrict to the one-dimensional case or concave mobilities, usual assumptions on previous
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literature. Even though drift-diffusion phenomenon with prevention of overcrowding are ubiquitous in nature,
before our result presented in Chapter 3, the mathematical study dedicated to models like (1.5) was still scarce
and it focused mainly on the 1-dimensional case or concave mobilities.

Open problems. As we just mention, the literature about problems with saturation is still scarce. Thus,
there exist many interesting questions that are worth studying. First, let us notice that our existence proof
is based on the construction of a suitable Cy-semigroup. Thereby, an interesting question is whether we can
show uniqueness. In particular, we expect it might be possible to prove uniqueness using the notion of entropy
solutions [72, 219]. A further natural question would be if we can study an aggregation-diffusion problem, i.e. if
we can replace V by V + W x p. This problem is completely open. The results presented in this thesis could be
extended in order to prove existence of a Cy-semigroup of solutions. However, it is to prove that L! contraction
or comparison principle do not hold for a general kernel and the long-time behaviour is a difficult problem as it
has already been explored in [19].

All the theory developed in Chapter 3 is for the case of a bounded domain 2 C R¢. Thus, another interesting
research question is to study the theory of this problem for R¢ and compare the results with those from Chapter 3.
This question is currently work-in-progress.

Finally, let us mention that after our preprint there has been further development of the theory. In particular,
in [2] the author studies the C'* regularity of the problem (1.5).

1.1.3 A family of fourth-order aggregation-diffusion equations, Chapter 4

In the fourth chapter of this thesis we are interested into understanding cell-cell adhesion, a phenomenon respon-
sible of tissue growth and patterning formation, see Figure 1.2. In [186], Falc6, Baker and Carrillo introduce the
system

{@p = —div (pV (kAp + aAn + Bp+wn)), (1.8)

om = —div(nV (aAp+ An+wp + 1))

in order to understand this cell-sorting phenomena (see [187] and the references therein). The parameters in the
model are such that 5, w € R and the diffusion matrix

K«
4= 0)
is positive definite.

As the first step of the project we move to the corresponding one-species equation (with a more general local
pressure) given by
dip = —div(pV(Ap)) — xAp™, in(0,00) x R? (1.9)

where m > 1 and x > 0. The main goal of this chapter is to understand the 2-Wasserstein gradient flow structure
of (1.9) and (1.8) (see Section 1.2) and to show existence when possible. A first analysis shows that the problem
(1.9) is the gradient flow of the free energy given by

5[ I9p@P do = xEnlpl, pe PURY, Vo LRI,
]Rd

Fmlp] =
400, otherwise,
where
/ p(z)logp(z)dz,  m=1,
Emlp] = § 7B
ﬁ pdx, m>1

The approach used in this chapter is based on the Gagliardo-Nirenberg inequality. Using this functional inequal-
ity, we find that there exists a critical exponent m,. := 2 + % governing the qualitative properties of the PDE. We
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Figure 1.2: Figure representing the cell-cell adhesion behaviour of two populations of cells. In the picture above
we can observe an experiment by Duguay, Foty, Steinberg, [166]. In the picture below we show the
results of the PDE mathematical model (1.8) for different set of values of the constants «, o, 3, w.
These constants represent the strength of attraction and diffusion between cells. By Falcd, Baker,
Carrillo, [186]. See also the non-local model for cell-cell adhesion introduced by Carrillo, Mu-
rakawa, Sato, Togashi, Trush in [107].

are able to distinguish between three different cases (see Theorem 4.1). If 1 < m < m,. (subcritical regime), the
free energy is bounded from below and we are able to recover H' a priori estimates. If m > m,. (supercritical
regime), the free energy is unbounded. If m = m,. we are on the critical regime. In this case, there exists a
parameter . such that for 0 < x < . the free-energy is bounded from below in the set of probability measures
and if 0 < x < x. we can obtain H' a priori estimates again. However, if ¥ > .. the free-energy is unbounded.
The critical parameter X, is identified by the sharp constant of a suitable Gagliardo-Nirenberg inequality [246].
This discussion leads to the first main result of Chapter 4.

Main Result 5 (Chapter 4, Theorem 4.3). Under suitable conditions on the initial datum po. If 1 < m < 2+2/d
orm =2+ 2/dwith0 < x < X, then there exists a weak solution to (1.9).

Taking advantage of the study on the free energy discussed above we show existence via the JKO scheme (see
Section 1.2.1). Using similar techniques, we also show existence of solutions for the system (1.8), which leads
to the second main result of Chapter 4.

Main Result 6 (Chapter 4, Theorem 4.5). Under suitable conditions on the initial datum (pg, 1) there exists a
weak solution to (1.8).

This result is also generalised to a wider class of systems that also allows more variety on the nonlinear self-
diffusion. The main novelty of this chapter is to provide a theory for (1.9) distinguishing three different regimes
depending on the value of the exponent m. We do that by taking a careful analysis on the free energy. Moreover,
we are able to provide existence for one of them. Another novelty refers to how to study a two species system
as an extension of the theory for one single species.

Open problems. Since the problem is motivated from a biological phenomena (see Figure 1.2) the first
natural question arising is whether we can provide a particle approximation for our model. We intend to solve
this question in the near future. We provide further details in Section 5.1. Another very interesting question
is to see if we can understand the long-time dynamics. For instance, in [171] the authors study the long-time
behaviour of a second order non-local Cahn-Hilliard with some similarities to (1.9). Can we extend the theory
introduced in [171] in order to cover a local fourth-order equation?
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1.2 Gradient flows, Otto calculus and Wasserstein distance

Otto calculus, introduced in [269], and perfected afterwards, is a notion that allows to perform calculus on
spaces of probability measures with bounded p-moment, Pp(Rd) (which are not vector spaces). The advantage
of Otto calculus is that it allows us to give a geometric intuition to some aggregation-diffusion problems. Let us
introduce the Benamou-Brenier formulation for the optimal transport problem with quadratic cost.

Let us consider pg = % Zi\;l 0z, and p; = % Zfil dy,. Then, for 0 < t < 1 we can think of p;, =
% Zf\; 1 0z, (¢) or particle trajectories x;(0) = x;, 7;(1) = y;. Our goal is to move the particles at the position
po at time ¢ = 0 to the position p; at time ¢ = 1 using the smallest possible kinetic energy (see Figure 1.3 for an
example). Roughly speaking what we want is to minimise the action

1«
A=~ Z a4 (1)[2.

Let us define v (x;(t)) = &;(t) over supp p;. Hence,

Evolution of geodesic between Pac-Man and a ghost

Figure 1.3: Computation of an interpolation measure by the Benamou-Brenier formula between Pac-Man
and the Ghost characteristic sets suitably normalized. This figure has been taken from the
manuscript [77] by Carrillo, Craig, Wang and Wei. The interested reader can also find a video for
this simulation at https://figshare.com/projects/Primal_ dual_methods_for_
Wasserstein gradient flows/59474 as supplementary material of [77].

Opr + div(vepy) = 0 in the distributional sense. (1.10)
Then, we have that
A= [ o) dpi(a).
Rd

Thereby, the total cost can be written

/01 A dt = /01 /Rd (s () [2dpy ().


https://figshare.com/projects/Primal_dual_methods_for_Wasserstein_gradient_flows/59474
https://figshare.com/projects/Primal_dual_methods_for_Wasserstein_gradient_flows/59474

1.2 Gradient flows, Otto calculus and Wasserstein distance

Hence, our problem consists in minimising a kinetic energy,

;v

1
I:= inf{/ / lvg(2)|? dz dpy(x) = Oppy = —diV(ptvt)}, (1.11)
0 JRd

where the infimum is taken over all the curves of probability measures and where py and p; correspond to the
times t = 0, and ¢t = 1. Let us define the push-forward of . by T", which we denote Tz 1. € P(12), by

Typ(B) = u(T~'(B)) forall B Borel measurable sets.

Hence, one can state the following rigorous result that relates the dynamic formulation and the famous Monge
problem.

Theorem 1.1 (Benamou-Brenier Formula, [30]). Assume that po, p1 are absolutely continuous probability mea-
sures in R® with compact support. Let I be the infimum value in (1.11), then,

I = inf /|x — T(x)|?po(x) d. (1.12)
Typo=p1

In particular, (1.12) defines a distance known as the 2-Wasserstein distance (see [7, Section 7]), which is
defined by

Wh(po, p1)? =  inf /|x —T(z)*po(x)dz.
Tupo=p1

Furthermore, Theorem 1.1 allows us to characterise the geodesic curves as

pr = (id + V)4 po.

In particular, p; is a distributional solution of the continuity equation (1.10) where v; = Vo (id +tV¢) ™! (see
e.g. [6, Lecture 16]). Therefore, at least formally, the tangent space T}, P (R) can be defined by the elements

d

dt Pt = —diV(Ptvt)-

t=0

Then, this suggests a natural way to define the Wasserstein norm of the derivative O;p; at p; as

Hatpt”?)t = irgf {/d pi(z)|vg|*da = Dpy = —div(ptvt)} . (1.13)

R

Hence, equation (1.10) gives, at each time ¢, a constraint on the divergence form p;v;, and we get the formula

2 ! 2

W (p07[)1) = 1£1tf {/0 ||atpt||ptdt : p(o’ ) = PO, p(l’ ) = :01} :
Let us now take (1.10) such that v; = V);. Thus, the definition in (1.13) can be rewritten as follows
A
Rd

In particular, we can consider a more general version of this definition. If we have p € Po(R?) and h : R — R
such that [, h = 0 we can define

512 ::/ p| V2,  where div(pVe) = —h.
R4

Furthermore, this definition can be extended in order to canonically construct the scalar product.
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Definition 1.2 (Wasserstein scalar product at p). Given two functions hi, hy : R* = R with [0 h1 = [gaho =
0, one can define their Wasserstein scalar product at p as

(h1,ha), = / Vi1 - Vipopdz, where div(pVip;) = —h;.
Rd

Taking advantage of the scalar product we can also define the gradient of a functional in the Wasserstein
space.

Definition 1.3 (Gradient with respect to the Wasserstein scalar product at p). Given a functional F : Po(R?) —

R, its gradient with respect to the Wasserstein scalar product at p € Po(R?) is the unique function gradyy, F[p]
(if it exists) such that

0pe d

dw., Flpl, =— ) = —

P

Flpel
e=0

for any smooth curve p. : (—eg,e0) — P(R?) with py = p.

Let us now denote the first L2—variation 5?—? which is the function such that

_ Op:(x)
Tl %

for any smooth curve p : (—gg,g0) — P2(R?) such that py = p. Therefore, taking avantage of the continuity
equation (1.10) and Definition 1.3 we obtain that

_ Ope\ / Ope
<gradw2f[p], 5 >p— o

Thus, from the definition of the Wasserstein scalar product, one deduces that whenever the L?-variation exists,
then

d

de

ald
e=0 50

(z)dz

07 1p] de =— div(ﬁvw)@ dzr = / pvéf—[”] -V daz.
=0 Op R op Rd op

gradyy, F|p] = —div <pv?:> .

As a consequence, problems of the form

op . oF
5% = div <pV6p> (1.14)

can be formally (and sometimes rigorously) gradient flows of the free-energy F with respect to the Otto differ-
ential structure. In particular, this notion of gradient flow structure can be made rigorous through the so-called
JKO-scheme [215] which we develop further below. This interpretation of the problem is very useful to study
short and long-time properties of equations of the form (1.14). We will take advantage of this tool through the
different chapters of the thesis.

Here we have presented a brief introduction of Otto Calculus, we suggest reading the lecture notes [6, 191]
and the very detailed books [7, 304]. Furthermore, [283] contains a very nice review with emphasis on the
examples.

1.2.1 The JKO scheme

As we mention earlier, the JKO scheme refers to a notion of 2-Wasserstein gradient flow. It has been shown to
be a very useful tool that can be used to show existence of solutions for various different types of aggregation-
diffusion equations. For example, the heat equation [191], the Fokker-Planck equation [215, 190, 285], Keller-
Segel [44, 46, 108, 158, 225, 169], nonlocal equations [85, 153, 59, 90], cross-diffusion systems [92, 226, 165],
or Cahn-Hilliard [245, 232], among others.

10
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Let us now recall some basic facts about discretization of gradient flows. We start by considering the gradient

flow problem

do(t)
M) VP@),

x(0) = xg

(1.15)

where F' : R — R smooth enough and zp € R?. One way of constructing a solution is with a time dis-
cretization via an implicit Euler scheme. Let us fix a time step 7 > 0. Then, the implicit Euler scheme goes as
follows,

0

2" =" — TV (2™,
{xﬂ' = Xy,

which might have multiple solutions. Let us also present the sequence

T —? 2
2"t € argmin {’T‘ + F(x)} ,
= 2T
$9_ = x9.

We notice that if F' is lower semicontinuous and bounded from below we have at least a solution for 7 small

enough (we can pick any). Furthermore, if F' smooth enough we also have that
n’2 anrl — "

5 implies that VF(z") + “7— 7 =0,
T T

2" € argmin F(z) + v =
T

and if it converges we recover a discrete in time implicit Euler scheme for ' = —V F'(x). Then, when 7 — 0, a
suitable interpolation of our sequence converges to the solution of the problem.

Using De Giorgi minimising movements [149], we can generalise this strategy to a metric space (X, d). We
consider the minimising problem

2"t € argmin
x

[y,

0
Lr

= X0.-

If X is compact and F' is lower semicontinuous and bounded from below, then there exists a sequence x. We
define the piecewise interpolation z-(t) = z” fort € ((n — 1)7,n7] and z-(0) = z(. Let us notice that since
27+ is a minimiser in particular

d(l‘n'H xn)Z
72777 + F(z™) < F(2™) implies that F(2"') < F(z")
T

T T

and hence we recover that
sup F'(z?) < F(xg).
n

Letustake 0 < ¢ < s < T suchthatt € ((k—1)7, k7] and s € ((I — 1)7,I7]. We notice that
Z d(z", 2" < 27 (F(x’;) - F(xl;l)) <o

Thereby,

1
2

-1 -1
o) 26)) < 3 a3 o) < (Z d(m?*l,xZF) =k}
<Cx0, (\/‘S— “r\ﬁ)

11
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Since X is compact, from the Ascoli-Arzela Theorem we recover x,(t) — x(t) uniformly in time. Formally,
the limit satisfies

dx
Let us take
. Va
0up =~V (Fll) = aiv (075 ) (1.16)

with F : P(R?) — (—o0,+0c]. Let us point out that P5(R?) is not compact. Then, we can understand
the problem as a gradient flow in the 2-Wasserstein space (P2(R%), Wh), [215, 268]. This allows us to define
rigorously the Ws-gradient flow via the JKO scheme. The JKO scheme was introduced for Fokker-Planck, where
the authors prove that de Giorgi minimising movements in Vo converge. In particular, the JKO scheme looks
like )
Wha(p, p2
Pt € argmin {M + f[p]} ,
pEP(RY) 27

Y = po.

For further details we recommend the interested reader to see also [7], and [283, Chapter §].

1.2.2 A notion of convexity

The notions of convexity and A-convexity are relevant and it can be useful in order to obtain relevant properties
of our gradient flow problem such as uniqueness or long-time behaviour via contractivity. Let us focus first on
the Eulerian setting (1.15). F'is A-convex if and only if F'(z) + %\xP is convex for all z € R?. Let us assume
x1, w9 are both solutions to (1.15). Then, thanks to its gradient flow structure and the A-convexity of F' we have
that

‘ 1|x1(t) = 2a(t)]* = (21(t) — 22(t)) - (21(t) — 25(t)) = —(21(t) — 22(t)) - (VF(21(t)) = VF(22(t)))

dt 2
< =Aai(t) — 22 (1)
Thus, from Gronwall’s inequality it follows that
[21(t) — w2(t)] < e 21 (0) — 22(0)]

which, for instance, implies uniqueness of solutions. This idea can be extended to the case (P2(R?), W») using
the notion of gradient flow for the W, distance, the JKO scheme (Section 1.2.1). In order to do that we need to
introduce the notion of A-convexity along constant speed geodesic curves, also known as displacement convexity
[253]. We say that a curve v : [0, 1] — P(R?) is a constant speed curve if

Wa(vVsy 1) = (t — s)Wa(y0,71) forall0 < s <t <1.
Therefore, we can introduce the definition of A-geodesically convex functionals.
Definition 1.4. For A € R (positive or negative), we say F is A-geodesically convex if for any vy, v1 € Dom(F)

there exists a constant speed geodesic y with vy = vp, 71 = vy such that

Fly) < (1= 0)F o] + (] = 51— Walo,m)? forallt € 0,1]

Then, using this notion of convexity one can extend the Eulerian theory and apply it to the problem (1.16). In
particular, if p1, p2 are both solutions to (1.16) and F is A-geodesically convex we have that

Wa(p1(t), pa(t)) < e X Wha(p1(0), p2(0)),

see [7, Theorem 11.2.1]. Let us remark that the case A < 0 still provides continuous dependence and in particular
uniqueness. Such a result is very fruitful since it helps to understand uniqueness, stability, or the long-time
dynamics of a PDE among other applications. Finally, for the interested reader we recommend to go to [7,
Chapter 11]. For A > 0 the ultracontractivity leads to uniqueness of steady states.

12



1.3 Viscosity solutions

Connection to this thesis. Every chapter in this thesis has a connection to Wasserstein gradient flows and
hence, also to optimal transport.

In Chapter 2 we can rewrite (1.2) as the 2-Wasserstein gradient flow of the free-energy functional (1.3). In
particular, for a suitable class of admissible measures we show that the functional is bounded from below and
we are also able to show that the solutions of our problem are such that

2

dzx.

%F[pt] = —/p ’V(;]p:[p]

The combination of both results is enough to recover equicontinuity in time of our solutions in the W ~!! sense.
This is a key ingredient in order to show convergence in time to a limit, up to a subsequence, ¢, — co. Once we
have constructed a time limit, these two ingredients are also key in order to show that the limit does not depend
on time.

In Chapter 3 we can also take advantage of a similar formal gradient-flow structure known as the generalised
Wasserstein distance, [161, 104] in order to study (1.5). This time, we consider the free-energy functional (1.6).
Once more, for a suitable class of admissible measures the functional is bounded from below. Moreover, we also
show that the solutions of the problem satisfy

2

§7l == [ |5 as

Thus, analogously to the previous case we can prove convergence to a stationary case (as ¢ — oo on this case).

In Chapter 4, problems (1.8) and (1.9) can also be expressed as a 2-Wasserstein gradient flow. Nevertheless,
on this project we exploit the gradient flow structure and we show existence of weak solutions through a JKO
scheme. We present further properties of the same problem in Section 5.1. Here, we take advantage of the notion
of the 2-Wasserstein A-convexity introduced above. A-convexity provides the stability we need in order to get a
deterministic particle approximation of (1.9).

1.3 Viscosity solutions

Viscosity solutions form a general theory of “weak” solutions (not necessarily differentiable, but only C°) which
applies to certain fully nonlinear elliptic and parabolic solutions of Partial Differential Equations of 1st and 2nd
order.
Following [221, Chapter 2], let us first define the notion of viscosity solutions for a degenerate PDE of the
general form
F(z,p,Dp,D%p) =0 (1.17)

that makes sense when p € C?(Q) for Q C RY. Here, the “coefficients” F' = F(y,p,q, X) is a continuous
and possibly nonlinear function defined on Q x R x R? x S(d). For this problem we also need to impose the
degenerate ellipticity condition

X<YinS(d) = F(ypqX)<F(ypqY).

We are now ready to introduce the notion of viscosity solution for (1.17).

Definition 1.5 (Viscosity solution elliptic problem). Let p € C°(£2), Q C R%. We say p is a viscosity subsolution
of the problem (1.17) if for every point xo € Q we have that for all the test functions o € C?(B,(x0)) on a ball
By (x0) € Q such that p < ¢, p(xo) = p(x0) and g—i(:n) # 0 when x € B,(xo)\{xo} it holds

F(x0,¢(x0), Dg(x0), D*¢(x0)) > 0.

Analogously, if we reverse all the inequalities, we say that p is a viscosity supersolution. Finally, we say that p
is a viscosity solution if it is both, a viscosity subsolution and supersolution.

13
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This definition can be extended in order to cover nonlinear degenerate parabolic equations, see for example
[315]. In this case we consider the problem

Owp+ F(t,x, p, Dp, D?p) =0, (1.18)

that makes sense when p € C([0,7T]; C°(Q)), F = F(s,y,p,q, X) is defined on [0, 7] x Q x R x R? x S(d).
Once more, we also impose the condition

X<YinSd) = F(s,y,p,4,X) < F(s,4,p,¢Y).
Hence, we can also define the notion of viscosity solution also for a parabolic problem (1.18).

Definition 1.6 (Viscosity solution parabolic problem). Let p € C([0,T];C%()), @ C R We say p is a
viscosity solution of the problem (1.18) if for every point (to, xo) € [0,T] x Q2 we have that for all test functions
© € C%((tg—¢e,to+¢) x Br(x0)) on a ball B,(xq) C Q such that p < ¢, p(to, z0) = p(to, z0) and g—i(x) #0
when x € B, (x¢)\{xo} it holds

Ap(to, wo) + F((to, x0), ¢ (to, T0), Dp(to, x0), D*p(te, 20)) > 0.

Analogously, if we reverse all the inequalities, we say that p is a viscosity supersolution. Finally, we say that p
is a viscosity solution if it is both, a viscosity subsolution and supersolution.

The definition of viscosity solution means that when we touch from above (respectively, below) by a smooth
test function at a point, the test function is a supersolution of the PDE law (respectively, subsolution) at that point.
The key idea behind the notion of viscosity solutions is to use the Maximum Principle in order to pass derivatives
to smooth test functions without the more standard notion of duality. Hence, it forms a weak derivative nonlinear
theory useful even for linear PDEs.

Viscosity solutions were introduced by Crandall and Lions [135] as a uniqueness criterion for first order
PDEs. The essential idea regarding passage to the limit in the vanishing viscosity sense was first noticed by
Evans in [180, 181]. Afterwards, this notion was extended by Crandall, Evans and Lions [132]. Jensen proved a
comparison principle for this notion of solution [214]. Later on, Ishii and Lions extended the theory of viscosity
solutions to second order elliptic PDEs [210, 212]. Finally, we mention that for further regularity estimates
of viscosity solutions to fully nonlinear equations one can consult the book of Cabré and Caffarelli [61] and
for a more detailed introduction to viscosity solutions we recommend the book of Katzourakis [221]. On the
following, we give further details on the notion of a maximum principle for viscosity solutions, Section 1.3.1,
and in Section 1.3.2 we explain some stability properties.

1.3.1 A maximum principle for viscosity solutions

There are many version of maximum principle for viscosity solutions. In this thesis we have used the following.
In [222], Kawohl and Kutev study the subsolutions of the general elliptic equation

F(z,u,Du,D*u) =0 inQ, (1.19)
monotone with respect to D?u, where (2 is a connected domain and F is a Caratheodory function. They assume,
1. Forevery (z,p, X) € Q\N x R? x (R%)2, where N C Q denotes a nowhere dense set, F satisfies,
r>s = 0<F(x,rp X)— F(z,s,p,X). (1.20)
2. Equation (1.19) is strictly elliptic with modulus of ellipticity w
X>Y = w(Agtrace(X —Y)) < F(x,r,p,Y)— F(z,r,p, X), (1.21)

for every z € Q\N, and |r|, |p|, || X||, ||| < K, and for some positive constant A\x depending on K.
Furthermore, as a modulus of continuity, the real function s — w; () satisfies the usual conditions,

w(s) € C0,00), w(s)>w(t) fors>t>0 and w(0)=0. (1.22)
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1.3 Viscosity solutions

3. For every z € Q\N, and |r|,|p|, |q, | X|I,[|Y]] < K there exists some positive constants Ax and By
depending on K such that
|F(z,r,p,X)— F(x,r,q,Y)| <w2(Ax||X = Y|+ Bklp —4ql|) (1.23)

for wy some modulus of ellipticity satisfying (1.22).

4. ) 1is connected and there exists a positive so such that

wi(s) > wa(s) foralls € |0, sg). (1.24)

5. F'is such that
F(x,0,0,0) >0 foreveryz € Q\N. (1.25)

Then, we have the following strong interior maximum principle.

Theorem 1.7 (Kawohl-Kutev, [222]). Assume F(x,z,p, X) satisfies the hypothesis (1.20)-(1.25). If u €
USC(R) is a viscosity supersolution of (1.19) and if u has a maximum © at some interior point to € €,
then u(x) must be constant in Q, F(x,0,0,0) = 0 everywhere in Q\N, and F(x, z,0,0) must be independent
of z for z € [0,0] and x € Q\N.

1.3.2 Stability properties

We want to describe limiting operations of viscosity solutions. Let us remark that viscosity solutions are very
stable under passage through various types of limits. Hence, most frequently, in order to prove existence of
viscosity solutions for a PDE, it suffices to construct an adequate sequence of approximate PDEs whose solutions
are locally bounded and equicontinuous, without the necessity of having any control on the derivatives, since we
have passed all the derivatives to test functions. This remark can be summarised in the following theorem on
[221, Chapter 3 Theorem 2] that we state here.

Theorem 1.8 (Stability under C* perturbations). Let Q2 C R? and let also {Fy}3° |, F be in C°( x R x R x
(RH?) such that
Fy, — F  locally uniformly as k — oc.

Assume that {py.}7° | C CY(Q) is a sequence of viscosity solutions of
Fi(-, prs Dp, D*pi) =0, on Q.

If pr. — p locally uniformly to some p € C°(Q2) as k — oo, then the limit function p is a viscosity solution of
the limit PDE
F(-,p,Dp,D%*p) =0, onQ.

Connection to this thesis. In Chapter 2, we focus on understanding the long-time dynamics of the com-
petition between fast-diffusion and aggregation, i.e.

Op = Ap" +div (pV(V + W xp)), in(0,00) x Bgr

on the range 0 < m < 1. We take the potentials such that V, W > 0 in W2°°(Bp) and we show convergence
of the solution to a time-independent measure 7i € W~11(Bg) as time t — oo. Afterwards, under further
symmetry assumptions, we take advantage of the notion of viscosity solutions in order to characterise the time
limit. We consider that the initial datum, V and W are radially symmetric, we take M = [ B, P where B, is the
ball with volume v and we move to the mass equation

HM = K(v)?0y (M) + K(v)20, MO, (V + W % 0,M),

Lo . . . . . .
where k(v) = dwjv @ (wgq refers to the volume of the d-dimensional sphere). Then, using viscosity solutions
and their properties we show that the time limit is of the form

ﬁ = (HIOOHLl(BR) - HEHLl(BR)) do —i—ﬁdx.

Here, dq is a Dirac delta at 0 and p is the density of the absolutely continuous part of the measure.
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1.4 Cy-semigroup theory

The basic notion underlying “semigroup theory” is to understand the equation as an autonomous infinite di-
mensional dynamical system and to try to use ODE theory, i.e. finite-dimensional dynamical systems, in the
PDE setting. This viewpoint has several applications in the analysis of PDEs including the development of
well-posedness theories, the analysis of nonlinear smoothing effects, and the local stability and global dynamics
of nonlinear PDEs. The origin of the theory dates back from the 1930’s with the work of Stone [297] on one-
parameter groups of unitary operators in a Hilbert space. This theory was further developed, see the work from
Hille [205] and the references therein. In particular, since a very early stage of the theory it was clear that it had
several applications concerning PDEs of parabolic type, as it can be seen in the work of Feller [189], Hille [204],
Yosida [312, 313], Crandall and Liggett [134], Brezis [54] and Komura [230]. Of course, since the first half of
the XXth century this theory has evolved and it now includes many more cases. For the interested readers, they
can find a deeper discussion in [53, 177, 142, 111, 143, 272, 6].

In the following we will first introduce the theory of semigroup for the heat equation in Section 1.4.1. Af-
terwards, we cover the theory for more general cases, Section 1.4.2. Finally, in Section 1.4.3 we focus on the
specific case of interest of this thesis. We focus on drift-diffusion problems in divergence form and we explain
its L!-contractivity property.

1.4.1 Semigroup solutions of heat equation

We now proceed to explain the ideas behind linear Cyy-semigroup theory taking the heat equation as an example.
First, let us introduce the definition of semigroup.

Definition 1.9. Let X be a Banach space. A one-parameter semigroup on X is a family of operators {T'(t) }+>0 C
L(X) such that it fulfills the following properties
i) T(0)=1.
ii) T()T(s) =T(t+ s) forall s,t > 0.
Furthermore, we say that it is strongly continuous if
iii) forall f € X, T(h)f — f stronglyin X as h — 0T.
We call this a Cy-semigroup.

Remark 1.10. The “semi” is required because the heat equation can be solved forward in time, but not back-
wards, t and s are required to be non-negative.

We motivate this definition. In order to do this, first, we briefly review what we know from finite dimensional
dynamical systems.
Let us consider first A € £(R%; R%), i.e. a square matrix. Then, the solution to the problem

Owu = Au, t e R,
(1.26)

u(0) = ug € R?
is given by the exponential matrix u(t) = e“*ug, which just follows from the linear ODE theory. Let us pay
attention to the following remark. For each fixed ug € R? thanks to the triangular inequality we have that

t A
UO _ UO} Z AJUO < Z |]| | A Hj ) lug| = (etH lomdy _ 1) |uo|

j=1

and in particular,

e = ey < 7 =2

Thereby, it follows in this case that the operator e converges uniformly in £(R?) to the identity operator as
t — 0. Hence, since

pAlt+h) _ At _ AL <eAh _ I) 7
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1.4 Cy-semigroup theory

it follows that for any fixed ¢ € R we have that eA(+7) — ¢4 uniformly as h — 0.
Now let us extrapolate this idea to the heat equation. Let us consider the problem

Oru = Au, x e t>0,
u=20 on 0f), (1.27)
U(O, ) =49

where g € H?(2) N HL(Q). In particular, it has a unique solution given by

x) =Y are My(x)
k=1

where )y, ¢, are the eigenvalues and eigenfunctions for —A on H{ (£2) and with ¢, chosen to be orthonormal
in L2(Q) and ay, = (¢, g) r2(rd)- The above defines in a natural way a one-parameter family of operators

T(t): L*(RY) — L*(RY)

g(x) — Zake_)"“tgbk(z:)

k=1

defined for all t > 0 such that for each g € H?(2) N HZ () the solution to (1.27) is given by u(t, ) = T'(t)g(-).
Let us also note that by construction we clearly have T'(0)g = g for all g € L?(2). For a fixed g € L?(2)
and for all s,¢ > 0 we have that T'(¢)T'(s)g(z) = T'(t + s)g(x) so that T'(s)T'(t) = T'(s + t). In particular, it
follows that the family of operators {T'(t) }+>¢ forms a semigroup of operators, Definition 1.9. Here, we recall
that a semigroup is an algebraic structure consisting of a set and an associative binary operator. Semigroups not
necessarily need to have multiplicative inverse or identity elements. Therefore, the family {7'(¢)};>o forms a
semigroup with identity, although we will not make this distinction.
Finally, notice that for all g € L?(€2) and h > 0 it follows that

i%% )12 ( kt—l)ﬁbk
k=1

where the last equality is a consequence of the orthonormality of {¢;}7° ;. Thereby, for each g € L2(2) we
have that T'(h)g — g in L?(Q2) as h — 0F. See [111] for further details on the semigroup for the heat equation.

Thus, the family {7'(¢) }+>¢ forms a semigroup of operators which is strongly continuous, Definition 1.9.
Such families of operators are ubiquitous in the study of PDEs and a great tool in order to understand evolution
in time problems [177, 272].

2
IT(h)g = gl 72

i’ , D) \2( _A'“h—1>2>

L2(Q) k=1

1.4.2 Extension of the theory

The theory of semigroups can be extended to cover more general problems. Thanks to the Hille-Yosida and the
Crandall-Liggett Theorem we can study the evolutionary equation (1.26) for further cases.

First, let us consider a Hilbert space H and A : D(A) C H — H a maximal monotone operator (see [54,
Section 7.1] for a definition and elementary properties of maximal monotone operators). Then, the evolution in
time problem (1.26) has a unique solution. This can be summarised in the celebrated Hille-Yosida Theorem [54,
Theorem 7.4].

Theorem 1.11 (Hille-Yosida). Let A be a maximal monotone operator. Then, given any uy € D(A) there exists
a unique function u € C1([0,+o00); H) N C([0, +00); D(A)) satisfying (1.26). Moreover,

du

lu(t)] < |ug| and dt(t)‘ = |Au(t)| < |Aug| Vt>0.
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In particular, the Hille-Yosida allows us to define a family of operators {7'(¢) }+>o from the Hilbert space H
into itself. Furthermore, this family of operators is a Cy-semigroup in the sense of Definition 1.9 that solves
(1.26).

There is another case that we can cover. Let us now consider a Banach space X andlet A: D(A) C X — X
be m-accretive. The notion of m-accretive operators were introduced and studied intensively in the late 1960s
and early 1970s [220, 134, 136, 25, 57]. Moreover, using this notion we can construct a solution for (1.26) in
the case in which A is m-accretive. This can be summarised with the Crandall-Liggett Generation Theorem.

Theorem 1.12 (Crandall-Liggett, [134]). Let A be a m-accretive operator. Then, for any t > 0 the sequence

Up = <I+ tA) U (1.28)
n

converges for every uy € D(A). Moreover, the rate of convergence is at least sublinear.

Thereby, thanks to the Crandall-Liggett Generation Theorem we can use (1.28) in order to define the one-
parameter family of operators

n—oo

T(t)up == lim <I+ tA) u.
n

This family of operators describes a nonlinear semigroup for (1.26) where A is m-accretive (and nonlinear).

1.4.3 L' contraction for equations in divergence form

The semigroup that appears in this thesis, the free-energy dissipating semigroup described in Definition 3.2, is in
particular an L!-contraction, i.e. for any p,n € D(A)NL" the semigroup T'(t) is such that | T(t)p—T(t)n|| 1 <
lo — nllz1. We use semigroup theory in order to study the problem (1.5). The fact that the evolution equation
(1.5) is L'-contractive is not very surprising since there exists previous literature covering similar problems. In
[219], Karlsen and Risebro cover the problem

dip = A®(p) + div (k(z)f(p)), in(0,T) x R% (1.29)

Let us first notice that classical solutions may not exist in general for this problem. The authors assume that the
diffusion ® : R — R satisfies

® € Lip;,.(R) and ®(-) is nondecreasing with ®(0) = 0.
For the flux given by k(z) f(p) they consider k : R? — RY, f : R — R with £(0) = 0 and such that

ke W RHNCMRY):  k,divk € L°([RY);  f € Lip;,(R).

loc

In Lemma 3.26, the reader can see a proof of an L' contraction result for a regularised version of the problem
of interest from Chapter 3, a particular but representative case of (1.29). However, since weak solutions may not
be unique and classical solutions may not exist for this family of equations in general, the authors use the notion
of entropy solutions in order to show that they are L'-contractive. We say that a function p € L' N L™ is an
entropy solution of the initial value problem (1.29) if

Flp — ¢ + div [sign(p — c)k(z) (f(p) = f(e))] = A[®(p) — (c)]
+sign(p — ¢) div(k(z)f(c)) <0 inD' forall c € R,

V&(p) belongs to L.

Hence, with this notion of solution for (1.29), in [219, Theorem 1.2] they show that:
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Theorem 1.13. Let p,np € L>(0,T; BV (R?)) be entropy solutions of (1.29) with initial data po,no € L*(R%)N
L>®(R%) N BV (RY). Then, for almost all t € (0,T),

ot ) —nt, )l L1 @ey < llpo — 1ol L1 (ray-
In particular, there exists at most one entropy solution of the initial value problem (1.29).

The notion of entropy solution was introduced independently by Kruzkov [233] and Volpert [305] in order to
cover the case in which ® = 0 (first order problems) and & is smooth. Here, the notion of entropy solutions
is much simpler. Afterwards, Volpert and Hudjaev [306] studied the notion of entropy solution when " > 0,
they were the first to study strongly degenerate parabolic equations and they showed existence of a BV entropy
solution using the viscosity method. Further results in the one-dimensional case were obtained by Bénilan
and Touré [33]. An important step forward in the general case of ®(-) being just non-decreasing was made by
Carrillo [72]. He showed uniqueness of entropy solutions using an elegant extension of the doubling of variables
technique introduced by Kruzkov [233]. Furthermore, in [72] the author also showed existence of an entropy
solution using the semigroup method.

Let us also mention that after the fundamental paper from Carrillo, in which he extends the doubling of
variables method a la Kruzkov, his work was extended to cover more cases. First, the already mentioned work
by Karlsen and Risebro [219] to study degenerate parabolic equations. Further cases covered are anisotropic
diffusion [31, 32], kinetic solutions suitable for quasilinear diffusion operator [117, 273], Leray-Lions type
diffusion [73], triply nonlinear degenerate problems [8, 9], or the Stefan problem [11] among others. For the
interested reader we also recommend the expository paper [10].

Connection to this thesis. In Chapter 3 we construct our theory for drift-diffusion equations with satura-
tion using Cy-semigroups. We show that our family of PDEs admits a Cp-semigroup S; : A — A where A is a
suitable set of measures. We use semigroup theory in order to study existence. Moreover, for our case we prove
that the Cyp-semigroup is also L' contractive. Taking advantage of this property, we are also able to explore its
long-time behaviour. In particular, we show that there exists a time-limit operator S, such that S;pg — Secpo
strongly in L' as t — oo for every pg € .A. We also show that S, is an L'-contraction which implies that our
problem has singletons.
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2 Partial mass concentration for fast-diffusions
with non-local aggregation terms

This chapter is taken from the article “Partial mass concentration for fast-diffusions with non-local aggregation terms”
written in collaboration with José Antonio Carrillo! and David Gémez-Castro®, and published in Journal of Differential
Equations, Volume 409, pp. 700-773 (2024); [93].
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It does not matter how slowly you go as long as you do not stop. — Confucius

2.1 Introduction and problem setting

Nonlinear aggregation-diffusion equations of the form

% = Ap™ + div(pVV) + div(pVW x p), (2.1)
are frequent in continuous descriptions of density populations. Here, p; corresponds to a time-dependent prob-
ability measure over the whole space R. The constant mm > 0 is the diffusion exponent leading to three cases:
slow diffusion if m > 1, linear diffusion if m = 1, or fast diffusion if 0 < m < 1. The nonlinear diffusion
equation corresponding to V' = W = 0 is well-known, see [302]. The potentials V' (z) and W (z) respectively
model the confinement behaviour and the interaction kernel describing attraction/repulsion between the individ-
uals of the population. In this work, V and W are assumed to be bounded below, so we can restrict without lost
of generality to V, W > 0.

This family of equations with linear diffusion first appeared to explain a biological phenomenon known as
chemotaxis cell movement [223, 271]. Chemotaxis refers to the natural phenomenon under which cells diffuse in
space while secreting some chemical substances attracting other/same cells. The well-known Keller-Segel equa-
tion models an aggregation-diffusion behaviour of cell populations. Nonlinear slow diffusions were introduced

'"Mathematical Institute, University of Oxford, Oxford OX2 6GG, UK.
2Depaurtarnento de Matematicas, Universidad Auténoma de Madrid & Instituto de Ciencias Matemadticas, Madrid 28049, Spain.
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to cope with overcrowding effects [65, 207]. Surveys about the classical Keller-Segel model and more general
aggregation-diffusion equations can be found in [209, 78, 200]. A lot of work has been devoted to this family of
equations since the 90s to classify the different cases in which diffusion dominates over aggregation or viceversa
[213, 203, 50, 49, 48, 69, 74, 99, 98]. Apart from applications in mathematical biology [300, 207], this family
of equations also has applications in gravitational collapse or statistical mechanics among others [289, 290].

The time-dependent equation (2.1) is the (formal) 2-Wasserstein gradient flow of a free-energy functional
[269, 102, 105, 7, 283] defined for probability densities p € L' N P(R%) by

:_/ da:+/ V()p(x)de + = //RdXRdWx— D) p@)p(y) dedy,  (22)

for m € (0,1) with W assumed to be symmetric, W(x) = W (—=x). Notice that the suitable extension to
probability measures 1 € P(R?) is done by taking

Pl = = [ ey e+ [ Vua) g [ [ W =) dute) duty)

where (i, 1s the absolutely continuous part of 1 with respect to the Lebesgue measure [152].

Nonlinear equations of the form (2.1) show challenging behaviours with regard to their long-time behaviour
and the properties of their steady states. By now, the case of the porous medium diffusion m > 1 is well
understood [102, 48, 228, 74, 99, 98], and so is the case of linear diffusion m = 1[12, 251, 270, 163, 49,47, 197].
However, for the case 0 < m < 1 much less work has been done. Recently, a work by Carrillo, Hittmeir,
Volzone, and Yao [98] studies the equation

8t = Ap™ + div(pVW x* p) (2.3)
and show that all its stationary solutions, with no restriction on m > 0, are radially decreasing up to translation.
Another work by Carrillo, Delgadino, Dolbeault, Frank and Hoffmann [80] shows that, under certain conditions
on the potential W, the energy minimiser of the corresponding energy functional over probability measures with
zero center of mass is likewise split as

i = (1= 17l 2z ) 00 + pd,

where 0y denotes the Dirac delta at 0 and p(z) > 0 is the density of the absolutely continuous part of the
measure. Furthermore, the presence of the concentrated point measure is known for specific choices of W, see
[81]. To the best of our knowledge there are no results in the literature showing that solutions of the parabolic
problem (2.3) actually converge to these type of minimisers with partial mass concentrated at a Dirac delta at the
origin.

This work shows that partial mass concentration occurs in the long time asymptotics for the case 0 < m < 1.
More precisely, we find conditions on the initial data pg and the potentials V' and W so that

* anotion of solution of the Cauchy problem is provided leading to global in time solutions.

* ast — oo, the solution experiments a one-point blow up of the form,
i = (llooll o ey = 18l ) do +
with p € LY(R?).

A previous study by Carrillo, Gémez-Castro, and Vazquez in [96] shows a similar asymptotic behavior for the
easier case of no interaction W = 0 and V' regular enough. In this work, we will further refine the techniques
from [96] in order to improve the results given there and to include the case W > 0. In contrast to [96], our main
results regarding partial mass concentration for long times hold for general radial L' N L initial data. Notice
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the authors in [96] can only prove partial mass concentration for a particular choice of initial data, and any other
initial datum above it.

The fast- diffusion case involves new difficulties. It is known that Dirac measures are invariant by the fast-
diffusion equatlon = Au" when(0 < m < d2 but they are not generated from L' initial data [55]. However,
if we add a drift term the aggregation caused by it can be strong enough to overcome the fast-diffusion repulsion
and produce infinite-time concentration [96]. The range <=2 < m < 1 is better understood. For example, for the
quadratic confinement potential its long-time asymptotlcs are given by integrable stationary solutions (even if
the initial data is given by a Dirac delta), see for example [45] and its references. In order to analyse the Cauchy
problem for (2.1), we will take advantage from the a priori estimates of p that comes from its structure and the
formal interpretation of (2.1) as the 2-Wasserstein gradient flow associated to the free energy (2.2) leading to a
control of the dissipation of the free energy.

One of the key ingredients to analyse partial mass concentration in these models will be to study the equation
(2.1) in mass variables for radial solutions under the assumptions of radial symmetry of V' and W. Let us
introduce the spatial variable v = ||%| B | and consider the mass function

Mt = [ oo

where B, is the ball centred at 0 such that |§J| = v. The choice of the volume variable is so that p = %.

For convenience let us define the radius R, = R%|B;|. We will prove that M satisfies the following nonlinear
aggregation-diffusion equation in the viscosity sense

oM _ 0 (M) LOM 8 oM

1o,
where k(v) = dw;vdTl. Equation (2.4) is a Hamilton-Jacobi type problem amenable to be treated by means

of the notion of viscosity solution [133]. Notice that in (2.4) the diffusion is non-linear of p-Laplace type with
p = m + 1. We will demonstrate that the notion of viscosity solution is the natural way to study the formation
of a Dirac delta comprising part of the mass of the initial data. Linking the fact that (2.1) has a gradient flow
structure with the notion of viscosity solution in mass variable will be crucial in order to obtain our main result
of partial mass concentration for long times for generic initial data.

In the radial setting, the formation of a Dirac delta at 0 is equivalent to the loss of the Dirichlet boundary
condition M (¢,0) = 0. There are very few results of loss of the Dirichlet boundary condition in finite or infinite
time in the literature of parabolic equations. One example of this is the previous work [96], in which with similar
techniques the authors prove concentration in infinite time. There are some other examples like [15, 294], where
they study equations of the type u; = gz, + |uz|P, or [26, 276, 277, 258] for a family of viscous Hamilton-Jacobi
equations.

2.2 Main results

The aim of this section is to present the main results of this chapter, the key ideas of the proof, and the structure
of the rest of the chapter. In the sequel, we denote the dependence on time of p with a subindex, referring to it
like p;. It should not be confused with the time derivative that we denote by B or ap L if we want to emphasise
the time dependence. Notice that (2.1) is in divergence form and one expects conservatlon of mass under suitable
assumptions. We will carry on the dependence of the mass from the initial data instead of normalizing it to one
as it is customary in the gradient flow literature.
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2.2.1 The case of the ball of radius R

The overall picture we have of the problem is better when we focus on the problem posed in a ball Br. We take
a more general kernel K with K (x,y) = K(y,x) and consider the aggregation-diffusion problem

0
a—f = Ap™ +div(pVV) + div (pV K(-,y)p(y) dy> in (0,00) x Bgp, (2.5a)
Br
p(0,z) = po(x), for z € Bp, (2.5b)
with no-flux condition on the boundary of the ball
(me + pVV + pV K(-,y)p(y) dy> v(x)=0 on (0,00) x OBpR. (2.5¢)
Br

As a convenient assumption, we require that V' does not produce flux across the boundary
VV(z) -v(z) =0 ondBg. (2.6)
In order to pass to the limit as R — oo we are particular interested in kernels of the form

K(z,y) = n(z)W(z —y)n(y),

where 7 is any function in C2°(Bpg). In this case, K does not produce any flux across the boundary. This
problem is the formal 2-Wasserstein gradient-flow of the free energy

Falol = — [ pras+ [ vp@ders [ | K@@ @)

m—1
The corresponding equation for the mass is

oM o 0 (OMN\™ 9 OM o Laa
e = k(v) P (&}) + k(v) Do o], k() =dwiv @, in(0,00)x (0,R,), (2.8)

where R, = | Bg|, and slightly abusing the notation, we define

_ g‘g + ;v ( . K(-,y)du(y)> :

The precise statement will be given below in subsection 2.5.1.
We devote section 2.3 to the well-posedness theory. The aim is to prove a well-posedness result for (2.5) for
the following notion of solution.

€[u]

Definition 2.1. We say that p is a weak L' solution of the problem (2.5) in (0, T)x Br if p € C([0,T); L*(BRg)), p™ €
LY(0,T; WYY(Bg)) and

T OQO T T
/ pop(0) +/ / N 2/ meV90+/ / Pt (VV+V K(-,y)p(y)dy) V.
Br 0 JBg 0 JBgr 0 JBg Br

forall o € C>([0,T] x Bg) with o(T,z) = 0. Furthermore, we say that it is a strong solution if it is a weak
solution and

1. pe L*((0,T) x Bp),
2. p™ € L*(0,T; H*(BgR)),

3. % ¢ 12((0,T) x Bg).

24



2.2 Main results

The well-posedness result is the following.

Theorem 2.2. Assume the basic hypotheses on the initial data po and the potentials V and K

po € L*(Br), po = 0,

V € W2®(Bg), V>0, VV(x) - v(z) = 0 on dBg,

K € W?*®(Bg x Br), K(z,y) = K(y,z) > 0 forall x,y € Bg,
V.K(z,y)-v(z) =0forall (x,y) € (0Br X Bg).

(HO)

Then, there exists a unique strong solution for the problem (2.5) for all T' > (.

The proof is constructive, in subsection 2.3.1 we replace the fast diffusion by a uniformly elliptic operator
and fixed time-dependent drift. Using the classical theory [234] we prove well-posedness of classical solutions
for this problem. In subsection 2.3.2 we replace the uniformly elliptic operator by the fast diffusion and with
compactness arguments we prove the existence of strong solutions. Uniqueness follows from an L' comparison
principle. Finally, using a fixed-point argument on the drift we show well-posedness for the problem (2.5). The
proof can be found in subsection 2.3.3 using the previous sections.

Once we have shown well-posedness for the problem, we prove the so-called free-energy dissipation formula.

Proposition 2.3. Assume the basic hypotheses (HO) on the initial data pg and the potentials V' and K, then the
strong solution p of the problem (2.5) satisfies the identity

/: /BR ’ ’V <U/(p) TV . K(y)p(y) dy)

where U(p) = W’j—:. In particular, Fr[p] is a non-increasing function of time.

2
dxdt = ]:R[Ptl] - ]'-R[th], (29)

We prove this result in subsection 2.4.1. We use this estimate to prove long-time asymptotics up to a subse-
quence in the following sense. Let us take {t,,} a sequence of times such that ¢,, — co. Let p be a weak solution
of the problem (2.5), so we define the sequence of functions

p:[0,1] x Bg — R

(2.10)
() pt+ tn, ).

In section 2.4 we prove the following:

Theorem 2.4. Assume the basic hypotheses (HO) on the initial data pg and the potentials V and K. Let be
the sequence p™ be defined as in (2.10). Then, there exists [i € W =LY BR) such that, up to a subsequence,
pl"l — fiin C([0,1; W—1(Bg)).

A key difficult point is to show that the limit z in the previous theorem does not depend on time. We will
show later that it is a solution of the stationary problem in the sense of mass. In [96] the authors can only show
that 7z does not depend on time for a specific family of explicit initial data (which are singular at 0), for which
the mass function is point-wise increasing with respect to t. We can make the characterisation for general initial
data in L' N L with radial symmetry.

Our method relies on taking advantage of the negative Sobolev space W 1! (Bg) defined as the distributions
with finite norm

bty = 0l @.11)
The key reason to use W11 (Bp) is that the sequence p" is equicontinuous in time in this space. If ¢, s € [0, 1],
from (2.47), it follows that
aph”
do

1 1 1
do < ool 71 gy (Frlora] = Frlon a1t =53, @12)

t
16 = o -1y < /
° W-tH(Br)

25



2 Partial mass concentration for fast-diffusions with non-local aggregation terms

We have shown that Fr|[p;] is non-increasing in time, and we will also show that the free energy is bounded
below. Hence, there is a limit as ¢ — oo for Fr[p:] — L.

We prove Theorem 2.4 using the estimate (2.12). To prove the convergence claim of a subsequence of p["] we
use the Ascoli-Arzeld theorem. Passing to the limit in (2.12) we also show that ||z: — fis|[yw-1.1(p,) = 0,50 i
does not depend on time. The details of the proof are given in subsection 2.4.2.

Remark 2.5. The Benamou-Brenier formula [283] and the 2-Wasserstein gradient flow structure of the problem
can be used to prove that the convergence of the full sequence p™ also holds in C([0,1]; P(Bgr)) endowed with
the 2-Wasserstein distance. We will not include details of this proof since the asymptotic result is essentially
analogous.

We present the mass equation and some of its properties in subsection 2.5.1. Once we have presented the
problem, in subsection 2.5.2 we prove through the construction of p that the mass M is a viscosity solution of
(2.8) for any finite time in the precise sense given in Definition 2.35.

After that we will study the asymptotic in time of M and link it to the asymptotic in time of the solution of
the problem (2.5). In the same sense as for p in (2.10) we define the sequence in [0, 1] x [0, R,] given by

Mt v) = /~ oM () dz, (2.13)

v

which are the solutions of the mass equation (2.49) for the time interval [¢,,, t,, + 1] after a translation to [0, 1].

Theorem 2.6. Assume the basic hypotheses (HO), and that the initial datum po and potentials V and K are
radially symmetric, and let the sequence M be defined as in (2.13). Then, there exists M € C((0, R,]) such
that, if we define M (0) = 0, then the following properties hold:

 The function M is non-decreasing in v,
e up to a subsequence, M™ — M in Cloc([0,1] x (0, R,]) and point-wise in [0, 1] x [0, R,],

. %]\3 = 1 belongs to M([0, Ry)) in the precise sense given in Remark 2.39,

* M is a stationary viscosity solution of (2.4) in the sense given in Definition 2.35.
We present its proof in subsection 2.5.3.

Remark 2.7. Notice that the convergence happens point-wise in [0, R, so that, due to the no-flux condition on
p, we have that M(R,) = M(t, Ry) = ||pol| 11 (By)-

Remark 2.8. Let us now justify that, if M is locally Lipschitz in (0, R,], then
= ady+ pdx

with p € L*(BR). Since M is Lipschitz on [k, Ry| for k > 0, its weak derivative is a classical derivative a.e. due
to Rademacher’s differentiation theorem, and it is given by a function in L (k, Ry,). Since they will match in an
overlapping set, we denote it simply by M'. The extension towards v = 0 builds a function M' € L3° ((0, R,)).

- loc
In radial coordinates this is p € Ljs.(Br\{0}). By construction, it satisfies the fundamental theorem of calculus
outside of v =0

—

— v
M(vl)—M(vo):/ M, forall0 < vg <v; < R,.
vo

Hence we recover

—

R, -
/ M = M(R,) — M(0") < oo,
0
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2.2 Main results

since M is non-decreasing, and thus we have shown M' € L'(0, R,). Notice that we do not know anything
about the continuity of M at v = 0. Using the same argument, we have that

J\?(v):zﬁ(oﬂJr/0 M,  Yuve(0,Ry)].

Since we are fixing M (0) = 0 in terms of density functions we have

__OM = -,
= M'd

proving the statement.

There are two examples where we can prove this regularity. We devote subsection 2.5.4 to this goal. The first
example is

Proposition 2.9. Assume the basic hypotheses (HO), and that the initial datum po and potentials V and K are
radially symmetric. Let the sequence M be defined as in (2.13) and M its limit obtained in Theorem 2.6.
Assume, furthermore, that for all v € [0, Ry]

0

o (V@ + ), Klwy) dﬁ(y)> >0,

v=|B||x|¢

Then, M is C%((0, Ry)).

We prove this result in subsection 2.5.4 and follows directly from the regularity theory of Caffarelli and Cabré
[61]. A much more difficult result is the following

Theorem 2.10. Assume the basic hypotheses (HO), that the initial datum pg and potentials V and K are radially
symmetric, and furthermore, that V and K have compact support. Then, M is linear in an interval [R,, — b, R,]

for some b > 0, %]\f(Rv) > 0, and for a.e. v € (0, Ry)

— m—1 T 1-m
8M 87M 1—m -~
50 —— () = <au (Rv)> + 50 (V(w) + - K(z,y) dp(y)> R - (2.14)

In particular, M € Wfof"((o, Ry)).

The proof can be found in subsection 2.5.4 and uses inf- and sup-convolutions. Hence, we have characterised
p, the absolutely continuous part of the asymptotic state i, as

1-m

o) = (n4 252 (Vo) + [ Kwnaow) )

Br

for some h > 0.

2.2.2 The problem in R?

Under certain assumptions, we extend the results in the ball By to the whole space RY to study the problem
(2.1). In order to do this, we define

Fralol = [ ptaymans [ Ve@pa)do+g [ [ a@Wie - pnwipmin) dyds,
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2 Partial mass concentration for fast-diffusions with non-local aggregation terms

the free energy associated to the problem (2.5) when K (z,y) = n(x)W (z —y)n(y). Whenever we want to refer
to the free energy associated to the problem in the whole space, we will write F ;. We keep this notation for
the free energy in section 2.6.

Notice that Fg,, is a generalisation of the free energy studied in [96], which corresponds to W = 0 (i.e.
Fo0,0) Whereas the free energy for (2.1) corresponds to Fo 1.

First we extend the theory from section 2.3 and section 2.4 for p. For the treatment of R? we rely heavily on
the control of the free energy. For this we assume that, even when W = 0 the free energy is bounded below

Fo:= inf  Fooolp] > —oc. (H1)
- pGPac(Rd)

Some examples for which this assumption is satisfied are provided in [80], or [96, Section 7.2]. This allows us
to control the second-order moment. We also require the control of a higher order moment, and we are only able

to work in the range
1+d—-—+V2d+1

> H2
m 7 (H2)
Remark 2.11. Assumption (H2) is the sharp value of m for the Carlson-Levin inequality [80, Lemma 5] for
the p-moment p = ﬁ Carlson type inequalities appear in the literature after [71] and its sharp form is

established by Levin in [239]. We need to take into account the sharp value of m at the Step 4.a of the proof of
Theorem 2.12 in order to control the tail of the diffusive part of the free energy.

We require that the initial datum has controlled moment of certain order higher than 2

[ Jal 0 < oc (H3)
R

We will also assume that the growth of V' and W is no faster than the quadratic in the sense that

IVV(z)| < C(1+|z])  forallz € RY (H4)
VW (z)| < C(1+|z|)  forallz € RY, (H5)
AV, AW € L=(RY). (H6)

The assumptions on the potentials imply that the growth at infinity cannot be more than quadratic, this is quite
restrictive in view of the minimization results [80, 81]. In this chapter, we also do not allow for singular at
the origin attractive interaction potentials since they are qualitatively less interesting. For singular attractive
potentials, analogously to the classical Keller-Segel model, we expect that there are solutions that blow-up in
finite time. Furthermore, the corresponding free energy is not bounded below. Nevertheless, showing a similar
result to the present work for fast-growing at infinity potentials or allowing for singular attractive potentials are
challenging open problems.

We consider the solution for the problem (2.5) in the bounded domain (0,7") x Bp and for the kernel K of
the form, K (z,y) = n(x)W (z — y)n(y) with n € C°(R?) a cut-off function. Due to Theorem 2.26 we know
there exists a unique strong solution to this problem. We denote this solution by p*" and it is such that

p™ e L°°(0,T; H'(Bg)).

We construct the extension by zero of p*" to the whole space R?, i.e. pft1* = pftiyp R
In order to pass to the limit we build a sequence 7); as follows. We take a smooth radially-symmetric and
non-increasing function 7; such that
1
1 if|z] < =,
m(z) = 2
0 if|z| >1,
and define n;(x) = ni(z/j). In this way, n; is such that n; 1 when j — oo. We are able to prove the
following result.
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2.2 Main results

Theorem 2.12. Assume pg € L'(R?) N L>®(RY), and the following technical assumptions (H1)-(H6). For
every cut-off function n; with j fixed, there exists a sequence of radius Rg , With Ri — oo as it — oo, and
P> € Cioe([0,00); L2 (R®)) such that

loc

PRI 5 pP5 i Croe([0, 00); L2, (R)) as i — oo, (2.15)
ooy oo telo ' 2.16
R n; oy "] = Fooloy ] foreveryt € [0, 00) as i — oo (2.16)

Furthermore, p>"i is a locally-strong solution of

?)f = Ap™ + div(pVV) + div (pV/ K, (- y)p(y) dy) in (0, 00) x R
Rd

where Ky (x,y) = nj(x)W(z — y)n;(y) in the sense of Definition 2.49. Moreover, there exists p>' €

Cloc([oa OO); L?OC(Rd)) such that

P = phin Croe(]0, 00); L7 (R)) as j — oo, (2.17)
Foelor "] = Focalpi™!] for everyt € [0,00) as j = oo, 2.18)

and p™' is a locally-strong solution of the problem (2.1) in the sense of Definition 2.49.

We prove the result in subsection 2.6.1. In Proposition 2.58 we show that these short-time limits also hold for
M in the sense of viscosity solutions. We require the additional assumptions on the tails

T |z >0 V(m)

=0. (H7)

and the following uniformity on the tails of V: for every K € R? we have that

o Yy — )
C(K)= ;161][; T+ V) < 0. (H8)
yeRY

In order to prove the long-time asymptotics we take again {¢, }, a sequence of times such that ¢,, — oo. Then,
we define the sequence of functions
p b 0,1 x B — R

2.19
(tia) o PNttt a). 1)

In subsection 2.6.2 we prove:

Theorem 2.13. Assume all the hypothesis from Theorem 2.12. Let be the sequence poo’l’[”] defined as in (2.19).

Then, there exists [i € lecl’l (RY) and a subsequence such that

b i (o, 1); W PHREY) and  p>t <0 weak — % in L>(0,1; M(RY)).

loc

Furthermore, if we also assume (2.92) and that inf,cga\ g, V(z) — oo when o — oo, Ji is such that Ji(R?) =
”POHLl(Rd)-

Remark 2.14. An analogous improvement to Remark 2.5 using the Benamou-Brenier formula and the 2-Wasserstein
gradient flow structure of the problem can also be done in R? to show convergence of the full sequence in
C([0, 1]; P2(R%)) endowed with the 2-Wasserstein distance.

In Proposition 2.59 we prove that the long-time asymptotics also hold for the mass M in the sense of viscosity
solutions. Once we can link i to M, the asymptotic in time of M, we are able to characterise /.
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2 Partial mass concentration for fast-diffusions with non-local aggregation terms

Remark 2.15. If M € T/Vlifo(((), 00)) and the mass is not escaping through infinity (i.e. ||ptl|rr = |pollz1)
then there exists p € L'(R%) such that
= ady + pde,

with p integrable and oo = || po| 11 (ray — [Pl L1 Ry > O.

In R% we are only able to make the extension of the simpler result Proposition 2.9 from the By case, which
we state below as Proposition 2.60.

We conclude the chapter with section 2.7 where we construct a family of examples of V' and W where the
presence of a Dirac delta at the origin for jz can be shown. We provide an appendix with technical results that
are needed in the proofs. In section 2.A we show a priori estimates for the R? case.

2.3 Well-posedness for the aggregation-diffusion equation in By

We restrict ourselves to the bounded domain Bpr, adding a no-flux boundary condition. Through this section
we will work with a fixed time-dependent drift £. First, in subsection 2.3.1 we review the classical theory for
uniformly elliptic diffusion ® and we obtain some a priori estimates that will be useful to us on different parts of
this work. After that, in subsection 2.3.2 we consider the fast diffusion case, ®(s) = s, 0 < m < 1. We obtain
uniqueness by an L' continuous dependence argument and existence follows from a convergence argument,
using the solutions from the previous subsection.

2.3.1 Uniformly elliptic diffusion with time-dependent drift in By

In this subsection we consider the problem

% = Ad(p) +div(pE)  in(0,00) x Bg
(V®(p) + pE) -v(z) =0 on(0,00) x OBR, (2.20)
p(0,2) = po(x).

where £ = E;(x) is assumed to be smooth, more precisely £ € C°°([0,00) x Bg), and ® € C? is uniformly
elliptic, in the sense that there exist constants such that

0<e < <I>’(p) < ¢ < 00. (2.21)

Furthermore, we assume,
Ey(x)-v(x) =0, ondBg, Vte (0,00). (2.22)

As it is explained in [96], under these assumptions, existence, uniqueness and the maximum principle hold from
the classical theory [234, 196, 4, 250, 311]. Classical solutions to (2.20) with initial data pg € W*P(Q) with
p>2,p>dand1 < s < min{1+%,2— %} satisfy

p e C((0,T);C(Bg)) NC((0,T);C*(Br)) NC([0,T); WP(2))

where T is the maximal existence time. If ' < oo then ||p¢||ws» — oo ast ~ T. Due to the linear growth of
div(pE), we can use the results in [234, 4] to show the solution exists until the blow-up of the L> norm.

Let us now discuss further properties of the solution of (2.20). First, we will present some a priori estimates
that were already introduced in [96], where E did not depend on time ¢. However, some results in [96] also hold
for time-dependent E. In particular, we can state the following a priori estimates.

Proposition 2.16 (LP estimates, [96]). Assume (2.21) and Ei(x) - v(x) > 0. Then, the unique classical solution
of (2.20) satisfies that

el Jo I1div Bl oo (5 ) I

[(pe)£llr(Br) < e £0) £ e (BR)- (2.23)
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2.3 Well-posedness for the aggregation-diffusion equation in By

Remark 2.17. Let us prove the preservation of non-negativity by freezing coefficients. It follows that v = p is a
solution to the problem

0

ai: — ' (p)Au+ (9"(p)Vp+ E) - Vu+div(E)u in (0,00) X Bp.

Since p is a classical solution and ® is C?, all the coefficients are continuous. With the change of variable
v = e Mu for any A € R we can replace the zero order term coefficient by a non-negative quantity. Then, if we

assume po(x) > 0, the maximum principle [182, Section 7 - Theorem 12] implies that py(z) > 0.
Furthermore, due to the no-flux boundary condition, for p = 1 we also have

el gy = llpollLr(Br)s (2.24)
because, along solutions of (2.20) we have
d .
Pl sg) = / div(Ve(pr) + peEy) = / (V@(pt) + ptEy) - v(z) = 0.
Bgr O0BRr

Next, in order to formulate the a priori estimates on V®(p) and Vp we define,
S
U(s) =2 / ®(0) do. (2.25)
0

Lemma 2.18 (a priori estimates on V®(p), [96]). Assume (2.21) and (2.22). Then, the unique classical solution
of (2.20) satisfies that

T T
L[ 9ol < [ w0+ [ 1By oo 2.26)
0 Br Br 0

From this point we will include the proofs for the following a priori estimates because the time dependence
becomes relevant and, therefore, there are significant differences with respect to the results shown in [96].
In order to obtain an a priori estimate for Vp we define an auxiliary function Gg, given by the conditions

Gl (s) = q),l(s), G (0) = Gap(0) = 0. 2.27)

Due to (2.21) and the regularity of ®, G is well defined and C2((0, oc)).
Lemma 2.19 (a priori estimates on V p). Assume (2.21) and (2.22). Then, the unique classical solution of (2.20)

satisfies that

2
Pt

' (pt)

1 [T ) 1 [T
Gotor) +5 [ [ 1P < [ Gotaw+5 [
Br 0 Br Br 0

Proof. We can compute that

) , - p
. Ga(p) = —/BR VGg(p) - (VO(p) + pky) = —/BR\VPF—/BR q),(p)VpEt.

IEI72(5,)- (2.28)
Lo (Br) (Br)

Then, we have

0 P
—G +/ Vpl? < H

IVoll2 o)l Etll L2(BR)-
Le°(Br)

Applying Young’s inequality we obtain

o 2

1 1 P 2
siGalo+y [ 1vaP < 2y
By Ot 2 JBg 212 (p) || oo (B (Br)
obtaining the desired result if we integrate in time. O
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2 Partial mass concentration for fast-diffusions with non-local aggregation terms

We apply a similar argument to obtain a priori estimates for the time derivative.

Lemma 2.20 (a priori estimates on %). Assume (2.21), (2.22), and ®(py) € H'(Bg). Then, the unique
classical solution of (2.20) satisfies that

a 1 1
S | B ek watenr < [, v+ / [, ¥ @orearie
Br Br
PV (py) (2.29)
//BRt ! at
— C(po) div By + <(pT) div B,
Br Br

where ( : [0,00) — R is a function such that (' (s) = s®'(s).

Proof. We will use the notation w = ®(p). When p is smooth, we can take 2 as a test function and integrate
in Bp. Notice that aw’f =’ (pt)%, SO

/BR<I>'<,0>

We can integrate by parts to recover

8Pt
(p/
/BR (o) |5

Integrating in [0, 7] we have
1 1 ow
+ / |Vwr|? = / |Vawg|? — / / ptV< t) .
2 JBg 2 Br Br

[ rools]

Integrating by parts in time the second integral on the RHS,

1 1 T 8[)15 aEt
' (p —I—/ Vw 2:/ Vw 2—1—/ Vw-[ E; + p]
/ /BR 2 BR| 7! 2 BR| o 0o JBg T

+/ POVwO'Eo—/ prVuwr - Er.
Br Br

ow
= (%t (Aw + div(peEy))
Bgr

8:01%
ot

=-= - <R,
2dt Jy, 1V /BR’)N o

8Pt

At this point we introduce (. Then, integrating by parts we get

8pt 1 1 T apt aEt
q)l - 2 — / 2 / . E
/ /BR + 2/BR [Vwr| 5 BR‘VU)0| + o I, Vuwy D t+ pt— B

- C(po) div Ey + C(pr) div Ep.
BR BR

Notice that,

0 1 0py
SV = (p)2 2 (0) 2 Vpu.

Therefore, applying Young’s inequality, we recover,

3 1 1
] |2l Vurl <5 [ 19wl + // (00 IVl 5,
Bgr Br
OF
//Ptth =t
Br
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2.3 Well-posedness for the aggregation-diffusion equation in By

— [ C(po)divEy+ [ ((pr)div Er,
Bgr Br

where all the terms on the RHS are bounded. This is because E € W1°([0,T] x Bg), ® is uniformly elliptic,
the LP estimate (2.23), the a priori estimate (2.26) on |[V®(p)||12((0,1)x B,) and the a priori estimate (2.28) on

HVPHL2((0,T)xBR)- ]

Remark 2.21. Let us observe that, in particular, because ®' is non-negative, we have the inequality,

1
= '(
(o) [, 15

IER

8Pt

<y [, Ve [ vetnr

T T OE, (2.30
w5 [ ] veowereps [ avee- S S
2 )0 JBg o JBg ot

— [ C(po)divEy+ [ ((pr)div Er.
BR BR

2.3.2 Fast Diffusion with time-dependent drift in Bz

In this subsection, we will focus in the Fast Diffusion problem with known transport,

ap = Ap™ + div(pE) in (0,00) x Bp
(Vpm + pE)-v(z) =0 on(0,00) x dBn, 231)
p(0,z) = po(x).

For convenience in this section, we will denote ®(s) = s™. Let us define our notions of solutions for the problem
(2.31).

Definition 2.22 (Weak solution). p is said to be a weak solution of the problem (2.31) in (0, T ) X B R if it is
C([0,T); LY(Br)), ®(p) € L'(0,T; WYY (BR)) and for all ¢ € X = {p € C=([0,T] x Bg) : =0},

it satisfies,
T
/poso //Ptat / V@(p)Wﬂr/ / ptEN o.
Bpr 0 Bgr 0 Br

Definition 2.23 (Strong solution). p is said to be a strong solution of the problem (2.31) in (0,T) x Bg ifitisa
weak solution such that

1. ®(p) € L*(0,T; H*(Bg));
2. % ¢ L2((0,T) x Bg).

Remark 2.24. Since % € L%((0,T) x Br) we have that,

/ |Psy — Psy </ /
BR BR

and p is such that p € C%([O, T; LY(Bg)).

1|9p

L2((0,T)x Br)

Uniqueness

The uniqueness result can be obtained by continuous dependence in L' with respect pg and E. Given two strong
solutions p and 7 to the problem (2.31) with given drifts £/ and E respectively, we follow an argument similar
to [96, Theorem 2.10].
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2 Partial mass concentration for fast-diffusions with non-local aggregation terms

Theorem 2.25 (L' continuous dependence). Let p and p be two strong solution of (2.31) with given smooth
drifts E and E respectively. If E = E then we have the L' contraction principle

/BR[PT —Prl+ < /BR[PO — Do)+

IfE# Eandp e L>®((0,T) x Bg) then we have that

T T 1/2
lor —pr]+ < [P0 —Pol++llpoll L1 (Br) | div(Ey— Ey) | 1o (By) +Ch IE: — Bl 325, ;
Br Br 0 0 ( R)
(2.32)
where, )
1/2
e Pt ?
C) = Ga(p —1—/ H Ey|? ,
1 ( B <I>( 0) 9 0 (I)/(pt) Lo (Bx) H tHLz(BR)

and Gg is defined in (2.27).

Proof. Denote wy = ®(p;) — ®(p,). Let j be convex and denote p = j'. We have

) , o
53 o= p0ptwn) = [ plwn)div (Vs + (nEr ~ )
Br Br
__ / P w)\Vul? = [ Vp(w,) - (0Ei - pE).
Br Br
Then,
0 _ =
a(ﬂt —p)p(wy) < — Vp(wy) - (peEr — prEy)
Br Br
— [ Vp(w) puE—Fy) - / Vp(ws) - Bilpi — 7)
Br Br

= [ ) (Vou- (B = Bo) + pdiv( = F)
+/ p(we) (V(pe = py) - B+ (pe — ) div Ey) .
Br

Now, we take the limit p(s) — signd (s), the positive part function such that signg (0) = 0, and get the bound

T
/BR lpr — Pr]+ < / [P0 = Do)+ + /0 /BR signg (we) (Ve - (By — Ev) + pr div(Ey — Ey))

Br

T
+ / Vipt = Py)+ - Ev+ (pe — py)+ div E
o JBg

S/ [P0 — Pol+
Br
T

+ Vil 20,0y By |1 Bt — Etllr2(0,m)x Br) + HPOHLl(BR)/O | div(E; — Et) || Lo (Br)

+/0T/BR div ([pr — 5+ Er)

due to a direct application of the Dominated Convergence Theorem using the properties of the strong solutions.
The last term vanishes since E;(z) - v(x) = 0 on Bg. If E = E then, the L! contraction is obvious. If E # E,
considering the a priori estimate (2.28), we recover the desired inequality. O
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2.3 Well-posedness for the aggregation-diffusion equation in By

Existence

We proceed to prove existence for the problem (2.31), by constructing solutions for regular ®. We consider the
following sequence @y, of functions satisfying (2.21) given by ®;(0) = 0 and

mk™ 1t s>k,
Dl(s) ~Ems™ 1t se kTl k], (2.33)
mkiT" s < k7Y

k)

up to a smoothing. The sequence ®;, is such that, ®;(s) — ®(s) for all s > 0. We take the sequence p(¥) given
as the unique solutions of the problems
9pk)
gt = A%, (pM) + div(p® E®) in (0,00) x Bg,
(V@k(p(k)) + p(k)E(k)> y(z) =0 on (0,00) x dBg, (2.34)
k
p(0,2) = o (2) z € B,

where p(()k) € C?(Bg) such that p(ok) — po in L>®(Bg) and E*) smooth such that ) — E in W>°([0, T x
BR).
We will prove existence of solutions for the problem (2.31) using a compactness-type argument.

Theorem 2.26 (Existence). Assume py € L®(Bgr), po > 0, E € WH([0,T] x Bg), and p*) the strong
solutions of (2.34). Then, p'¥) converges weakly in H'((0,T) x Bg), strongly in L*>((0,T) x Bg) and in
C([0,T); LY(BR)) to p, the unique strong solution of (2.31).

Proof. We divide the proof in several steps.

Step 1: p\*) is uniformly bounded in L*(0,T; H'(Bg)). Due to the L estimate (2.23) and the control on E(*),
there exists a uniform constant A7 such that

T
16® 1 (0.7 35) < exp ( /0 | div Eﬁ’”anwR)) 1067 e () < Az < o0, (2.35)

since ,o(()k) — po in L>°(BR). Because of the a priori estimate (2.28),
Pt

/T/ (h)2 U
V| </ Ga,(p )+/
o JBx B 0 200 |@ (o)

where G, is defined in (2.27). Since G, are non-decreasing functions we have that

(k) *)
1E: | 22(Bg) (2.36)
Lo°(BR)

0= Ga, (0) < Ga, (057 (2)) < Gag (105 1= (Br)-

Moreover, G, (o) — % for all o > 0. Therefore, for k big enough we have that
k _
o8 132

(k) <
G‘%(HPO HL‘X’(BR)) = 2m(2 _ m)(g _ m)

Then, G, (p(()k) (x)) is uniformly bounded. The second term of the RHS of the estimate (2.36) is also uniformly
bounded,

L )omm ooy (K _
) — o i [pfY) = K
o' (pM =2 L m—2 (k) ~1
AV —k if |p\™| < k
m
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2 Partial mass concentration for fast-diffusions with non-local aggregation terms

where the constant 2 accounts for the regularisation of ®), on the corners. Since ||p"|| L>((0,T)x B) 1S uniformly

bounded, so is this quantity. HE || 12(By) is uniformly bounded by C||E¢| 2,y because of the convergence
E®) — Ein WH([0,T] x Bg). In particular,

T
sup/ / ]Vpgk)|2 < 0.
k Jo JBg

Therefore, p(*) is uniformly bounded in L2(0, T; H'(Bg)).
Step 2: V@ (p*)) is uniformly bounded in L*((0,T) x Br). Due to (2.26), it follows that

T T
[ wee®r < [ wil+ [ 1B B o 1o,
0 Br Br 0

where U (s) = 2 [ ®y(0) do. Hence, for k > Ar, Dr(p®)) < d(p™), so Wi (p®)) < T(p*)) we have,

T T
k
/ 1924 o) 72 < /B U(py”) + / CE N Lo () 191 2250
R

T
S !BR!HponngR +C/0 BT oo () 1061 225

Step 3: % (;t Lis uniformly bounded in L*((0,T) x Br). From (2.30) we get that

1 e
/ / e < / IV, (o) 2 + / Ve () Vo | BN
Br 2 Bgr 2 0 Bgr

T 8E(k)
+/ / PV (o) - =
Br

- <k( ") div B + g( My div B

3/%5 2
ot

Furthermore, because <I>;c is non-increasing we also have that

1 1 e K "
[ 2] s- (2/ Vol 5 [ [ el vt B
r = 1 o) \2 e o Jo

(), OB (k) (k)
+/ / peV®r(p; ) - (k( )leEO ( ( )dlvE
o Ja, ot

Then, ‘1)2(||p§k)||Loo) > &) (Ar) > T'p > 0since @ (A7) — ®'(Ar) > 0. Let us now apply Hélder and Young
inequalities,

TUAES

1 (1 e 1
sm<2 /v [ IR A2 19 s, e

T (k)
(k) or;
+ [ v o oo | G
- Ck:( ¥) div B + Ck( )leE(k)>
< i V0 (o)
= or, 0
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2.3 Well-posedness for the aggregation-diffusion equation in By

b VB oo [ (192 ooy + 196 )

L= | I / (19260320 + 01225

C
- Ck:(Po N div By + C Ck( ") div Ex.
T /B, Br

From Step 1 we already know p*) is uniformly bounded in L?(0,T; H'(BR)), from Step 2 Vo, (pH) is
uniformly bounded in L?((0,7T) x Bpg) and from the assumptions, E € W1°°([0,T] x Bg). The function (},
is such that (j (pgk)) =/ Br pgk) V@k(pgk) ), then the last two terms of the RHS are uniformly bounded from

a combination of all the previously discussed above. Therefore, the sequence ag—(:) is uniformly bounded in
L%((0,T) x Bg).
Step 4: A subsequence converges to the strong solution. We divide this step in subsequent steps.

Step 4.a: Convergence by compacmess. The sequence p(®) is uniformly bounded in H'((0,T) x Bpg) by
Steps 1 and 3. Therefore, by the Sobolev compactness embedding Theorems, there exists a subsequence pk)
such that

p*) = p inL?((0,T) x Bg) and p® — p inC([0,T]; L*(Bgr)). (2.37)

This also implies that, up to further a subsequence, the weak convergence in H*((0,T') x Bg) and

p*) = p ae. (2.38)

Step 4.b: p € L*(0,T; H(Bg)). Vp®* is uniformly bounded on L?((0, T) x Br), then, taking into account
(2.37)
Vp*) ~ Vp  weakly in L?((0,T) x Bg),

and p € L2(0 T; H'(BR)).
Step 4.c: % € LQ((O T) x Bg). The sequence 8t) is uniformly bounded in L2((0,T) x Bg). Then, up to a
subsequence, 8 ( — ¢ weakly in L2((0,T) x Bg). From (2.37) we recover £ = gf and gf € L?((0,T) x Bg).

Step 4.d: <I>(p) € L*(0,T; H'(Bg)). From Step 2 we know that the sequence V&, (p(¥)) is uniformly bounded
on L2((0,T) x Bgr). Then, up to a subsequence,

Vb (p)) — ¢ weakly in L2((0,T) x Bg).
Recall that by (2.37), p*) — pin L?((0,T) x Bg). Furthermore, ®,, — ® uniformly in [0, A7]. Then,
[96(6®) = (0|2 0y 1) < 191(™) = (D) 2 02730) + 12(6Y) = (D) 20y
<@ — @l oo 0,00 | BrlY + [@cm 1165 = o™ 1207y x Br) — 05

where [®]cm is the m-Holder semi-norm of ®. The convergence to 0 follows from the Dominated Convergence
Theorem: we have almost everywhere convergence and they are bounded functions. Therefore, this implies that

@y, (p)) — ®(p) strongly in L?((0,T) x Bg).

Then, we also obtain V&, (p*)) — V&(p) weakly in L?((0,T) x Bg), and ®(p) € L*(0,T; H'(Bg)).
Step 4.e: A®(p) € L*((0,T) x Bg). Due to the smoothness of E*¥), p(¥) are classical solutions. Then, from
a posteriori computation we get that

9p(k) _
1AL (0" )| 20,7y x Br) < Hgt — div (p(k)E(k))

L2((0,T)xBRr)
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2 Partial mass concentration for fast-diffusions with non-local aggregation terms

+ Cllpll 20,05 (Bo) 1 E Nl oo (0,791 (BR)) -
L2((0,T)x Br)

Therefore, we conclude that Ad®(p*)) — A®(p) weakly in L>((0,T) x Bg).

Step 4.f: Distributional solution We have now all the ingredients to see that for every test function ¢ € X =
{o € C>([0,T] x Bg) : ¢(T) =0},

(9 T
o [ = [ oot [ . i
BR 0 BR BR
T
/poso //pt / V<I>(p)V<p+/ / prEtV p.
BR 8t 0 BR 0 BR

Therefore, p is a strong solution of (2.31).

converges to

Step 5: Convergence of the whole sequence. Since there is a unique strong solution of the limit problem, every
subsequence has a further subsequence converging to the same limit, and hence the whole sequence converges.
O

Before finishing this section we want to remark that p, the strong solution obtained in Theorem 2.26, preserves
all the a priori estimates discussed during subsection 2.3.1, which are, the LP estimate (2.23) and the a priori
estimates of the L2((0,T') x Bg) norm of V®(p), Vp and % which are presented in (2.26), (2.28), and (2.29)
respectively.

2.3.3 Proof of Theorem 2.2

We divide the proof in several steps. Let us fix an arbitrary time 7:

Step 1: Define the contraction mapping. The goal is to prove existence and uniqueness of the solution using
Banach fixed point Theorem to an operator /X defined as follows. We consider Ty < 7. First we define

T: X — C([0,Ty); L' (BR)),

as the functional that maps the vector field £ with the solution of (2.31) for initial data py and vector field F,
where due to Theorem 2.26 we can take the domain as

X = {E ¢ Wh*([0,Ty) x Bp) that satisfies (2.22)}.

As a second step of the construction of our fixed-point operator, we define the map from p to E by

£:0([0,To); L'(Br)) — X, Elpl(z) = VV(2) +V B K(z,y) - p(y) dy.

Finally, we define the operator we will use for a fixed point argument as
K=To&:C(0,To); LY(Br)) — C([0,To); L*(Br)). (2.39)
It is easy to see that the ball

A:={u e C([0,To; L'(Br)) : sup |luellzi(np < llpollzi s}
te(0,To)

is such that IC(A) C A because of the L estimate (2.23) for p = 1, independently of 7.
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2.3 Well-posedness for the aggregation-diffusion equation in By

Step 2: Prove that our mapping is contractive. Let us now prove that the operator K : A — A is contracting for
small enough 7. We look at the Lipschitz constant of 7 and £. We know that, due to the estimate (2.23) for
p = oo, we have the bound

T
ITTEN zoe (0,10)x Br) < ITIE]| Lo ((0,1)x BR) < €XP </O | diVEtHLOO((O,T)xBR)) 10l oo (B )

Notice that the time integral has been extended from [0, Tp] to [0, T']. Then, due to the L! continuous dependence
result from Theorem 2.25 we have that

ITIEL — TIE) 1 (g < Co (TOW sup ||Bs — Es|l 2y +To sup | div(Es — EsmeR)) :
SE(D,T()) SE(O,T())

for all ¢ € [0, To], where C3 is equal to the sum of the constant C'; from Theorem 2.25 and ||po[ 11 (B,), i-€-

1T 2(2—m) 12
Co = lIpollzs(pay + ( /| Gam) + | meaie ), ||Et||%oo<BR>) ,

with G defined in (2.27). Let us plug in the potential £[p]. We start by realising that if we replace E by E|p],
everything is bounded. This is because the terms ||E[pl¢||ro(By) and || div E[p]¢[| 1 (p,) can be bounded as
follows,

€1l oo () < IVV Lo (Br) + (VoKL (BrxBR) Pt L1 (BR)

= [VVreo(Br) + IV K| Lo (Brx BR) lP0ll L1 (BR)

= C3(IVV oo (Br): I Ve Kl oo (Brx Br)» 10l £1)5
||diV5[P]t”Loo(BR) < |[AV|[zoo(Br) + 1Az K| Lo (BrxBR) POl L1 (BR)»
= Cu([[AV || (BR), |82 K | Lo (BRrx BR)- [P0l L1)-

In particular, when we replace E by &£[p]

T 1/2
Co = o=l + ([ Golow) + G e 2= mcn)
Br
Notice that
1€[plt — EMPl2(Br) < IVaK lL2(BrxBr)llot — Pellr(Br) = Co(IVa K L2(Brx o)) It — Pl L1 (BR)»
| div(E[ple — EPl)I Lo (Br) < 1AeK | poo(BrxBr) ot = Pl (Br) = Cr(1AK | L2(Brx ) Pt = Pill L1 (Br)-

Finally, getting everything together, we have for all ¢ € [0, Tp] that

IK[ple = Klplell1(Br) < Cs (Tolﬂ sup )|€[pls — ElPlsllz2(Br) +To sup || div(Elpls — E[p]s)llLoo(BR>>
s€(0,Ty s€(0,T0)

< C5(Co+ C) T, > +To) sup ||ps — Bill i (8p)- (2.40)
SG(O,T())

The constant C(T") := C5(Cs + C7) is bounded and independent of Tj. Taking 7j small enough so that

c(r )(TOl /2 + Tp) < 1 and applying Banach fixed point Theorem we get existence and uniqueness of solutions
for the problem (2.5) in the time interval [0, Tp].
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2 Partial mass concentration for fast-diffusions with non-local aggregation terms

Step 3: Extension to time T'. We repeat the argument from Step 2 choosing pr, as the initial data. Due to the
non-flux boundary condition, we have that ||pz,|11(B,) = llpollz1(Bg)- Furthermore, we bound uniformly
|Go(p1,)ll L1 (Bg)- From the definition (2.27) of G and the LP estimate (2.23), we have that for all ¢ € [0, 7]

||Pt||i§1nm(BR) exp ((2—m)||div5[P]t||L00(BR)T) .
Br Gelp) = (3—m)(2—m)m = (3—m)(2—m)m ol :23””(312)
o &Xp (2 —m)C4T)
~B3-m)2-m)m

3—m

100125 5y = ColIVV By, IV K | e ) 10 5 30

Hence, if we consider the constant,

T 1/2
Co = |lpollL1(Br) + (CS + EC:% exp (2(2 — m)C’4)> )
we get the estimate,

1Ko — KBlel 11 (g < Co(Co + CN(Ty> +To)  sup  lps — Pall i1 (r):
SE(T(],QT())

for all t € [Ty, 2Tp]. The constant C(T") := Cy(Cs + C+) is independent of any time step. If we choose the
time step Tp even smaller than in Step 2, satisfying C(T )(TO1 24T 0) < 1, we can apply Banach fixed point
Theorem again to obtain existence and uniqueness in the time interval [T, 27p]. We keep repeating successively
this argument until we reach the value 7" since now the time step 7y only depends on pg. Since this construction
works for an arbitrary time 7', by the uniqueness of the solution, we have existence and uniqueness for every
time. O

2.4 Long time asymptotic behaviour

In this Section we want to study the asymptotic behaviour of the solutions of the problem (2.5) when ¢ — oo. In
order to be able do that, we will need some a priori estimates that come from the dissipation of the free energy.
We obtain them in subsection 2.4.1. After that, in subsection 2.4.2 we study the asymptotic behaviour of the
solution using these estimates.

2.4.1 Free energy and its dissipation

We can derive a variational interpretation of the problem (2.5) that leads to additional a priori estimates using
its gradient flow structure. The equation (2.5) can be rewritten as
dp

5, = div <pv {U’(p) +V+ [ K C)ol) dy}) 7 241

where, U(p) = Wf—:. Formulation (2.41) shows that the equation (2.5) is formally the gradient flow of the free
energy

Frlp] = /BR U(M(:p))dx—I—/

1
[ V@ due) + g / ], K@,

Thanks to the free energy we can get some useful a priori estimates. We can prove Proposition 2.3.

Proof of Proposition 2.3. First we point that U”(s) = @ so this is a smooth function for s > 0, and U(s) =
nfjl. We can pick for £ € (0, 1) the approximation given by

U2(s) = {gi; T nE-ve. U =Ue.
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2.4 Long time asymptotic behaviour

Notice U. € C2%(]0,00)), U-(s) = U(s) fors > ¢,0 < U”(s) < U"(s) for s > 0, and U. — U uniformly over
compacts of [0, c0). We define the free energy,

Fecld= [ Vpyao+ [ vp@idoss [ Keppmoe

Because % € L?((0,T) x Bg),

d
3 Relod = - / pe [U"(pe)Vpe + E] - [UL(p)Vpr + E],  forae. te(0,T)
Br
and .
2
/ / [U"(p)Vp+ E] - [UX(p)Vp + E| = Frelpn] — Frelpw), (2.42)
where E denotes VV + V [ BR (-,9)p(y) dy. By construction we know U, — U uniformly over compact sets

and hence Fp[p:] = Fr|p:] for every t > 0. We can expand (2.42) as

t2
/ / pU" (p)UL (p)|Vp|* = Frelpn] — Frelpts)

to to to 9
[ [ vewE- [T gtovee- [T ] lep
t1 JBgr t1 JBpgr ti JBpg

Notice that V®(p) € L? and this guarantees that the third-to-last term of the RHS is finite. For the second-to-last
term we do

(2.43)

PUL (0)V - E| < pUL(p)|Vl[E| < pU" (0)|Vp| | = V()| E.

The last term is bounded due to the L estimate (2.23). Now, since p, U/, U"” > 0 we can use Fatou’s lemma to

deduce from (2.43)
/ / pU" (p)*|Vp|? < . (2.44)

With this estimate, we control the RHS of (2.43) by
pU" (p)UL (p)|V pl* < pU" (p)U" (p)|V |

With the controls already proved, we can apply the Dominated Convergence Theorem in all terms of (2.43), and
the proof is complete. 0

Corollary 2.27. Assume the basic hypotheses (HO) on the initial data pg and the potentials V and K, then
Frlpt] is non-increasing, bounded below, and therefore has a finite limit as t — oo.

Proof. Proposition 2.3 gives us that Fr[p;| is non-increasing along solutions of (2.5). Furthermore, we can

prove that F[p;] is bounded below for solutions of (2.5) because

1 . 1
Frlp] = _mHPHLl(BRﬂBRP — WVllpee Byl L1 (BR) — §HK—”L°°(BR><BR)Hp”%l(BRy (2.45)

so Fg[p¢] is uniformly bounded in time and it has a finite limit as ¢ — oo. U

We are also able to deduce using these energy estimates an L' bound of V™. We will do it on a bounded
subdomain € to profit from it when R — oo.

Corollary 2.28. Assume the basic hypotheses (HO) on the initial data py and the potentials V and K, then we
have that

to t2
/ /|v,o;“|§||po||L1<BR> (fR[pn]—fR[ptzH / / o
t1 Q t1 Q

VV+V [ K(,y)p(y)dy
Br

2\ 2 L
) . VQ C Bpg.
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2 Partial mass concentration for fast-diffusions with non-local aggregation terms

Proof. We have that

to to m 1 to
wort= [ [ o wm < [“ i ( [ ]5
L fweri= [ Lol vt < [ ([ o

Hence, we can conclude the result using Proposition 2.3, Jensen’s inequalities and the conservation of the L'
norm. [

_m_
m—lp

m—1

2\ 2
) dt. (2.46)

2.4.2 Asymptotics in time. Proof of Theorem 2.4

Proof of Theorem 2.4. Due to the Sobolev embedding, for p < oo large enough I/VO1 P(Q) c C(Q). Therefore,
by standard duality arguments

M(Br) € (C(Q)) ¢ (WP () =W () c wH(Q).

The key reason to use this space is the following a priori estimate

2
1 g, Ly . m Ty m-1 . 2
Floel = [ av (s (G2 ()" v [ semslora)]|
0 W-11(Bg) 0 Br W—11(Bg)
! n m n m—1 n 2
< / Y (_1 (p,[: ]> +V+ [ KC ) dy)
0 m Br LY(Br)
tn+1 1 2 1 m . 2
S/ i pr<1p%”_ +V+ | K(,y)p(y) dy)
tn L2(BR) m = Br L%(BR)

< llpoll 1Ry (Frlpt,] — Frlpt,+1]),

which involves only the energy. Hence, it follows that

pb!

1 1 1
o Ao < |lpoll?1 5,y (Frlpr,] = Frlpr, )2 [t =52, (2.47)

W-11(Bg)

t
167 = o 15, < /

Since pg € L™, Fr[po] < oo. From Corollary 2.27 the free energy is uniformly bounded. The free energy is also
decreasing in time along solutions of (2.5) from Proposition 2.3. Therefore, Fr[p:,] — Fr[pt,+1] is uniformly
bounded by a constant C'. By properties of the Bochner integral we can take advantage of (2.47). In partic-

ular, this last result implies that the sequence pl™ is equicontinuous. Next, we realised that I pl[tn] I LY(Br) =
lpollz1(By)> and, in particular, the sequence pﬁ”] is uniformly bounded on L'(Bpr). Furthermore, because
L'(Bg) is compactly embedded in W' (Bg) we know by Ascoli-Arzela Theorem that, up to a subsequence,
we have the convergence

pll i inC((0, 1); WLY(Bg)).

For any ¢, s € [0, 1], using (2.47) we also have that the distribution jz; does not depend on time because

e = Bisllw 1) = T [loy™ = pl 15,

[NIES

1 1.
< llpoll 21 g pylt — 517 lim (J:R[ptnk] - fR[ptnkH]) =0,
where the last step is again due to Corollary 2.27. O

Notice that in the setting of strong solutions we cannot characterise /i as a stationary solution of the problem
(2.5) because the W11 convergence is not sufficient to pass to the limit under the non-linearity of the fast
diffusion term. Therefore, we aim to characterise this limit in the mass equation.
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2.5 An equation for the mass

2.5 An equation for the mass

The aim of this section is to develop the well-posedness theory for the mass equation (2.49) in order to charac-
terise the stationary state. We will show that the natural notion of solution in this setting is the notion of viscosity
solution.

In order to study the asymptotic behaviour we will rely on the construction of fi in subsection 2.4.2 as a limit
of the densities p["] defined in (2.10) and on the results from DiBenedetto [159, Chapter III].

2.5.1 Mass equation for the regularised problem

Assuming further to the basic hypotheses (HO) on the initial data py and the potentials V' and K and that they
are radially symmetric, it suffices to study the mass variable

M(t,v) = /N pe(z) dz. (2.48)

We will denote by 7 the radial variable » = |z|, by v = |By|r?, the volumetric variable and by B,, the ball
centred in the origin and with radius r = (v|B; |_1)1/ 4 Tt was shown in [96] that M satisfies a Hamilton-Jacobi
type equation which is better written in the volume variable v as
1
(‘)8]\5 = ﬁ(v)2§)® <%j\j> + R(U)Q%J\j o, k()= dwjv%, in (0,00) x (0, Ry), (2.49)
where R, = |Bpg|, and € is an operator written in volumetric coordinates that substitutes the previous operator
E that we have in earlier sections. We also recall that ®(s) = s™. We point out that p > 0, and for that
reason we do not need to take the signed power. It makes sense to write this operator in volumetric coordinates
because if 77 and  are radially symmetric, so it is (nu), and, since V' and W are also radially symmetric we also
have radial symmetry for V + | By, K (- y)p(y) dy (the problem in which we are the most interested). We are
denoting by M..q(Bg) the measures invariant by rotation with respect to the origin, and similarly for LY d(BRr)

and Wr;é’l (BRr). Therefore, we can define € like:
€ : Myaa(Br) — C([0, Ry))

ov. 0 (2.50)
4= K(-.y)d
p— o +8v< - (5 y) u(y)>,
which is such that [y] is the volumetric derivative of Y [u], where Y is the operator:
Y : Myaa(Br) — C([0, Ry))
2.51)

p—V+ [ K(,y)du(y).
Bgr

We now need to show that we can extend € in a suitable way such that

¢: Wy (Br) — C([0, Ry)

rad

is continuous. Here Wr;(li’l(BR) is the closure of L1 ,(Bg) in W11 (Bg).

In the following results we first point out that the change to volumetric variable is precisely mapping L?” to
LP with no weights and after that we explain how to extend the map & from M.q(Bg) to Wr;(li’l (BR).

Lemma 2.29. The change of variable map
Z:LP ,(Br)— LP(0,R,), where R, = |B;|R*
f—1f) =g, where g(w) = f((w/|Bi])aey).
is an LP isometry. The L' isometry is extended uniquely to an isometry in the total variation distance

T : Mpaa (B73) — M([0, Ry)]), where R, = |B1|Rd.
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2 Partial mass concentration for fast-diffusions with non-local aggregation terms

Remark 2.30. Let X be the Borel o-algebra in Q) C Bp. The standard form to define the total variation norm
(i.e., ||v||rv = |v|(R2)) is equivalent to the definition

¥lllzy := sup [v(A)].
Aex

This is a consequence of the Hahn’s Decomposition Theorem. In order to prove Lemma 2.29 we use this second
notion.

Proof of Lemma 2.29. We divide the proof in two steps.

Step 1: Extension. The map Z is defined such that for every ¢ € C([0, R,]),
d o
[ eldattyduta) = [ o(o) dzipo.
Br 0

In particular, Z[u]((a,b)) = M(E\E) (and analogously for the intervals which are close), which implies
surjectivity of the mapping Z from M,,q4(Bg) to M([0, R,]). Furthermore, given p € M(BR), the following
statement holds

/ odu=0 forallp € C(Bg) <= u=0.
Br

If p is radially symmetric, then we can reduce this set to radial test functions = +— ¢(wg|z|?) with ¢ €
C([0, Ry]). From this identity we can easily check that Z is injective by showing its kernel is trivial. If Z[u] = 0
then

Ry
/ o(walz]®) dpu(z) = / (o) dZ[u)(0) = 0 forall p € C([0, Ry)).
Br 0
so = 0.

Step 2: Isometry in the total variation distance. We denote by X4 the o-algebra generated by open annuli, and
by ¥ the o-algebra generated by open intervals. Let us take pi1, 2 € Myaq(Bg). The map Z is such that

111 (Bo\Ba) — p12(By\Ba)| = [Z1m1] ((a, b)) — Z{psz])((a,b))].

Therefore, we get that

iy = plllrv = sup |u1(A) — pa(A)| = sup [Z[11)(B) = Tlpa](B)| = [[[Z[p1] = Z{pa]ll|zv-

€¥rad

This completes the proof. O
We now prove a lemma of differentiation in volumetric variables.

Lemma 2.31. Assume the basic hypotheses (HO), and that the initial datum po and potentials V and K are
radially symmetric. Then, the map

d—1
vV d

- d|B; |

() W(}’OO(BR)XWLl(BR)> ’

er - ((VV) (re1) + <(VxK) (rei,-) ,,u>

where r = (v|B1|~1)V4, extends (2.50) and it is continuous

¢: W _(Bgr) = C([0,Ry)).

rad
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2.5 An equation for the mass

Proof. We have that V(rey) + [ B K (re1,y)p(y) dy is radially symmetric. We can compute its derivative as

el = <|1;1|> o (Wv) <<|1;1|> E 61) - <(VxK) (rex,) ’“>W§’°°(BR)xwlvl(BR)> vid

d—1
v d

d\Bl|d

er ((V)ren) + ((9.5) (ren ) )

W&’W(BR)XW_M(BRJ

where r = (v|By1|)"/?. The details on the change of variables can be found, for example, in [23, 24]. Finally,
since V, K € T/VO1 "*°(Bg x Bpg) and €[u] is affine on u the continuity follows. O

Once we have introduced the notation we recall some a priori estimates for the solutions of equation (2.49)
using Lemma 2.18. Their proofs can be found in [96].

Lemma 2.32. If p, € L1(BgR) for some q € [1,00) then

M(t,)] o < . 2.52
[M(t, )]CTl([O,Rv}) < |lptllLa(BR) (2.52)

If ¢ = oo the same holds in W1 (0, R,,).

Lemma 2.33. There exists a constant C > 0, independent of p or ®, such that

T Ry 2 T
/ / dvdt < C </ W(po) + ||E||2Lw((O7T)XBR)/ / ()2 da dt> . (2.53)
0 Jo Br 0 JBr

In particular, if po € L?>(Bg) and V(po) € L'(BR) then M € C'%(O,T; LY(0, Ry)).

Similarly to the argument in [96, Appendix A], we can adapt DiBenedetto’s theory [159] so that we get the
following a priori estimate

Theorem 2.34. Assume the basic hypotheses (HO), and that the initial datum py and potentials V and K are
radially symmetric. Let p be the strong solution of (2.5) and M its mass. Then, for every € € (0, R,) we have
the following interior regularity estimate: for any T1 > 0 and any € € (0, R,)) there exists v > 0 and o € (0, 1)
depending only on d, m, ||pol| L (B> IVV ||Loe (Br)s Ve K || Lo (Brx Bg)» €5 T1, such that

m—1 (e

o1 —v2| + llpoll [ 111 — b T
L (2.54)

€+ ”/00”Ll(BR)Tm+1

[M(t1,v1) — M(t2,v2)| <

Sforall (t;,v;) € [T}, 4+00) X [g, Ry].

2.5.2 Viscosity solutions

We start by providing a self-contained definition of (2.49). Since we cannot guarantee that M /Ov is positive,
it is better to simplify (2.49) expanding the second derivative and dividing by ®'(9M /Ov). Let us state what is
a viscosity solution for our problem (2.49).

Definition 2.35 (Viscosity solution). A function M € C([0,T]; C((0, Ry))NBV ([0, Ry])) is a viscosity super-
solution of (2.49) if, for every to > 0, vg € (0, R,) and for every ¢ € C?((tg — &,tg +€) x (vo — &,v0 + €))
such that M > ¢, M(vo) = ¢(vo) and g—f(v) # 0 for all v # vy it holds that

1 J o g2 (to, v0) i [oM
m af(to, vo) > K(uo)* 55 =2 (to, vo) +m(vo)2Me {z 1 [81}” (to, vo).

The corresponding definition of subsolution is made by inverting the inequalities. A viscosity solution is a
function that is a viscosity sub and supersolution.
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2 Partial mass concentration for fast-diffusions with non-local aggregation terms

Remark 2.36. Notice that, in the viscosity formulation, we replace OM /Dv by the test function in the non-linear
term, but we preserve it in the non-local one.

In the following we prove that M is a viscosity solution for the problem (2.49).

Theorem 2.37. Assume the basic hypotheses (HO), and that the initial datum py and potentials V and K are
radially symmetric. Let p be the strong solution of (2.5) and take 0 < T < oo. Then, M defined in (2.48) is a
viscosity solution of (2.49) for ®(s) = s™, 0 < m < 1, and the drift & [I_l [%—Aﬂ]

Proof. We proceed analogously to the constructive argument used for the existence of strong solutions to (2.5).

Step 1: Uniformly elliptic diffusion with fixed time-dependent drift. Given E € W1°°([0, T x Bg) a fixed time-
dependent drift. We take a sequence of smooth drifts £*) such that E*) — E in W1([0,T] x Bg) as in
Theorem 2.26. Let us take p(¥) the strong solution of (2.34) with the drift £(**). From the regularity theory we
know that p(¥) € C! ((0,T); C(Br)) NC ((0,00); C*(Bgr)) N C ([0, 00) x Bg). In particular,

M®) (¢, v) = /~ pgk) (x)dx

is a classical solution of (2.49) and, hence, a viscosity solution thanks to the regularity of p(¥).

Step 2: Fast diffusion with time-dependent drift. If we take the sequence @ as in (2.33), we have by Theo-
rem 2.26 that
p* — p inC((0,T]; L'(Br)) (2.55)

with p the unique strong solution of (2.31) for a fixed potential £. We define

M(t,v) = /N pi(z) de.
Then, we have
M® — M inC([0,T] x [0, Ry)). (2.56)
Indeed, it follows from (2.55) combined with
k k
(MB (t,0) = M(£,0)] < llp™ = pull 1 gy < N0 = pellir gy, forallo <t <T,
which implies,
k
1M ® — M cqomixiony < I8 = pell o o,rs (ry)-

Next, we use the stability result Theorem 1.8. The sequence M ¥) satisfy the assumptions of the Theorem
since we have (2.56) and 1/®}. — 1/®’ locally uniformly in [0, Q] for every @ > 0, which is easy to check
using (2.33). Therefore, due to the stability of viscosity solutions, M is also a viscosity solution of (2.49) for
®(s) = s™,0 < m < 1, and the drift E € W1*°([0,T] x Bg).

Step 3: Fast diffusion with confinement and aggregation. Let p be the strong solution of the problem (2.5). From
Theorem 2.2, p is the unique fixed point of the mapping (2.39). Then, there exists a sequence pt*} by Banach
fixed-point iteration such that

p* — p strongly in C(]0, T]; L' (Bg)). (2.57)

Define
M(t,v) = /N pi(x) de.

Similarly as in Step 2, one can show

M 5 M inC(]0,T] x [0, Ry)). (2.58)

46



2.5 An equation for the mass

Since Z[p] = % and Z is an isometry from L! ,(Bg) to L'(0, R,), considering (2.57) and (2.58) we
also get,

oMFr oM
— i T); LY(0, R,
o - v IHC({O, ]a (OaR ))a
and that Z[p;] = az\gig)t,-)' Taking into account (2.57) and Lemma 2.31, one obtains

¢[pi™] = €lp] inC([0,T] x [0, R,)). (2.59)

Once more, from (2.58) and (2.59), combined with the stability result Theorem 1.8 we have that M is a viscosity
solution of the problem (2.49) for ®(s) = s™, 0 < m < 1, and the drift € [Z~! [ZM]]. O

Remark 2.38. In the following, every time we refer to M as a viscosity solution of (2.49) we will assume that
we are taking ®(s) = s, 0 < m < 1, and the drift € [Zfl [%—]‘f]] unless it is stated otherwise.

2.5.3 Convergence of the mass solution as ¢ — co. Proof of Theorem 2.6

We already know that the asymptotic in time of pl™ is a distribution i € W~11(Bg). In this subsection, we
intend to link this distribution with the asymptotic of M ("] defined in (2.13), as n — oco. In fact, we can study
the limit M — M and discuss its relationship with the limit [t obtained in Theorem 2.4.

We will start by proving that M/ — M converges point-wise in [0,1] x [0, R,] uniformly over compact

subsets on [0, 1] x (0, R,]. We also identify % with fi.
Remark 2.39. We identify % with [i in the sense of the isometry T that we discussed in Lemma 2.29. In this
way, we prove that %—A;[ = T[u] in L*°(0,1; M(]0, Ry))).

We are now able to prove Theorem 2.6. We divide the proof in several steps.
Step 1: Ascoli-Arzela over compacts of [0,1] x (0, R,]. From (2.54) we know that for all vy, vy € [%, R,] and
t1,ty € [T, 00), we have the estimate,

M (t,00) = M (2, 02)] < Ci (Jor = v + 61 — ta] 77 )"
In particular, for n large enough the sequence M (] is such that for all V1, V2 € [%, R,] and t1,t9 € [0,1]
MUty 00) = MU (13, 09)| < G (Jor = wal + |11 — ta]777) " (2.60)
where C, does not depend on n. Taking successive subsequences n(k, j) we get that for every k € Z~
MPEDL AT in € ([0,1] x [L, R,]) as j — oo

The diagonal satisfies -
MPERT 5 A in Croe([0, 1] % (0, Ry)). (2.61)

From here on we re-label this sequence as M [").

Step 2: Extension of M and some properties. Based on the fact that M (¢,0) = 0 for all n, the extension of
M so that M (t,0) = 0 is natural. Notice here that the limit of M (t,v) as v — 07 does not need to be 0. In any
case, due to (2.61), we have that

M(t,v) = M(t,v) point-wise in [0, 1] x [0, Ry].

Furthermore, because M are non-decreasing functions on v, M (¢,0) = 0 and M™(t, R,) = | po|| L1(Bg)
thus we get that M are functions with bounded variation given by || po|| L1(Bg)- As a conclusion their deriva-

tives aJ\gJ”J € M([0, Ry]) have total mass |[po||1(,)- Then, from Banach-Alaoglu Theorem and (2.61), up to
a subsequence,
oM oM
5 " By weak — * in L>°(0, 1; M([0, Ry])). (2.62)
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2 Partial mass concentration for fast-diffusions with non-local aggregation terms

Step 3: Identification between %—Af and Z[p). From Theorem 2.4, since pl[tn] are measures with total mass

[0l L1(Bg)» We can use Banach-Alaouglu Theorem to deduce that, up to a subsequence

pl[fn] — 71 weak — x in L*>°(0,1; M(BR)).

Since Z is a linear isometry it follows that,

I[pi"] = Z[A]  weak — % in L>(0,1; M([0, R.))). (2.63)
Furthermore, because we have that 7 [pl[tn]] = mgv[n] (t,-), combining (2.62) and (2.63) we obtain that 83*]\3 =

Z[u] in L (M([0, R,])) and in particular M does not depend on time. Taking into account Theorem 2.4 and
Lemma 2.31 we get that
€[pl"] — ¢fa] in C((0,1] x [0, Ry)). (2.64)

Finally, from (2.60) and (2.64), combined with the stability result Theorem 1.8 we have that Mis a viscosity
solution of (2.49). ]
2.5.4 Some examples where Mis regular

When the flux ¢ has non-negative sign. Proof of Proposition 2.9

We proceed similarly to the Step 4 of the proof of [96, Theorem 5.4]. We consider the notion of viscosity solution
for M. At a point of contact vy € (0, R,,) of a viscosity test function touching from below, we deduce

2 2—m
= L (gf@o)) ¢[7l(v0) > 0,

which implies that Misa viscosity super-solution of —AM = 0. Due to [211], M is a distributional super-
solution of —AM = 0 as well. In particular, distributional super-solutions are concave which implies M €
Wb ([g, R, — g]) for all # > 0. M is a supersolution of the problem

) — 2—m
.f%¥m92;<%f@@> €[ (vo) > 0,

in the distributional sense. We can think of the right-hand side as a datum

m \ dv

o~ 2—m
ﬂ:1<mﬂm0 &[fi](vo) € L(, Ry — 2).

Using the regularisation results from [61] we get that M e C1(2g, R, — 2%). Furthermore, since &[fi] €
WLe2([0, R,)), f € C%F(28, R, — 22) for some 3 > 0, which guarantees M € C%#(4z, R, — 47). O

The regularity of M when V, K are compactly supported

In this subsection, we will focus on discussing about the regularity of M. Here, we assume the basic hypotheses
(HO), that the initial data py and the potentials V' and K are radially symmetric, and furthermore, that V' and K
have compact support. In order to do that, let us fix @ > 0 and define the infimal convolution of a function M as

M.(v) := inf (M(U)-i-w),

€ (a,Ry) 2¢e

where € > (, and we define the supremal convolution as

M(v) = sup <M(v)— |“_T’|2>.

ve(a,Ry) 2e
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2.5 An equation for the mass

It is not difficult to show that there exists () — 0 such that is equivalent to:

- I Gl
M _ ¢ M 2.65
8(”) ’L_}G((l,va)I%BT(E) (U) < (U) - 26 ’ ( )
iV
Me(v) = sup (M(TJ) U 5 o ) ) (2.66)
’De(a,Rv)ﬁBr(s)(U) <

We start recalling some useful properties of M.. Let M : (0, R,) — R be bounded and lower semicontinuous in
(0, Ry). It is well known that M. is an increasing sequence of semiconcave functions in (0, R, ) which converges
pointwise to M. From the fact that all the M, are semiconcave, we obtain several well-known properties that
we discuss in Remark 2.47.

For these, and some further properties of the infimal convolution, see [133, 254] and [216, Lemma A.1]. The
next lemma is the counterpart of [216, Lemma A.1 (iii)] for our setting.

Lemma 2.40. Assume that M : (a,R,) — R is bounded and lower semicontinuous in (a, Ry). If M is a

viscosity solution in the sense
O*M oM
oz — ! (U’ " ov >

in (a, Ry), then M. is a viscosity solution to

0? M, oM,
— >
6’02 = fE <UaM€7 8’[} )
in(a+r(e), Ry —r(e)), where
fe(v,s,q):== inf  f(v,s,q).

'EGBT(E) ('l))

Respectively, if M bounded and upper semicontinuous in (a, R,) is a viscosity subsolution, M€ is a viscosity

solution in the sense,
92 M= oM
— < f€ M. ==t
o — / (U’ 7 ov >

in (a+r(e), Ry, —r(e)), where
fo(v,s,q9) == sup f(v,s,q).
’T)EBT(E)

Remark 2.41. From Theorem 2.6 we know that ]\/4\ is continuous in (0, R,] and, in particular, ]\/4\ is lower and
upper semicontinuous in [a, R,| for every a > 0.

Another well-known result, see for example [221, Chapter 4 Theorem 7(f)], gives us convergence of the
infimal and supremal convolution to the original solution.

Lemma 2.42. Assume M € C°([a, R,)]), then we have that
M. M inC%a,R,]) ase — 0, (2.67)

and, respectively
MEN, M inC%a,R,]) ase — 0. (2.68)

Focusing on our problem, observe that M is a viscosity solution of the equation

— — 2—m
0*M 1. oM
—W(UO) = %G[M](Uo) ((91](00)) : (2.69)
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2 Partial mass concentration for fast-diffusions with non-local aggregation terms

Therefore, from Lemma 2.40 we have that M. is a viscosity solution in the sense

— 2—m
oM,
(’Eg(vo)< 9 (vo)> (2.70)

n (a+r(e), Ry — r(e)), where r(¢) — 0 when ¢ — 0 and with

¢ (vg) = min  E[n](v). (2.71)
UEBT(E)(”L)())

And respectively, M* is a viscosity solution in the sense

— 2—m
1 OMe
_W(UO) < m@ﬁ@@( 5 (vo)> (2.72)

n (a+r(e), Ry — r(e)) and with

¢ (vg) = max  E[u](v). (2.73)
vEB,(¢)(vo)

Notice that €. and ° converge uniformly to &|[z].

Remark 2.43. Let w be the modulus of continuity of €[pi]. Since €.(vy) = €E[n](v:) where |vg — ve| < 7(e),
then

|€:(vo) — €[] (vo)| < w(r(e))- (2.74)

Notice that w(e) = w(r(e)) is a modulus of continuity. Respectively for €=,

Furthermore, since we are assuming V' and K compactly supported and non-negative, then the function

Ry
T[f)(v) = — / efjil(s)ds = (V(z) + i K (,) dji(y))

v=|Bil|z|*
is also compactly supported and non-negative in [0, R,,). In particular, there must exist b > 0 such that

Y[E =0 in[R,—b,R,),

2.75
YT >0 in(0,R, —b). (27)
We present some extra results that follows from the remark we have just noticed.

Lemma 2.44. Let M be a viscosity solution of (2.69). Assume V and K compactly supported so that T[]
satisfies (2.75), then M is linear in the interval [Ry, — b, R,]. Moreover, if M (0+) <M (Ry), M is non-constant
in that interval.

Proof. The result follows as a consequence of the maximum principle for semicontinuous viscosity solutions of
nonlinear elliptic partial differential equations derived by Kawohl and Kutev in [222], see Section 1.3.1, where
we state this version of the maximum principle. Let us define

F*:RxRxR?x R 5 R

1 _
(Z,T,p,X) = _X_EQE[,U](Z)pQ m)
We are interested on studying the fully nonlinear equation

F>®(v,M,DM,D*M) = 0.
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2.5 An equation for the mass

Since €[] = 0in (R, — b, R,) it follows that M is linear on that interval. Let us now prove the assump-
tions (1.20)-(1.25) for F'*° to see that M is also non-constant. (1.20) and (1.25) follow immediately for F'*°.
Furthermore,

F>(z,r,p,Y) = F>®(z,r,p, X) = —(Y — X),

and (1.21) also follows for the modulus of ellipticity wi(s) = s. Finally,
T _ _
FOO(Z’ij’X)—FOO(Z7T7q7Y)’—‘Y—X—i—m@[u]<2) (p2 m_q2 m)‘

1
<y -xi+Lem)|  @-md -l
<l =X+ ]|, @ m Il

for some ¢ € (0, K) between p and g. Then, (1.23) is satisfied for

2 —
A=1, Bi="""|em| Kk

m Loo(ovR’U)

with wo the identity once more. Therefore, because w; = wa, (1.24) is also trivially satisfied. As a consequence,
we can apply Theorem 1.7 to F*° and the result follows immediately from it. O

Remark 2.45. If M is non-decreasing, then M, and M*¢ are both non-decreasing. Furthermore, if we combine
this with the maximum principle stated on Theorem 1.7 it implies that if M is non-constant, then M. and M¢
are also strictly increasing.

Because, M is increasing and linear at the end of its domain we can take advantage of the following result.

Lemma 2.46. Assume M is linear on an interval, M (v) = Av + B on («, ). Then, the infimal convolution is
M.(v) = Av+ B — £A% on (a + €A, B — €A) (resp. M®(v) = Av+ B + 5A2).

Proof. We are doing the proof for the infimal convolution (analogue for the supremal case). It is easy to compute
thatif v € (o + €A, B — €A), then, due to the convexity of M (v) + % the infimum is achieved at the point
v = v — €A. Therefore,

M.(v) = Av+ B — gAQ. O

Finally, before presenting the regularity result we need to see that we can integrate both, the infimal and
supremal convolution. The theory we are exposing now is devoted to that goal and follows from the fact that the
infimal and supremal convolution are semiconcave and semiconvex respectively. We will only discuss the case
of the infimal convolution, the supremal convolution is analogous.

Remark 2.47. Semiconcavity implies that My is locally Lipschitz in (a+r(e), Ry — r(e)) [183, Theorem 6.7].
Hence, by Rademacher’s Theorem [183, Theorem 6.6], DM. is an a.e. defined derivative in (a+r(e), Ry—r(e))
which coincides with the distributional derivative. Alexandrov’s Theorem states that ]\/Z‘5 is twice differentiable
ae., ie. fora.e vy € (a+7(), Ry — r(€)), there exists X.(vo) such that

—

_ _ 1 ~
M (vo + w) = M:(vo) + DM (vo)w + §X€(vo)w2 + ?Rvo(]w\z),

where
Ruo (7)] < wip (77

For a proof see [304, Theorem 14.1]. To avoid confusion with the distributional and measure derivative we
avoid the notation D*> M, and we mantain the notation X.. Furthermore, there exists a sequence M. ; regular
such that

o~ —~ — =

(M. j, DM, j, D>M. ;) — (M., DM, X.) a.e. in (a+r(c), R, — r(c)). (2.76)

We can also prove the following result,
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2 Partial mass concentration for fast-diffusions with non-local aggregation terms

Lemma 2.48. Let J\/Ze be a viscosity solution in the sense (2.70). Then,

— 2—m
¢ (o) ( 3 (v0)> a.e. in(a+r(e), R, —r(e)).

The result is analogous for M ¢, a viscosity solution in the sense (2.72).

Proof. Let us take vg € (a 4+ r(¢), R, — r(¢)) and take a test function ¢,

— — 1 ~
() = Me(un) + DAL (u0) (v — v0) + 3 (Relwo) = 7)(v — wo)”
For |v — vp| small enough

1
31 = vol* = Ry (Jv = wo[*)],

and hence, in a small enough neighbourhood of vy, we have that p(v) < ]\/4\5(1)). Thus, ¢ touches M, from
below at vg. Since M is a viscosity solution in the sense (2.70)

—D2p(g) > %eg(vo) (DAL(w)) "

Computing precisely D?¢(vg) we deduce

~

o~ 2—m
~(Relwo) =) = —€.(w) (DM (w)) .

Since this holds for any v > 0 and a.e. vy € (a + r(¢), R, — 7(¢)), the result is proven. O

Once we have presented the problem, we proceed to state the main result of the subsection about the regularity
of M. We prove M e V[/ifo((o, R,]) using the infimal and the supremal convolutions and all the properties we
have discussed through this subsection. The first step of the proof of the Theorem where we show that ]\/4\5 is
also a distributional supersolution is based on [288, Lemma 4.1].

We are now able to prove Theorem 2.10. Notice that (2.14) is written in our notation as

oM oM m 1—m [F
87)@):( (Rv)> - €(o)do

ov m J,

1
1-m

Proof of Theorem 2.10. We divide the proof in several steps.

Step 1: Weak formulation. Let us take © : R — R smooth and non-decreasing. Let us take the regular sequence
M. ; like in (2.76). Let us now take a non-negative test function ¢ € C:°((a + r(¢), R, — 7(¢)). Then, we can
integrate by parts in order to get

Ro—r(e) [ 920 1 OM ; o oM,
B £,j — Y === d
/a " o7 ) m6(0)< 5 %) T\ )P
+r(e)
_/R/”_T(E) 0 % dﬁ_l@( ) %( ) 27m@/ % d
B a+r(e) ov dv m ° 7 Ov 7 v ’ ”

M. ;
ov

From Remark 2.47 we have that

is uniformly bounded in the support of ¢. Hence, by the Dominated

Convergence Theorem
I Ry—r(e) o 0]/\4\5’1' de 1 ¢ ( ) 8]/\4\5’j( ) o o 6]/\4\5’]' d
im — | = - — — —=
500 Jatr(e) ov v m Y v aw )7
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2.5 An equation for the mass

Ror@) (ofL\ dp 1 ort.. \'"  (od
—/aw(s) @( 5 )dv — EQE(U) R (o) ) 5 pdo.

> C > —oo, ’ngj ' is uniformly bounded in the support of ¢ and the first and second

2 M. ;
ov?

derivatives converge a.e. Then, we use Fatou’s lemma and the Dominated Convergence Theorem to deduce

o Ry—7(e) 82]/\28 , 1 8]\75 , 2mm 854; A
lim mf/a 2 ! (o) — —¢&.(0) 5 (o) o' WJ pdo

Jj—00 +r(e) m

Ru=r(e) 9231 ; 1 or;, " oL,
> i — &»J R ey 1| YMeg
_/a lim 902 (0) méa(a) < 5y (0) ) 50 pdo

+r(e) J7oo

Bo=r@) [ 1 or., \*" OM.,
= —X.(0) — —€. z ' = | ¢do > 0. 2.77
/ () - e <o>< - <a>) o () pdo =0 )

+r(e) m

Notice that

The final inequality follows from Lemma 2.48. We have deduced that
— — 2—m —
[ (D) W e (D)) o (D)) u ] ar=o
atr(e) v ) m v 7 av 7 ="

Step 2: A point-wise estimate. Since Y'[1] satisfies (2.75), we are on the assumptions of Lemma 2.44 and there-

fore M is linear and non-constant on the interval [Ry, — b, Ry]. Then, by Lemma 2.46, ]\75 is also linear on
[Ry —b+r(e), Ry, — r(e)] and it is such that

8]\75()_@
ov Y= ov

and €&, = O on [R, — b+ r(¢), Ry, — r(¢)]. Due to the Lebesgue differentiation Theorem, for almost every
v € (a+r(e), Ry — 2r(e)) if we take ¥ — X[y, r,—2r(c)] WE have,

o~ — Ry — 2—m o~
o (égjw) e (%(R») > [ e (iﬁ‘fm) o (8;‘?(0)) do.

Moreover, for © non-decreasing, we have that

oM. ) oM. Ro ort.. \'" [ odL
Tewzet e (av(Rv)) +/U (o) ( - (a)) o ( e (a)> do

(Ry) on[R, —b+r(e), Ry — r(e)],

We take a sequence O,, such that s>~"@! (s) — 1 — m uniformly over compacts and ©,,(1) = —1. This
corresponds to O(s) = —s™ ! 50 O71(s) = (—s)_ﬁ. Therefore, we get the estimate
oM. orf, . \" 1 Ry R

(%s (v) > (@(Rv)> — _Tm i ¢.(0)do . (2.78)

Proceeding analogously for M?¢ we deduce the converse formula

T 1-m

—~ — m—1
oM* oM 1—m [T
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2 Partial mass concentration for fast-diffusions with non-local aggregation terms

Step 3: Formula for M. Leta < w1 < vy < R,. Then, due to (2.78) we have that for £ small enough

—~ m—1 T1-m
— — vz M 1— .
M. (vs) — M.(v1) 2/ (a Rv)> " e (0)do dv
V1

a0 m )

Due to the uniform convergence of J\/Z6 and ¢, we deduce that

ov m J,

v —~ m—1 B R =
M (vy) — M(vy) > / (8M(RU)> _lom (o) do dv

Arguing conversely for (2.79) we deduce the other inequality. Due to the bounds and known regularity of €, it
follows that M € W2°((0, R,]) and

loc

oM orf, . \" 1-m (B o
%(v) = <(RU)> - ¢(o)do .

This concludes the proof. 0

2.6 The problem in R?

In this section, we will focus on the problem (2.1). The strategy we follow to study (2.1) consists in extending the
results of the problem in the ball Bp, considering the kernel K, (z,y) = n(z)W (z — y)n(y), with n € C°(R?)
a cut-off.

We recall that in order to to be able to use the results we have obtained for the ball B, the potential V' needs
to fulfil the hypothesis (2.6). Therefore, for each one of the different problems on the ball we need to modify
slightly the potential V. We take the following modification of V. Let

and define

With this construction we have that

Vil < CV], [VVi| < C(1+ [VV]), and |D2Va| < C(1 + |D2V]) in Ba,
VVg-v =0o0n0Bg, (2.80)
Vr=Vin Bg

for some constant C' that does not depend on R.

2.6.1 Short-time well-posedness. Proof of Theorem 2.12

First we are going to construct locally-strong solutions in the whole space and study some of their properties.
Let us start defining the notion of locally-strong solution.

Definition 2.49 (Locally-strong solution). A measure p is said to be a locally-strong solution of the problem
(2.1)in (0,T) x R? if it is a distributional solution such that

1. p™ € L2(0,T; H?, (RY));
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2.6 The problem in R¢

2. Op € L2(0,T; L3 (RY)).

loc

Next, we make some remarks about the problem.

Remark 2.50. From assumption (H4) one gets immediately by the mean value theorem that
V() < C(1+ |z*). (2.81)
From assumption (HS) we also get in a similar way that
Wz —y) <CO+ |21+ |y[*) foreveryz,y € R (2.82)

Before starting with the proof of Theorem 2.12 we need to show some a priori estimates. First we deal with
the p-th order moment

()= [ lal's

Remark 2.51. From assumption (H3) one gets immediately that ma(py) is bounded. Using Holder inequality
we obtain that

1-m
_2
(o) < ( / !w\l—mm) [0l gy
Rd

Lemma 2.52 (The second moment is bounded for finite time). Assume (H1) and (H3). Then, the second moment
is uniformly bounded in the sense that

ma (p;"") < <m2(P0) + Sup Fralpo] — fo) et (2.83)

where p* is the extension by zero of p™" to the whole space RY, i.e. p™1* = pfnyp R

Proof. Let us take the time derivative. We apply integration by parts, Holder and Young’s inequality successively
in order to get,

d R,n,* d/ 2 Rm,* d/ 2 Rn / 2 R
—m 3T — T s — 8 1
g2l ) =4 Rd\fﬂl Py % BRIﬂfl Py . || Oy

. m e ,
= [ lePan (pf’" {v (@f’“) Ve [ K y)p() dy)D a
Br m — 1

Br

= —2/3 zprh [V <m(pf’n)m1 +Vr+ Ko (2, 9)pi" (y) dy)] dz
R

m — ]. Br
2
dx)

2
dx) .

1

Ry \ 2
<o [ popo)
Br
R7
X (/ P
Bgr
R:
< [l
Bgr
R7
+ (/ p; "
Bgr

Integrating in time between 0 and ¢ and taking into account (2.9) we have that

N|—=

m—1

m —
v <(pf’") '+ Vg +/B Ky(z,9)01" () dy>
R

m m— ,
v <(me) Y4 Vg +/ Ko(z,9)p" (y) dy>
m—1 Br

¢
R R R R
mz(p, ") — ma(py"") < / m2(P§’n’*) ds + Frulpo ™" ] = Fraley ™",
0
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2 Partial mass concentration for fast-diffusions with non-local aggregation terms

which gives us the bound,

t
o) < [ ma(pf1) s+ (m2<po>+sups%pfﬁ,n[po]J%).
n

Finally, applying Gronwall’s inequality we recover (2.83). O

The previous Lemma only ensures boundedness of ma(p). However, taking advantage of this result we can
also get an a priori estimate for the p-order moment for p = ﬁ > 2.

Lemma 2.53. Assume (H1) and (H3)-(HS). Then, the p-moment for p = ﬁ is uniformly bounded from above
if we pick the sequence 1 = n;

mp(p)") < Aexp (Bt),  Vte[0,T] (2.84)

where A and B are constants that depend only on m, T, the constants in (H1)-(H5),
my,(po), V0| oo ey, and the right-hand side of (2.83).

The proof of this result is on Section 2.A. Once we have an a priori estimate for a p > 2 order moment we
are ready to prove Theorem 2.12.

poll L1 (ray, P0||Lﬁ(Rd)’

Proof of Theorem 2.12. We divide the proof of the Theorem into 5 steps.

Step 1: Compactness in R. 1f we use the L? estimate (2.23), we get that,

R,
e ™l o ray < €“PDlpoll poay, Yt € [0, T, (2.85)

dt.
Lo (R4)

The term || AVR|| 1~ (r¢) is uniformly bounded in R by the assumption (H6) and (2.80). Furthermore, since

where

-1 T R
/ <||AVR||Lm(Rd) +a [ g wa

V(@) < 57Vl pe@ayxs, () and  [Any(2)] < 572 A7 o (rayx B, (),
we can bound [|A [ Ky, (-, 4)p™ (y) dy|| o (ray uniformly in j.
Al K £ (y) d
o B (@) (y) dy

<

[ @0 =) + 290500 - VW = )+ 1,0 A (2 = ) o )
<O [ 1am I+ 10+ Pl o) dy

-—1 ij Runj
+/Rd IVl oo ey (5 + Dy ™ (y) dy+/Rd 71| oo (rty Py (y)dy)

R,
< Clm s zey) (o0l 1ty + 2 (p(™))

Then, since the second moment is uniformly bounded due to (2.83), we have that the sequence p™7i>* is uni-
formly bounded in LP((0,7T) x RY) for every p > 1.

Due to the uniform bound in L°°(0, T'; LP(R?)) we can do a diagonal argument in time to prove that for every
j fixed there exists a sequence R! ' co as i — oo such that

Rj»n"* 0,15 1 p
p RN — p J 1n LZOC

(0, oo; Lp(Rd)).

In Section 2.A we prove uniform a priori estimates. For every w > 0 and ¢ such that Rg > w, j, we deduce:
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2.6 The problem in R¢

from (2.107), VRt is uniformly bounded in L2((0,T) x B,,),
from (2.108), (p*% )™ is uniformly bounded in L2((0, T'); H'(B,,)),
from (2.109), 9, p%: " is uniformly bounded in L2((0, T) x B,,), and
from (2.110), A(p%?7)™ is uniformly bounded in L2((0, T) x B,,).

Step 2: A subsequence converges to a locally-strong solution for a fixed cut-off ;. Thanks to all the compact-
ness results obtained in Step 1 we can prove convergence to a locally-strong solution.

Step 2.a: Convergence by compactness. The sequence pRg’”j is uniformly bounded in H'((0,T) x B,) by
Step 1. Since H((0,T) x B,) is compactly embedded in C 2 (0,T; H'(B,,)), using Ascoli-Arzela Theorem
and a diagonal argument in 7" and w, for j fixed up to a further subsequence R, the convergence is such that

pRz’"J’* — p™"in Cpoe([0, 00); L2 (RY)) as i — oo, and for each ¢ locally a.e. in R?. (2.86)

In particular, we also have p>" € H} ((0,00) x R%). Moreover, by the Dominated Convergence Theorem we
have ,
(P15 — (p1)™  strongly in Cioe((0, 00); Liy(R%)).

Furthermore, since (pl*?{,nj )™ is uniformly bounded in L?(0,T; H?(B,,)) for any T and w, due to up to a further
subsequence in i on R7; by Banach-Alaoglu Theorem and the previous characterisation of the limit

i s . .
(T )m) — ((p™)™)  weakly in L, (0, 00; Hjpo(R)).

Therefore, (p°")™ € L2 (0,00; HZ (RY)).

Step 2.b: Distributional solutlon We now have all the ingredients to see that for every test function ¢ € X =
{¢ € C([0,T] x RY) : ¢(T) = 0},

[ooors [ [ 22~ [0 wtmvor [0 [ et
R4 R4

converges to

/po¢ // ’"7% / Rdv 00 ) V¢+// 2O 00y g,

Step 3: Extension n; — 1. All the bounds discussed in the Step 1 are uniform on suppn;. Therefore, in the
same way we have just done in Step 2, taking successive subsequences 7); we get that there exists p>l €
L>(0,T; LP(R%)) such that,

P> — > in e ([0, 00); L2 (RY)). (2.87)

Additionally, p>! is a locally-strong solution of the problem (2.1) in (0,7") x R? in the case = 1 for every
T>0.

Step 4: Convergence of the free energy with a fixed cut-off n;. In this step we claim that we have the conver-
gence stated at (2.16). Our strategy to prove that the limit holds is to control the tails of the three terms.

Step 4.a: Convergence of the diffusive term of the energy. First we control the tails. Let ¢ > 0. If m >

%, we can use Holder inequality to obtain,

) m ) m 1 1-m
RZJI',* 2 RZJ]”*
/ <Pt ’ ) < / |z[T=mp, Y / Im
R4\ B, R4\ B, R4\ B, |$’ (1—m)2
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2 Partial mass concentration for fast-diffusions with non-local aggregation terms

R\ —2m L d(1—m)
<Cpm_=2 (p " o 0-m .
1-m

The 1_2m -th moment is bounded due to (2.84) and the exponent on ¢ is negative with our choice of m (notice also
this range is connect with the reverse Hardy-Littlewood inequality Remark 2.11) Thus, by the Fatou’s lemma,

due to local-a.e. convergence, for every o < k < oo and ¢ € [0, T the limit also satisfies,

[ )" <wrate ) >0,
BN\BU

Now letting k — oo we obtain that the formula also holds replacing B,, by R?. Eventually we recover that, for

each o > 0 we have that
R]777j7* " 00,15\ M
/ Pt - / (Pt )
R4 R4

Rj Pk m M _
/ <Pt“m ) _/ (Ptoonj)m‘+2wT,m(0 1).
B, B,

The first term is 0 because we have proven that the limit ¢ — oo is such that

limsup sup
i—o00  t€[0,T]

< limsup sup
=00 te[0,T]

i m
(p175)" = (0om)™ i L0 (0, 005 o (RY).

The second term vanishes as ¢ — oo we deduce that the lim sup is actually a limit, and its value is 0.

Step 4.b: Convergence of the confinement term of the energy. Analogously as before we write

limsup sup
i—oo  t€[0,T]

R{vnﬁ* 1
J vl [ v
R R

RJ.‘7 ik .
/ Viipg 7 = / Vpoo
o ¢ B(T

i .
+ limsup sup / Vijf 24 sup / Vi, ",
i—oo  t€[0,T] JRINB, t€[0,T] R4\ B,

The first term is 0 since we know that when we take a sequence ¢+ — oo we have that

< limsup sup
1—o00  t€[0,T)

(2.88)

pRg’njv* — poo’nj in L2 (O; Ta Hlloc(Rd))'

From (2.81) we also know that V' & Llosc(Rd). From (2.81), for o big enough, VR?' is such that VRJ_- (x) <
C(1 4+ |z|?), and we get that,

Rgﬂ?‘»* C RZJ]7*
Lo Vet < o (ol + mo07)).

i

Here we use p = ﬁ > 2, where we can control the moment. Using Fatou this uniform estimate for ¢ € [0, T']

also holds for the last term in (2.88). Letting ¢ — oo we deduce that the first lim sup in (2.88) vanishes.
Step 4.c: Convergence of the aggregation term of the free energy. Due to the local convergence (2.86), since
the function nj(z)W (x — y)n;(y) is supported on a compact set in R? x R? we observe that

lim sup

RZ )T % RZ )T 5%
. pr 0 (@)mi() | Wi —y)ni(y)py " (y) dy de
1—>00 tE[O,T] R4 R4

—/ Ptoo’"j(x)nj(l‘)/ W(z —y)n;(y)p; " (y) dy dz| = 0.
R4 Rd
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2.6 The problem in R¢

Step 5: Convergence of the free energy when n; — 1. We now devote this step to prove (2.18). Steps 4a and 4b
are analogous and therefore, up to a subsequence in j,

tw [ )= [ ()" e i [ v [ v

J—00 JRd J—0 JRd

To study the convergence of the aggregation term of the free energy, we define the symmetric bilinear form

W (u, 0) /R /R ~ y)o(y) dy da.

Notice that the aggregation term on F ,[p] is QQﬂ(pnj, pn;) (even for n = 1). Now, we would like to prove
that the limit
Jim 95(o7" 5, 9" ;) = W, prot) (2.89)

holds. Let us proceed to check the claim. We have that

) ) 71 ,1 sTg sTg ) 71
’ﬂﬂ(p i, ;) — W(pe, pye )‘S‘Qﬁ(pio%m,pfomnj—pt ‘ ’ﬂﬂ g — et )]

We focus on the first term of the RHS since the computations for the second one work in an analogous way.
From (2.82) and taking p = ﬁ we have that

b 9 1
’m(pt gy e Mg — e )‘

< | [+ P @i

/ (14 [yl )[ 2 (y)ng (y) —p?"’l(y)} dy‘.

The first integral on the RHS is bounded due to (2.83). With a similar argument as before, we will prove that the
second integral tends to zero as j — oco. For any o > 0 we have that

L 16 [ ) = o )]
Rd

limsup sup
Jj—oo  te[0,T]

< limsup sup / (1+ 1yl )‘ ’"’(y)m(y)—pfo’l(y)( dy (2.90)
j—oo t€[0,T] Y Bs

+ limsup sup / (1 + )P (y)ms () + sup / (1 + ) (y) dy.
j—oo  te[0,T] JRI\B, te[0, 7] JRI\B

The first lim sup on the RHS is 0 due to the local convergences. For the second term we bound

l+o
1+ oP

/ A+ W0 (my () dy < 25 (lpollzs +mp(e™™)
Rd\ B,

where we use p = ﬁ > 2 because this moment is uniformly bounded. The last term of the RHS of (2.90) can
also be bounded in a similar way by Fatou. Letting ¢ — co we recover that the RHS of (2.90) is 0. With this we
conclude with the proof of (2.89). U

2.6.2 Long-time asymptotics. Proof of Theorem 2.13
Let us now take ¢, a sequence of times such that ¢,, = oo. We define the sequence of functions

po bl 10,1 x R — R

291
(t,x) = pt+ty, ). 9D

In this subsection, we are going to study the limit when n — oo of this sequence. Furthermore, we would also
like to prove that there is no mass escaping through infinity when we take the limit in time. In RY, the free-energy
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2 Partial mass concentration for fast-diffusions with non-local aggregation terms

of the FDE, d;u = Au™ in the range 0 < m < 1, is not bounded from below and is such that u(¢) — 0 as
t — oo. This implies the necessity of requiring further assumptions. In fact, it suffices V' to not be critical in the
sense of constants, i.e. for some ¢ € (0, 1)

1 1
inf - m+/V+/ K (z, xddx)
pEMac(RY), (m—l /de et P9 Lo Jea (z,y)p(y)p(z) dy

loll 1 gaty=llpoll ;1 gt

1
> inf </ pm+(1—5)/ Vp) > —00.
PEMac(RY), m —1 Jpa Rd

”PHLl(Rd):”PO”LI(]Rd)

(2.92)

From this assumption we can deduce the following result stated in [96],

Lemma 2.54 (Boundedness of ||V pl| 1 (ra), [96]). Assume (2.92). Then, there exists a constant C' > 0 such that

/ pm+/ Vp < C(1+ Flp), (2.93)
Rd R4

Moreover, by an argument from [79] extended in [96], we give a sufficient condition on V' so that (2.92) holds.

Theorem 2.55 (Family of admissible potentials, [79, 96]). Assume that, for some o € (0, m) we have that

v =32V (2) T < oo, (2.94)
j=1

Then, (2.92) holds for any € € (0,1).
Then, we can prove Theorem 2.13 about the asymptotic in time of p>:!.
Proof of Theorem 2.13. We divide the proof in several steps.
Step 1: Convergence to the limit. Let us take the sequence of functions defined in (2.91). Fix R{ and 7; and take
QCB R bounded. From the definition of the space W 1! we have the a priori estimate,

[ullw-11(Q) = i_fgf - | Fl| 1) = ulni:%fivF 1F] 1) < _m£F ||F||L1(BRj) < HUHW*J(BRg)-

ulo=div u—iii ]
FeLl(Q) FeLl(Q) FeL (BR%')

Therefore, using the linearity of the extension and a similar strategy as in the proof of Theorem 2.4, we have that

Rz >3 7[71}

. . . . t
Rfﬂ),[n],* Rz’nv[n]v* sznv[n] RZ/’]:[”} ap
(7 —ps T i) <o T = ps Hw—l,l(BRj) </ 7080 do
i S

—1,1 .
W(B )

1
< ol (Fag 1571 = Py 5200) = sl
Furthermore, from (2.16) taking the limit 7« — oo we get that

oo,mj,n] - ooumj,[n] I

1 ) L 1
e P w-Li(@Q) S ||P0”21<BRJ~> (Foom[oe, ™) = Foom, [Pry3]) 2 It — 512,

and, from the further convergence (2.18), taking 7 — co we obtain,

1

1 3 1 192 1
[ Il _ pio’l’["]llw—lvl(m < HpoHil(BRj) (fm71[055 ]_‘FOO,l[pZ?Jrl]) [t —s|z.
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2.6 The problem in R¢

Take 2 = Bj. By the Ascoli-Arzeld Theorem and the LP bounds, there exists a subsequence in n such that
p>o bl — 4t in €([0,1); W—11(Q)). Hence,

n] 00,1,

~q1 ~ .. 00,1,
1Y — A |y 1) < liminf ||t = p2

Py -1y = 0,

and ﬁ{l} does not depend on time in 2.

Similarly, we construct a further subsequence that converges in By, and so on fit2} e W=L1(By) (i.e. time
independent). Using test functions in VVO1 >°(By) we observe that fi{%} |, = i{!}. We proceed inductively for
all By. Lastly, by a diagonal argument we get a distribution /i and a final subsequence p°[" that converges to
itin C([0, 1]; W, - (RY)).

Step 2: The limit is also weak- in the sense of measures. Since, p;" il
from Banach-Alaoglu Theorem, up to a subsequence, we have that

are measures with total mass || po || 11 (ra)

po bl 5 weak — x in L0, 1; M(RY)).

Step 3: There is no mass escaping through infinity. Let us compute. Taking advantage of (2.93) we have that

- N 1 N C -1
pollze d—/ uxdx:/ du < /Vd,ug_ =w(R )—0
IPoll ®9 Br (@) R4\ Bgr lnfxeRd\BR V(z) Jpa lnfxeRd\BR V(z) ( )

since inf, cpa\ g, V(z) — oo when ¢ — co. So we conclude that the limit is also a probability measure. U

2.6.3 Viscosity solutions

The goal of this subsection is to study the mass problem in the whole space R? taking advantage from viscosity
solutions and all the theory developed on section 2.5. In order to do that, we define analogously € ;, Ty
and Z., for the whole space R? and we change the notation to &g ,,, T, and Zp for the case we studied on
section 2.5, where we extend by 0 if we need to. Furthermore, in the same way we did on section 2.5, we assume
V', W and 7 radially symmetric. We study the problem,

M _ (‘W)m +r2Me [Io‘ol [‘W” (t,0), t0>0,

ot v \ dv BD v
M(t,0) = 0, t>0 (2.95)
M(0,v) = /~ po(x)dz, v>0

By

for which we need a notion of viscosity solution. Since at this point we cannot guarantee that OV /Jv is positive,

it is better to simplify (2.95) expanding the second derivative and multiplying by % (%—Af) o

Definition 2.56. A function M € C(]0,T];C((0,00)) N BV([0,00)) is a viscosity supersolution of (2.95) if,
for every tg > 0, vg € (0,00) and for every p € C?*((to — &,t0 + €) x (vo — €,v9 + €)) such that M > ¢,
M (vo) = ¢p(vo) and g—f(v) # 0 for all v # vy it holds that

1-m 2-m
o (%f(toavo)) 2 (to, v0) > K(vo)? (gif(toavo) +m (%f(thUO)) Cooin [Zo' [F0]] (tOv”0)> :

The corresponding definition of subsolution is made by inverting the inequalities. A viscosity solution is a
function that is a viscosity sub and supersolution.

Remark 2.57. Notice that, in the viscosity formulation we do not replace OM /Ov by the test function in the
non-local term.
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2 Partial mass concentration for fast-diffusions with non-local aggregation terms

In order to obtain viscosity solutions of the problem (2.95), we base our strategy on extending the solutions
of the problem in the ball (2.49). We define,

MR’”(t,v) — /N pf’",

v

which we now extend to the whole space in the natural way,

MRn*(t ) / Rn* MRm(tvv) ifv < Ry, (2.96)
)= ey = . .
! HpOHLl(BR) ifv> R,.

By
Once we have presented the problem we are ready to state the main result of this subsection.

Proposition 2.58. Assume all the hypothesis from Theorem 2.12. Assume furthermore that po, V, and W are
radially symmetric and (2.92). Thus, for j fixed there exists a sequence R{ — o0 and M>"i € C([0,00) x
(0, 00)) such that:

o i, [P0 = Eagy [9°°7] in Cioe([0,00) X (0,00)),

Rl n;

o OM 7 [07] belongs 10 Ciac([0,00); L2, [0, 00)),

ov loc
" SUP[) 7 f0.00) [ M (8, 0) = MO (2, 0)] 0,
e M°Mi is a viscosity solution of (2.95).
Then, if we let n; /1 there exists M°>' € C([0,00) x (0,00)) such that:

* Coom (7] = Eoo[p°] in Cloc([0, 00) x (0, 00)),

o DML Too[p™1] belongs to Ciye ([0, 00); L2

ov loc

[0,00)),
* SUD[o 7% [0,00) | M (t,0) — M (L, 0)| = O,
o M1 s a viscosity solution of (2.95) forn = 1.

Proof. We divide the proof in several steps.

Step 1: Convergence on R. Let us fix n;. Due to the C'“ regularity (2.54) and the uniform boundedness of

| M Ry | Zoo([0,1x®) We know that, up to a further subsequence on i, by the Ascoli-Arzela Theorem, for any
T > 0and vq,v9 > 0, _
MRg,nj,* — M>®"  in C([O’ T] X [’Ul, UQ]). (297)

On Theorem 2.12 we show that, up to a subsequence in 7, we have that
I o
pRi ik — poo,n] m CZOC([()’ OO)’ LIQOC(Rd))‘
From here it follows immediately that

¢, [P - oo [0°°]  in Cloe([0,00) x RY). (2.98)

Rl.n;

From (2.97) and (2.98), applying the stability result Theorem 1.8 we recover that M " is a viscosity solution
of the mass equation (2.95) for every cut-off ; € C2°(R%).

Furthermore, from Theorem 2.12 we know that

i o
pmi® — p2M5 - in Cloe([0, 00); Lo (RY)).
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2.6 The problem in R¢

Then, since Zoo[p; ' ™""] = 3]‘487;(@) and T, is an isometry from L ,(R%) to LP(0, 00) we also get that

AMELmi (¢, ) L, OME ()
ov ov

in Cioe([0, 00); L7, (R?)),

and that Z.[p,~ "] = % in Ce ([0, 00); L2 [0,00)).

loc

Step 2: Asymptotics in space. With all the theory we have already developed we can study the asymptotic be-
haviour in space. We compute the following,
] I mi ok .
sup ’Msznj:* _ M0071| — sup /N ptRz Mi* pOOJ?J
[0,77%[0,00) [0,T]%[0,00) |/ B,

< | b [ Pl [ e,
[O,T} - g ]Rcl\B(7 ag Rd\Bg

Due to the (2.15), the first term in the RHS converges to 0 for every B, when we take the limit in 7. For the second

J .
ple 15 5% o pOO,’I]j

term we are taking advantage of (2.83). Since ma( pRZ’”j ) is uniformly bounded the second term converges to
0 when 0 — oo. For the third term we use again the same argument combined with Fatou’s Lemma.

Step 3: Extension ) — 1. All the bounds discussed in the previous step are uniform on supp ;. Then, in the
same way we have just done, there exists 1/°! such that, up to a subsequence on 7,

M5 — ]\400’1 in Cloc([OaT] X (0700))

We now claim that
Coon,; [07] = oo 1 [P in Cioe([0,T] X [0,00)).

In order to prove this, it is enough to show that for a fixed » > 0, when j — oo, we have that

D [ com o [
wlren g [ @Wee —wmdy— o [ 6 W e - dy

Let us take j big enough so that 1;(re;) = 1 and compute,

/ VW (rei —y) [pi’o ) =" (y)m(y)} dy'
R4

<

VIV (rex — 5= () [1 - 1;(1) dy] ;

VI (res =) [o7 ) = 7 )] ).

R4 R4

Let us control the first term,

IA

VW (rer =i ) =) ] < | [ W e =) )y

Ra

IN

(1+1) / (14 Do () dy
]Rd\Bl
2

1+5/2

=0T e

/ (L+yl)p 7™ (y) dy.
Rd\Bl
2

For the second one, we again introduce an intermediate ball of radius B, and we obtain that

limsup sup
j—oo  t€[0,T)

VW rer—y) o ) = 2" )] dy‘
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2 Partial mass concentration for fast-diffusions with non-local aggregation terms

< (1+7)limsup sup (/ (1+|y\)(pt°°’1( — Py ’"J(y)’ dy
j—oo  t€[0,T] B,

l+o 2 001 l+o / oom;
— d 1 y)d
i [ w5 [ ) )

< (1+7)limsup sup / (1+y|) ’p?’l(y) —p " (y)‘ dy +2wr(c™!) =0
j—oo t€[0,T] J Bs

as 0 — oo. The first term is zero by local convergence (the argument works analogously to the computation

above), and the second one converges to zero as o — oQ.

Then, due to the stability result Theorem 1.8, for any 7" > 0 we have that M °>! is a viscosity solution of the
problem (2.95) in [0, 7] x R? for n = 1.

. 0,M 5 . . . .
We also know from the previous step that Z, [pfo M = 8]\/[871)](16,). Then, since Z, is an isometry, from

(2.17) we also get that,
OMMi (¢, ) . OML(t, )
v v

in ClOC([Ov OO); L%oc(ov OO)),
and that Ioo[p?o’l] = Wo;i;jl(t") in Cloe([0,00); L2 ([0, 00)). Since M (0,v) = Mp(v), with a diagonal argu-
ment we can show that, up to a further subsequence, the limit M/°°! is such that M*! € Cj.(]0, 00) x [0, 00)).

Furthermore, through the control of the tails we have uniform convergence in v since, introducing balls of
radius B, we have that as o — oo.

limsup sup |[M% — MY = sup /~ p, M — poot
j [O»T} X [0,00) [OvT] X [0,00) v
. 1
< lim sup sup/ lp ™ — poo’l‘ + 2/ 2|20 4 / |22p° —
i 0,1 07 JRI\B, R\ By
The result follows from the local convergence and the boundedness of the second moment in [0, 7. O

2.6.4 Convergence of the mass equation as ¢t — oo in the whole space
Let us recall poo’l’[”] defined in (2.91). Now we define,

Mt v) = /N poo bl (2 da, (2.99)
By

which are solutions to the mass equation (2.95) for the time interval [t,, ¢, + 1] after a translation to [0, 1].
On the assumptions of Theorem 2.12 we already know that the asymptotic in time of p> b is a distribution
pew,. L1 (RY). We can study the limit M/ n] s M and discuss its relationship with the limit z.

Proposition 2.59. Assume all the hypothesis from Theorem 2.12. Assume furthermore that pg, V, and W are
radzally symmetric, (2.92), (H7), and (HS). Let the sequence M (] pe defined as in (2.99), then there exists
M e C([0,1] x (0, 00)), such that, if we define M(t 0) = 0forallt € [0, 1], then the following properties hold:

* The function M is non-decreasing,

e up to a subsequence, M™ — M in Cloc([0,1] x (0, 00)) and point-wise in [0, 1] x [0, c0),
« M does not depend on time,

o O — T[] in L®(M([0,0))

¢ Coot[p> ] = €c [ in Croe([0,1] x [0, 00)),
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2.6 The problem in R¢

e Misa viscosity solution of (2.95) for n = 1.

Furthermore, if we also assume that inf ,cpa\ g, V() — 00 when o — oo. Then,

ool gy — ME(t,0) = / A=w ) S0
R\ B,

The proof is very similar to the one presented in Theorem 2.6 for the case of the ball Bp.

Proof. We divide the proof in several steps.
Step 1: Ascoli-Arzela over compacts of [0,1] x (0,00). For any k € Zso we know from (2.54) that for all
v1, Vg € [%, k] and t1,ts € [0, 1] we have the estimate,

1\«
M["}(tl,vl) — M[n](tQ,UQ)‘ < C (|’01 — ’U2‘ + ’tl — t2|m> . (2.100)

Furthermore, taking successive subsequences,

MPED S M inC ([0, 1] x [%,k]) as j — 0o,

and the diagonal satisfies .
MPERT 5 AT in Cioe([0, 1] x (0, 00)). (2.101)

From here on we re-label this sequence again as M ], .
Step 2: Extension of M and some properties. Since M (t,0) = O for all n, the extension of M so that
M (t,0) = 0 is natural. Therefore, due to (2.100) we have that

MUt ) — J\/Z(t, v) point-wise in [0, 1] x [0, 00).

Since M ™ are non-decreasing functions bounded from below by 0 and from above by Ilpoll L1(R4). they all have
bounded variation ||pg|| ;1 (rd)- From Banach-Alaoglu Theorem and (2.100), up to a subsequence, we have that,

SE:
az(\i 4%—]‘5 weak — # in L0, 1; M([0, 00))). (2.102)

Step 3: Identification between %—]\z and T [j1]. From Theorem 2.13 we have that
pfo’l’[n] —~ [ weak — xin L>=(0, 1; M(R%)).
Since Z is a linear isometry we also obtain that
T[] = T[] weak — * in L°(0, 1; M([0, 00)). (2.103)

Furthermore, since Zy, [p;~ ’I’M] = 81\5[715"1(15’ -), if we combine (2.102) and (2.103) we obtain that % = Toolpi]
in L (M([0,00))). We claim that

Coo 1 [P = €01 [Al]  in Cloe([0, 1] x [0, 00)).

Let us proceed to prove it. Let us take a cut-off function 1 € C°(RY) such that ¢)(z) = 1if 2 € B, and
Y(z) = 0if z € R\ By,.

lim sup VW (reys —y) [pfo’l’w (y) — ﬁ(y)} dy'
n—o0 Rd
<limsup| [ w(y)VW(rer —y) [ (y) - )] dy‘
n—o00 Rd
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2 Partial mass concentration for fast-diffusions with non-local aggregation terms

+ lim sup

n—o0

= v weer =[50 - )] a).
Rd

The first term of the RHS converges to zero since ¢(-)VW (re; — -) € Wol’oo(ng) and p>>bM - [ in
([0, 1]; I/Vl;cl "1(R%)) due to Theorem 2.13. We focus now on the second term,

lim sup
n—oo

< lim sup/ VW (re; — y)] [ptoo’l’[n] (y) + ﬁ(y)} dy
R4\ B,

n—oo
/ VW (rex —y)| V(rer —y)
ri\Bg, V(re1—y) 1+V(y)

|- v viee - [ 0) - () dy'
R4

A+V) [ ) + 7)) dy

= lim sup
n—oo
VW|

< ri

(limsup/ 1+ V() (y) dy +/
L®(RI\re1—By) \ "7 JRAB, RABy

(1+ V(y)u(y) dy)

— 0,

as 0 — oo due to (H7), (H8) and (2.93). .
Thus, using the stability results Theorem 1.8 we get that M is a viscosity solution of (2.95). O

Let us state a case in which Remark 2.15 holds and we can characterize fi.

Proposition 2.60. Assume all the hypothesis from Theorem 2.12. Assume furthermore that pg, V and W are
radially symmetric and the technical assumptions (2.92), (H7) and (H8). If € 1 [1i] is such that

Coo1[1](v) = 0.

Then M, the limit in time obtained in Proposition 2.59, is C%((0,00)).

The proof is analogous to the one from Proposition 2.9.
Let us assume that V' is a radially increasing and symmetric potential that satisfies the hypothesis presented
on Theorem 2.12, (2.92), (H7) and (H8). If we take V(x) > 2|z|?> + Vo(z), with V(0) = 0 and we choose

W(zx) = @ Then € 1[1] > 0 for every [i positive and radially symmetric. On section 2.7, we show that
there exists concentration for this example.

2.7 Examples of concentration phenomena

In this section we prove that if p solves the Euler-Lagrange equation

@) V@) + [ a@W (e - pnwel) dy = b (2.104)

1-m Br

then, for certain choices of V' and W, we have concentration phenomena (i.e., a Dirac delta formation) for both:
The problem in Bg, and the problem in the whole space R? with 7 = 1. Through this section, we will assume

n(x) =1if |z| < \}/% whenever we are studying the problem on the ball Bp.

Theorem 2.61. Assume p solves the Euler-Lagrange equation (2.104), p is radial and [ p(z)dz < 1. Let
us assume that V' is a radially increasing and symmetric potential that satisfies the hypothesis presented on

Theorem 2.12, (2.92), (H7) and (H8). If V (x) > 2|z|?> + Vo(z), V(0) = 0 and W (z) = @, then

1
1-m

V0($)> . (2.105)

1-m

p(x) < (
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2.7 Examples of concentration phenomena

Remark 2.62. If V; is such that Iy := fBR (1_77”1/0(91;))_ﬁ < 1, then, estimate (2.105), implies that the
solution p of the Euler-Lagrange equation (2.104) has mass ||p||1(p,) < lo < 1. Let us restrict to the class
of probability measures, . € P(Bgr). Theorem 2.61 implies that p, the absolutely continuous part of any
p € P(BR), solving (2.104) has mass strictly less than 1. Indeed, integrating in (2.105) gives ||pl| 1 (p,) =
[ttacll1(Br) < o < 1= u(BRg), i.e. us(BRr) > 0, where juis denotes the singular part of p.

Proof of Theorem 2.61. Since W (x) = @, we can rewrite (2.104) like,

m  m1 n(r), o n(z)
- —lz|*A=—-h—-——~<LB
=Pt V+ 5 || h 5 B
where
A= [ n(y)ply)dy
Br
and

B = /BR n(y)|y1*p(y) dy.

Since V(0) = 0, if we evaluate on x = 0 we get that

B

m—1

S 0)=—-h——
P () 9

from where we deduce that i + g > 0. Then, we get that p is of the form,

__1

=12 o0 5 )|

m

We distinguish between two cases. First, if |z| < %, we have that n(z) = 1 and h + @B > 0. Therefore,

1 1

p(z) < <1_mV(x)>1’” < (1 —mvo(x)> =m

m m

and we recover (2.105). For the second case, if |z| > %,

0<B= / n()lyl*ply) dy < RZ/ p(y)dy < R*.
Br B

R

2 . .
Thus, h > —% > —%, and, in particular,

o) < [l_m <—B; 4 vm)] o

m

V() > |a]? + Vo(w) = & + Vo () when || > L. Then,

1

1-m

)

1—m

p(z) < <

and we recover (2.105) again, finishing with the proof. O

Remark 2.63. The proof works in the same way when we are in the whole space R® and n = 1. In this case, we
Just need V() > Vy(z). In the same way as before, we also obtain examples where aggregation happens.
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2 Partial mass concentration for fast-diffusions with non-local aggregation terms

2.A Uniform estimates for pas R — oo

In this appendix we include some of the a priori estimates that we need in section 2.6 to prove Theorem 2.12.
First, we realise that using the estimate for the second order moment (2.83) we are able to obtain the a priori
estimate for a p-order moment with p = % > 2.

Proof of Lemma 2.53. In the same way we did before for the second moment, we take the time derivative,

1d
Eﬁmp(pﬁ% B / ot V(™) / A Y (VR+/ Ky y)p™ (y )dy>

< (p— Dmp_a((p,""")™)
Vi + V Ja Ko y)p ™ (y) dy

Ll fa da

1+
(2.106)
Now we bound each of the terms. For the first term we have that
R, R.n;, R.nj, Rnj, R,nj, ™
mpa ()" < (mpoa (5" >) Iy < mang () + (1= m) o

Notice that we have chosen p such that p = p . The second term is bounded due to the L? estimate (2.23). The
term VVg/(1 + |x|) is uniformly bounded by hypothesis. We expand the derivative

V/ K(z,y)pr"" (y) dy :/ () VW (= y)m; ()™ (y) dy
Rd Bg
+ / V(@)W (& — y)n ()" (y) dy.
Rd

Since we assume |[VW (z)| < C(1+|x|) from (H5) and from there we also deduce W (z —y) < C(1+|x|?)(1+
ly|?) at (2.82), we obtain that

R,mj,* Rnj,*
< COW) (14 [} o™ | ey + ma (o))

L Rymjx\ L
< W) (4 e lollagasy + 0l oy + el

For the next term, we take into account that |Vn; (z)| < j 71|V || peo (re)X B; (%), and we can therefore estimate

. V(@)W (@ — y)ni(y)or ™ (y) dy‘

R )
< COV) |V (@)|(1+ o) (llpol 1 ey + ma (o))
s — R7 j %
< COV) 91 ey G+ o) (1ol ety + miz (o))

where C'(W) is the combination of the constants appearing in (H5) and (2.82), and we control mg due to (2.83).
Lastly, using Holder inequality on the p — 1 moment and Young’s inequality afterwards we get,

|x|p 1 +|$D R.nj,* 315 R,nj,* < R,nj,* % R,nj,* ; R,nj,*
Pt = Mp— I(Pt )+ mp(p, ) <l ||L1(Rd)mp(/0t ) + mp(p; )

R7 b
oy ™"

”Lle 2p—1
)Jr D
p p

< mp(pfmj,*)'
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Integrating (2.106) in time from O to ¢ and using the previous computations we get that

t
mp(p") — mp (o) < © (1 " / mp () dS)

where C' is a constant with the same dependencies as A and B in the statement. Therefore, by Gronwall’s
inequality, we recover (2.84). O

_2
1-m

priori results. In order to do that, let us take ¢ € C2°(R?) such that ¢(x) = 1 for all z € B,,, and ¢(x) = 0 for
all z € R%\ B,,,. We fix a cut-off function ¢ such that ¢(2) = ?(z). Take R large enough so that w; < wy < R.
We present here the following collection of a priori results.

Once we have obtain an estimate for the p = order moment we focus on obtaining a collection of a

Lemma 2.64 (a priori estimates on V™). Let p' be the unique strong solution of (2.5) in the bounded
domain (0,T) x Bp, for the kernel K(x,y) = n(x)W(x — y)n(y). We have that

T R
/ / Vo
o /By (2.107)

1
<C (m7 10| pa=m 0.7y xRy 10" | oo (0.1 xReYs 162 lrt.oo (et |’ER’n||L2((o,T)wa2)> '

Proof. We use a similar strategy to the one followed for the a priori estimate (2.28). In this case, the function

G appearing in (2.28) corresponds to G(s) = mss—m’ where we define G using (2.27) for the

function ®(s) = s™. For R large enough we get that,

O /B (G5 == | VG (i) (Vi)™ + pit "B
R R

1
= —/ fo’”lzc—/ — (" By
Br Bg M

1 —m m
—/B m@—m) (") (V(pfi’") + pf’"EtR’"W@
R

Thus, using Holder, Young’s inequality and integrating in time we get (2.107). O

Lemma 2.65 (a priori estimates on V(p™")™). Let p™" be the unique strong solution of (2.5) in the bounded
domain (0,T) x Bpg for the kernel K (x,y) = n(x)W (z — y)n(y). We have that

T
/ / V(o2
0 JBg (2.108)

1
<C (m, 15| e 0,1y sy s 10T | oo (0.7 x ) s 162 oo () ||ER’"||L0<>((0,T)wa2))

Proof. With a similar strategy to the one followed for the a priori estimate (2.26) we obtain that,

1 R R R
O | —=(p ”’)m“c=/ (o)™ Oupy"s
5yt 1 t i t t
= [ (e div(V )+ S
Br
R, R, R, R,
—— [ V- [ pre e
BR BR
= [ e etnmes - [ e
Br Br
Thus, using Holder, Young’s inequality and integrating in time we get (2.108). O
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2 Partial mass concentration for fast-diffusions with non-local aggregation terms

Lemma 2.66 (a priori estimates on 0;p™*"). Let p™" be the unique strong solution of (2.5) in the bounded
domain (0,T) X Bp, for the kernel K (x,y) = n(x)W (x — y)n(y). We have that

A

< ¢ (m, o™

ap 777

m 1
oo (0 x®)s 10 ™ || oo (0,111 (Buy ) 152 w100 () HERm||W1»2((0,T);L2(BWZ))
(2.109)

Proof. This time we use a similar strategy to the one from the a priori estimate (2.29). Applying Young’s
inequality we have that

Rypym—
/ m(py 7I>m !
Br

8 m m :
= [ e (Al s ai(a B )

6 m m a m m
— [ v (Gultnm)veinme [ St
Bgr Br

0 9
—/ P "E[V <8t(pf’")m> S —/ P B (0" Vs,
Br Bgr

Integrating in time from O to 7" we get that

2
1 1
/ / (ptmym—t €—2/ Vp6”|2<+2/ V(™)™ %
Br Bpr Br
T 8,0R7 aERT]
e V pRvn m_|_ pRJ? m ERvn t +p »77 S
//BR(u)(t))tat 00

0
Vi(p Ron mye.
/ [ Sk gt

Let us bound each one of the terms on the RHS. We obtain the following bound for the first term,

T a Rﬂ?
| (St o) <Eﬁ’”’§t ;
o JBg

||p 77||Loo (OT)XRd T R,n mi2 R,77 1
< H(pt )" e Bwl WE 2 28,

i

0 Pt
ot

ol |

4||pt (0 T)xR4)

For the second one we get the bound,

T QB[
/ / (Voo + (ofym) (pf’”att S
0o JBg

< [0 g ler" :
/U t (B )Pt ot

L>°(Buw,)

L2(BgR)

And for the last we have the bound,

Ao, "™
ot

ma m T m _1
/ V(o 2 (ol < / IV RN ™2 s ™2 Vsl oo, )
Br 0
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1/T R,n; 2 -1 2
+ = Vipy )" $ 2V 700 + / /
m )y V(o™ )" 22 (B,,) 1Zo0 (B.,,) wF .

B
”Loo ((0,T)xR4)

Thus, putting everything together, we obtain (2.109).

8tt

O]

Lemma 2.67 (a priori estimates on A(p™")™). Let p™" be the unique strong solution of (2.5) in the bounded

domain (0,T) x Bpg for the kernel K (x,y) = n(x)W (z — y)n(y). We have that

[ JatEnmf <

where C' depend on the constants (2.107) and (2.109).

Proof. We have that

IR

2
div (pf’”EfW)’ <

2 T B R, T
pf’")m)’ g:/ / Pt +/ /
0 Br 0 Br
T 8 R777
_ 2/ / Pt iy <pfimEtRm> c.
o Jpp Ot

From here, we use the results from Lemma 2.64 and Lemma 2.66 combined with Holder inequality.

(2.110)

71






3 Drift-diffusion equations with saturation

This chapter is taken from the article “Drift-diffusion equations with saturation” written in collaboration with José Antonio
Carrillo' and David Gémez-Castro?, and accepted for publication in SIAM Journal on Mathematical Analysis. Preprint
arXiv:2410.10040 (2024); [94].
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Mathematics is the art of giving the same name to different things. — Henri Poincaré

3.1 Introduction and problem setting

Aggregation and drift-diffusion equations are frequent in continuous descriptions of density populations since
they are natural macroscopic models associated to microscopic particle dynamics, see for instance [107] and the
references therein. Some models contain a more general nonlinear mobility, usually called of saturation type,
preventing overcrowding. This family of partial differential equations include models of the form

dp

5 = div (m(p)V (U'(p) +V)) . (3.1a)

Here, we consider U convex and V' a given potential regular enough. Furthermore, we work on a bounded
domain (2, where we set the natural no-flux condition

m(p)V({U' (p)+ V) -v(z)=0  forallt >0,z € 9N, (3.1b)

leading to conservation of the total mass. The case of linear mobility m(p) = p is well understood, see [78, 17]
and the references therein. For this family of nonlinear parabolic equations (3.1), the well-posedness theory, their
long-time behaviour, and the main qualitative properties of the solutions, self-similar solutions and their steady
states have been fairly well-analysed [102, 302, 80, 98, 96, 93]. Moreover, the family of Cauchy problems of the
form (3.1) with linear mobility are 2-Wasserstein gradient flows [269, 105, 106, 7, 283, 284] of the free-energy
functional

Flol = [ U@z + [ Vizpta)da. (32)
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3 Drift-diffusion equations with saturation

When m(p) is a non-linear mobility (not necessarily bounded) there is also an extensive literature. A suitable
notion of generalised Wasserstein distance was introduced in [161] by extending the Benamou-Brenier formula-
tion. This approach only produces well-defined distances if m(p) is concave. The corresponding Otto calculus
yields that the formal gradient flow of the free energy (3.10) in these non-linear mobility Wasserstein-type dis-

tances corresponds to the family of PDEs
ap ) 0F
%~ an (w0

ot op

We will take advantage of the free-energy dissipation structure of this formulation. The result in [161] has been
extended to cover more cases, including more general families of non-linear mobilities [244, 104, 162, 157].
Several aggregation-diffusion related equations with non-linear mobility have been also analysed by different
methods in PDE theory for instance: Newtonian interaction potentials (i.e., U = 0) [97, 95], porous medium
equations with non-local pressure [63, 295, 296], Cahn-Hilliard type equations [40, 245, 173], or interaction
systems on graphs [202], among others.

Our work focuses on a non-linear mobility m(p) of saturation-type, i.e., the support of the mobility is a finite
interval. More precisely, the mobility m(p) satisfies the following assumptions:

(Hy) There is some o € (0,00) such that m(0) = m(e) = 0, and m > 0 in (0, ). We assume that m €
C([0,a]) N CH((0,@)).

(Hs) We deal with initial data pg in the admissible class of densities A := {p € L}(Q) : 0 < p < a}.
(Hs) V is of class C?(£2). Without loss of generality we assume V > 0.
(Hy) U € WH((0,a)) N C%((0,a)) and convex U” > 0. We assume that U is not trivial, i.e.,

there exists so € (0, «) such that U”(sg) > 0. (3.3)

We will make a further technical assumption (Hs), that is postponed to the next section. Notice that, unlike in
previous literature, we do not assume that VV - v = 0 on 0€2. Thus, p = 0 and p = « are constants solutions.

These aggregation-diffusion equations with mobility of saturation-type appear naturally in mathematical bi-
ology, in order to explain chemotaxis models with prevention of overcrowding [112, 206, 107], in mathematical
physics, to describe the relaxation of gas of fermions [217, 218], in phase segregation [291, 314], or in thin liquid
films [245, 252] among others. Despite the interest in applications of models with mobility of saturation-type,
the literature devoted to problem (3.1) with the saturation-type mobility satisfying assumptions (H;)-(Hy), up
to our knowledge, is scarce. In [58, 156] the authors consider the Keller-Segel model with prevention of over-
crowding, which they obtain by choosing m(p) = p(1— p). They study the competition between the chemotaxis
term with a saturation effect and a linear diffusion term. More recently, in [154], the authors obtain a rigorous
limit from discrete distributions to a family of one-dimensional non-local interaction equations with saturation.
Furthermore, this result is extended to a family of one-dimensional aggregation—diffusion equation in [184]. In
both cases, the authors only cover the case m(p) = pp(p) where ¢ is decreasing and positive only in a finite
interval. In [185], the authors prove well-posedness of entropy solutions for a wide class of one-dimensional
non-local transport equations with a general saturation-type mobility.

To our knowledge, there is no literature analysing the family of Cauchy problems (3.1) with saturation-type
mobility in higher dimensions. Furthermore, the only work dealing with the long-time behaviour is from the
numerical analysis viewpoint by implicit finite-volume schemes introduced in [19]. They show the existence
of certain weak stationary solutions with kinks depending on the mass of the solution and their numerical ex-
periments suggest the appearance of kinks in the long-time behaviour for certain initial data. Therefore, the
main goal of this chapter is to provide a unified theory for the Cauchy problems (3.1) with a general saturation-
type mobility satisfying (H;)-(Hs), including the existence theory, minimisation of the free energy, and their
long-time behaviour. Furthermore, we complement our mathematical analysis results with numerical analysis
by showing the convergence of suitable implicit finite volume schemes related to [19] and clarifying their long
time behaviour.
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3.1 Introduction and problem setting

Main analytical results. Our main analytical results concern the existence of certain solutions to (3.1)
with a general saturation-type mobility satisfying (H;)-(Hs) via approximation arguments and semigroup theory,
the characterization of L'-local minimisers of the associated free-energy functional in the admissible set of
bounded integrable densities A defined in (Hs), and the long-time behaviour of the constructed solutions in
view of its gradient flow structure. Moreover, we study these aspects with the greatest generality on both the
saturation-type non-linear mobility m(p) and the diffusion potential U(p) which, in particular, includes the
classical porous medium/fast diffusion non-linearities at zero density.

To tackle the existence of certain solutions to (3.1), we proceed by stability arguments within the family of
problems of the form (3.1) with a general saturation-type mobility satisfying (H;)-(Hs). More precisely, we
construct suitable approximating problems of the form (3.1) which admit classical solutions while keeping the
assumptions (Hy)-(Hs), see Theorem 3.4. Passing to the limit in these approximating problems, we are able to
construct a Cp-semigroup, denoted by {S;}+>0, of weak solutions defined for any initial datum py € A, see
Theorem 3.5. This semigroup {S; }+>0, referred as free-energy dissipating semigroup in the sequel, enjoys mass
conservation, comparison principle, L!-contraction, and free-energy dissipation, see Definition 3.2. This notion
of semigroup allows us next to study the long-time behaviour, leading to the first global-in-time existence result
for this family of equations in higher dimensions allowing for free boundaries both at zero density and saturated
density value a.

The second goal of our analysis is to study the minimisation of the free-energy functional F in the class of ad-
missible densities .A. We obtain the Euler-Lagrange conditions for the L!-local minimisation, see Theorem 3.6.
When U is strictly convex, we show that the unique local minimiser for a fixed mass is explicit,

p(x) = min {a, ((U’)_I(Co - V($)))+}

where the constant Cy comes from the mass constraint. Notice that this is a truncation by « of the usual family
of minimisers for the linear-mobility case. The Euler-Lagrange conditions are already well-understood for the
linear mobility case, but this seems to be new in the literature for minimisation in the set .4 although related to
constrained minimisation problems as in [131].

We next focus on the long-time behaviour of the constructed solutions showing that there exists a time-limit
operator S, : A — A, see Definition 3.7, such that for any py € A, we have asymptotic time convergence of
the constructed semigroup {S; }+>0, that is

Stpo = Seopo, in L1(Q) ast — oo.

We show that S is still an L!-contraction. Hence, the w-limit set {Soopo : po € A} is an L'-continuous subset
of A, see Theorem 3.8.

We further analyse the structure of the w-limit set. The classical solutions for the approximating problems
have a unique element in the w-limit set, i.e., the global attractor, corresponding to the unique constant-in-
time solution and the unique global (and L'-local) minimiser of the free energy, see Theorem 3.9. Under
certain convexity assumption for the nonlinear diffusion, we can characterize fully the w-limit set again given
by the unique constant-in-time solution and the unique global (and L'-local) minimiser of the free energy, see
Theorem 3.10. On the other hand, we construct examples of degenerate non-linearities where So,pq is not an
L'-local minimiser of F, but only saddle points of the free energy, see Figure 3.4.

Finally, we are able to justify mathematically the behaviour numerically observed in [19]: the appearance
of kinks in the long-time behaviour and the complicated structure of the w-limit set when non-linearities are
degenerate combined with a saturated-type mobility.

Numerical analysis. The design of numerical schemes for aggregation and drift-diffusion equations is a
crucial tool to understand the dynamics of this family of equations. In particular, we need to develop meth-
ods that keep the structural properties of the gradient flow of densities: the non-negativity of the solution,
the dissipation property, and a corresponding set of stationary states which capture the long-time asymptotics.
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3 Drift-diffusion equations with saturation

Finite-volume methods allow us to obtain schemes with these properties. In [41], the authors propose first and
second-order-accurate finite-volume schemes treating non-linear diffusion equations as a non-linear continuity
equation. Another method is proposed in [75] for aggregation-diffusion equations. Moreover, a generalisation
for high-order approximations is proposed in [299]. In [3], the authors propose several fully discrete, implicit-
in-time discretizations for the Keller-Segel model in one dimension. This work is generalised in [18], where the
authors introduce a fully discrete (in both space and time) implicit finite-volume scheme for the aggregation-
diffusion equation with linear mobility m(s) = s. Furthermore, as it is shown in [21], this method converges
under suitable assumptions on the diffusion functions and potentials involved and assumptions on the boundary
conditions. In [19], the authors extend this scheme to cover non-linear mobilities of saturation-type.

Here, we focus on a variation of the implicit finite-volume scheme introduced and analysed in [19], where
we study the case m(s) = m()(s)m®(s) where m(!) is non-decreasing and m( is non-increasing. Our main
results show that the proposed implicit finite volume scheme is well-defined, convergent and structure preserving
together with a characterisation of the long-time behaviour of the fully discrete scheme. Moreover, we show that
the long-time asymptotics of the numerical scheme capture the long-time behaviour of the constructed solutions
to (3.1). More precisely, we prove well-posedness, free-energy dissipation, mass conservation, a discrete L'
contraction property, and a comparison principle for the already mentioned method and an approximating version
of it, see Theorem 3.13. Furthermore, to keep the analogy with the continuous case and the Cy-semigroup theory,
we show that our method admits a free-energy dissipating numerical scheme, see Definition 3.12. We also show
that under high regularity of the solution the scheme converges, see Theorem 3.14.

We finally conclude by discussing the long-time behaviour of the numerical scheme, and its rate of conver-
gence to the long-time behaviour of the continuous problem (3.1). For the approximating problem, we also
prove that the long-time behaviour coincides with the unique constant-in-time solution and the global attrac-
tor, see Theorem 3.15, analogously to the continuous problem. We also analyse the existence of a time-limit
operator for the numerical scheme reproducing the theory studied at the continuous level, see Theorem 3.16.
Moreover, we also show examples with complicated long-time asymptotics leading to free boundaries, infinitely
many steady states with large basin of attraction, and saturation effects leading to “freezing” behaviour, i.e., free
boundaries at the saturation level a.

Open problems. Showing uniqueness of the constructed free-energy dissipating solutions is an interesting
open problem. We may expect uniqueness of enhanced notions of solution as entropy solutions (see, e.g.,
[72, 219]), but we do not deal with this question in this work. We only prove convergence of the numerical
scheme as the mesh is refined in the case where the solution to the continuous problem is very regular. It would
be interesting to have a proof of the convergence of the numerical scheme that does not use information of the
continuous solution or reduces the regularity needed. We do not discuss higher regularity of the solutions. The
study of C'* regularity is an interesting open problem, specially in the cases with free boundary or freezing
behaviour. The problem with V' replaced by the aggregation term V' + W x p is completely open. Our results
can be used to prove existence of a semigroup of solutions. However, there is no L' contraction or comparison
principle for general W and their long-time behaviour is a difficult problem as numerically investigated in [19].

Structure of the chapter. In Section 3.2, we introduce the hypotheses, the notion of solutions and the
numerical scheme and present our main Theorems. In Section 3.3, we study the existence of weak solutions,
proving Theorems 3.4 and 3.5. In Section 3.4, we analyse local minimisers of the free energy, proving Theo-
rem 3.6. In Section 3.5, we focus on the long-time behaviour for both the regularised and the original problem,
i.e. Theorem 3.8, and, subsequently, in Section 3.6, we deal with its w-limit, Theorems 3.9 and 3.10. Finally, we
devote Section 3.7 to the numerical analysis of the implicit finite volume scheme, and, in particular, we prove
Theorems 3.13 to 3.16. The main goals of this work are schematically described in the diagrams (D) and (D3),
which we present in Section 3.2.
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3.2 Main Results

3.2 Main Results

The aim of this section is to present our main results and the key ideas of their proof. Our focus is the initial
value problem

gf = div (m(p)V (U'(p) +V)) in (0, 00) x €,
m(p)V(U'(p) + V) -v(z) =0 on (0,00) x 09, (P)
p(O, x) = po(l') T € €,

where  C R? is a bounded, connected, and smooth domain. We make an additional technical assumption on
the non-linearities.

(Hs) We assume that the diffusion is continuous, in the sense that
mU” € L1(0,a), (3.4a)

and we define

S
D(s) = / m(7)U"(7)dr.
S0
Furthermore, we also assume that ® is strictly increasing at 0 and «, i.e.,
®(0) < P(s) < P(a) forall s € (0,). (3.4b)

Lastly, we impose a technical regularity condition which will be suitable for compactness estimates

sup
$€[0,q] (I)/(S)

+ ' < 00. (3.4¢)

In order to study the steady states of (P) we will sometimes assume some of the following strict convexity to
different degrees

U"(s) >0, forae. s € (0, ). (SCy)
inf U”(s) > 0. (USCyp)
s€(0,a)
For certain statements on numerical schemes, we will assume

U € C*([0,a)). (3.5)

Remarks. Notice that, since m € C1((0,)) and U € C3((0, ), then ® € C*((0, ).
These main hypothesis (H) and (SCy) are satisfied for the Porous Medium / Fast Diffusion cases, for example,
if ® is C%((0,)) and

—b(s)(a—s)™"1 ifs e (s9,0).

P'(s) = {a<s>sm” if's € (0,51),

Formy,mg > 0and 0 < a < a(s) <a,0 < b < b(s) < b. The hypothesis (USCyy) only holds if m1, mo < 1.
The hypothesis (3.5) only holds if m1, ma > 1. With respect to assumption (Hs), if m1, mo > 0 then @ fulfills
(Hs). However, if either m1 or my is strictly smaller than —1, i.e. Ultrafast Diffusion, then the assumption 3.4c
does not hold. Furthermore, let us remark that the mobility m does not need to be concave in order to fulfill
(Hs). For example, the case m(s) = s%(a — s2) and U(s) = s™ with m > 0.
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3 Drift-diffusion equations with saturation

Our first aim is to construct a family of approximating problem (P.) with a well-posedness theory in the
classical sense. We next use these approximating problems (P.) to obtain existence of (P) by compactness
arguments. We study the long-time behaviour ¢ — oo for both problems (P.) and (P). Furthermore, we also
discuss whether the limits ¢ — oo and ¢ — 0 commute. The following diagram describes the different questions
we analyse in the analytical part of this work.

pge) solution to (P.) o P (z) = (U (CE - V(;r))
e—0 ‘5 =0 (D1)
pgo) solution to (P) t%lo 0O (x) = Ty 0 (U)7? <Co — V(w))

Notice that we provide a counterexample for the commutativity of the diagram in section 3.6.3. In fact, the
regularisation (P.) chooses always the L!-local minimiser as ¢ — 0, see Theorems 3.9 and 3.10 (taking first
t — oo and then ¢ — 0 in (D1)). Nevertheless there exists some cases for which the diagram is commutative,
for instance m(s) = s(a — s), U(s) = slog(s) and V(x) = |z|?>. A more complete version of this diagram,
including the numerical results, is provided at the end of this section in (D3). Here, we use the truncation function
defined as

a ifs>a,

Toa(s)=<s ifse0,al,
0 ifs<0.

We use the notation Ty, o (U')"! in a generalised sense. Recall that U’ : (0,«) — R is non-decreasing. We
define

¢:=U'(0") and (=U'(a"). (3.6)
Either of these values can be infinite. With this definition, we define
a if ¢ >¢,
Toao (U)7HC) = (U)HC) if¢ e (¢0)
0 if ¢ < ¢.
. m<1 m=1 .
é (.1 (.1 < =0

Figure 3.1: Ty o o (U")1(¢) for U(s) = and different choices of the exponent m.

m—1

3.2.1 Notions of solution

Throughout this chapter we use the following notion of weak solution.

Definition 3.1 (Weak solution). We say p is a weak solution of the problem (P) in (0, T)xQ if p € L*((0,T)x£2),
®(p) € L*(0,T; H (), and

/Q po(0) + /0 ' /Q 2 = /O ' /Q m(p)V(U'(p) + V) - Vo,
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3.2 Main Results

forall p € C*([0,T] x Q) such that o(T,-) = 0. Let us recall that V®(p) = m(p)VU'(p). Respectively, for
€ > 0 and the problem (P.), we consider the analogous version of weak solution.

Beside A, we consider the following sets of initial data
Ay ={peL’(Q):I>0st.6§<p<a—6},
Ay ={pe A:|pllpr =M}.
We will work with the notion of semigroup of solutions (possibly non-unique) for (P) as follows.

Definition 3.2. We say that S; : A — A is a free-energy dissipating semigroup of solutions for (P) if
i) For pg € A, pr = Stpo is a weak solution to (P).

ii) Sy is a Co-semigroup in L', i.e., for t,h > 0 we have

St+h = StSh, [Stpo — poll L1y = 0 for all py € A.

lim
t—0t
iii) Sy : A — Ais an L'-contraction, i.e., for any po,no € A we have that ||S;py — Stnolli) < llpo —

moll 21 ()-

1
iv) Free-energy dissipation and C}} ([0, 00), W=LY(Q)) continuity: If po € A, then calling p; = Sipo we
have

Forall 0 < t; <ty we get
to
/ /Qm(po)’v(U,(pU) + V)P < ]:[ptl] - ]:[th]v (3.7)
t1

1 1 1 1
lots = prallw=11(0) < M| Fo0 (0,0 |2 (Flon] = Flpw])? lt2 —ta]>. (3.8)
In particular, t — F[S;po] is non-increasing.

Remarks. Notice that for a Cy-semigroup it follows t — Sy pq in C([0,T]; LY(2)). Since p > 0, weak solutions
are mass preserving by using the test function p(t,x) = 1, i.e., |[StpollL1(q) = |lpollr1 (). For p € A we have

0 < |lpllr < |2, mass conservation implies that S;0 = 0 and Sio« = «. Using that s = SJ;‘S‘,
conservation and the L'-contraction directly imply the L' comparison principle

mass

[1(Stpo — Seno)+llLr) < l(po = m0)+ 1), Sforall po,no € A.

Let us finally point out that we recall the definition of the negative Sobolev space and some properties at the
beginning of Section 3.3.

3.2.2 Existence of solutions for (P) by approximation

Consider ¢ € (0, 1]. We will work on approximating problems of the form

gf = Ad(p) + div (m:(p)VV) in (0,00) x €,
(me(p)V(UL(p) + V) -v(z) =0 on(0,00) x 9%, (P2)
p(0,z) = po(z) x € .

Here we regularise the mobility and the non-linear diffusion. We also make the problem uniformly elliptic by
assuming ®. € C3([0, a]) such that

2’5(8) <Pl(s) < (1+ 6)22(8) where 3;(5) = min(@’(s),m(s)_l) + e,
P.(s0) = Pc (s0) = 0 for 59 given by (3.3), (3.9)
o, — @ in C},.((0,a)),
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3 Drift-diffusion equations with saturation

where k(¢) — 0 as e — 0. Given any family () — 0 and due to (3.3), it is easy to construct such family of
P..
We also construct a suitable m. € C'*([0, «]) such that, for ¢ > 0,

m.(0) = m.(a) = 0, m, > 0in (0, ), and |[m%| > 1 near 0 and o. (M,)

To connect this problem with (P) we consider the approximation of U given by the conditions U. € C31((0, at)),
Ue(§5) = U(5),UL5) = U'(5), and we define U (s) = ®.(s)/m.(s). By construction, we already have
Ul — U" point-wise in (0, o). We make a few more assumptions for the convergence as £ — 0, namely

m. — m pointwise as € — 0, sup [|UZ|l 11 ((0,0)) < o0 and
€€(0,1) (Mp)
(e,8) = mg(s)is C([0,1] x [0,a]) N Cps((0,1] x [0, ).

In section 3.3.1 we construct such regularised mobilities.
Lemma 3.3. There exists r(c) — 0 and m, such that (M) and (My) hold.

Moreover, if we consider the free energy of the regularised problem

Flo] = /Q Unlpl@) o+ [ Viahp(o)da, (3.10)

Q

we can rewrite (P.) again as a formal generalized mobility Wasserstein-type gradient flow.
First, we will prove a well-posedness result for (P.).

Theorem 3.4 (Well—pos«ailness of (P.)). Let € > 0 be fixed and assume (M.) and (3.9). It follows that:
i) If po € Ay N C?(KY), then problem (P.) has a unique classical solution.

ii) These classical solutions can be uniquely extended to a free-energy dissipating semigroup for (P.), denoted

by Sga).
iii) If po € A\ {0,a} then 0 < St(a)p < ainQfort>0.
v) St(a) : A+ — .A_|_.

We show Theorem 3.4-Item i in Section 3.3.1 and discuss the remaining items in section 3.3.3. We can now
prove the left side of the diagram (Dy).

Theorem 3.5 (Existence for (P)). There exists a sequence €, — 0 and Sy : A — A a free-energy dissipating
semigroup for (P) such that

S(a’“)po — Spg in Coe([0,00); L' (Q)) for all py € A.
We prove the existence result on section 3.3.4.

Remarks. Notice in (M.) and (My) that since m. — m pointwise in [0, o] and the fact that the map (e, s) —
m,(s) is O then it holds the convergence

m. —m in C([0,a]) N CL.((0,a)). (3.11)

The semigroup can also be constructed using the theory of m-accretive operators in L*(S2), see e.g., [52]. With
the construction we have made U! > ¢/m. > 0, m.(0) = m.(«) = 0, and |[m.| > 1 at 0, o, s0

Ul:(0,a) = (—o0,00) is a strictly-increasing bijection with continuous inverse.
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Therefore, for each C' € R we have

(e)

py” = (U)™NC — V) is a constant-in-time classical solution to (P.).

Notice that they pge) tend uniformly to 0 as C' — —oo and to o as C — oo. We point out that if pg € A then

(UH™HC, = V) < po < (U)"HCy — V) for some Cy,Co € R, (3.12)

Theorem 3.4—Item iv follows by using these bounds and the comparison principle can also be used for St(e)po.
Notice that
0< P < (14¢) (P +¢)

Since ®. — &' uniformly over compacts of (0, ) we have also almost everywhere convergence. Since ®' €
L(0, ) we can use the Dominated Convergence Theorem to show that

oL - @ inL'(0,a). (3.13)

This, in particular, implies that ®. — ® uniformly in [0, a].

3.2.3 L!-local minimisers of the free energy

In Section 3.4 we characterise the L'-local minimisers, by deducing (and solving in some cases) the correspond-
ing Euler-Lagrange condition. Since (P.) are particular examples of the family (P), we state the following result
only for the later, more general, class.

Theorem 3.6 (Euler-Lagrange condition). If p is a local minimiser of F on Ay with the L' topology, then there
exists C' € R such that

U'(p(z)) +V(x) > C, fora.e. x such that 0 < p(x) < a. (3.14)
U'(p(x)) +V(x) < C, fora.e. x such that 0 < p(z) < a. '
Furthermore, if U' is invertible
plz) =Toao (U) HC —-V(2)) ae inQ. (3.15)

Lastly, if we assume (SCy) and M € (0, a|Q

), there exists a unique C' such that (3.15) has mass M.
Remark. The Euler-Lagrange condition for the case of m(p) = p is well-understood [22, 82, 83]. Here, we

adapt these techniques in order to study the case with saturation.

3.2.4 Long-time behaviour. Relation to free-energy minimisers
We begin this section by giving an interpretation of long-time behaviour in terms of semigroups.

Definition 3.7. We say that a semigroup S for a problem (P) has a time-limit operator S, : A — A if all the
following are satisfied:
i) For any pg € A there exists a limit in time

Stpo — Seopo strongly in L' (Q) as t — oc.

ii) S is stationary for the semigroup, i.e., StS- = Scc.
iii) For any pg € A, Seopg is a constant-in-time weak solution to (P).

With this definition we can now proceed to study the other three sides of the diagram (D). First, in Section 3.5
we construct a time-limit operator for the problems (P.) and (P).
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3 Drift-diffusion equations with saturation

Theorem 3.8 (Long-time behaviour for (P) and (P.)). We have that:
i) For e > 0 the free-energy dissipating semigroup S (€) for (P2) has a time-limit operator, which we denote
S

ii) Any free-energy dissipating semigroup S for (P) has a time-limit operator, which we denote S.

Both Sc()i) and S~ are L'-contractions.
In section 3.6.1 we study the time-limit operator of problem (P.).

Theorem 3.9 (The global attractors of (P.)). Let € > 0 be fixed, M € (0, «|$2|) and define the corresponding
form of (3.15), i.e.,

PO (x) = (U (C. —V(x), inQ, (3.16)

where C. is uniquely determined by the mass condition [ (U.)~" (Cc — V) = M. Then:
i) p\©) is the unique fixed-point of the semigroup in Ay, i.e., p € Ayr such that St(s)ﬁ = pforallt > 0.
In particular, it is the global attractor, i.e., for any pg € Apr we have Sé?po = ﬂs).

i) p'®) is the unique constant-in-time weak solution of (P.) in Apr N AL

iii) p <) is the unique L'-local minimiser of the free energy F. over Ayy. It is also the unique global minimiser
of the free energy F. over Ayy.

We next focus on studying the w-limit of (P) in more detail. First, in section 3.6.2 we obtain the following
result.

Theorem 3.10 (On steady states for (P)). Assume (SCr7) and that M € (0, «|S2|). Then we can define
ﬁ(O)(x) = TO,a o (U,)_I(CO - V(l‘)), in (Y,

where Cy is uniquely determined by the mass condition [, To.o o (U')~'(Cy — V') = M. We have that:
i) S;p =5 foranyt > 0.

i) f)(o) is the unique L'-local minimiser of the free energy (3.2) over Ayy. It is the unique global minimiser
over Ayy.

iii) If we also assume (USCyy), then ,5(0) is the limit as € — 0 of the constant-in-time weak solutions of (P.)
given by (3.16)

7% =50 in L (Q)ase — 0.

We finally show that the double limits in diagram (D;) do not commute by giving a counterexample. In
section 3.6.3, we provide a non-linearity U, and a potential V', such that the problem (P) has infinitely many
steady states different from ﬂo). Moreover, each of them have a large basin of attraction of initial data.

Remarks. The long-time behaviour result holds even if F|p;] never becomes finite. This is a powerful conse-
quence of the L'-contraction theory. The Wasserstein-type gradient-flow theory is usually not able to deal with
these cases. In section 3.6.3 we construct m, U,V such that the global minimiser of F is not the global attractor,
i.e., there exists pg such that Seopo # p\°). Furthermore, we construct a curve of stationary weak solutions such
that each of them attracts some initial data (see Figure 3.3 and Figure 3.4). For certain choices of V (e.g., V
convex) it is easy to show that there exists a global attractor for (P). See, e.g., [102, Section 3] and [228].
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3.2 Main Results

3.2.5 Numerical analysis

We now study the implicit Finite-Volume scheme proposed by Bailo, Carrillo, and Hu in [19]. Here, we consider
a small generalisation of the method in [19] that also fit to the regularised problem (P.). For the sake of clarity,
in this chapter we only cover the 1-dimensional case. We devote Section 3.7 to the numerical analysis. Let us
fix e > 0. We prove a first result which we will need for the structure of our paper. We will assume that

m(s) = m® (s)m® (s), (M%)

where m() are Lipschitz continuous, m(!) is non-decreasing, and m? is non-increasing. This is required to
perform the up-winding below. This assumption is not too restrictive, since we show the following result in
section 3.7.1.

Lemma 3.11. Assume (Hy). Then, there exists m") € C*((0, a)) non-decreasing and m® € C*((0, ) non-
increasing such that (M?) holds. Furthermore, if m is Lipschitz in [0,a], m" > 0 in a neighbourhood of 0 and
m’ < 0 in a neighbourhood of o, then m™) and m® are Lipschitz.

Without loss of generality, we can restrict to x € (0,1), we pick [ = {1,--- , N} for some N € N, and let
Az = 1/N. We now present (a small generalisation of) the Finite-Volumes scheme constructed in [19]. The
method is given as

n+1 n+1
A = — Ar , 1€1,neN,
F,y 1 (p) = m® (p)m® (pi1) (v, 1 ()" +mO (pi)m® (o) (0,1 ()™
, ¢ (P2)
Uz_i_%(p) _ _£z+1(pix gz(p)7
&ilp) =U'(pi) + V(:),
Filp) = Fy,1(p) =0.

Here, we are using the notation v = u™ + u~. We consider the initial condition

0_ 1/%5 (z) da (3.17)
n=xa po : :

x,
In [19, Theorem 2.4] the authors prove the decay of a discrete energy, defined for ¢ > 0 as

ERp] = Az ) " (U(p:) + V(@i)pi) - (3.18)
el

We introduce the following discrete version of (P;):

(P2) when we replace m(® and U by mg) and U..
We will use the notation p=", F*¢ v®, £°. (PgA )
The corresponding energy is denoted EaA.

Remarks. For the approximating problems, due to ellipticity, UL(0) = —oo,U.(a)) = oo. We can only deal
with solutions in 0 < p? < «. This is also the case in general if U ¢ C([0, ). We will separate the case
of U € CY([0,1]). Even if U € C([0,q]), from the computational point of view the approximating problem
(PEA) is usually better than (P?) since typically we will be able to use Newton iteration to compute the next
step (we can guarantee the Jacobian is invertible). The scheme introduced in [19] is done for m™") (s) = s and
& = U'(p) + V(x;) + W x p. This problem is significantly more difficult. For example, it does not have a
comparison principle.
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3 Drift-diffusion equations with saturation

Finite-time properties of the numerical schemes

We introduce

a={peRl0<p <a},  Axi={peR:0<p<al, ol = lnil-
el

We will use the notation A = (At, Az). In the same fashion we worked with semigroups, we can write
JA:pOG.AA»—>p1, JS:pOEAAHpa’l

Formally, p" = (J)"p°. For p,n € Ana 4 we say that p < nif p; < n; forall i € I. We use the following
definition.

Definition 3.12. Fix A. We say that (P?) is a free-energy dissipating numerical scheme over B C Aa if
i) For p® € B, there exists a unique p € B that solves (P™). We call this unique solution p".

ii) The solution map J> : py € B — p' € Bisan LlA-comraction. There is mass conservation.
iii) There is free-energy dissipation, i.e., for p° € B we have E®[J?p%] < E2[p).
n [19] the authors do not prove that this implicit scheme admits a solution, or whether it is unique.

Theorem 3.13 (Well-posedness theory). We have that
i) (P?) and (PgA) for e > 0 are free-energy dissipating numerical schemes in A 4. If ol e A+ then
JAp0 — JAp% as e — 0.
ii) If we also assume U € C([0, a]) then (P?) is a free-energy dissipating numerical scheme in An.

This scheme is convergent at least under high regularity of the solution. We only include a small remark
below about the regularity result, we will not discuss it any further and just focus on the convergence.

Theorem 3.14 (Convergence as A — 0). Let py € A, be fixed, p a solution to (P), and R := p([0,T] x Q) c
[0,a], U € C3T(R), méj) € O (R) forj =1,2,V € C*T(Q), and p € C’tlJFB,CgJW. Then, if pl* is the
solution to (P?) it is such that

sup Az Y ol = pltn, 7)) < C((A)? + (Az)).
O<n<— icl

Hence, the numerical solution converges to the solution of the continuous problem as A — 0.

Notice that this theorem can also be applied to (P.) if the solution of the continuous problem had the regularity
needed. The proof of these results can be found in section 3.7.1.

Remarks. The comparison principle holds, i.e., for p € Bif po < 7V then JAp? < JAP pY. In order to obtain
the convergence result presented in Theorem 3.14, we rely on consistency and stablllty Thus, it requires for the
solution of the problem to be smooth. We expect this to happen in (P.) with € > 0 due to uniform ellipticity. For
(P) we can construct examples where it does not hold. Theorem 3.14 implies uniqueness of smooth solutions of

(P).
Long-time behaviour for the numerical problems

In section 3.7.2 we focus on the long-time analysis of the numerical method. First, we study the limit in the time
step of the solutions of (P2).

Theorem 3.15 (Asymptotics for (P2)). Let & > 0 be fixed. Assume (M?), M € (0, a|Q|) and let
-1
P> = (U (C2 = V()
where C2 is uniquely determined by the mass condition Az, (A (C2 =V (z;)) = M. Then:
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3.2 Main Results

i) p©°° is a unique constant-in-time solution of (PEA) in Aa 4 of mass M.
ii) It is the global attractor, i.e., for any py € Aa 4 we have (J2)p0 — p= in R as n — .
iii) Consider p'®) obtained in Theorem 3.9. Then |C® — C.| < C(e)Ax.

For (P®) we can prove existence of a steady state, but not its uniqueness. Furthermore, we study some
properties of one of the steady states.

Theorem 3.16 (Asymptotics for (P2)). Assume (3.5). Then:
i) For every p° € A there exists J>p¥ := lim,, (J>)"p . This limit is a fixed point of J* (i.e., a constant-
in-time solution).

ii) The operator J™*> is an LlA—contraction.
Assume, furthermore, that U satisfies (SCry). Let M € (0, «|S2|) and define

PV =Ty oo (U)HCE = V(x;), inRHI

where C8 is determined by the mass condition AxY"; Tp o o (U') "1 (CE — V (2;)) = M. Then:
iii) p*>® is a constant-in-time solution to (P?), i.e., J®p*>® = p%®_ In particular, J> > p®> = p0:>,

iv) For the same mass, p>>= — p>> as e — 0.

v) Let pO be as obtained in Theorem 3.10. Then, C’OA — Co as Az — 0. If (USCy) and (U')~! €
C([0,a]), then |C5* — Co| < C(Ax)7.

As we mention above for (P?) we cannot prove uniqueness of a steady state. In section 3.7.3 we reproduce
the example from section 3.6.3. Thus, analogously to the continuous case, in the discrete problem there exists a
steady state different from p%°° that attracts a large class of initial data. Finally, in section 3.7.4 we show some
numerical experiments.

3.2.6 A complete convergence diagram

As a summary of the results in the previous sections, we present the diagram (D») superseding the diagram (D).
This diagram summarises the most important results of this work.

p5" solution to (P2) nox py ™ = (U (CEA - V(M))

7

A0 A—0
p(E) solution to (P;) g P& (z) = (U1 <C’ — V(a;))
e =0 t e) P € €
e—0
e—0
pg’n solution to (P*) nloo >p,?’°o =Toao (U)! (COA - V(xz)> e—0
A—=0 A—0
PgO) SOlUtion to (P) e t; L . >ﬁ(0) ($) _ TO.,oc o (U/)fl <CO _ V(:l}))

(D2)
Notice again that a similar counterexample for the commutativity of the diagram (D) can be given here to the
commutativity of the backward face of (D3) in section 3.7.3.
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3 Drift-diffusion equations with saturation

3.3 Well-posedness theory

We divide this section as follows. In section 3.3.1 we construct the regularised mobility m., we obtain some
auxiliary results, we discuss well-posedness, and we obtain a Strong Maximum Principle using classical theory.
In section 3.3.2 we obtain some a priori estimates for the sequence p that come from the structure of the equation.
Then, in section 3.3.3 we understand the problem through a free-energy dissipating semigroup. Finally, we
devote section 3.3.4 to prove existence of weak solutions for the problem (P) as a limit of classical solutions of
the problem (P;).

Before we begin, we recall some functional analysis results. We will take advantage of the negative Sobolev
space

WhHQ) = {peD'(Q): IF € L'(Q) s.t. p=div(F)}  with [|pllyy-1.1(q) = p:gilvf(F) IF ]l 21.(0)-

This space will be very helpful, since it allows us to use the free-energy dissipation to prove that if p solves (P)
then

2

2019 t2 . /
/ ap _ / ldiv (m(p)¥ (U (o) + V)31
n 10t lw-11)  Ju
to , 2
g/tl [m(p)V (U (0) + V) [ 10y (3.19)

m(p)2V (U (p) + V)’

to 2
< m =] « Q/
< JJml| oo (fo,a1) |2 . L2()

< [mllzee o, [ (Flon] = Flot]) -

The decay of the free energy allows to control the right-hand side uniformly.

Lemma 3.17. Let pl") € C([ty, to]; W—1Y(Q)) such that

/t2
t1

and uniformly bounded in L' ((t1,t2) x §2). Then, up to a subsequence,

ap ||?

<
ot ¢

W—l,l(Q)

Pl = p>® in C([t1, t2]; WHH(Q)) as n — .

Proof. By properties of the Bochner integral (see, e.g., [256]), we get that a family of pl”! with such uniform
bound are equicontinuous as C ([t1, t2]; W ~11(Q)) functions. We recall that L' ((t1,t9) xQ) = L (t1, to; L*())
and that L'(Q2) is compactly embedded in W~11(€2). Thus, the result follows from the Ascoli-Arzela theo-
rem. U

3.3.1 Well-posedness and interior bounds for (P.)

We start by showing some auxiliary results.

Proof of Lemma 3.3. First, we take 0 < k < «/2. Since @, < (1 4 ¢)(P’ + ) we observe that

/O“ / () e do| ds < (14 &) /0 : /a i i((g)) do

ds
§ m() B
+(1+¢e)e ? /2 X[”’a_“}(a)dads—i—/ / Xin.a—n(7) dods | .
0 s m(U) % % m(O’)
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3.3 Well-posedness theory

The first term is finite since U’ € L'((0, ). We pick

NI o1, (2 [? Xea-n(©) /a/><[a—1<0> L
/@(5)—624—(1 5)1nf{n€(0,2]./0 /S m(o) dods + o Js m(o) dods <e72 .

The set is non-empty, since the function inside infimum is continuous with respect to , and takes value O at
k = 5. Since the function inside the infimum is non- negative and non-increasing, we have that x(07) = 0.

[

We will use it to bound the L' norm of U/(s) = ) + f 5 & (U ; do. Thus, it suffices to estimate
/ A / /2 P’ (o) d ds + / / (o)

o |/g me(o) (o) (o)
We split

(o) _ 9i(0) o:(0) o2(0)

mo(0)  me (o) X0rE) T ) X a—r(@] F ey X(@a—r(e)
First we build a lower bound with a mobility of the form

(s if 0 < s < k(e),
max{x(e), m(x(e))} if s = k(e),
m(e, s) = ¢ m(s) if k(e) < s < a—k(e),

max{k(e), m(a — k(e))} ifs=a—k(e),

la—s ifa—k() <s<a.

Since we know that ®. < (1 +¢)(k(e)~! + ¢) and if m. > m(e, -), it follows that

a s /<a(£)_1 +e
/0 / “m( o) X[o,s(e)1do

g m(e, o

* (o)

g m.(o)

X[Oﬁ(g)]da ds

dsS(l—i—&t)/Oa

k) R o
= (el “/ / dfds—H@)(H(E)*lﬂ)m(s),

so it is bounded, and similarly for the terms X (4 x(c),o)- We also build the following upper bound

B.s if 0 < s < k(e),
min{ B.x(¢), (1 + )m(k(e))} if s = k(e),
m(e,s) = ¢ (14 ¢e)m(s) if k(e) < s <a—k(e),

min{B:x(¢), (1 + e)m(a — k(e))} if s = k(e),
) ifa—k(e) <s<a

B.(a—s

where

B, — ma {1 4o LemisE) (1+emla—r(e) } |

Ke) K(e)
With this construction it is easy to see that in (0,1] x [0, ] we have m > m. Furthermore, m is lower
semi-continuous, and m is upper semi-continuous. The same holds when we divide by s(a — s). Due to
the Katétov—Tong insertion theorem there exists vg € C'((0, 1] x [0, a]) such that ( 5 <0 < sosay-

We first build an auxiliary sequence v,,. Let K, := [e,,, 1] X [0, a] where &,, = TH for n > 0. We are going
to inductively construct a sequence of smooth functions u,, for n > 1 such that

Up = Upge1 N Ky and m < uppg <M+ es(a—s)in Ky,
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3 Drift-diffusion equations with saturation

There exists v1 € C°°(K71) with [|§ +vo—v1 |z (x,) < 5, which in particular implies m(e, s) < v1(e, s)s(a—
s) <mm(e, s)+es(a—s) forall (¢,s) € K;. Wenow setu; = s(a—s)vy. Again, there exists v, 41 € C°(Kp41)
such that || § +vo —vn 1] oo (k1) < “5+. Once more, this bound implies that m (e, s) < vny1(e, s)s(a—s) <
m(e,s) +es(a—s) forall (¢,s) € Kpy1.

We now construct u,, 41 from w, and v,11. Consider a non-decreasing function ¢y € C°°([0, 1]) such that
$(0) = ®(0) = *)(1) = 0 and ¢(1) = 1 forall k > 1. Let 6,11 (¢) = (£2===). With this construction,
we define

Un (€, s) in K;,_1,
Un+1(g,8) = S un(e, $)(1 — Opyi1(€)) + vnyi(e, s)s(a — $)0ny1(e) in Ky \ Kp—1,
Unt1(g, )s(a —s) in K1\ Ky,

which also satisfies the desired bounds. Since we are pasting C*° functions with C*° contact conditions, we
have u, 1 € C®(Kpt1).

Let us now define the limit function u € C*°((0, 1] x [0, @]) so that u = u,, in K,,_; for all n > 1. Notice
that u(e,0) = u(e,) = 0 for ¢ > 0. Furthermore, due to the lower bound we get %(5,0), —%(5,04) >1
for any € > 0. Since m(0, s) = m(0, s) = m(s) we have an extension u € C([0, 1] x [0, «]) where u(0, s) =
m(s). Finally, we define m.(s) = wu(e, s). Since m. > m(e,-) the corresponding U, satisfies the desired
properties. O

Lemma 3.18. If (3.4¢) is satisfied, then it follows that

(@c(a) — Dc(5))Pe(s)

0] . (s)

(g,8)€(0,1]x[0,a]

< o0. (3.20)

‘ (@(s) — ©:(0))P(s)
PL(s)

Proof. We work first on the term ®(s) — ®(0). Using (3.9), we point out that

Bo(s) = / "B (0)do. Ba(s) — D.(0) = /O CB(0)do >0, [Ba(s)] < [Ba(s)] < (1+2)[Dus)].

S0

Therefore, we have the estimates

De(s) ~ B(0) | Bels) — 0:(0)
= o == e

We distinguish two cases:
Case I: s such that ®'(s) < (). In this case, we have ®./(s) = ®’(s) + ¢, and we point out that

S

@.5) - 2.0) = [ 00 do < [[@/(s) 4 2)ds = a() - 2(0) 4 25

[e=]

Therefore, we can estimate

and therefore
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In particular, we recover that

2 000 < k() (B(6) — 8(0) + 29 (0(6)] +29) < o
We can proceed similarly for ®(a) — ®(s). O

From (3.9), our problem has uniformly elliptic diffusion, and from our set of basic assumptions, V' is regular
enough. Then, the problem (P.) is uniformly parabolic and existence, uniqueness, and the maximum principle
hold from the classical theory [234, 196, 4, 311], further details can also be seen in [96]. Furthermore, from [4],
we know that classical solutions to (P.) are as regular as we want depending on the regularity of the initial data
po- This corresponds to Theorem 3.4-Item i.

Afterwards, we continue by proving an interior bounds result for the classical solutions.

Lemma 3.19 (Strong Maximum Principle). Assume (M.) and py € A N C? (ﬁ) Then, the unique classical
solution of (P.) satisfies either p\&) = 0, p&) =, or 0 < pl(gs) < ainQforallt > 0.

Proof. Assume p'®) is not constantly 0 or cv. Let us freeze the coefficients to study strict positivity. Consider the

extension )
me(S .

—= ifse (0,

- {2 wcoa

m.(0) ifs=0.

€

Then u = p© is a solution of the following problem

% — ' (p)Au + (@g(p(g))Vp(a) + mg(p@))vv) V4 e(pE)AVYu in (0,00) x .
Since p(s) is a classical solution, all the coefficients are continuous. Furthermore, from (M,) it follows that
c(p(a))AV is bounded. With the change of variable v = e~ *u for any A € R we can replace the zero order
coefficient by a non-negative quantity. Thus, we can apply the Strong Maximum Principle [182, Section 7 -
Theorem 12] to deduce that the solution u = p(©) is strictly positive for all ¢ > 0.

Analogously, u = a — p(®) solves the problem,

()
Ou = div (CID' (p(e))Vu) +m (p\Vu - VV — M(AV)U in (0,00) x Q,
ot c © a— ple)
u=a—p >0 on (0,00) x 09,
u=a—p >0 on {t =0} x Q.

) (e) . . e .
Since 0 < % < ¢~ 1 due to (M,), once again, from the Strong Maximum Principle it follows that v > 0 in

(0, 00) x Q and, in particular, p(®) < « in Q for all ¢ > 0. O

3.3.2 A priori estimates for (P.)

Let us first comment on some properties of ®. and p(). We point out that for every 0 < t; < t5 < oo and
p € [1, 00, the unique classical solution of (P.) is such that,

1 1
10 1z (1,21 x0) < CP, 11, 12) = alta = 11)7|Q7. (32D

Spatial regularity

In order to obtain an a priori estimate on V p(a) we need to define the following auxiliary flow,

Gl(s) = G (0) = G- (0) = 0. (3.22)
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3 Drift-diffusion equations with saturation

Lemma 3.20 (A priori estimates on V,O(E)). Assume (M¢) and let 0 < t; < to < oo. Then, the unique classical
solution p(g) of (P.) is such that

(e)
)12 (e) m.(p'*) 2
IV N 224y 0 x00) < 2 /Q Gelon) + (t2 = 1) || e ) IVVIZ2 0 (3.23)
L (Q)
Proof. We compute in order to obtain that
4 / ) (©)
5t | G0 =~ | vai( (Vo) + ma(p)VV)

- - /Q VAP - /Q VG (o me(p®) - TV,

Therefore, applying Young’s inequality and integrating in time from ¢; to {9 we get,

t2 1 (%2 ||lme(p®)
(@) G G /‘ )2 / me () UVI2.
L1900 < [ Gtk [ ooy [CI90 g [ e oo [Vl
Since G¢(s) > 0 for all s > 0 we recover (3.23). O

Finally, we would also like to obtain an a priori estimate on V& (p(®)).

Lemma 3.21 (a priori estimates on @, (p©))). Assume (M), ¢ € (0,1] and let 0 < t; < ty < oco. Then, the
unique classical solution p© of (P.) is such that

qu)é(p(a))H%Q((tl,tg)xﬁ) < 4a|Q|| el oo (0,0) + (T2 — tl)HmeHLoo(ma)HVVH%‘Z(Q)- (3.24)

Proof. We define 9. ( fo o) do. We can compute that,

0
9 / 9.(p©) = / V. ()2 / Vo, (0) - ma(pO)VV.
ot Jo Q Q

Therefore, applying Young’s inequality and integrating in time from ¢; to {5 we get that

to 1 to
| 1906 ey < [ 06 = [ 0.6+ 5 [ 199069 o
1

1
Y
2 Jy
Finally, we point out that [J.(p)| < o/ ®c|[(0,) for any p € A,. Hence, we recover the desired inequality.
O

me(p )|, g IVVIE2(0)

Free energy and its dissipation

In order to obtain an a priori estimate on the time derivative and be able to discuss the long time asymptotic
behaviour of the problem, we need to take advantage of the gradient flow structure of the problem.

Proposition 3.22. Assume (M.) and let py € Ay N C%(Q). Then, the unique classical solution p') of the
problem (P.) is such that,

to 2
/ /Q m. (o) |V (VL) + V)| dzdt = o) = Flpl)] forallo <t <t (329)

In particular, F. [pf)] is a non-increasing sequence in t.
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3.3 Well-posedness theory

Proof. Combining the sufficient regularity of p(¢), the regularity of U, in (0, ) and (3.12), we can rigorously
take the derivative

d /mg ‘v U’ (5))+V))

Integrating in (¢1, t2) yields the result. O

)

For the set .A, we can prove the following auxiliary result about the free energy.

Lemma 3.23. Let ¢ > 0. Then F; has a global minimiser in A and is lower semicontinuous in A with respect
to the weak L'-topology.

Proof. Using that 0 < p < a, the positivity of V/, and the continuity of Uy, it is trivial to see that  is bounded
from below.

Let us prove the continuity claim. The classical theorems for lower semi-continuity are written for functions
U:R — R (e.g, [198]). However, the result in our setting has a very simple proof. First, we prove strong
L continuity. If u, — u strongly in L1(€2), there exists a subsequence, u,, , converging a.e. in §). Since U €
C([0, ), V is continuous and 0 < u,, < a, by the Dominated Convergence Theorem we get F [u,,, | — F:[u].
Since every sequence has a convergent subsequence, and they all share a limit, F.[u,] — F[u]. The strong L*
continuity is proven.

We now prove weak-L! lower-semicontinuity. Let u, — u weakly in L'(Q) and L = liminf, F:[u,].
Notice that L is finite since F is bounded below. Pick a subsequence v; = u,, such that F.[v;] — L. Due to
Mazur’s lemma, there exist convex combinations

N, ' N
Y = ZGZ(J)UZ-, where HZ(J) € [0,1] and ZHZ(J) =1
i=j i=j

such that y; — u strongly in L' (). Let § > 0. There exists Z(8) such that for i > Z(8) we get F.[v;] < 6 + L.
Since UL is convex, so is F, and for j > Z(0)

N Nioo
Fely) <3 0P Fu] <309 (6 + L) =6+ L.
i=j i=j

Using the strong-L' lower semi-continuity and this estimate we deduce that [u] < L+ § for any § > 0. Hence,
we deduce that Fu] < L.

Lastly, we prove the existence of a global minimiser. Taking a minimising sequence p,, € A, we have that it
is bounded in L>°(£2), so up to a subsequence, p,, — p* weakly-* in L>°(Q2). Due to the lower semi-continuous
in the weak-L' topology we notice that the infimum is achieved at p*. 0

Stability
We devote this subsection to show some stability result that will appear several times through the manuscript.

Lemma 3.24 (L!-stability of weak solutions). Let m*} — m and ®% — @ in C([0,q]), pI*} — pin
LY((0,T) x Q) and assume &} (p1*}) are uniformly bounded in L*(0,T; H'(Q)). If p'*} are weak solutions
of (P) with m'*} and &%}, then p is a solution of (P) with m and ®.

Proof. We take a subsequence that converges a.e. in (0,7') x €. Since ®{k} converges uniformly and 0 <
p{k} < a, by the Dominated Convergence Theorem we recover

& (ptk) o ®(p) in LP((0,T) x Q) forall p € [1,00).

Similarly, m %} (pt#}) — m(p) strongly in LP((0,T) x Q). Due to the boundedness in L?(0,T; H*(Q2)), up to
a further subsequence
dtkF (k) ~ ®(p)  weakly in L2(0, T; H'(Q)).

This fact and the L' () convergence for p{*} are sufficient to pass to the limit in the weak formulation. O
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3 Drift-diffusion equations with saturation

Using standard arguments of Calculus of Variations (see e.g., [279, Chapter 2]) we prove suitable convergence
of the free energy dissipation terms for the approximating problems.

Lemma 3.25 (Stability of the dissipation term). Assume that ®%} & e C((0,a)), m*} € C([0,q]). Let
m* = mand % = @ in C ([0, o) and p*r — pin L' ((t1,t2) x Q). Let us consider the associated U}, U
(ie, (UFH" = (@Y /mik}, U = &' /m with prescribed values of U} ($) = U(%) and (UF}H)(2) =
U'(§)) and the energy dissipation terms

D] = / 2 /Q m() V(U () + V)2 Dyl = / 2 /Q w )| (UHY (p) + V)2

Then,
Dlp] < lim inf Dy[p{*].
k—oo

Proof. For the second part of the statement, we assume that this lim inf is finite, otherwise there is nothing to
prove. There exists a subsequence k; — oo such that

lim Dy, [pt*}] = lim inf Dy [pt*}].

j—o00 J k—o00
We pick a subsequence, not relabelled, with convergence a.e. in (¢1, t2) x 2. Because of uniform boundedness,

we can use the Dominated Convergence Theorem to prove LP convergence of mt¥i }(p{kf }) and Q{kj}(p{kj})
for any p < oo. Define

1

SR SR v S U7 YON (70 AR (Y SOR LA 2 vaod
m{k‘j}(p{kj})% (P9 A+ mE (pH)

&

This is an L?((t1,t2) x Q)¢ bounded sequence. Thus, from the Banach-Alaoglu Theorem, it has a weakly
convergent subsequence (which we will not relabel). Let & € L?((ty,t2) x Q)7 be its limit.

We know strong L' convergence of all terms except V@{kf}(p{ki}). But we can write the weak L” conver-
gence for p € (1,2)

vtk (plkidy = m{k’j}(p{kj})% (gj — m{kj}(p{k’j})%vv> — mtkit(plhity (5 _ m{kj}(p{kj}>%vv)
Thus ®1#i} (ptki}) converges weakly in LP(t1, to; W'P(Q)) for p € [1,2) and we have
1 1
Vo (p) = m(p)* (£ —m(p):VV).

Now we can apply Mazur’s lemma similarly to the proof of Lemma 3.23 using the convexity of the map £ —
€17 0

L' contraction and continuous dependence

We study the L' contraction and continuous dependence result for classical solutions of the regularised problem
(Pe).

Lemma 3.26. Let ¢ > 0. Consider p'©) and n'®) two classical solutions of the problem (P.) corresponding to the
initial data p(()‘g) and 77(()5) respectively. Then, it follows that for all t > 0 the problem satisfies the L'-contraction

estimate

1047 =7 sy < N0 = 5 2. (3.26)
and the L'-comparison principle
/Q (o )t < /Q (o) = n$). (3.27)
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3.3 Well-posedness theory

Proof. We divide the proof in several steps.

Step 1: Auxiliary function. Let us fix 6 > 0. We choose an auxiliary function js such that j§ (s) = % X(=56)(8)
and js(s) — |s| as & — 0. We also define 15 such that ¢5(s) = sj5(s) = 55X(—s,)(s) and 15(0) = 0. Thus,

[64(3)] < $X(-5)(s). and [ths(s)| < 6. Hence,

0 il € € : € €
8t/35(p(f) ) = / 3502 =) div (V (@:(p) — @.(n)) )
+ [ G50 = 1) div () = me(a)TV) =T+ 7.

Step 2: Diffusion. Let us start studying the diffusive terms. We compute to obtain,
I=-— /Q 330 =NV (pl) —nl)y . v (<I>e(p(f)) - <I>s(77§)))
== | 308~ aNLUV () )
- /ﬂ G = ) (8L — @L(H) ) Vi) V(o) — )

L) =) o e o
< _/Q (s) (e) Vﬂ]g(pT —Nr )'VUT

— 1
o 5) & ()
= / ( a(p (e 2 (e g ) (I)”( ) v@b(S( - 777(—6)) : an)
Q pr- —Nir

- /Q L)V () — () - Vi) = T, + T,
In order to study Z; we take advantage of the following remark. Using a Taylor expansion we have that

(o) = B

(5) _ 7756)

- 20| < W,

§”®IIHL (0,a) ’p‘r nr

Therefore,
1
< 5119200 /Q 1) — 5 () — )V (p) — ) - vl

1
= 1Y | oo (0,0) / 1) — 5 (p) — )V (p) — o) - vl
2 159 ' <5

< 10 e 0 IV — 1) 2 IV 2
Next, we use properties of 15 in order to deal with Z,. We integrate by parts in order to obtain that
7, = / Pa(p )div (#2(n) / Gs(pE) — 9@ ()T -,
and |Z»| < C0.

Step 3: Drift. Let us focus now on the drift term. Integrating by parts we obtain that

J = —/ 5 (0 — 775 NV =) (me (o) = me () - vV

o ()
— - [ Rl R )yl — ) v
-
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3 Drift-diffusion equations with saturation

pPr- —Nr
/m (Vs (02 = ). YV = Ty + T

© ©
Me(pr ) — MelNr
——/< o (2 (E)( ) m’a(p(f))> V(o) =) - vV

We study 7 in the same way we have studied Z;. Using a Taylor expansion we have that

(5))
(a)

(€)
me (77 ) _ (e)
5 m (pr”)

< (5)’_
o

m,
‘ » [l o< [ o) =

N

Hence, we can estimate

1
1911 < gl [ 16 =590
Q

1
= QHmZHLoo/'(E> o o = o
— <

)
< Sl [V (p =N 2@ IVV 2

V5o =)V (el — ) - VV‘

50 =0V (p) =) - VV‘

Integrating by parts and using similar ideas, and the properties of 15 we can deal with Js,

Iy = /wa €y )dIV< (S”)VV)— mwa(p(f)—nﬁg))ma(pﬁg))VV-n,

and therefore | 72| < C0.

Step 4: Limit 6 — 0. Hence, combining everything and integrating in time from 0 to ¢ we recover that,

/Q Js(p® — ) < / Js(® — 1) + co.

Thus, if we take the limit & — 0 we obtain the L' contraction,

15 = 0y < 165 = 05N oy

Now, we choose js such that j§ (s) = %X(Q&(S) and js(s) — sT as & — 0. Analogously to the previous case

We recover,
L6 =t < [ 6 ) 0
Q Q

Remark 3.27. This argument is valid only for classical solutions. For strong solutions, the classical argument
for L'-contraction can be found in the book from Vdzquez [302], but it seems difficult to adapt it directly to the
case of non-linear mobility. A more suitable notion of solution to deal with L' contractions is that of entropy
solutions, but we will not discuss them here. We point the reader to [72, 219].

3.3.3 Semigroup theory for the problem (P.). Proof of Theorem 3.4

In this subsection we intend to develop the semigroup theory for the problem (P.). In order to do that, we
take advantage of the classical theory constructed in the previous subsections, where we consider initial data
po € A. N C%(Q). We have already discussed well-posedness, i.e., Theorem 3.4-Item i, in section 3.3.1. We
now proceed to prove the remaining claims.
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3.3 Well-posedness theory

Proof of Theorem 3.4-ltem ii. S is a free-energy dissipating semigroup. We divide the proof in
several steps.

Step 1: Extension to A. First we point out that, so far, we have defined St(‘g) in A4 NC?%(Q) in Theorem 3.4-Item
i. Since St(a) is an L!-contraction in A, N C?(Q) (i.e., 1-Lipschitz) and A, N C%(Q) is L!'-dense in A, St(a)
admits a unique continuous extension to .A. We prove the four properties of a free-energy dissipating semigroup
given in Definition 3.2.

Step 2: Mass preserving and L'-contraction property. They follow from the conservation of mass for classical
solutions and Lemma 3.26 combined with the density of A, N C?(2) in A.

Step 3: Co-semigroup. Take ng € A, N C?(Q). Then
1Skpo = poll 1) < IISkpo — Sknoll L) + [1Skm0 = mollLr @) + Imo — poll (o)
< |[Shmo = mollL1 (@) + 2[ln0 — pollL1 ()

Letting A — 0, and using the properties of classical solutions

limsup [|Shpo — pollzr@) < 2[m0 — pollLr(q)-
h—0

Now we can take the infimum over 9 € Ay N C%(Q).

Step 4: Energy dissipation and C ([0, T]; W~11(2)). For datain py € A, N C?(2) we recall Proposition 3.22.
Hence, we can apply (3.19). In particular,

0ps 1 1 1 1
T do < HmEHZw([o,a])’QP (Felpt] = Felpeo])? [t2 — ta]2.

W-L1(Q)

to
It — pralliw-11(0) < /
t1

Let pg € Ay. Due to the upper and lower bound (3.12), there exists an approximating sequence pék} €

A, N C?(Q) such that

0<a <WU)HCI-V)<ph <WHHC - V)< <a

Sgs)p((]k) for all positive times.

{k}
g -

uniformly. Since we have a comparison principle, these bounds are satisfied by

Due to Lemma 3.25 and the continuity of U,, we can pass to the limit in the estimates for St(s) P
Step 5: Weak solution. 1t follows from the stability result in Lemma 3.24.
Proof of Theorem 3.4-ltem iii. Strong Maximum Principle. Take py € A and py Z 0, «. We prove

first that p > 0. Since pg > 0, there exists a ¢ > 0 and small ball B,(z) such that pg > ¢ in B, (x). Taking a

smooth function 0 < 79 < c that is 0 outside B,.(x) and positive in B, jo(x). By the comparison principle and

Lemma 3.19 we have St(s)po > St(s)no > 0in Q. The claim p < « follows similarly.

Proof of Theorem 3.4-Item iv. Strict positivity. As already mentioned, by using (3.12) we have 0 <
(U HC = V) < 8 po < (U C = V) <« =

3.3.4 Existence for (P). Proof of Theorem 3.5

We divide the proof of Theorem 3.5 in several Lemmas.

Lemma 3.28. Under the assumption (Hy) the regularised diffusion U from (3.9), My), and (M.) is such that
U. — U uniformly in [0, o] and UL — U, U — U" uniformly over compacts of (0, «).
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3 Drift-diffusion equations with saturation

Proof. Recall that U/ = 1% and (3.9) includes that &, — @ in Cfoc((O, «)). From (3.11), the regularised
mobility m. converges uniformly to m, a continuous function that is positive in (0,«). Thus, U/ — U”
uniformly over compacts of (0, ). Since U/(5) = U’(5) we also get U, — U’ uniformly over compacts of
(0, ). Similarly, since U(§) = U(%) we get convergence of U. — U uniformly over compacts of (0, ).
Lastly, since ||U.||11((0,q)) is bounded, we have that U, are uniformly continuous in [0, o], and the uniform
convergence over [0, ] follows. O

Using a sequence of classical solutions of the approximating problems (P.) we are able to prove existence
of a free-energy dissipating semigroup for (P). First, we prove the convergence of the semigroup in the weaker
-1,1
space W—++,

Lemma 3.29 (W 1! precompactness). There exists a sequence €, — 0 and a semigroup S : [0,00) x A —
W=LY(Q) such that, for each py € A,

S py — Spo,  in Cloe([0,00); WHH(Q)). (3.28)

Proof. Our proof relies on the Ascoli-Arzela theorem on C'(X,Y") with the topology of compact convergence
(i.e., uniform convergence over compact sets), where X := [0,00) x A and Y := W~L1(Q). We observe
that X is a topological space and Y is a metric space (in particular a uniform space). We want to show that
H = {56) : ¢ € (0,1)} is precompact in C(X,Y) with the topology of compact convergence. It suffices to
prove that (i) H are equicontinuous and (ii) that for each = = (¢, pg) € X, the set H(z) = {St(a) po:e€(0,1)}
is pre-compact in Y.

The proof of (ii) is simple. Given x = (¢, pg) € X we have that Hst)poHLl = ||pol| 1. Due to the compact
embedding of L! in W~1! we observe that the set H () is precompact in W ~11(€).

Now let us prove (i). We point that the energy is controlled in A since

Flpll < [ 100+ [ Vo< mas [0(s)2]+ allV o) = C.
Q Q e€(0,1]
s€[0,a]

Thus, we can control the time continuity using the gradient-flow structure

[ SIS

159,00 = S pollw 110y < C(F[S po) — FlS,p0)2h7 < Ch.

Using the continuous embedding of L'(€2) in W~1(Q), and the L!-contraction property of the semigroup, we
recover that

159,00 = S mollw 11 () < 15500 = S pollw-11i) + 15”0 — S mollw—11(0y
< 159, po — S pollw 11 () + COQIIS po — S moll 1 (@)
1
< Ch2 + C(Q)|lpo — moll 1 (q)-

This shows that the family H are equicontinuous.
Therefore, by the Ascoli-Arzela theorem, there exists e, — 0 such that S(*) converges to S uniformly over
compacts of X. 0

We also show that the convergence happens in L? for any pg fixed, although it may not be uniform in pg.

Lemma 3.30 (LP pre-compactness). Given a sequence €, — 0, po € A and T > 0 fixed, there exists a
sub-sequence and v € L*°((0,T") x Q) such that

SE) py = u in LP((0,T) x Q) forall p € [1,00).
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3.3 Well-posedness theory

Proof. Through the proof we consider the notation p(&) = S()p,. Let us recall that from our assumptions we
know that ® and ®. are non-decreasing and there exists s € (0, «) such that ®’(sg) > 0 and ®.(sp) = P(s0) =
0. Notice that this implies that ., ® < 0in (0, sg) and ®., P > 0in (sp, ). We consider

max{s,s0} min{s,so}
¥(s) = / [Bo(0) — Be(0)]@c(0)do and  WE(s) = / (2 (0) — (0] (0) do.
S0 0
Notice that we can write (\Ilgg))’(s) = [®(a) — D (5)][P:(s)]" and (\D(a))’(s) = [D(s) — D(0)][P:(s)] . We
will prove convergence of \I!gg)( (#)) and \Ilg )(p(s ) and combine them to show the limit of p(¢). We divide the
proof in several steps.

Step 1: Application of Aubin-Lions Lemma. We define
F. = me(p )V (UL(p9) + V),
which is uniformly bounded in € in L2((0,7) x ) due to (3.25) and the uniform bound on m.. Furthermore,

we get

a 3 . € 3 3 3
= (07(69)) = div ([0.(0) = @=(p)][ (o) F2 ) = V([@:(a) = 0 (p)][@-(pP)]7) - Fr. (3:29)
Let us show that this is bounded in L*(0,7; H=*(2)). We observe that

1[@-(a) = @=(pPN[@ ()] Fell p2(0.1yx0) < 2Pl F e 0,0) 1 F= 20,y <)
and this is uniformly bounded in €. Therefore, the first term on the right-hand side of (3.29) is controlled in
L?(0,T; H(€)). The second term on the right-hand side of (3.29) is bounded in L' ((0,7") x ) due to (3.24)

and (3.25). Hence, % (\I/gs) (p(a))) is uniformly bounded in L'(0,7; H=*(92)). Moreover, from Lemma 3.18,
we have that

P () — @6(9(8))][¢€(P(5))]+ e
L (p(®)) vede

Vi) = )| < C|va.(p).

The elements &, (p(a)) are integrable and uniformly bounded, for € small enough. This, in addition to (3.24),

implies that \Iigs) (p'®)) is uniformly bounded in L?(0, T'; H'()). Let us take the given sequence ¢5. Due to the
Aubin-Lions Lemma there exists »; € L((0,7) x ) and a subsequence such that

\I,gﬁk)(p(ak)) — s strongly in L2((0,T) x Q) and a.e. (3.30)

Working analogously, we can prove that there exists s € L?((0,7') x ) such that, up to a further subsequence,
\Iléek)(p(ak)) — 309 strongly in L2((0,T) x ) and a.e..

Step 2: Characterisation of the limit. By construction ®.(sg) is non-decreasing, ®.(sg) = 0, and P.(s9) > 0.
Therefore, we have that ®.(s) > 0 for all ¢ € [0,1] and s > sg. Joining this fact with (3.4b) we re-
cover that (\I'ge))’(s) > 0 for all s € (sg,a). Clearly, \Ifgs)(s) = 0 for s < sg. Likewise, (\I'és))’(s) =
[@:(s) — P(0)] [P:(s)]” < 0andis strictly negative in (0, sg).

We can invert the functions s — \IJ ( )/, 6)( ). For sc € (0, 1) by Bolzano’s theorem there exists s(»z) €

[0, ] such that \I/EE)( (%)) = %\I/Z(» )( ). Because of the construction of @ga), we know that s(s) € (0, «). We
define

S0 if 56 =0,
@) 0,1] = [so.0], @) =< s() if € (0,1),
« if 20 = 1.
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3 Drift-diffusion equations with saturation

)

This is a non-decreasing function. We can make a similar construction for ol , which we denote wég). For

€ > 0, it holds that

(€) ifselo Qi if s € [0
wgg) (\1}1 (5)> _ {so if s € [0, s0], ond wég) <\112 (s)) _ {s if s € [0, s0], (3.31)

\Ilga)(a) s if s € (s0, ), \I/ga)(a) so if' s € (so, al.

()¢ (o) QIRE)
o0 — ol (@(gw> C (W) . 63
vy (@) vy (o)

To show the convergence along the sequence ¢;, of each term, we write the triangular inequality,
© (TN o ()
“1 ©) “1 3O
i (@) Uy ()

(&) (e) &) (e) &) (e)
< ‘wf) (%(ggp )) _ 50 (‘Pl(ggp )) ‘ N ‘wgo) <‘1’1(£§p )) _ 50 <%1((0t), w))) ‘
Ui () Ui () Ui () Ui (@)

Due to (3.30), the uniform convergence of ®. — @, and the continuity of w§0) we have that

\P(Ek) (ek)
w (W)%w?)( o ) ae. (0,T) x (3.33)
Ui () Ui (a)

We can therefore write

and similarly for \I'gg"').

Hence, it suffices to prove uniform convergence of wg‘g") to wgo)

For any s € [, »*]

. Let us take 0 < s, < »* < 1 arbitrarily.

Oy W@ ¥ (a) "
0= )= G0 ) = Ba(@) — B GeNB (s = C)

independent of €. Due to (3.13) we have that . — ® and \1158) — Wy uniformly in [0, @] as ¢ — 0 and hence
C. (51, 5*) converges as ¢ — 0. We conclude that wf) are uniformly Lipschitz over compact subsets of (0, 1).
We can use the Ascoli-Arzela to prove that, up to a further subsequence of ¢, they converge uniformly over

compacts of (0,1). Furthermore, due to (3.31) we can establish that the limit is w&o). Also, we observe that

wgs’“)(O) =50 = wgo)(O), wgs’“)(l) =a= wio)(l). Since w](f’“) are non-decreasing functions and wgo) is
continuous, then the convergence is uniform in [0, 1]. Up to a further subsequence the same reasoning holds for
wég’“). Taking into account (3.32) and (3.33), it follows that

(ek) _ (0 71 (0) < 2 > _
PR — oy =w +w so a.e. (0,T) x Q.
: (w@(o») > \Wa(a) o1

By the Dominated Convergence Theorem the convergence also holds in LP((0,7") x Q) for p € [1,00). O

We are now ready to show the main result of this subsection.

Proof of Theorem 3.5. We divide the proof in several steps.

Step 1: For py € A the C([0,T]; W Y1) limit also happens in L*((0,1) x Q). In Lemma 3.29 we describe the
C([0, T); W=L1(Q)) limit. Due to Lemma 3.30, for any pp € A and any 7' > 0 we have that, up to a subse-
quence e, S'*¢)py — w strongly in L*((0,T") x ). Due to the uniqueness of the limit, u = Spg. By the
stability Lemma 3.24, we conclude that Spg is a weak solution of (P).
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3.3 Well-posedness theory

Step 2: Uniform time continuity for good initial data. Let us fix e > 0. For py € Ay N C%(Q) we have the L!
limit ©
lim Sha PO — PO 0

o h at p(0,z) = Ad.(po) + div(me(po)VV).

Notice that if AD.(pg) + div(m.(po)VV) = 0 then py is a stationary strong solution, so S}(f) po = po. There

exists ho(g,d) > 0 such that

1557 p0 = poll 1oy < (1 + O)h]| AR (po) + div(me(p0)VV) 11y, VA < ho.

Let us take t = hk for some h < hg. Then, using the triangular inequality and the L®-contraction property it
follows that

[ Po—Po||L1(Q)<ZH 00— S emollniey < KIS oo — poll e
< (14 )M AD.(po) + div(m. (po)VV) 1 (o)
< (1+ 0)t| A®<(po) + div(me(po) VV) | 1)

We now take § — 0 to recover that

155 po — pollzrq) < tIAP(po) + div(me(po) VV)| L1 (-

Therefore, due to the semigroup property and the L' contraction, for any ¢, s > 0 it follows that
15700 = S pollaay < 1t = sl AP (p0) + div(me(p0) VV) |1 (e, (3.34)

which is uniformly bounded since pg € A, N C?(9).

Step 3: Convergence C([0, T); LY(2)) for good initial data. Take ¢y, any subsequence of ;. We recall that
LY((0,T) x Q) = L'(0,T; L'(2)), where the latter L' space is understood in the Bochner sense. As it happens
for the usual ! spaces, we have a.e. convergence in time (see e.g., [256, Theorem 9.2]), i.e., there exists a
further sub-sequence, still denote ¢y, such that St(ak‘-’)po — Sipo in L (Q) for a.e. t € (0, 7). Notice that (3.34)
gives a uniform-Lipschitz time continuity. Let us call

L= Sl(lp] [A®:(po) + div(me(po) VV)| L1 (q)
e€(0,1

which is finite since py € A4 N C*(Q), . — @ in C? _((0,)) due to (3.9) and m. — m in C([0,a]) N

CL ((0,a)) due to (3.11). Thus, Spo € C([0,T]; L'()). Let A = {t € [0,T) : S\ py — Sipo}. Take

d > 0. Since [0,7] \ A has measure 0, the covering {(¢ — d,t + ) }1ea admits a finite sub-cover given by
t1,...,tn. Fort € [0,T] there exists ¢; such that |t — t;| < 0. We estimate

(ek,) (€ky) (e (%k,)
1557 po — Supollziay < 157 po = S5 poll ey + 151 o0 — Stpollacay + 1500 — Stooll ey
< 2L6 + ||St(jk‘Z po — St.pollL1 ()

Since there are finitely many ¢; and we have pointwise convergence over all of them, we can write

limsup sup ||S ,00 — StpollLr (o) < 2L6.
l—o0  te[0,T)

Since any sub-sequence of ¢, has a further sub-sequence that converges in C([0, T]; L*(2)) and they all do so
to the same limit, the whole sequence converges in C([0,T]; L'(Q2)).
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3 Drift-diffusion equations with saturation

Step 4: L'-contraction for good initial data. Take po, 79 € A, N C?(Q). Then, combining Step 3 and using
(3.34), the L'-contraction property of S(), we have that

[Stp0 — Senoll L1 () < [|Stpo — St(gk)POHLl(Q) + 15y — Stnoll L) + 158 po — St(sk)nOHLl(Q)
< [15u00 = S poll ey + 1510 — Semoll ey + llpo — moll 1 (-

If we take the limit k — oo it follows |[Stpo — Senoll 1 (o) < [lpo — 10l 21 (). Furthermore, by density, we can
extend this result to pg, 179 € A.

Step 5: Convergence in C([0,T]; L') for po € A. Let us take n9 € A, N C?(Y). From the L!-contraction
property (Step 2) it follows that

155 90 — Sepoll 1y < 1S5 00 — S5m0l L1y + 15110 — Sermoll Ly + I1Sem0 — Seeoll Lo
< 2llpo = moll 1) + 1557 m0 = Semoll 1 -

Hence, we have that

limsup sup |15 po — Sepoll Loy < 2000 — molli(@)-
k—oo t€[0,T]

Therefore, if we take the infimum over 79 € A4 N C?(£2) we conclude the proof.

Step 6: S is a free-energy dissipating semigroup over A. From Step 4, S is an L'-contraction for pg, 79 € A.
From Lemmas 3.21 and 3.24, we know that Spg are weak solutions to (P).

Let us now show that S; is a Cp-semigroup. The semigroup property is a direct consequence of Step 3. Due
to the point-wise convergence Sppg = po, and we know t — Sy pg is continuous.

Furthermore, for pg € A, if we use the notation pge) = Slfe)po we know

to
jlémmwwww@wvw—ewﬂ—awﬂ

We recall that U, — U uniformly (Lemma 3.28) and p(¢¥) — p strongly in C'([0, T]; L'(€)). Hence, it follows

that 7 [,of)] — F[pt]. We can pass to the limit due to Lemma 3.25. We can also pass to the limit in the
C([0,T); W=1(€)) estimate.

Step 7: Spy € A. The semigroup S¢) is such that 0 < St(a’“) po < « for every k and every ¢t > 0. Therefore,

Step 3 implies that 0 < S;pp < « for every ¢ > 0. U

3.4 Local minimisers of the free energy. Proof of Theorem 3.6

When V is not radially increasing we could build several constant-in-time weak solutions by “pasting” constant-
in-time weak solutions of the problem (P) of the form Tp o o (U')"}(C — V(z)) (Theorem 3.10-Item i) for
different values of the constants C, see Figure 3.2. However, as stated in Theorem 3.6, there exists a unique
L!-local minimiser, which corresponds to the case in which there is only one constant involved.

100



3.4 Local minimisers of the free energy. Proof of Theorem 3.6

;’;j\ AN ANRYSWYA
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Q \_/ \&;
0
X
Figure 3.2: Example of steady states for U(s) = s2 and V, the potential above, not radially increasing. The blue

steady state is not an L'-local minimiser of the free energy (3.2). On the other hand, the green steady
state is an L!-local minimiser, since there is only one constant involved, C’; see Theorem 3.6.

The phenomenon exposed in Figure 3.2 is known in the no-saturation case m(p) = p. We now proceed to
show it in the case with saturation. Before the proof, we construct some auxiliary scaffolding.

Proof of Theorem 3.6. We split the proof in several steps.

Step 1: Euler-Lagrange condition (3.14). We distinguish two cases

Step 1.a: Euler-Lagrange condition when 0 < p < a.. We take sets Ay = {z € Q : p(z) < a — A} If
|Ao| = 0, the statement does claim anything and the proof is complete. For the rest of the proof, we assume that
|Ax| > 0 for all A small enough.

Now, for 0 > 0 small, we consider the variation ps(z) = p(z) + dp(z) for 0 < ¢ € C*°(£2) and

Ja, (y)dy )

(3.35)

ol@) = xa,(2) <w<x> e e

By construction fQ @ = 0. In order to prove ps > 0, we consider

IA)\ pla —p)
AJa, ¥

Lastly we check that ps < a. If p(x) > a — X then ps(z) = p(z) < . If p(x) < a — A then it suffices that
0<o0< W We have concluded that ps € Ajy;. Computing the first variation

0<d<

0< tim TPL=TEL | (U +V)e= / (UG + Vi) - C) vtz

where
Ja, W' () + V)pla — ﬁ)‘

fAA ﬁ(a - ﬁ)

Since this holds for any i) € C'*°(2) non-negative, we conclude

Cy=

U'p)+V >Cy, a.e.in Ay.
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3 Drift-diffusion equations with saturation

Since these sets Ay are monotonically increasing to Ag, we can let A — 0 to deduce the claim with

o e UD VIR 5 [0 R) + V)i - 5)
T a-p Jabla-p)

Step 1.b: Euler-Lagrange condition when 0 < p < . The proof is similar. Let us now take the sets A» =
{z € Q:p(z) > \}. As we explain before, we assume that |A*| > 0 for all A small enough. For § > 0 small,
we choose the variation p? (z) = p(x) — dp(z) for 0 < 1 € C*°(R) and

Jar(y) dy )
p(y)(a—ply)dy )

o) = xao(o) (1012) = Plo)fe = )

With the same assumptions on J that we have considered earlier is easy to prove that p° € A. Computing the
first variation

0< lim MZ—/(U’@HV%@:—/
Q

5—0+ ) > (U/(ﬁ(x)) +V(x) - C’\) Y(z)de,

where

o _ Lo U@ +V)pla—p)
Jax Ple = D)
Analogously to what we remarked earlier, it follows that
U'(p) +V <C?, a.e. in A,
and o R R
JosoW'(P) +V)pla =) [o(U'(p) + V)il — p)

C* = C= — ———
S50 Pla =) Jo pla—p)

Step 2: Proof of formula (3.15). We re-write the Euler-Lagrange conditions using that U’ is non-decreasing as

plz) > (U)HC - V(x),  if0<p()<a,
< (U YC -Vv(x)), if 0 < p(z) < a.

We distinguish the three possible cases

o Let z € Q be such that (U")~1(C — V(z)) € (0,a). If p(z) = 0 we get to contradiction with the first
condition. If p(x) = o we get into contradiction with the second condition. Thus, we conclude

plz) = (U)HC = V().

 Let € Q be such that (U")~}(C — V(z)) < 0. If p(z) > 0 we get a contradiction with the second
condition. Since we know p > 0 in 2, we conclude p(z) = 0.

e Letx € Qbe such that (U')1(C -V (x)) > . If p(x) < o we get a contradiction with the first condition.

Therefore, we conclude that p(z) = .

Step 3: Uniqueness of the constant. Due to (SCy/), we have that U’ is invertible with continuous inverse. Fur-
thermore, the function

F(C) = /Q Ty o (U')1(C — V()

is non-decreasing and continuous. Let us recall the definition of ¢ and ( in (3.6). Then, we distinguish three
cases of C"
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3.5 Existence of long-time behaviour. Proof of Theorem 3.8

1. C > maxV + (. Then F(C) = a|Q).
2. C <minV + (. Then F(C) = 0.

3. minV+(<C <maxV + C in Q. Then, by the continuity of V' there exists § > 0 and A C Q of positive

measure, such that for all ¢ € R satisfying |c — C| < § and z € A, then { < ¢— V/(x) < (. Hence, we can
write
FO = [ @)1C-V@)+ [ Toao@)C V().
A O\A

The second term of the sum is still non-decreasing. Due to (SCy), the first term of the sum is strictly
increasing.

Thus, if M € (0, «|Q2|) there is a unique C' such that F'(C') = M. O

Remark 3.31. Notice that we are taking perturbations p + o with ¢ given by (3.35) (and the corresponding
modification at «). This means that if p + cp converges to p in a topology T, then any local minimiser in
the topology T satisfies the Euler-Lagrange conditions and it is therefore (3.15). In particular, T can be any
L? topology, C* topology, or even 2-Wasserstein. Notice, however, that p + €p does not converge to p in the
oo-Wasserstein topology. In fact, there can be many more oo-Wasserstein local minimisers (see Remark 3.39
below). For necessary condition for co-Wasserstein minimisation we point the reader to [22, 83].

3.5 Existence of long-time behaviour. Proof of Theorem 3.8

We study the long-time behaviour of the problem using semigroup theory. The proof of this result relies on an
Aubin-Lions compactness argument, and the application of L' contraction techniques, we devote section 3.5.1
to this goal. Afterwards, in the next two subsections we discuss the two examples and for each one of them,
we construct a time-limit operator. First, in section 3.5.2 we describe the time-limit operator of (P), which
corresponds to Theorem 3.8-Item ii. Afterwards, in section 3.5.3 we do the same for the problem (P.), which
corresponds to Theorem 3.8—Item i.

3.5.1 From compactness to convergence

We present the following auxiliary lemma for the existence of a time-limit operator.

Lemma 3.32. Let S be a free-energy dissipating semigroup for (P). Assume that, for each py € A, there exists
t, — oo and p>° € A such that
Seti,po — p<in L1((0,1) x Q).

Then, there exists a time-limit operator for Ss, and it is an L'-contraction.
Proof. We divide the proof in several steps.
Step 1: Analysis for py € A..

Step 1.a: Convergence in C([0,1]; L*(92)). Consider a sub-sequence in time #,,. Let us recall again that
LY'((0,1) x Q) = L'(0,1; L}(£2)) where the latter L' space is in the Bochner sense (see [256, Theorem 9.2]).
Then, up to a further subsequence still denoted ¢,,, , we have that

Ssttn, Po = P~ in L'(Q) forae. s € [0,1].

Let A be the set of s € [0, 1] where the convergence happens. Taking 6 > 0, then {(s — 0,5 + 0)}secp is a
cover of [0, 1], and there exists a finite subcover {(s; — 0, s; + J) }1<i<n. For s € [0,T] and o € A there exists
1 <4 < N such that

[Ss+tn, L0 = Pl L1 (@) < Ssttn, P0 — Ssittn, PollLr (@) + [[Ssitta, 0 — P71 ()
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3 Drift-diffusion equations with saturation

< [[S)s—s;1p0 — pollLr (@) + 1Ssi+t,, 0 — P [ L1()-

Since there is a finite number of s;, we recover

limsup sup ||Sst+t,, po — pZ 1) < sup [[S7p0 — pollLr(e)-
k—oo s€[0,1] T7€[0,4]

Letting & — 0 we have shown the convergence of this subsequence. Since any sub-sequence of ¢,, has a
further subsequence converging in C([0, 1]; L(92)), and they all do so to p°°, then the whole sequence Se.++, po
converges in C([0, 1]; L1(Q2)) to p™.

Step 1.b: p> is stationary for S, i.e., Syp™ = p™ for all t > 0. Due to the semigroup property for a € [0, 1]

SaSt,p = Sa+t,p-
Since S, is 1-Lipschitz in L' we can pass to the limit on both sides to recover S,p> = p>. Once more, due to
the semigroup property, S;p> = p> for all £ > 0.

Step 1.c: Convergence of the whole sequence. Let us define

F(t) = [|Stpo — p™ |11 () = [1Stp0 — Stp™ L1 (q)-

This function is clearly non-negative. Due to the L' contraction, it is non-increasing. We have assumed that
F(ty) — 0. Thus, F'(t) — 0 as t — oo.

Step 2: General py € A. From the previous step, there exists S, : A+ — A that is 1-Lipschitz. There is a
unique continuous extension Sy, : A — A, and it is also 1-Lipschitz.

For py € A we can now simply take 79 € A, and write

1Stpo — SecpollLr() < 1Stpo — Semoll () + 1Sem0 — Sootoll L1 () + [[Ssotio — Seopllr(a)
< |[Stm0 — Soomoll L1 () + 2llm0 — poll L1 (-

Letting t — oo we arrive at
limsup [|S¢po — Seopollzr @) < 2[1m0 — poll L1 ()
t—00

Taking infimum over 79 € A we get the result.

Step 3: The limit is a constant-in-time weak solution. Since the free energy is bounded from below and the en-
ergy F|[p:] decays with time, it has a limit as ¢ — oo. Hence, due to the stability of the disperssion term in
Lemma 3.25, it follows that m(poo)%V(U "(p>) + V) = 0 almost everywhere 2. Multiplying once again by
m(poo)% we get VO (p™) +m(p>)VV = 0. Given a test function ¢ € H'(£2), we can multiply by V¢ and
integrate in € to the deduce the weak formulation of the stationary problem. O

3.5.2 For problem (P)

Lemma 3.33. Let pg € A, Then, there exists p>° € Aand t,, — 0o such that Se 1, po — p> in L*((0,1) x Q)
asn — oo.

Proof. We use the lighter notation pL”] = Sett,p0 for s € [0,1] and p, = S;pp for t > 0. First, we prove

convergence by compactness. Analogously to the Step 1 of the proof of Lemma 3.30, up to a subsequence, we
obtain that for all p € [1, 00),
pl"l — p> strongly in LP([0, 1] x Q). (3.36)

Using Lemma 3.17 we have pl"l — p° in C([0, 1]; W~11(Q)).

Lastly, we show that the limit is stationary. From Theorem 3.5 it follows that S is a free-energy dissipating
semigroup. Hence, due to (3.8), F[p¢] is non-increasing and bounded below, therefore it admits a limit which
we denote F, the limit does not depend on time. O
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3.6 Analysis of the long-time limit

3.5.3 For problem (P.)

The proof of Lemma 3.33 can be applied also to (P.). However, using that approach some of the technical
become too complicated. We include now an elementary proof that works for ¢ > 0.

Lemma 3.34. Let ¢ > 0 and py € Ay. Then, there exists p>° € A and t,, — oo such that Sfi)tnpo — ple)oo
in LY((0,1) x ) as n — oo.

Proof. Once more, we use the lighter notation pg elnl S§ ¢, po for s € [0, 1] and pf) St(e) po fort > 0. We

prove convergence by compactness arguments. Using Lemma 3.17 we have that, up to a subsequence,
PO g2 in (0,1 WM (@),

For the point-wise convergence we aim to use the Aubin-Lions Lemma with the spaces H'(Q) c L?(Q) C
W=L1(Q). From (3.23) we recover

va(a ag HL2 (0,1)x9) < 2/ Ge( )+CHVVHL2(Q)’

where G is defined in (3.22). Next, we show that the first term in the RHS is uniformly bounded for each £ > 0
fixed. Taking advantage of the definition of G, (3.9), and (3.21) it follows that

ptn (=)
fawih=[ [ [ ctensdrar < e (01 16w + 10 1) < Ol 01

Hence, for each ¢ > 0 fixed, the sequence p(*)[" is uniformly bounded in L?(0, 1; H'(Q)). Therefore, we can
apply the Aubin-Lions Lemma, up to a subsequence, we have that

PO 5 500 in 12((0,1) x Q).

Due to (3.8), F:[p:] is non-increasing and bounded below, therefore it admits a limit which we denote F..
Hence, the limit does not depend on time. O

Theorem 3.8 follows from the combination of Lemmas 3.32 to 3.34.

3.6 Analysis of the long-time limit

In this Section we understand the long-time behaviour. First, in section 3.6.1 we focus on the global attractor
of (P.) for e > 0. Afterwards, in section 3.6.2 we study some properties of the w-limit of (P). Finally, in
section 3.6.3 we construct an example in order to show that uniqueness of constant-in-time solutions of (P) is
not necessarily true, and that the extra constant-in-time solutions also attract a large class of initial data.

3.6.1 The global attractors for (P.). Proof of Theorem 3.9

We first show an auxiliary result.

Lemma 3.35 (A generalisation of Theorem 3.9-Item ii). If p is a constant-in-time weak solution of (P.) then
exactly one of the following holds: p=0in, p = a in Q, or p = pl&> given by

Pl () = (U 7H(Ce = V(2)),
where C. is uniquely determined by the mass of p.

Proof. We divide the proof in several steps.
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3 Drift-diffusion equations with saturation

Step1: p=0,p=a,or0 < p < a Wewrite
—A®.(p) = div (me(p)VV)

in the weak sense. Let us now pick w = ®.(p). Since p is a weak solution of (P.) and ®. fulfils the assumption
(3.9) we know that w € H'(Q2) N L°°(). Therefore, w satisfies the equation

—Aw =div (f-(w)VV),  fo(w) = m (0" (w))

with no-flux boundary condition. The right-hand side is in L?({2), and so w € H} (£2). Notice that f-(0) = 0.
By a bootstrap argument w € I/Vlifo(Q) (see e.g., [61]). So p € Wlicoo(Q) and it is a classical solution of the
interior equation.

Assume there is a set of positive measure such that p > 0. Let A C 2 be the largest set where this is satisfied.
Since p is continuous, then A is an open set. Assume, towards contradiction, that A C (). Take a point in
xo € QN OA. Let r be small enough that B(z, 4r) C Q. Notice that u = p satisfies the elliptic problem

—div(a(x)Vu + b(z)u) =0, in Q,
where a(z) = ®L(p(z)) > ¢(¢) and bounded, and

mgp(p )V if plz) > 0,

b(z) =
m.(0)VV  ifp(z) =0

is continuous. Hence, we can use Harnack’s inequality (see [196]). Then supp(,, ) p < Cinfp, ) p = 0.
This contradicts the definition of z. Similarly, taking © = o — p we deduce p = ain Q or p < «in €.

Step 2: Characterisation of the case 0 < p < . Let us take 6 € (0,1). Notice that U = ®./m, is singular
at 0 and a. For this proof we consider a smoothing of U, and we define U, s such that U, 5(0) = U.(9),
! 5(0) = UL(6) and U” 5(s) = min{U/(s),d~'}. Using ¢ = U/ 5(p) + V as a test function, we have that

0= / m(p)V (UL(p) + V) -V (Uls(p) + V)
Q

= [ m U DU + [ w02V IV + [ meU2 () Vo VY + [ )TV

(3.37)

Only the first two terms vary with §. From this equality we can estimate the first term on the right-hand side.
Using that 0 < U; < U/ we have

0 < me(p)UL5(p)IVp| < me(p)Us(p)|Vp| = [VO:(p)]-

Hence, this quantity is in L?(£2) due to our notion of weak solution. Hence, we can bound

| o0Vl <2 [ [VR(VVI = [ me@I9VE <2 [ VeIV
We observe that as § — 0 we have pointwise that

m.(p)UL (p)ULs(p)IVp> 7 me(p)UL (p)*|Vpl*.

Therefore, by the monotone convergence theorem m. (p)|VU.(p)|?> € L' as we have convergence as § — 0 of
the first term in (3.37). Since m.(p)U. 5(p)|Vp| is uniformly bounded in L?(Q), a subsequence admits a weak-

L? limit. By point-wise convergence we deduce that, up to a subsequence, m. (p)U” s(p)Vp — m.(p)UZ (p)Vp
weakly in L2(Q2) as § — 0. We can therefore pass to the limit in (3.37) to deduce

[ mto|vwiio + v <o
Q

Since 0 < p < « ae. in Q, we deduce U.(p) + V = C. and, in particular, p = (U.)~}(C. — V(z)). Using
Theorem 3.6 the constant is uniquely defined. And the proof is complete. O
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3.6 Analysis of the long-time limit

Any constant-in-time weak solution of the problem (P.) is described in Lemma 3.35. The combination of this

result with Theorem 3.8 yields that the time-limit operator S, for the problem (P.) is such that S(()i) po = 0,

Sgi)po = aor Séi),oo(m) = (U))7Y(C. — V(x)), where the constant C. depends only on the mass of po, i.e.,
the only possible constant-in-time weak solutions. Hence, as we point out in the statement, Theorem 3.9-Item ii

follows as a consequence of Lemma 3.35. Using this result, we are now ready to study further properties of p{).

Proof of Theorem 3.9-Item i and Theorem 3.9~Item iii. The fact that it is the unique L'-local minimiser follows
directly from Theorem 3.6. Combining this with Lemma 3.23 we obtain that it is also the unique global min-
imiser. Furthermore, from Theorem 3.8 and Lemma 3.35 we have that for any py € A

St(s)po — 88 py = pl>°  strongly in L(£2) as t — oo,

finishing the proof. O

3.6.2 The w-limit of (P). Proof of Theorem 3.10

We proceed to study the limit of the constant-in-time weak solutions of (P.) as € — 0. In order to do that and
study its properties we present some auxiliary results.

Lemma 3.36. Assume (USCy). Consider the approximation U, defined with the condition (3.9). Then, tfze
functions (UL)~* are such that (UL) ™' — Tp o0(U’) ™! pointwise in R and uniformly over compacts of R\ {¢, ¢}
as € \( 0, where ¢, C are defined in (3.6).

Proof. We recall that Lemma 3.28 ensures U/ — U’ pointwise in 7(0, oz).7We will use the notations (3.6). In
order to show the convergence, we divide the proof into the sets (¢, ), {¢,}, and R\[¢, (]

Step 1: Convergence in ((, ¢). We first prove that (U!)~! are uniformly Lipschitz over compacts. We know that

it is non-decreasing. So the derivative is bounded below. Take any (1, (2 € (¢, ¢) with ¢; < (2. By construction
0<U'(¢1) <U'((2) < a. Let us define

81 = (U/)_;(Cl) c (()’ U’(Cl)) and sg = (U/)_1(2<2)+a c (U’(@),a) .

Due to uniform convergence over compacts (see Lemma 3.28), for ¢ small enough, (U.)~1([¢1,C]) C [s1, s2).
We pick ¢ € [(1, (2]. Recalling (3.9), we observe that

1 m (@) me ()
WO = gm0y = e @) = @) o)

We distinguish two cases:

Step 1.a: ®.((U)71(¢)) > k(e)~%. In this case we simply estimate

m. ((U)(0))
— 2 < oo .
e <) mas el )

(wH™'(© <

Step 1.b: ®L((UL)~1(¢)) < k(e)~!. Then we have that

n—1\/ me ((Ué)_l(f)) maXecio,1] ||ms||Loo(0,a)
) O < @) 07 (@) T 7 & = Wit o ()07 )

The denominator is positive due to (H;) and (USCyy).
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3 Drift-diffusion equations with saturation

Thus, we have show that (U!)~! are uniformly Lipschitz over compacts of (¢, (). Now we prove point-wise
convergence. Let ¢ € (¢,¢) and 6 > 0 small enough so that ¢ € (¢ + §,{ — ). Due to continuity, s =
Toe o (U)7HC) € (0,a). Let ¢ := Ul(s). By Lemma 3.28, there exists g > 0 such that for ¢ < o we have
e € (¢ +6,¢ — 6). In the previous step we have shown that (U/)~! are uniformly Lipschitz in (¢ + 6, — ).
Letting L (&) be the continuity constant we have -

[(UD)7H¢) = Toa o (U) MO = (UHTHCQ) = U HE) S L)[C —C| =0 ase —0.  (3.38)

Since this holds for any ¢ € (¢, (), point-wise convergence holds. Joining this fact with the uniformly Lipschitz
continuity over compacts of ((, (), we obtain uniform convergence over compact sets of (¢, 0).

Step 2: Point-wise convergence at { G, Z} Let us now assume 0 < A < ( — ¢. Then, due to monotonicity it
follows that
0< limsup(Ué)_l(g) < limsup(U;)_l(gqL A) =Tpao0 (U’)_l(C +A).

e—0t e—0t o
Letting then A — 0 we get (U.)7'({) — 0 = Ty o (U')7H((). Analogously, (UL)™'(() = a = Tyao
RRIG)

Step 3: Uniform convergence on (—o0, {) and ({,00). Finally, for the set (—oo, {) we can compute, using that

UL(¢) € (0,a) forall ¢ € Rand Ty o o (U")7(¢) = 0 for ¢ < ¢ we have that

Sup [(UD)™HC) = Toa o (U) Q)| = Sup (UH™HEO) < (UHTHE) — Dase —0.

Analogously for the set (¢, 00). O
Now we are ready to prove convergence of () as € — 0 to a stationary weak solution of (P).

Lemma 3.37. Assume M € (0,a|Q]) and (USCy). Let C- and Cy be given by Theorem 3.6. Then, as ¢ — 0
C. — Cyand
PO =U)HC=V) = PV = Th o (U)HCo— V) in L'Q).

Furthermore, ﬁo) is a constant-in-time weak solution to (P). If S is the free-energy dissipating semigroup
coming from Theorem 3.5, then S;p\®) = p(©).

Proof. We divide the proof into several steps.

Step 1: The set {C. : 0 < e < 1} is bounded. Let us argue by contradiction. Assume there exists a sequence
C¢, such that C;, \, —oco. Then, for every { € R there exists a constant Ny(¢) such that C., — V' (z) < ( for
allz € Q, k > Ny(¢). Hence, for k > Ny(¢),

M= / e <10l (U1) M (0).
Q

Due to Lemma 3.36 we pass to the limit in & — oo to recover M < || T o) 0 (U')7H(X). As A — —oo we
recover M = 0, a contradiction. Therefore, the set {C. : 0 < ¢ < 1} is bounded from below.

Similarly, using that lim¢_, (Uék)f1 () = «, and arguing by contradiction, we are able to prove that

{C: : 0 < e < 1} is bounded from above.

Step 2: Convergence. Since the set {C.; : 0 < e < 1} C R is bounded there is a sequence C;, and a constant
C such that C., — C. In the following we will prove that p(**) — Tp , o (U")"*(C — V) in L}(Q).

First, we prove point-wise convergence, we separate the domain into two subsets

Ay = {x : G—V(x)7é§,f}, Ay = Q\ Ay
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3.6 Analysis of the long-time limit

For x € A1, Lemma 3.36 implies uniform convergence in a neighbourhood of o= V(z), and it implies
PR () = Ty 0 (U)"HC — V().

For € A, we use a monotonicity argument. Let us take any A > 0 such that C' — V(z) £ X #¢, (. Then, there
exist A\c — A such that C. — V/(z) &= X. # ¢, (. We observe

(UL) H(Cey, = V(2) = Aey) < (@) < (UL)H(Cep = V(@) + Acy).
Now, let £ — oo We recover that

Towo (U)HC =V (z)—N) < lim inf PR () < limsup p) (z) < Tpq 0 (U)HC — V(z) + N).
—00

k—o0

The function Tp o o (U’") ! is continuous. Therefore, as A — 07, we have that

lim 5% (2) = Tpq o U HC - V(x)),

k—o00

from where it follows pointwise convergence in 2. Furthermore, since 0 < p{°¥) < a, by the Dominated
Convergence Theorem it follows that

) = Ty oo (U)HC =V) in LY(Q).
Due to conservation of mass and Theorem 3.6, we have that C' = Cj (M).

Step 3: Convergence of the whole sequence. Every sequence C;, has a convergent subsequence and the limit is
unique, so C. — Cj and
P = Toao (U HCo—V) inLYQ).

Step 4: p\) is a constant-in-time weak solution. Due to Lemma 3.24, 5(©) is a weak solution of the problem (P)
and it does not depend on time.

Step 5: p\) is stationary for the semigroup. Given that St(e’“)ﬁsk) = pr), due to the L(£2) convergence, as
take k — oo we get S;p(0) = p(0), U

We conclude this section with the proof of the main theorem.

Proof of Theorem 3.10. Theorem 3.10-Item i and Theorem 3.10-Item iii follow from Lemma 3.37. To prove
Theorem 3.10-Item ii, from Theorem 3.6 it follows that 5“) is the unique L!-local minimiser of the free energy
(3.2). If we combine this result with Lemma 3.23 we also have that p(?) is the unique global minimiser. O

3.6.3 Examples with several steady states with non-trivial basin of attraction

During this subsection we prove that the diagram (D) presented in Section 3.2 is not commutative. In order to

do that, we construct a counterexample. We take U(s) = ﬁsm with m > 1 and V' a double well potential.

First, we explain the counterexample for the case with no saturation and linear mobility, and then we generalise
it to the problem with saturation.

Linear mobility

Let us discuss first the following example. For m > 1 we consider the famous Barenblatt solution of mass M

-1 2 m—1
B(z, M) = (mm (C - @)) . where Cliss.t. | 9B(x, M)dx = M.
+ R
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3 Drift-diffusion equations with saturation

Since m > 1, supp®B(+,2) = Bp; for some R > 0. Take r1, 29 € RY with |27 — 29| > 2R and consider
p(r) =Bz —21,2) + Bz — 22,2).

We also consider

‘ximi‘Q f ~

et iflr - <R

V()= B2 fjg >

smooth in the intermediate regions.

For 0 < pg < p, by the comparison principle the semigroup solution S¢py is the unique weak solution to

gi = Ap™ +div(pVV)  in(0,00) x RY. (3.39)

Due to the comparison principle we get 0 < p; < p. The p; is also a solution to % = Ap™ + div(p(x — z;))
in each ball B(CL‘Z'/,\E) with Dirichlet and no-flux boundary condition (Vp™ + pVV) - v = 0 in any set {2 such
that Q D B(x1, R) U B(z2, R). We notice that there is no mass exchange between these two balls B(x;, R),

1 =1,2. Consider M7, Ms < 1and 0 < pg < p such that

/ po =M, / po = M. (3.40)
$1+B§ $2+B}§

We show an example of such initial datum in Figure 3.3. Then, from [109] it follows that
Soopo :iB(x—l‘l,Ml)—l—fB(x—l‘g,Mg). 3.41)

See Figure 3.3. Notice that, naturally, 0 < S po < p. We show a numerical example in Figure 3.7. In particular,
if My # M> then S pg satisfies the Euler-Lagrange condition (3.14) with different constants in each component
of its support. Thus, S, pg is not an L'-local minimiser of the free energy. However, it attracts some initial data.

o
¢,
c, \/ \/
T, Lo
T
—0
Py
- SOQ’OU
Q m
0 L A
T, L2
T

Figure 3.3: Double-well potential and the levels of energy. Since the initial data pg (green) is such that 0 < py <
p (red), it converges to S po (blue).
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3.6 Analysis of the long-time limit

Remark 3.38. This example can be generalised to U such that U’ invertible with U'(0) = 0, and potentials V
that are uniformly convex, in the sense that
D*V > \I
for some \ > 0, in a region B(x1, ﬁ) U B(xo, E) C Q. Then, from [105], we have that
Stpo — Saopo, inWa(Q2) ast — oo.

Using this convergence result and the 2-Wasserstein distance, we can reconstruct the previous example for more
choices of the potential V.

Remark 3.39 (Local minimiser in p-Wasserstein spaces). Let us make My + My = 1 and My # Ms. Even
though p is not a L' local minimiser, or even a 2-Wasserstein local minimiser, it is a local minimiser in the

oo-Wasserstein sense, see e.g., [83]. The p-Wasserstein cost of moving a mass m from B(z1, R) to B(x2, R)
can be estimated by

1 1
mr  min _ |z —y| < cost, <mr  max |z —yl

zGB(m,ﬁ) zGB(m,ﬁ)
yEB(w2,R) yEB(w2,R)
Hence, for M fixed the curve of steady states
M, € (O,M) H%(m—:ﬂl,Ml)—F‘B(x—xg,M—Ml) (3.42)

is continuous in p-Wasserstein distance for p € [1,00). As p — oo we get an infinite cost to pass any mass,
so (3.42) is not continuous in oo-Wasserstein distance. We show this curve and the effect on the free energy in
Figure 3.4. The minimum is achieved for the case M, = % i.e., C1 = (. Figure 3.4 also shows that (for these
examples) the cases My # M (i.e., C1 # Cs) are saddle points of the free energy (3.2) with respect to the L'
topology.

Furthermore, even though p is not a critical point of the 2-Wasserstein gradient flow it is indeed stationary,
and in fact a saddle point. We show that it has a large basin of attraction.

|— 18- 01+ B 101y

Figure 3.4: Free energy of (3.41) for different values of Mj.

Extension to the saturation case

Using the linear mobility case, we extend the counterexample, and we show that (D7) is not a commutative
diagram. We keep the notation from the previous subsection. For the construction of this counter-example let us
set o = 4sup, g p, and the mobility m(s) = m(s)m® (s) with,

s i ogsgg, 1 if ogsgg,
m(s) = 20, m®(s) = . 30, (3.43)
a if — <s<aq, 1—— if —<s<a,
4 « 4
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3 Drift-diffusion equations with saturation

and regular for s € (%, %“) Notice that with the construction, if p < p then m(p) = p and thus, solving (3.39)

is equivalent to solving

dup = div (m(p)v < gl v)) | (3.44)

Taken V' as in the previous section, p and S,.pg are also steady solutions of (3.44). In fact, S po is still an
attractor for all initial data 0 < pg < p satisfying the mass condition (3.40).

Finally, let us remark that we can also study this effect at p = «. Let us consider the same construction of the
non-linear mobility m(s). If p is a solution of (3.44) then u = o — p solves

dpu = div (m(w)V(U'(u) = V), (3.45)

m—1

where U’(s) = = (a — s)™!. The comparison principle for this problem is inherited through the change of

variables. We can use the sub-solution u = o —p to be a sub-solution of the problem (3.45). If o > ug > u with
correct mass M in B(x1, R) and mass Ms in B(x2, R) then its limit is uo, = o — Soopo. Once more, there are
different constants in each part of the support, so it is not an L'-local minimiser.

Moreover, these examples can be generalised to larger families of potentials U and V.

3.7 An upwind numerical scheme

In this Section we study the numerical method (P?). For simplicity, we restrict ourselves to the case of dimension
1. However, these results can be extended to Q C R? with d > 1, see e.g., [70].

We consider a variation of the numerical method from [19] that can be also adapted to the regularised problem,
i.e., € > 0. In section 3.7.1 we recall some of the basic properties of the method from [19]. Here we also study
well-posedness, convergence of the regularised method (P?) to (P2) as e — 0, and convergence from the
discrete to continuous solutions as A — 0.

Afterwards, in section 3.7.2 we study the long-time behaviour. We find the global attractors of (P?), and we
study their limit as € — 0. Nevertheless, analogous to the phenomenon observed in the continuous case, this
last limit might not be the unique constant-in-time solution (P?). In section 3.7.3, applying the same strategy
from section 3.6.3, we construct examples of a different constant-in-time solution of (P%) with a large basin of
attraction. Therefore, the back face of the diagram (D3) is not commutative for the numerical method (P2) and
its regularisation (P2") either. Finally, in section 3.7.4 we perform some numerical experiments.

3.7.1 The numerical method. Presentation and analysis

In [19] the authors propose the scheme (P>) with m(l)(s) = s, and U locally bounded. In this subsection we
present and recall some of the properties of the scheme. For a variation of the method that suits our case better,
we obtain existence, uniqueness, and a comparison principle. Later, we also show convergence of solutions of
(P?) to a solution of (P®) as ¢ — 0. This is all included in Theorem 3.13. Furthermore, under high regularity
of the continuous solutions, we show that the discrete solution of (PEA) and (P2) converges to the one of the
continuous case (P.) and (P) respectively as A — 0, Theorem 3.14. Therefore, this section contains the analysis
of the left face of the diagram (D3), i.e., the results concerning the numerical scheme at finite time. Let us first
prove the lemma on the decomposition of m.

Proof of Lemma 3.11. Our problem is equivalent to decomposing log m as a the sum of a non-decreasing and

nnlll((;)) we can expand the Fundamental Theorem of Calculus

log m(s) = log m(%) + /3 Mdo’ 4 /s Md

o m(o) o«  m(o)

2 2

non-increasing function. Since % logm(s) =

Therefore, we can write

m(s) = m($) exp </j (rn/((f))erc;') , and m®(s) = exp </S (Hll((f))_do*) .

m(o) s m(o)
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3.7 An upwind numerical scheme

Under the additional assumption, let the neighbourhoods be (0,d) and (o — 0, ). Due to the assumption
d’g—;) =0in (o — 0, ) and dt’j‘f) = 0 is constant in (0, §). We can write

am ey @) ().
ds

In (0,9) we have drg:) (5) = m’(s)/m® (01), so it is bounded. Similarly for m(%. O

In [19, Proposition 2.2], the authors prove that the scheme preserves boundedness and non-negativity, i.e.,
0 < p' < a. We show this also holds for our scheme.
We write the system (P*) as H(p" 1) = p" where

1
H(p) = pi + At 2 (3.46)

Az

We show first a continuous dependence result and comparison principle.

Lemma 3.40 (Continuous dependence). Let p, p € Aa, and that for some H : QQ — R where

Q= {p c RHI . min{gi,ﬁi} <pi < maX{Bi,ﬁi}}

and H is such that it satisfies:
i) We have mass conservation in the sense that y . Hy(p) = >, pi forall p € Q.

ii) In the weak sense we have the monotonicity condition: ds ( ) <O0forallj #iandp € Q.
Assume that p, p are almost solutions in the sense that

Hip)—f|<g, |H{) —TFl<7

Then, we have that

Dol =pil < 31 = Fil + 23 S max{g,. g}, (3.47)

and

> (o, -t <Zf ) +2Zmax{g 9}

7

8IL

Proof. Due to the conservation of mass we have » , 5 = 1, so i > 0. Abusing slightly the notation, we
S5

write H;(p) = H;(pi, (p;)ji). With the monotonicity 1ndlcated

Hi(p,, (minlp, 5 )iz ) = Hilp) = £, — g, Hi(pi (mindp,, 5 )i = Hilp) = T —

‘We have that
H;(p,, (min{p,, 7, 1)), ifp, <7

H; (ﬁw (min{ﬁjaﬁj})j#i>a it p; < p,-

In either case H;(min{p, p}) > min{f , £} —max{g,, g;}. Similarly, we get H;(max{p, p}) < max{f_, fy+
max{g,, g;}. Then, we write

Hi((min{ﬁjaﬁj})jd) =

> (max{p,,p;} — min{p, 7}) = 3 (Hi(max{p,p}) — Hy(min{p, }))

el icl

< Z(max{ila?z} - mln{iﬁ?z} + Zmax{glvgz})

il

113



3 Drift-diffusion equations with saturation

Taking into account that |a — b| = max{a, b} — min{a, b} we recover
Y olo,=pl <Y If, = Fil +2) max{g,, 5}
i€l i€l i€l
Similarly to before, we also have due to mass conservation that
> (o, =) =D (Hi(p) = Hi(p)) < Y (f, = F)+ D _(g,+ 7).
i€l i€l i€l i€l
Using thata™ = M% we deduce that
Z(B,L —ﬁ2)+ = Z(f f@ —|—2Zmax{g gz} O
i€l i€l i€l

Thanks to this result, we recover the uniqueness and the comparison principle.

Lemma 3.41 (Comparison principle). In the hypotheses of Lemma 3.40 if H;(p) < Hi(p) for alli, then p, < p;
foralli.

Proof. Define [, := H;(p) and f. = H;(p). By assumption [, < f:. Therefore, we deduce that (f L= )=
Hence, we recover
Z(Bz - ﬁz)+ < 07
(2
and we deduce p; > p.. O

In particular, the up-winding scheme that we have chosen is such that H satisfies mass conservation, conser-
vation of non-negativity, and it is monotone.

Lemma 3.42. If we take F from (P?), then the corresponding H defined in

Fiy1(p) = Fi_1(p)
Az ’

Hi(\, p) = pi + AAt (3.48)
satisfies the hypothesis of Lemma 3.40 for A > Q.

This lemma applies also for (PEA).
Proof. The mass conservation follows almost immediately from the telescopic sum and the no-flux condition

> Hilp) ZPﬁAfZ(F%(p)—Fi_; ) Zmﬂ%it(m( ) > i

el el el el

Let us now prove the monotonicity of H, by computing the derivative gf L. We proceed by taking derivatives in
J
each term of the composition. First, we compute

1/
o&  [U"(pi) ifj=1i, Oy 1 , Ar
Ip; 0 otherwise op;j Ar if j =1,
0 otherwise.

The function F; 1 is Lipschitz (but not smoother to the presence of the positive and negative part), but we can
suitably differentiate it to obtain (using the Kronecker delta notation)

op; (m(l))/(ﬂi)5z'jm(2)(Pz‘+1)(vi+%(P))Jr + m(l)(pi)(m(Z))/(pi+1)5i+1,j(vi+%(p))Jr
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3.7 An upwind numerical scheme

v, 1
. i+5
+m® (p;)m® (Pi+1)SlgH+(U¢+%(P)) 6,0<2 + (@MY (pis1)di41,;m® (pi) (Vi1 (P))-
j
1 2 1 2 Dviry
+ m (i) ) (p0)i (0,14 (0)) - +m (pi)m™ (po)sign_(v,14 (0)) 5=
j
Therefore, using (m(Y)" > 0 and (m®))’ < 0 we have that
1)y 2 1 iy :
oF,; | @™ (edm® (oi)vi (o) +mD (pm® (pisn) 2 2 0 if vy 20,
2 K3
6pi N 8UZ+
m™ (pi1) (M) (pi)v; 1 (p) +m (pis1)m (py) o =20 ifv 1 <0
F+ 6F+
Similarly, ——2 < 0. It s trivial to see that 2 =0if j # 14,1+ 1. Lastly, we can compute
A 9Fz 1
P25 0 =it
Az aPH—l
dp; ! 2 <0 ifj=i—1
! Az 8pl 1 ’
0 i 47— 1,40+ 1.
This concludes the proof. O

Lemma 3.43 (Constant sub and super solution). Assume € € [0, 1]. Let F¢ be given as in (P). We define

Feu(0) = F2 (o)

i i—z
Hi (X, p) = pi+ AAt Az —, (3.49)
and we take c* € (0,c). Then, there exist "', e+t € (0,a) such that for p = (¢"**,--- ") and
p= (et ... @) e R sarisfy
Hi (A, p) < c" < Hi (D)
foranyie I, X €[0,1].
Proof. Consider € € (0,1]. Notice that if p; = ¢! forall i € I thenv® ; = —W. Therefore, must

7,+%
only satisfy

A4 A (A m, (<MY 2 <" for2<i< N -1,

V¢

1+1 fo
——= <", c c <c
Ax Ax

Since we are in the discrete setting, we can simply set the equation

Qn+l + )\(At)m6<gn+l> < Cn-i-l o )\(At)mg(cn—’_l)

[ —{—2(A1§)M sup m. (") < ¢
Ax e€(0,1]

We are trying to solve a problem of the form F'(c"*1) < ¢". Since the family (&, s) — m.(s) is C([0, 1] x [0, a]),
F is a continuous function. We have F'(0) = 0 and F'(0) > 0 for s € [0, a]. By Bolzano’s Theorem, there exists
"1 > 0 such that F(¢" 1) < ™. Thus, the result also holds for & = 0.

For the super-solution we apply the same argument to

Ve
a -+ At Zm sup m(¢

n+1) <a-— . 0
Az €€(0,1]
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3 Drift-diffusion equations with saturation

Remark 3.44. Notice that this sub and super solutions do not pass to the limit when A — 0. The key problem
is the behaviour at the endpoints. If we assume that V € C3(Q) and VV - n = 0 then one can write a better
equation for the sub and super solutions, depending on AV and D?p, that will, in fact, converge to the constant
sub and super solutions

e m@AV]re, % = @AV
Notice that if m is not Lipschitz at 0 or «, there can be finite-time extinction to 0 or .

We can also show that the problem has energy dissipation, a simplified version of [19, Theorem 2.4] for the
case W = 0 which we include for the convenience of the reader.

Lemma 3.45 (Energy dissipation). Lete > 0and \ > 0. Assume p € R with E2[p] < oo satisfies H* (), p) =
P, then E2[p] < E2[p™"].

Proof. Since U is convex

E2(p) — E2(p") = Az ) _(Uelpi) = Ue(pi™)) + Z V(i) (pi = p;")

i

At

" 21 (p) = 1
< Ax S (Ulps) + Vi) Pl = aae Y € (p) 2 2

= Mgy SRS 1 )A; &) i1(p)

— 82 3 (D (p)m® (pisr) (03 (0)) ) + 0 (o) (o) (w35 (0)) )
<0. O

In the next Lemma we discuss the existence of a solution of the numerical scheme. We recall the notion of
topological degree in RI|, see e.g., [150]. The topological degree is a function deg : X — Z where

X ={(f,D,y) : D ¢ R%is open and bounded, f : D — R continuous ,y € R?\ f(9D)}.

We use three key properties. The first one is that deg(id, D, y) = 1. The second one is that if i : [0, 1] x D — R?
is continuous and y ¢ h(A, 9D) then deg(h(A,-), D, y) is constant in A. Lastly, we use the fact that

Theorem 3.46 ([150, Theorem 3.1]). If deg(f, D,y) # 0, then there exists x € D such that f(z) = y.
Using this tool we prove the following

Lemma 3.47 (Existence for (P>)). Assume that U € C*(]0,]), and that p" € Aa. Then, there exists p € Aa
that solves (P2).

Proof. First, we consider the extension

U'(0) ifs<0 0 if s <0
Up)=3U'(s) ifsef0,a] @)= m® ifsel0,aq]
Ua) ifs>a 0 ifs >«
We can extend f‘l 41 with these definitions. We define

2

N Fi 1(p) = F,_1(p)

Hi(\p) = pi + AAE—2 v for A € [0,1] and p € R/,

x
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3.7 An upwind numerical scheme

Now we need to pick D such that H (A, 0D) # y for any A € [0,1]. We look at the one-parameter family of

open sets
Dgr = {,OERI' Z|pz| <R}.
el
Let p" = H (A, p) with p € 0Dpg. Because of how we have constructed the extension, we can apply Lemma 3.40
to H(A,-). Since p = (0,---,0) and p = (a,--- , ) satisfy p = H(\, p) and 0 < p}' < o we conclude that
0 <p; <aforallt € I. We observe

Slpil =D pi=> Hi(Ap)=> o}
Hence, for R > . ; p}’ it is clear that p’ ¢ H(\,8Dp) for any A > 0. Therefore, we can state that

deg(ﬁ()H ’)a Dg, pn) = deg(ﬁ(o’ ')a Dg, pn) = deg(ld’ Dg, pn) =1 7£ 0.

Hence, there exists at least one solution p € RI! of the extended problem. By the comparison principle p € Aa.
Due to the construction of the extension, p solves (P2). ]

Lemma 3.48 (Existence under general assumptions). Let p™ € Aa . Then, there exists p € Aa 4 that solves
(PA).

Notice that this lemma applies also for (PEA).

Proof. We make some adaptations on the proof of Lemma 3.47 to be able to work in the more general case
U € C((0,c)). Consider § > 0 such that § < p? < o — . We use Lemma 3.43 to show the existence of
01,99 > 0 such that

Hi()\; (51, s ,51)) < ,0? < HZ‘()\, (a — 9, 0 — (52)) forall A € [O, 1}. (3.50)
We can now apply the same reasoning as in Lemma 3.47 using the open set
D={peR:p e (%.a-%))

If p™ = H(A\, p) because of the sub and super solution and Lemma 3.41 we know p ¢ 0D. We recover a solution
p € D. O

We now use the combination of all these Lemmas to prove the main result.

Proof of Theorem 3.13. If p* € An 4 existence for (P?) and (PEA) follows as in Lemma 3.48 and uniqueness
by (3.41). We due to Lemma 3.43 we can also build uniform sub and super solutions that they are uniform
in e € [0,1]. Due to compactness, any ¢, — 0 has a subsequence so that JEAk p® — u. We now we use the
uniform convergence over compacts set of U, — U’ (Lemma 3.28) to show it is the unique solution to (P2), so
u = J?p0. Since every sequence has a convergent sub-sequence converging, and they all share the same limit,
then the whole sequence J2 p° converges to J2p° as e — 0. If pg € Ax and U’ € C*(]0, 1]) existence follows
by Lemma 3.47 and uniqueness by Lemma 3.41. In both cases we can use Lemma 3.40 to prove L1A contraction
and Lemma 3.45 to show that there is free-energy dissipation. O

Remark 3.49. In [19] the authors have a more general setting where § = U'(p;) + V(i) + 32, W(w; —
xj)p;j. For bounded domains, however, it is more natural to write § = U'(p;) + V(xi) + >2; K (i, 25)p;
where K (z;,x;) = K(x;,2;). The proof of existence is still valid. Our proof of uniqueness uses strongly the
monotonicity of the problem (i.e., the existence of a comparison principle), which does not hold for general W.
Hence, when K # 0 but it is smooth, existence and uniqueness can be obtained using (3.47) to prove continuous
dependence with respect to V'V, and arguing by fixed-point for At small.
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3 Drift-diffusion equations with saturation

We now discuss convergence of discrete solutions of the scheme (P2) to solutions of the continuous problem
(P) (including both, € > 0 and € = 0) under high regularity of the solution. In particular, this completes the
analysis of the left face of the diagram (D-).

Proof of Theorem 3.14. We will simply check that u' = p(t,,z;) has the correct consistency rate. To avoid
confusion, we denote the velocity and the flux of the exact solutions by

o(t,z) =-V(U(p)+V),  §=m(p)m® (p)o.

It is easy to see that

|Uz‘n+é = 0(tn, 25y 1) < C([U"c, [IVpllLe, [VV]er) (Az)?. (3.51)
Similarly, we can show that
Vg Tl
— i divelty, )| < C(U"en, [Volora, [VV]en) (Ax). (3.52)

We write the decomposition
divE = (m) ()m®(p)Vp- 0+ m M (p)

We separate four cases. First, let us consider v;zr 1, 1
2 2

(m®)Y(p)Vp -0 +mM(p)m® (p) divo.
> 0. Then, we have

F" - F"

i—1 1

# —_ (1) n (2) n n (1) n () ny,m

I 1 (atm O w0t m )
)

()~ m O )
= ! m(z)(u?ﬂ) ;! 1 ‘*’m(l)(uﬁl)

Az it Az i+3
Un 1 Un 1
1+5 1—5
) (g Jm® ) 2
Therefore, using the regularity and the previous estimates (3.51) and (3.52) we obtain that
Fia —FL
TE TR iy S(tn, xi)| < C(Ax)7. (3.53)
Az
Similarly, if v” ;,v™ ; < 0. The third case is v”* ; > 0 > v” ;. In this setting,
ity i3 it+3 -3

3
|
=

—~
£

3

El

S

—~
£
T§
—
~—
S
3

City ity m® @) (,n
o = s (O @)m® ()]

2
— m(1)(u?)m( (uf,,) —m!
Az
Due to the change of sign and the similarity to v(t,,, z,, 1) we deduce [v(t,, 2, 1)], ]v?+1 | < C(Ax)7. Using
2 2 5

)
(u?fl) n UH’% vi_%

v+ m® (uf)m® (uf’_;)
2

this estimate,

n m(Z)(u?+1) - m(2) (u?—l) n

m® (u7) ~ o1 | < O (@)(m®) [ |Vl C(A2),

The same happens in the corresponding terms of div §. Hence, we have (3.53). The final case is v::r ;. <0<Z
v?_ 1, which is analogous to the third. Thus, we have that ’
2

Fr o, — F" n+1 n Fr L, —F"
u?“ —u? i+3 i—1 w =l Op dp +1 i—1 .
< |- d —d # —divz@©(t 1.
N e R F A vy v E tn, i)
< O((At)P + (Ax)7).
We deduce the estimate in the statement from the stability of the numerical scheme. O
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3.7 An upwind numerical scheme

3.7.2 Long-time behaviour for the numerical method

In this subsection we study the long-time behaviour of the numerical method. First we focus on the regularised
problem (PEA) for e > 0. The long-time behaviour analysis we study here is based on the gradient flow structure
of the problem. We explain this in more detail in the following remark.

Remark 3.50. Notice that we can write

F;,n+1 _ @a,n—I—l Us,n+1

i+3 i+s it
ntl n+1 AL n+1 n+1 ntly . entl
O = ml (o7 Hm (o signt (07 = m (oF Hml® (o7 sign (v ).

From the result on energy dissipation obtained at Lemma 3.45 and the notation that we use for the problem (PEA),

it follows that
n+k—1

0<AtAz Y > e
=n i 2

Proof of Theorem 3.15-Item i. If H¢(p) = p, the free energy dissipation states that Ffy (p) = 0. Since 0 <
2

2
e,m+1 < EEA [ps,n] _ EEA [ps,n%»k]‘ (3.54)

V.
z+%

pi < aforalli € I, we get v? 1 (p) = 0forall i € I, and thus &;(p) is constant. This concludes the proof. [J
2

Lemma 3.51. Forp € ]R'I', the discrete version of the WL norm, i.e.,

N 1 _1
”'OHWA_I’I(OJ) = inf {Am Z ]FZ+%| : for each i € I we have that p; = M} 7 (3.55)
=0

defines a norm.

Proof. The homogeneity with constants and the triangle inequality are obvious. Lastly, if |lu||,,, 1.1 = 0 then
A
F' = 0sou = 0. Therefore,

. ||W;1,1 is a norm. O

All norms in RI! are equivalent, which is a great advantage of the discrete setting. Notice that, in the definition
(3.55), we have not specified that F'1 or Fy 1 vanish, but this is allowed. Lemma 3.51 is a key step in the proof
2 2

of the next result.
Proof of Theorem 3.15—Item ii. We divide the proof in several steps.

Step 1: The constant is determined uniquely by . p>>°. Due to the no-flux boundary condition it follows im-
mediately that the mass is preserved, i.e.,

1] 1] 1
1
Az g pi" T = Ax E o™ :/0 po forevery n.
i=1 i=1

Due to the convergence in RI/I, p also satisfies the mass condition. Define the function

1]
P(C) = Az (U)™H(C = V(xy).
i=1
It is easy to see that it is the strictly monotone, continuous, with P(—oc) = —o0, and P(o0) = oo. Therefore,

the mass condition
1]

1
2 : n—1 A —V(x)) = T
Az P (UE) (CE ( )) /0 pOd

determines C2 uniquely.
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3 Drift-diffusion equations with saturation

Step 2: Convergence in time. Due to the no-flux assumption of our problem
DI =Y 160 foralln.
i i

Therefore, up to a subsequence n;, there exists u € RHI such that p" — u  in R/, From the construction of
the norm W, b1 the sequence p°" satisfies,

‘ pentl — pem |2 ( Z +1 ’ Z 12
<Az ) [F|) < (Ax)|I|(Axz) Y [F2"7
At wit0,1) el e icl e
o en+1\2, en+12
_Ax;(@% ) yv% 2.

Hence, using (3.54) and the fact that \@ffl | < mY (a)mg) (0), we recover
2

en+1 pe,n

2
1 n n 1 n n 1
o lwst o) < C(AY? (NM >0 “!2> < C(AE (EA[p") — EA[po" )3,

1
i+5
iel ?

We recall that E2[p>"] is a non-increasing sequence due to Lemma 3.45. Furthermore, it is also bounded from
below by min,eg o U=(s) > —oo. Hence, there exists E®® € R such that as n — 0o

E2[p""] N B>,
Hence, it follows that

. 1. A A 1
Jim =7 = p5 M g,y < O(AD)? Jim (B2 (p™"™] — B2 [ ])2 = 0.

Therefore, we obtain that p=™ 1 — ¢ in R,
Step 3: Stationary sub and super solution. Since p’ € Aa . we can pick Cy, C2 € R such that
(UL)HCL = V(i) < ) S (UD)THC2 = V(wy)),  Viel

These upper and lower bounds are stationary solutions, and we have a comparison principle, they preserved for
all time. Thus, we have that p;" € [d, & — §] for some § > 0 and all n, 7.

Step 4: Solution of the scheme (P2). Due the convergence and the continuity of the mobility méj ) (with 7 =
1,2) and U/ in [0, a — ¢], it follows that

) (o) 5 @ (w), UL > Ulw) iR

Since H®(p®™ 1) = p&™k, we have that u satisfies H¢(u) = u. Since 0 < u; < a foralli € I we conclude that
for all i € I we have u; = (UL)~1(C — V(z;)) for some C. By conservation of mass we precisely characterise
u = p>®.

Step 5: The whole sequence converges. Since every sequence has a convergent subsequence, and they all share
the same limit. O

We connect the discrete and continuous stationary states, and we provide a rate of convergence on Ax. We
start with the case € > 0 fixed.
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3.7 An upwind numerical scheme

Proof of Theorem 3.15-Item iii. Let us remark that,
1
Aazz CA - V() =M= / (U)H(C. = V(z))da. (3.56)
0

Since we know that 0 < f)(g) < «, in particular
/
'((U;)‘l) (C. — V(xl-))‘ <C Viel.
Since p(¢) € A, we can perform a first order Taylor expansion to obtain that for h € [0, Ax),

P (@i + h) = (U) T (Ce — V(a3)) + O(h).

Then, in particular,

1
/ (U)HC: — V() da = sz ( YO = Vi) + O(Ax)) . (3.57)
0
Combining (3.56) and (3.57) it follows that,

AxZ(U’ (€A~ V() — (U) " (Ce - Vacz) AxZ(U’ 1) (&)(CA — ),

/ _
with ¢; € (C2 —V (x;),C. — V (x;)). Tt satisfies, 0 < C < ((Ué)fl) (¢i) < C < oo, forall i € I. From here,

it follows,
O(Ax) / <‘ O(Ax)
N (AR N IE P

Once we have understood the long-time behaviour of the regularised numerical method (P?), we now proceed
to study (P?) and the properties of its long-time behaviour.

€2 - Ce| =

‘ O(Az). O

Proof of Theorem 3.16. Theorem 3.16-Item i follows analogously to Theorem 3.15—Item ii. Since .J* is an LIA
contraction, so is (J2)", and hence J*>°. Theorem 3.16-Item ii follows as n — co.

Theorem 3.16-Item iii. Constant-in-time solution to (P?). The first part of the proof is analogous to the
one in the continuous case done for Theorem 3.10. In order to finish the proof, we show that p?’oo = Toa 0
(UN~HCE — V(x;)) is a stationary state at every point z; for i € I. The argument that we consider is the
following: p*> is a stationary state if and only if F, 1= O foralls € I.

Let us assume p"™ = 0 and 0 < p?ff < . This means that C§* —V (z;) < { = U'(0%) < C& =V (zi41) <
¢ = U’'(a™). Hence, we can compute that

0.00) _ LU )+ V() = (U (07) + V(@) U(0) + V(x:) — G -
N Az N Az =

where, in the last inequality, we are using that U’ is increasing. Since m( )( 0) = 0, we get that
0»
Fy 1 (777) = mO (2% m® (o) (03, 1 (0%))F =0,

and p* is a stationary state at the point x;. Arguing analogously we can prove the same result for all the
different combinations of p;"™ and p;"y taking values 0, a, or in (0, ).
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3 Drift-diffusion equations with saturation

Theorem 3.16-Item iv. Convergence of numerical steady states as ¢ — 0. We argue analogously to Lemma 3.37
to show that there exists £, such that C’A — C as k — oo and

(UL)HCE —V(2)) = Toao (U)HC —V(z)) pointwise in [0, . (3.58)

Due to the mass condition C' = COA. As usual, we realise that every sequence ¢ has a subsequence where (3.58)
holds, and the limit is shared amongst convergent sequences. This proves the convergence as € — 0.

Theorem 3.16—Item v. Convergence of the numerical solution steady state as A — 0. Convergence without
rates follows as in the previous step. Let us now prove rates of convergence. Since (U’)~! is Holder, then
To.a o (U')! is also Holder. Let us also assume we are in the case 0 < M < a. This second step of the proof
works analogously to the proof of Theorem 3.15-Item iii. We just need to adapt the Taylor expansion to its
Holder version. If we do that we arrive at

1
O((Ax)") = /0 (Toa o (U) (GG = V(@) = Toa o (U') " (Co — V(2)))
(3.59)

-~

C=(CA - ) /0 (Tow o (U)Y (C(a)) da

where Z(x) lies between COA; V(z),Cop — V(x). Since 0 < M < «, there exists z € (0,1) such that
U'(07) = (< Cy—V(z) <(¢:=U'(a). Let us define
¢:=min{(Co—V(2)) = {,{ — (Co — V(2))}.

From the previous step, we know that there exists § > 0 small enough such that for every Az < § we have that
|C§ — Co| < g. From the continuity of V/, there exists an interval K C (0, 1) small enough such that for every

x € K wehave that |V (z) — V(z)| < ﬁ . Therefore, it follows that | (z) —¢],1¢— Z(:c)\ > g > (Oforallz € K.
In particular, (U’)~* ({C (x):xe K }) [s1, 2], a compact subset of (0, ). Then, we obtain that

! = =~ 1
(To o (U™ (((2)) dz > / (U™ (¢(z)) de = / .
/0 : K K U((U") 1 (¢(x)))
K] =0
T maxXe(s, 5] U (S) '
Thus, combining this bound with (3.59) we have that |C§* — Cy| = O((Ax)?). O

3.7.3 Time asymptotics for ¢ = 0. The minimiser might not be an attractor

We can reproduce the example at section 3.6.3 to prove that the back face of the diagram (D2) is not commutative
for the numerical scheme (P2) either. Analogously to the continuous case we construct a counterexample using

U(s) = ﬁsm and V' a double-well potential. For m > 1 we consider the discrete Barenblatt

1 2 %1
B = (m_ (COA _ ladl )) .
m 2 +

We select C’O such that Az Z 1 B; > 1. Working analogously to the proof of Theorem 3.16 we can show that
B; is a discrete stationary state. Let us remind the reader that the method (PA) applies only to dimension 1. Since
m > 1,suppB C {j : |z;] < R}. Take L, K € I with |z, — zx| > 2R, and consider p; = Bi_1, + Bi_x. We
choose again the potential,

lz=2pl® g lz — x| <R

lo—anl® g lz —xx| <R

— — K| <
V(z) = \x|22 .

smooth in the intermediate regions
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3.7 An upwind numerical scheme

For each 0 < p? < 7, we solve (P2) with linear mobility m(s) = s. We are solving (P%) in each interval
(¢j — R,xzj + R), j = L, K. From the Comparison Principle in Theorem 3.13, we get 0 < p}* < p,. Consider
1

1
. m—1/(_x |wi—zr]>\\™" m—1/( A |vi—zr>\\™ T
= (P (oA T ELE Ly 7 S et
pi < m < L 2 + m K 2 L ’

+

and select CZA, C’kA < C’OA such that

Ax Z pi = Ax Z oY, Ax Z pi = Ax Z 0.

|z~ x| <R |z —ax|<R lz;—ar|<R |z;—xp|<R

In particular, p; is such that, 0 < p; < p;.
Due to compactness, the scheme p?' is such that, up to a subsequence, p}' — &; in RI. From the Comparison

Principle, the only candidate for &; is p; and therefore, up to a subsequence, p]' — p; in RH|. When

i~z |<R |z~ x| <R

then C2 # CZ£.

Remark 3.52. Following section 3.6.3 we can extend this case to further examples with saturation.

3.7.4 Numerical experiments

We implement the scheme (P?) using the julia language [43]. The fixed point problem for the implicit
time-stepping is solved using a Newton method through the NLSolve. j1 package (see [259]) using automatic
differentiation via the ForwardDiff. j1 package.

Convex potential We exemplify the behaviour for the nonlinear diffusion p? with a convex potential and
free boundaries at levels p = 0, « in Figure 3.5.

In the left plot we show the profiles at different times illustrating the formation of the free boundary and the
kinks in the upper constraint. In the right plot we display the speed of convergence to the steady state. Numerical
experiments indicate that it is exponential as suggested by the linear character of the log plot of the error towards
the exact steady solution. For ¢ large the error becomes so small that its log is computationally — inf.

1
Az

—t=0.0

—t=0.02 -10

-15

i
g
logll p, = p,l1

=20

. . @ . .
0.5 1.0 1.5 2.0
t

-1.0 -05 0.0 0.5 1.0 0.0
x

Figure 3.5: m(p) = p(1 — p), U(p) = p? and V(z) = 1022. At = Az = 277. Left: profiles at different times.

Right: distance from p; to po.
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3 Drift-diffusion equations with saturation

Double well potential. Formation of Barenblatt from above We exemplify the behaviour for a double
well potential where a Barenblatt profile appears from level p = « in Figure 3.6. This shows the formation of a
gap in the upper free boundary of the problem.

5 L
4l
3 L
S
2 L
1L
0k L
-1.0 -0.5 0.0 0.5 1.0
T
100 f —— e —— ——— —— \— —————
0.75 —t=00
—t=0.02
Q —t=0.05
0.50 t=01
— =20
0.25 \\‘
0.00 [ ; L L i
-1.0 -0.5 0.0 0.5 1.0

Figure 3.6: m(p) = p(1 — p), U(p) = p?. At = Az =277

Non-minimising steady states Finally, we show in Figure 3.7 a numerical experiment in which the asymp-
totic state is a non-minimising linear combination of two Barenblatt profiles with disjoint supports. It illustrates
our theoretical findings in Section 3.4 and Theorem 3.6, observing that the global minimizer of the free energy
does not always attract all initial data and that these non-minimising steady states have a large basin of attraction.

sl
sl
S
1L
0 b L
-1.0 -0.5 0.0 0.5 1.0
x
1.00 f—————————————————————
0.75
— 1= 0.0
S§ t = 0.0015
050  [——1¢t=02
0.25 A /\ v
/my J
0.00 [ ; i - ; i ;

-1.0 -0.5 0.0 0.5 1.0

Figure 3.7: m(p) = p(1 — p), U(p) = p*. At = 2712 Ax =277,
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4 Competing effects in fourth-order
aggregation-diffusion equations

This chapter is taken from the article “Competing effects in fourth-order aggregation-diffusion equations” written in col-
laboration with José Antonio Carrillo!, Antonio Esposito2 and Carles Falcé', and published in Proceedings of the London
Mathematical Society, Volume 129 (2), €12623 (2024); [88].

Contents
4.1 Introduction and problemsetting . . . . . . . . .. ... ... ... . ..o, 125
4.2 Main results and preliminaries . . . . . . . ... ... 000000 oo 128
4.3 Properties of the energy functional . . . . . . . .. ... ... ... ... 000, 131
4.4 Existence of weak solutions via the JKOscheme . . . . . . . ... ... ........ 137
4.5 Extension to systems of two interacting species . . . . . . . . .. ... ... L. 150
The beauty of mathematics only shows itself to more patient followers. — Maryam Mirzakhani

4.1 Introduction and problem setting
In this chapter we are interested in the mathematical analysis of the equation
Op = —div(pV(Ap)) — xAp™, (4.1)

where m > 1, and its extension to systems. We look for solutions of (4.1) in the set of probability densities,
p € LL(RY) := {p € LY(R?) : p > 0}, thus setting the mass to one in the sequel without loss of generality.
The parameter x > 0 measures the relative balance between aggregation, modelled by backwards degenerate
diffusion, and repulsion, modelled by fourth-order diffusion. The case of general masses can be reduced to (4.1)
with a suitable parameter y upon a standard time rescaling and mass normalisation, cf. Remark 4.12.

Equation (4.1) is related to the classical thin-film equations from lubrication theory, cf. [208, 39, 268, 38, 137,
201] and the references therein. Starting from a conjecture of Hocherman and Rosenau, [208], the authors in [40]
study well-posedness and finite-time singularities of Cahn-Hilliard-type equations, in one spatial dimension on
bounded interval with periodic boundary conditions. More precisely, they analyse the family of equations of the
form

o)z (4.2)

proving that for nonnegative (weak) solutions, blow-up can only occur for m > n + 3. The results in [208, 40]
hold for general degenerate mobilities, as in [40, Conjectures 1 and 2]. Afterwards, several contributions to

8t/0 = _(pnpmazz)x - (p

'"Mathematical Institute, University of Oxford, Oxford OX2 6GG, UK.
’Dipartimento di Ingegneria e Scienze dell’Informazione e Matematica (DISIM), University degli Studi dell’ Aquila, Via Vetoio 1,
Coppito, 67100 L’ Aquila, Italy.
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4 Competing effects in fourth-order aggregation-diffusion equations

the analysis of the one dimensional problem have been made. Linear in-/stability of steady states for the one-
dimensional periodic problem was analysed in [235, 292]. Using the dissipation of a suitable energy functional,
the authors of [237] were able to further characterise the energy landscape distinguishing between local minima
and saddles among periodic steady states. Stability of droplets steady states with a fixed contact angle for the
one-dimensional periodic problem was further studied in [236].

The critical case m = n + 3 in one dimension is analysed in [308], where blow-up in finite time can only
happen above a certain critical mass identified thanks to a sharp Sz.-Nagy inequality, cf. [301, 257]. Existence
of selfsimilar blow-up solutions of (4.2) is explored in [293] for the critical case m = n + 3. In particular, for
n = 1, there exists a family of blowing-up symmetric selfsimilar solutions with zero contact angle. Further
analysis of one-dimensional self-similar solutions, both expanding and blowing-up, for the critical cases of (4.2)
has been done in [179, 178, 292].

The nonlinear Cahn-Hilliard-type equations (4.1) have also been recently proposed as approximations of
nonlocal aggregation-diffusion models of the form

op
ot
by truncation of the Fourier expansion of the interaction potential W, see [35]. This approximation has been
rendered rigorous under certain assumptions on the interaction potential W in [172].
The connection between aggregation-diffusion and Cahn-Hilliard equations has also been generalised to sys-
tems of aggregation-diffusion equations modelling tissue growth and patterning due to cell-cell adhesion [107].
The authors in [186] show that cell-sorting phenomena are kept for the resulting system of equations:

Ap® +div(pV(W xp)), s>1, (4.3)

Op = —div (pV (kAp + alAn + Bp +wn)), (4.4a)
o = —div(nV (aAp+ An+wp+1)). (4.4b)

The parameters in the model are such that 3, w € R and the matrix

e
=),

is positive definite. We extend the theory developed for the one-species case (4.1) to construct solutions to the
systems of equations (4.4). The nonlocal-to-local limit in the context of systems has also been studied rigorously
in [87]. We also mention that different multi-species Cahn-Hilliard equations are considered in [176, 175, 168]
and references therein.

Equation (4.1) can be interpreted as 2-Wasserstein gradient flow of the (extended) energy functional

e / Vp(@)2de — xEnlpl, p € PU(RY), Vp € L2(RY,
fm[p]— R4

4.5)
400, otherwise,
as already noted in [292], being
/ p(z)logp(x)dz,  m=1,
Emlp) = /B (4.6)
ﬁ pdx, m>1

This gradient flow structure was made rigorous for related Cahn-Hilliard equations in [252, 245]. However, the
former does not include the second-order backwards diffusion term in (4.1), while the latter is concerned with
more general, density-dependent, mobilities.

As for the multi-species case, by defining the free energy functional as

K 1 I} 1
Flp,n] = / <2|Vp|2 + §|Vn\2 +aVp-Vn— 502 — 5772 - wpn) dz,
Rd
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4.1 Introduction and problem setting

system (4.4) can be written as a 2-Wasserstein gradient flow with respect to the (extended) free energy functional

Flp,n) =

{5’ [p,m] if (p,n) € PYRY)2, (Vp, Vi) € L2(R?)? .

+00 otherwise.

Our main goal is to show global existence of weak solutions of (4.1) for m < m. := 2 + % (subcritical case)
and for m = m, (critical case) for subcritical mass, 0 < x < X., by leveraging the aforementioned gradient
flow structure. The critical parameter . is identified by the sharp constant of a suitable functional inequality
[246]. The critical exponent m,. is determined by scaling arguments using mass-preserving dilations of densities
in the energy functional (4.5). Moreover, we also obtain global existence of weak solutions for the system (4.4)
by an analogous approach. In fact, we employ the (by now) classical variational minimising movement scheme,
or JKO scheme, [215, 7] to obtain an approximation of a candidate solution. A crucial step will be to use the
flow interchange technique, developed in [252, 245], to gain suitable regularity. Afterwards, we check that limits
of the variational scheme are indeed weak solutions in any dimension.

Our main result provides sharp conditions on the exponent of backwards diffusion in (4.1) to ensure global
existence of solutions in the natural class of initial data for any dimension compared to previous literature
[308, 292, 245, 247].

The key ingredient to take advantage of the gradient flow structure of (4.1) and system (4.4) is to have uniform
bounds on the competing terms in the free energies (4.5) and (4.7), respectively. Interestingly, this is reminis-
cent of similar arguments developed for generalisations of the Patlak-Keller-Segel equation for chemotactic cell
movement [48, 78, 103]. Actually, we can draw a nice parallelism with this well studied problem. Generalised
Patlak-Keller-Segel equations are of the form (4.3). In particular, let us focus on the power-law kernel

= e £0
— i
Wi(z) = k ’
log|z| ifk=0.
We find an immediate connection with the problem (4.1). Analogously to the case we are studying in this work,
there exists a critical exponent, s, = 1 — S, also found via mass-preserving dilations on the corresponding free

energy functional which characterises the behaviour of (4.3).

The case s > s, is the diffusion dominated regime and global well-posedness for (4.3) is expected, see for
instance [65, 298, 48, 66, 67, 99]. This is analogous to the case 1 < m < m, for (4.1).

As fortherange 1 < s < s, aggregation-dominated regime for Eq. (4.3) — analogous to the case m > m,. for
(4.1) — coexistence of blow-up and global existence depending on the initial data is expected, see [249, 29, 120]
for instance.

In the fair competition regime s = s, — analogous to our critical exponent m = m, — there exists a
dichotomy between aggregation and diffusion in terms of the initial mass: M, analogous to our parameter Y.
Sharp constants of variants of Hardy-Littlewood-Sobolev type inequalities determine the critical value of the
mass M, for (4.3), analogously to our critical parameter y.. We note that for our fourth-order Cahn-Hilliard
type equation, the crucial functional inequality was established in [246], see a limiting case in [248]. In the
supercritical mass case, M > M., there exists solutions that blow-up in finite time, see for instance [48, 27, 29,
60, 67]. In the subcritical mass case, M < M,, global existence of solutions is shown and spreading self-similar
solutions are expected to attract the long time dynamics, see for instance [163, 50, 29, 27, 66, 67].

In the critical case M = M., there are infinitely many stationary states given by the optimisers of the vari-
ants of the HLS inequalities, solutions are globally well-posed blowing-up at infinite time for bounded second
moment initial data if m = 1, and local stability of stationary solutions is expected, see [163, 48, 47, 309, 66, 67].

We shall perform a parallel study to nonlinear Keller-Segel equations (4.3) for our family of Cahn-Hilliard
equations (4.1), depending on the critical exponent case m,. and parameter Y.

Finally, we want to emphasize that our work sets the path to many other interesting open questions. Unique-
ness is widely open being the functionals not convex, even in subsets, in any obvious manner. Existence of
minimisers in the subcritical case in the whole space is not clear since we do not know at present how to bound
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4 Competing effects in fourth-order aggregation-diffusion equations

uniformly in time the second moment or any other quantity controlling escape of mass at infinity. Long time
asymptotics are, in turn, widely open in all global existence cases. Free boundary problem techniques could help
understand if the evolution leads to compactly supported solutions corresponding to compactly supported initial
data. This conjecture is corroborated by numerical experiments being this another challenging problem. In the
two-species case, we can identify other interesting issues such as sharp segregation for specific parameter values
between the two species not only at steady states but along their evolutions. This information is important for
the applications in mathematical biology [107, 186].

Structure of the chapter. We structure the chapter as follows. Section 4.2 is devoted to the precise
statements of the main theorems together with some preliminary material used in the sequel. We will analyse
the existence of global minimisers of the energy (4.5) following the strategies in [163, 48, 66] in Section 4.3. In
Section 4.4 we deal with the core main result of global existence of weak solutions to the single equation (4.1)
in any dimension for generic initial data. Finally, Section 4.5 focuses on the generalisation of this approach to
the case of systems of the form (4.4).

4.2 Main results and preliminaries

We begin by listing the main results covered in this chapter. First we study some properties of the free energy
functional F,,, and its minimisers. The following theorem summarises the results proven in Section 4.3.

Theorem 4.1. Let F,,, be as in (4.5). The following holds:
(1) If1 <m < 2+ 2/d, then F,, is bounded from below.

(2) If m = 2+ 2/d, then, for the subcritical and critical mass regimes, F, is bounded from below. Further-
more, for the critical mass, the infimum is achieved. In the supercritical mass regime, JF,, is unbounded
from below.

(3) If m > 2+ 2/d, then Fy, is unbounded from below.

Case (1) is proven in Proposition 4.11. Case (2) is a combination of two results. In Proposition 4.13 we
show that for xy < x. the free energy is bounded from below. In Proposition 4.15, we prove that the infimum is
achieved for critical mass and that the free energy is unbounded if x > .. Finally, in Proposition 4.17 we show
case (3).

Throughout the chapter, we denote by P(R?) the set of probability measures on R?, for d € N, and by
Pa(R?) := {p € P(R?) : ma(p) < 400}, being my(p) := [ |2|* dp(x) the 2"I-order moment of p. We shall
use P¢(R?) and P¢(R?) for elements in P(R?) and Py (IR?) which are absolutely continuous with respect to the
Lebesgue measure. In order to deal with LP-regularity, we set

o* = 24 ifq > 3.

- {+oo ifd=1,2,
T~ d-2

The second result we prove is the existence of weak solutions to (4.1), in the following sense:
Definition 4.2 (Weak solution). A weak solution to (4.1) on the time interval [0,T], with initial datum py €
PS(R?) such that Vpy € L*(RY), is a narrowly continuous curve p : [0, T] — Po(RY) satisfying the following
properties:

i) p € L=([0,T}; LP(RT) N L=([0, T); HY(R) N L2([0, T]; H*(RY)), for any p € [1,2*], d # 2, and for
any p € [1,2*) when d = 2;
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ii) for every p € C%(R?) and every 0 < s1 < sy < T it holds

[ ownisaniar= [ swposnnias— [ [ (oapan+ a5 ve) ara

—X/ / P Ap dx dt.

Theorem 4.3. Assume 1 < m < 2+ 2/d or m = 2 + 2/d with subcritical mass x < x. and let py € P$(R?)
be an initial datum such that F,[po] < +oo. Then there exists a weak solution to (4.1).

We extend our results from the one species case to construct weak solutions to system (4.4), in the following
sense.

Definition 4.4 (Weak solution for the system). A weak solution to (4.4) on the time interval [0, T, with initial
datum oo = (po,n0) € PE(RY? such that Vpy, Vg € L*(RY), consists of a pair of narrowly continuous
curves p,n : [0,T] — Po (Rd) satisfying the following properties:

i) p,n € L=([0,T); LP(RY)) N L*([0, T]; H'(R) N L2([0, T]; H*(R?)), for any p € [1,2*], d # 2, and
foranyp € [1,2*) when d = 2;

ii) for every p, 1 € C’CQ(Rd) and every 0 < s1 < so < T it holds
59
/ p(x)p(s2,z)dz = / o(x)p(sy, ) dr — ﬁ/ / pApAp +Vp - VoApdzdt
R4 R4 s1 JRd

52
— a/ / pAnAp + Vp - VoAndzdt
s1 JRA

S2 s2
—g/ / pzAgadxdt—f—w/ / pVn-Vedzdt,
s1 JRd s1 JRA

| @nseords = [ w@nisiade - [ [ aanse vy vosgdsdi
R4 Rd s1 R4

s2
— a/ / nApAyY + Vn - VipApdz dt
s1 JR4

1 52 S
—/ / 772A¢d$dt+w/ / nVp - Vi dx dt.
2 S1 R4 s1 RA

Theorem 4.5. Let (pg,1m0) € PS(RY) x P(R?) be an initial datum such that F[po,no] < -+oo. Then there
exists a weak solution to (4.4).

The last result is generalised to a wider class of systems allowing for nonlinear self-diffusion terms.

4.2.1 Preliminaries

We present the notation and we collect some a priori results that we will use throughout the chapter.
A key tool for the analysis is the Wasserstein metric, that is a distance function in the space of probability
measures with finite second order moments.

Definition 4.6 (2-Wasserstein distance). For , v € Pa(R%), we define the 2-Wasserstein distance, Wa (1, /),
between . and v as

2
Wa(,v) = min { / Ix—yIde(ﬂzy)} ,
vl () | JRIxRE

where I'(u, v) is the set of transport plans between p and v,

D(uv) = {7 € PR XRY) : (m)yy = i, (m)y = v},

and T, and T, are the projections onto the first and the second variables respectively.
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4 Competing effects in fourth-order aggregation-diffusion equations

In the expression above, marginals are the push-forward of ~ through 7;. For a measure p € P(R%) and a
Borel map 7 : R* — R", n € N, the push-forward of p through T is defined by

fly)dTyp(y) = / f(T(x))dp(zx) for all f Borel functions on R,
R7 R4

We refer the reader to [7, 283, 304] for further details on optimal transport theory and Wasserstein spaces.

In order to obtain strong convergence of p in L?([0, T]; L?(R?)) we take advantage of a refined version of
the Aubin-Lions Lemma for compactness in measures, due to Rossi and Savaré. It relies on two conditions:
tightness and weak integral equi-continuity.

Proposition 4.7 ([280], Theorem 2). Let X be a separable Banach space and consider
* a lower semicontinuous functional Z : X — [0, 00| with relatively compact sublevels in X,

* a pseudo-distance g : X x X — [0,+00], i.e. g is lower semicontinuous and such that g(p,n) = 0 for
any p,n € X with Z[p| < oo and Z[n] < oo implies p = .

Let U be a set of measurable functions u : (0,T) — X, with a fixed T > 0. Assume further that U is tight with
respect to T
T
sup / Zlu(t)]dt < oo, (4.8)
uelU JO

and satisfies the weak integral equi-continuity condition

T—h
lim sup / g(u(t+h),u(t))dt=0. 4.9)
hl0 weu Jo

Then U contains an infinite sequence (uy,)necN convergent in measure, with respecttot € (0,T), to a measurable
w:(0,T) — X, ie.
lim [{t € (0.7) [lunt) — a(H)lx = 6} =0, ¥5>0. (4.10)
n—oo

In addition to the strong convergence given by Proposition 4.7, we will need an L? bound on Ap to obtain
suitable compactness in time and space for Vp and Ap. We employ the flow interchange technique, developed
by Matthes, McCann and Savaré in [252] and previously used in [268] — we also refer the reader to [59, 84,
153, 155] for further details. The idea of the flow interchange consists in considering the dissipation of the free
energy J, along a solution of an auxiliary gradient flow, and using the Evolution Variational Inequality (EVI)
afterwards to obtain the desired estimate. For the reader’s convenience we recall the definition of A-flow for a
general functional G, which is connected to the EVIL.

Definition 4.8 (\-flow). A semigroup Sg : [0,400] x P2(R?) — Po(R?) is a A\-flow for a functional G :
Pa(RY) — R U {co} with respect to the distance W if, for an arbitrary p € Pa(R?), we have that the curve
t— Sé p is absolutely continuous on [0, 00) and it satisfies the EVI

1d* A
5 g Ve (560, 1) + 52 (SGp, 1) < Gl — G(SGel, (EVD)
for all t > 0, with respect to every reference measure 1. € Pa(RY) such that G[u] < co.

As shown in the seminal work by Jordan, Kinderlehrer and Otto [215], the heat equation can be regarded as a
2-Wasserstein steepest descent of the Boltzmann entropy

Elp] = {fRd p(z)log p(x)dx, plogp € Ll(Rd),

) 4.11)
+00 otherwise

We mention [7, 283] and the recent [191, Chapter 3.3] for further details. The functional £ is O-convex along
geodesics and it possesses a unique O-flow, which we denote Sg, given by the heat semigroup, see for example

130



4.3 Properties of the energy functional

[7, 139, 155]. We will use the heat equation as the auxiliary flow and the free energy (4.11) as the auxiliary
functional.

In order to illustrate the method, let us calculate the dissipation of the Boltzmann entropy along solutions of
our equation, (4.1). For simplicity, we consider m = 2, although the method generalises to other exponents. In
this case, a formal computation yields

4 plogpdzr = —/ log pdiv (pV(Ap)) dx — 2x/ log pdiv (pVp) dz.
dt Rd Rd R4

= Vp~V(Ap)dx+2x/ |Vp|? da.
R4 R4

< —/ (Ap)? dx + 2C,
R4
where the constant C' > 0 is given in Proposition 4.11. By integrating in time, we obtain
HAPH%%(O’T)XRd) < Elpo] — Elpr] +2CT < HPOH%2(Rd) — &lpr] +2CT.

It remains to notice that £[p] can be bounded from below by the second moment of p, ma(p), which gives the
desired L? bound on Ap. Although this formal computation requires further regularity, it illustrates how we may
use an auxiliary flow to obtain H? estimates for our equation. In Lemma 4.24, we shall make this calculation
fully rigorous by considering, instead, the dissipation of our energy functional F,,[p], (4.5), along solutions of
the heat equation with suitable initial data.

Remark 4.9. We remind the reader of the following bound for the Boltzmann entropy functional &,
Elpl = /Rd plogp > —C(1 + ma(p)).

To prove this, let M (z) := (2m) Y2 exp (—|z|?/2) , and consider the relative entropy

P
M) = log = da .
E(p|M) /deogM x

Jensen’s inequality implies that

P P
M) >1 M —dz =
E(pl )_og(/RdM dx)/Rdex 0,

and thus, we conclude that

OSE(p[M)—/ plogpda:—i—flog (2m) / |lz|?p(2

which implies

d 1
/ plogp 2 ; log(2m) — Sma(p) .
R4

4.3 Properties of the energy functional

The energy F,, plays a crucial role in the analysis of (4.1), as it provides uniform bounds we hinge on for the
construction of weak solutions. Furthermore, in the theory of gradient flows, the dynamical problem is usually
related to energy minimisers via stationary states. This is, indeed, a valuable advantage of studying Eq. (4.1) in
the Wasserstein space (P2(R%), W,). As we shall see below, the Gagliardo—Nirenberg inequality is essential for
a thorough study of our problem as it reveals critical regimes. For the reader’s convenience we recall it in the
lemma below, cf. for instance [56, 264].
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4 Competing effects in fourth-order aggregation-diffusion equations

Lemma 4.10 (Gagliardo—Nirenberg interpolation inequality). Let 6 € [0,1], 1 < p,q < 400, and 1 < r < o0
such that I% =0 (% — é) + %. Then, it holds

1o @ay < CUVINGr @yl 1 ey,

where C denotes a positive constant depending on p, q,r,0, but not on f. In the case d = 2, 0 € [0, 1).

In the proposition below we find a range of exponents for which the free energy F, is bounded from below,
thus proving Theorem 4.1, case (1). In turn, this implies further regularity for the density p and provides the
critical exponent, m, = 2 + 2/d.

Proposition 4.11 (Lower bound for the free energy and induced regularity). Assume p € L} (Rd) and let

d(m

I<m<2+% 2 Setov:=1+ for m > 1, and o := 2, for m = 1. The following properties hold.

(1) Lower bound for the free energy: let Vp € L?(RY), then F,y,|p] is bounded from below as

Fmlp] = =Cllpll71 gay, (4.12)

where C' = C(m, d, x).

(2) H'-bound: assume F,[p] < +oc, then the following bound holds
IV Ity < C (Flol + 10151 oy ) 4.13)
where C = C(m, d, x).
(3) LP-regularity: assume Fp,[p] < +oo, then p € LP(R?) for any p € [1,2*], d # 2, and for any p € [1,2%)
when d = 2. In particular, there exists a constant C = C'(m, p,d, p, x) > 0 such that
1ol Lp(ray < C < +o00. (4.14)

Proof. We divide the proof in several steps.

Step 1: Lower bound for the free energy. Let1 < m < 2 + %. By applying Gagliardo—Nirenberg inequality to
Hp”Lm(Rd) we find

ol ty < CITPI G g 15y

SHIN]

where 6 = %% € (0,1). By applying Young’s inequality with p = % = ;:r_l > 1 and p’ its conjugate,

we have

, 1—6
PIVPlian | Cm ol ey
p e’ P

||PHLm(Rd)

Therefore, taking any 0 < ¢ < (p(m — 1)/ 2X)1/ P we obtain the bound

1 X m
fm[p] = §||Vp||%2(]gd) - meHLW(Rd)

1 Xgp 9 Xcm m(1-8)p’
=37 pm-1) T m— e 4.1
> (5= o ) 19l ey — o ol @15)
= _CHPH%I(Rdy
2
where C' = C(m,d, x),anda =m(1 —0)p' =1+ 234(:;:2
d
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4.3 Properties of the energy functional

Note that in case of linear diffusion m = 1, i.e. F1[p| as functional, we can argue similarly by using that
Filp] 2 Falp] = ~Cllpl 71 ga)-

Note that the first inequality holds because &1[p] < &[p], since xlogz < 22, for z > 0.

Step 2: H'-bound. The result follows from (4.15) by noting that F,,[p] < oo and choosing again 0 < ¢ <
(p(m —1)/2x)"/7 .

Step 3: LP-regularity. From the previous case, we have Vp € L?(R?), and thus we can apply Gagliardo—
Nirenberg inequality to obtain

HPHLP(Rd < C”VP”L2(Rd HPHLl (R4) < C < oo,

with 0 = mT € [0,1] and p € [1,2*] ford = 1 and d > 3. Note that for d > 3 and p = 2* we have 6 = 1.

In the case d = 2, we need to impose # < 1, and p € [1,2%). O

In the critical exponent case, m, = 2+%, deriving energy bounds and induced regularity as in Proposition 4.11

reveals the critical mass
me — 1

= 4.16
Xe = 9E (4.16)
where Cg v stands for the sharp constant from the Gagliardo—Nirenberg inequality, for m = m,. given by
2/d
||10||me (R9) < CfGNHVIOHL2 (R4) HpHLl(Rd (417)

Remark 4.12. (Critical mass and the parameter x). The critical mass in (4.16) is obtained for the sharp
Gagliardo—Nirenberg constant, Cq . This value is found in [246], extending to general dimension [308]. Note
that we refer to . as the critical mass since we assume that all densities are probability measures with unit
mass. However, upon rescaling (4.1) using the change of variables

1 1
T:t/xm and p=pxm2,

Eq. (4.1) becomes 0;p = —div(p V(Ap)) — Ap™. Therefore, one can distinguish between subcritical, critical,
and supercritical regimes, in terms of the usual mass ||p|| ;1 wa). More precisely, by denoting M := ||p|| 1, the

critical mass is
d
me—1Y)2
M, =
¢ ( 2Can )

We show that for x < x. and m = m, the free energy is bounded from below, which covers Theorem 4.1,
case (2).

Proposition 4.13. Let m = my, X < Xe, and assume p € P*(R?), Vp € L?(RY). The free energy (4.5) satisfies
the bound

1 xCen
Pl 2 19100y (5 = 252 ol ) 20

Moreover, if x < xc and Fp,,[p] < +00, then

o1l Lo (ray, Vol L2(ray < C,

where C = C(m,d,x) and p € [1,2*], d # 2, or p € [1,2%) when d = 2. Furthermore, for X = Xc, the
optimisers of the Gagliardo—Nirenberg inequality (4.17) are the set of global minimisers of the free energy.
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4 Competing effects in fourth-order aggregation-diffusion equations

Proof. From the Gagliardo—Nirenberg inequality (4.17), we can deduce that

1 1 XCGN
‘ch[p] = §”Vp”%2(Rd) - m Hp| me(]R’i > ||VPH%2(R¢1) <2 m H HLI(Rd)> .

In particular, since x < X, and [|p[|;1(gsy = 1, we obtain

The last properties are simple consequences of the Gagliardo—Nirenberg inequality (4.17), the definition of the
free energy and y < .. O

Summarising the previous two propositions, using the Gagliardo—Nirenberg inequality we showed that the
free energy JF,.[p| is uniformly bounded from below when the exponent m is subcritical, 1 < m < m,, or
when m = m, and we have subcritical or critical mass, y < x.. Moreover, this induces further regularity in the
subcritical exponent and critical exponent with subcritical mass cases. In section 4.4, we use this information to
prove existence of weak solutions to (4.1).

In order to gain further intuitions on the remaining cases, m = m,. with x > x. and m > m,, we study
energy minimisers distinguishing between the two cases.

4.3.1 Critical exponent case

First, we focus on the critical case given by m = m, = 2 + %, and study properties of the free energy (4.5),
following ideas from [48]. This highlights an interesting connection with Patlak-Keller-Segel sytems [78], and
more broadly with aggregation-diffusion equations, as mentioned in the introduction.

A crucial observation concerns the homogeneity of the energy funcional F,,_ : mass-preservation dilation
implies that, in this critical case, the aggregation and diffusion terms in the energy functional (4.5) have the same
homogeneity.

Lemma 4.14 (Scaling properties of the free energy). Assume p € L™ (R?) such that Vp € L*(R?). Let
px() := Xp(\x), for any x € RY, then

1Al gy = X210l e 00l = A2V 0l ey

forall X € (0,+00). In particular,
Fmelpal = )‘d+2}_mc [o]-

Proof. We have

)\2d X}\dmc
m = — \x)|? dz — Me(Ax)d
Fudpal = 5 [ 1Vob)Pae =22 [ ) da
\d+2 X)\d(mc—l)

== /]Rd \V,o(ac)\de — R /]Rd pe(x) de = )\d+2]—"mc[p] ,
since d(m. — 1) = d + 2. O
Next, we study the infimum of the free energy F,.. Let us define 11, := inf ey Fpn. [p], Where
Y={pecP*RY)NL"™RY:Vpec L*(RY}.

The next result completes Theorem 4.1, case (2).

134



4.3 Properties of the energy functional

Proposition 4.15 (Infimum of the free energy). We have
_ )0 if x € (0,xc],
Hx = .
—00 lf X > Xe-
Moreover, for p € Y,

me — 1) Fm [P
(e =X 19y < 22T < ) 191 ey, @.18)

where the critical mass x. is defined in (4.16) and Cqp is the sharp constant in the Gagliardo—Nirenberg
inequality (4.17). In particular, the infimum is not achieved for x < X., and there exists a minimiser in ) for

X = Xc-
Proof. Let p € V. By Gagliardo-Nirenberg inequality (4.17),

1 XCGN 2/d Can
Pl 2 900y (5 = 20 001 ) ) = 1900y (e =0 1o
and also
1 2 X Me CGN
Fmelp] < §||Vp||L2(Rd) + m”PHLmC(Rd < ||VPHL2 (R4) (Xe + X) 1

which gives (4.18).

Case I: X < X.. We first show 11, = 0. From (4.18) we see that y1, > 0. Let u.(z) = e%u(ex), where u € Y.
Then, u. € ) and by Lemma 4.14, we have || V|| f2(gay = O(e%/?*1). Hence, by sending € | 0 in (4.18) we
obtain y,, = 0.

Next note that if y < x. the inequality in (4.18) is strict and the infimum cannot be achieved. When the
mass is critical, Y = x., we exploit [246], where equality in the Gagliardo—Nirenberg inequality is proven for
a non-negative radial symmetric function that can be chosen in ). In particular, we have a minimiser for F,,_.
Moreover, all minimisers coincide with scalings of this fixed profile, that is, the set of global minimisers is given
by the optimisers of the Gagliardo—Nirenberg inequality (4.17).

Case II: x > x.. The arguments presented here are inspired by [307]. Fix § € (x./x,1). Due to the
Gagliardo—Nirenberg inequality, there exists a nonzero function p* € L™<(R%) with Vp* € L?(R%) such that

o™ e (e
Cond < 57 < Cen; (4.19)
[V p* ||L2(Rd [[p* HLl (R)

for instance p* could be chosen as the optimizer of the Gagliardo—Nirenberg inequality (4.17) for the critical

1L/1de > It is easy to check

px € Y. From Lemma 4.14, (4.19), and the definition of the critical mass (4.16), we obtaln

exponent m.. Now let A > 0, and consider the function py(z) = \%p* ()\H il

Forlpo] PRI v PN (P &y Xlo" |me &%)
clPA = %
" %[ 1 (e 2 -1

)\d+2 wn2/d—1 % 2X ”p ”me(Rd

= S e I IV ey |1 =~ ——
[p* ||L1 (Rd) |V p* HL2 Rd)

A2 o . X

< 2 I 19 ey (1 - Xca) .
Owing to the choice of ¢ and taking the limit A — +o0 we obtain 1, = —oo0.
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4 Competing effects in fourth-order aggregation-diffusion equations

Self-similarity
In the critical case m = m, = 2 + % we may assume the self-similar ansatz
plx,t) =t u(xt™?). (4.20)

Mass conservation gives the usual relation between the exponents a = bd. Moreover, assuming (4.20) is a
solution of (4.1), we obtain

au 4 bVu(z) - z = div (uV(Au(z))) + xAu(z)™e
with b = a = bd. In particular, we obtain the equation

div (uV(Au(z))) + xAu(z)™e — bdiv(zu) = 0,

_L
d+4°

which is the equation for steady states of the corresponding evolution problem
Ou = —div (uV (Au(z))) — xAu(2)™ + bdiv(zu). 4.21)

The above evolution PDE is (at least formally) a 2-Wasserstein gradient flow of the energy
b
Llu] = Fp [u] + 3 / |2|%u(z) dz.

For this energy, one can prove existence of minimisers using the direct method of Calculus of Variations. The
main advantage with respect to the minimisation of F,, is the presence of the additional term, fundamental for
the compactness of the minimising sequence, as we shall see also in Proposition 4.18. As the proof of the latter
proposition applies to a wider range of exponents, including m = m., we postpone this proof to Section 4.4,
below that of Proposition 4.18.

Proposition 4.16 (Existence of minimisers for £). Given x < X, the functional L : P*(R%) — [—00, +00]
admits minimisers in the set {u € P*(R%) : Vu € L*(R?), ma(u) < oo}

A natural question to ask is whether one can characterise energy minimisers, in the spirit of [48, 74, 67], and
check if these are steady states of Eq. (4.21). In turn, one would be able to characterise self-similar profiles
for (4.1).

As mentioned in Remark 4.28, Eq. (4.21) admits weak solutions arguing as in Section 4.4. Studying the long-
time behaviour of solutions to (4.21) is also another interesting open problem we leave to future investigation,
as well as a thorough study of energy minimisers for the subcritical case m < m..

4.3.2 Supercritical exponent case

We study the infimum of the free energy F,,, when m > m, , i.e. it is supercritical. As before, we define the set
Y={peP'®R)NL"R): Vpe LRI},

and we prove that the free energy is not bounded from below. This is, indeed, Theorem 4.1, case (3).

Proposition 4.17 (Infimum of the free energy). Assume m > me. Then inf ,cy Fp,[p] = —oc.

Proof. Given p € Y, we define py(z) := A\?p(\x), for any = € R?. Note that py € ). Then, we have

\d+2 ) X)\d(m—l) Lo X)\d(m—mc) -1
Fmloa] = THVPHLz(Rd) - ﬁ“ﬂ”?m(w) = A2 Flp]l — THPHTm(Rd)
Let us note that for any \ big enough
X}\d(mfmc) -1
Fmlp] — —_1||pHZLM(]Rd) <0.
Therefore, by letting A — +00, Fp,,[pa] — —0o0, obtaining the desired result. O
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4.4 Existence of weak solutions via the JKO scheme

Finally, we briefly discuss on finite-time blow-up of classical solutions for the supercritical regimes. This
shows that our main global in time existence results in Theorem 4.3 for (4.1) are sharp. Our arguments are
based on the computation for the evolution of the second-order moment my(p) as classically done in Keller-
Segel models [163, 50, 48, 67, 246]. We assume the solutions are classical solutions such that the following
computations using integration by parts are allowed. More precisely, one can find that

d

—mgy(p) = 2/ z - (pV(Ap)) + xVp™) dz = 2d/ pApdx — 2/ (x-Vp)Apdx — 2dx/ p"dx
dt R4 R4 Rd Rd

:(d+2)/ |Vp|2da;—2dx/ p™ dx
R4 R4

1 1 m
= 20+2) [Falel = x (g = g ) Wl | @)
where we used that

/ (z-Vp)Apdx = — V(z-Vp) -Vpdr = —/ |Vp|? dz —/ z - D?pVpdx
R4 R R4 R

1 d
:—/ |Vp|2dx—2/ x-V|Vp2de = <2—1)/ |Vp|?dz .
Rd Rd Rd

We observe that this computation could be made rigorous for the solutions constructed in Theorem 4.3 by using
the flow interchange technique with a suitable auxiliary flow [252], in the same spirit as in Proposition 4.24.
A short-time existence of solutions in the super critical exponent is expected as in [108] but it is not a trivial
question for the variational scheme below.

Note that for the critical case m = m.., (4.22) reduces to

Sma(p) = 2(d+ 2 o]

In particular, by using Proposition 4.15 we obtain that the second moment is non-decreasing in time for the

subcritical and critical mass regimes, x < X.. In the supercritical mass regime, by using the above equation and

that free energy J,,, [p] is unbounded from below, see Proposition 4.15, the authors of [246] are able to show that

any solution to (4.1) with an initial datum pg satisfying F[po] < 0, has a finite-time blow-up in the L™<-norm.
A similar argument also works in the supercritical exponent case. If m > m, then

Cma(p) < 2(d + 2 Fulo] < 2(d+2) Fulpo] <0,

for an initial datum with F,,,[po] < 0, which can be chosen by Proposition 4.17. If the initial second moment is
finite, then there exists some time ¢* > 0 such that my(p(¢*)) = 0, implying that such solutions can only exist
locally in time.

Our main results are also summarised in Figure 4.1, where we plot numerical solutions to (4.1) in one spa-
tial dimension and for different values of the exponent m and the mass parameter y. These are based on the
finite-volume scheme presented in [20]. In particular, we observe that for subcritical exponent, solutions evolve
towards a compactly supported steady state while the free energy stays bounded from below. For critical ex-
ponent with subcritical mass, we also notice that the free energy is bounded by zero from below, but in this
case solutions tend to the self-similar profile mentioned in the previous sections. By plotting the solution in
self-similar variables, this scaling is numerically verified. Finally, we observe finite-time blow-up for critical
exponent with supercritical mass, and for supercritical exponent. In both cases, the free energy is unbounded
from below.

4.4 Existence of weak solutions via the JKO scheme

Once we understood the properties of the free energy (4.5) we study existence of weak solutions of (4.1). The
variational structure of Eq. (4.1) allows to construct a candidate approximating solutions by means of the so-
called JKO scheme or minimising movement, cf. [215, 7]. For a fixed 7 > 0, we define the following sequence
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(d) Supercritical exponent m > m..

Figure 4.1: Numerical solutions to (4.1) in one spatial dimension for different values of m and x, and decay of
the free energy F,,,[p] as a function of time.
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4.4 Existence of weak solutions via the JKO scheme

recursively
Py = po,
W2 k 4.23
PP € argmin {z(p,pf) + .Fm[p]} , given pf, k> 0. (4.23)
pEP(RY) T

First, we prove the above scheme is well-defined, which is not immediate due to the negative component in the
energy functional, or destabilising term. Let us fix 7 € P$(R?) and define the functional

An: PRY) — R

W3(p,p)

—>
p 2T

+ Fmlpl-

Proposition 4.18. Let p € P¢(RY) and 1 < m < 2 + % orm =2+ % with subcritical mass, i.e. X < Xec.
The functional A, admits minimisers in the set {p € P*(R%) : Vp € L2(R?)}. Moreover, p € LP(R?) for any
p € [1,2%], d # 2, and for any p € [1,2*) when d = 2;.

Existence of minimisers is based on the direct method of calculus of variations, as we prove below.
Remark 4.19. Note that W3 (p, p) and ||V p||3, (ra) @re lower semicontinuous with respect to weak convergence
in P(R?) and L?(R?), respectively. However, the negative terms in the free energy,
1 m
—m”PHLm(Rd) and - delogpdx,

are both upper (and not lower) semicontinuous with respect to the weak convergence in L' (Rd). In particular,
our functional A, cannot be weakly lower semicontinuous.

Proof Proposition 4.18. We split the proof into three parts.

Step 1: Boundedness from below and minimising sequence. Taking into account the definition of the free energy
functional (4.5), we look for minimisers p € P%(R%) such that Vp € L?(R?), otherwise the functional is infinite.
Due to (4.12) we have the bound from below

Fmlp] = C, (4.24)

which implies A,,,[p] > C. Boundedness from below ensures we can consider a minimising sequence, p,,, for
which we also know A,,, < C. Since the functional F,, is bounded from below, we obtain the bound for the
second order moment

mo(pn) < 203 (pns P) + 2ms(5) = 4rAmlpn] — 4rFulpn] + 2ma(p) < OT (1 +ma(p),  (425)
for a different constant C.

Step 2: Lower semicontinuity and compactness. First we comment on the lower semicontinuity of A, with re-
spect to a suitable convergence, i.e. liminf, o Ap[pn] > Amlp]. From Remark 4.19 we infer we cannot
have lower semicontinuity with respect to weak convergence in all terms, but we have it with respect to the
convergence
Vpn — Vp in L2(RY),

pn — p in L™(RY) ifl1<m<2+2,

pnlog pn — plogp in LY(R?Y) ifm = 1.
Let us note that (4.13) combined with (4.24) implies that p,, and Vp,, are uniformly bounded on Lm(Rd) and
L?(RY), respectively, as p,, is a minimising sequence.
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4 Competing effects in fourth-order aggregation-diffusion equations

Step 2.a: Strong L™ convergence of p,. If 1 <m < 2+ % orm =2+ % with x < ., since
lonll Lm(ray < C, (4.26)
by Banach-Alaoglu Theorem, up to pass to a subsequence,
pn — p weakly in L™(R%). (4.27)
Taking into account (4.24), (4.25), and (4.26), we can restrict to the set
Hon = { f € PUR?) : ma((f), |V £ 2y, [ Fml )] < C}
Furthermore, from (4.14), if f € H,,, then

1l zrway < C, (4.28)

for all p € [1,2*], d # 2, and for any p € [1,2*) when d = 2;.

Next, we prove that ., is relatively compact in L™ (R%) by means of Kolmogorov—Riesz—Fréchet Theorem
[54, Corollary 4.27]. In particular, we first show the uniform continuity estimate: || f(- + /) — f(-)|| zm ey — O
as |h| — 0", We distinguish two cases: m = 2 and m # 2.

Case I: m = 2. Let us take
2

_ 29, — 12
| e = s = [ do=hft [
< |h[2/Rd/0 IV f(z + sh)|? dsdz — 0,

2

/1Vf(x+sh)ds dz
0

1
/0 (;is (f(x+sh)) ds

since ||V f|L2(ray < C for every f € Hp.
Case II: m # 2. We use LP interpolation and apply Case I afterwards. If 1 < m < 2,

1FC A B) = FOllmay < 1FCH+B) = FO T |+ B) = FO i

—m 2m—2

< (20 erqan) ™ IS+ R) = SO ey = O

If2<m<2+ % orm =2+ % with subcritical mass, by using a different L? interpolation we obtain

1FC+h) = FOllpm@ay < [FC+h) - (HQ%nWWHfC+m (Wﬁmd

m—1

< (2 s ™ FCHB) = O gy = O,

and the convergence follows from (4.14) given that 2(m — 1) < 2*.

In order to prove uniform integrability at infinity we first use Holder’s inequality to show that

/Rd\BRf(:E)mdeR%(/ || f (x d;];) </ f(z ngdx>1 6.

Now § € (0, 1) can be chosen so that the exponent p : sa’usﬁes p € [1,2*],d # 2,0r p € [1,2%) when
d = 2. Hence, by (4.14), || f|| zr(re) is uniformly bounded In particular, by taking the R — +oo limit, and
using that f € H,, has uniformly bounded second moments we obtain the uniform integrability at infinity.

Then, H,, is relatively compact in L™ (R%) and combining it with (4.27) we obtain,

pn — p in L™(RY), (4.29)

140



4.4 Existence of weak solutions via the JKO scheme

If m = 1, since Fi[p] > Fa[p] we have that H; C H,. From here, we recover (4.28), and (4.29) for m = 2.
We show p,, log p,, — plog p in L' (R%) via an extended version of Lebesgue’s Dominated Convergence Theo-
rem [281, Chapter 4, Theorem 17]. Note that strong convergence in L?(R?) implies that, up to a subsequence,

pnlogpn — plogp ae. inz e RY

1

Furthermore, it is easy to check the majorant |p,,(2)log p,, ()| < p2(x) + p2 (), for any z € RY. We claim
1 1

that p2 + p2 — p>+ p% strongly in L'(R?). Since H; C H. it is enough to show p2 — p% strongly in L'(R?).

1
Applying Jensen’s inequality for concave functions we have p2 € L'(R%), while continuity of the square root
function ensures

1
pa(z) — p%(z:) ae. inz € R%
By applying Fatou’s Lemma,
1
lim inf / p2 dx > / p? dz, (4.30)
n—0o0 ]Rd Rd
and concavity implies,
1
limsup/ pi dx S/ p% dzx. 4.31)
n—oco JRd R4

Combining (4.30) and (4.31) we infer

1
lim ph dxr = / p% dx.
n—oo Rd Rd
Applying the extended Dominated Convergence Theorem we obtain

pnlog p, — plogp in LY(RY).

Step 2.b: Weak L? convergence of Vp,. Given that Vp is bounded in L?(R%), from Banach-Alaoglu Theo-
rem we obtain that up to a subsequence,

Vpn — Vp weakly in L2(RY).

Note that the limit is Vp, which can be checked by testing V p against a smooth and compactly supported test
function, and using the convergence p,, — p in L™ (R?) that we proved in the previous step.

Step 3: Existence of minimisers. Due to the Weierstrass criterion for the existence of minimisers, cf. e.g. [283,
Box 1.1], A,,, has at least one minimiser in H,,,. ]

As mentioned in Section 4.3.1, the proof of Proposition 4.16 can be obtained by adapting the previous one to
the functional £ : P¢(R?) — R given by

Llu] = F.[u] + g/|z|2u(z) dz.

Proof of Proposition 4.16. Boundedness from below follows from Gagliardo—Nirenberg inequality and non-
negativity of the additional term in L[u], as noted in Proposition 4.13. For a minimising sequence {uy }nen,
since x < x. we derive the following bounds, again as a consequence of Gagliardo—Nirenberg, cf. Proposi-
tion 4.13:

[unllLrgay < Cs [[Vun|lp2rey < €, ma(u,) < C,

for any p € [1,2*], d # 2, and for any p € [1,2*) when d = 2; the constant C' = C(m,,p,d,x) >
0. Kolmogorov-Riesz—Fréchet Theorem provides relatively compactness in L™¢(R?) for {f € P*(R%) :
ma(f), [V fllz2@may, |Llp]] < C}, arguing as in Proposition 4.18. For the sake of completeness, we point
out the additional term is lower semicontinuous with respect to the weak-L? convergence by applying a cut-off
and the monotone convergence Theorem. Choosing p = 2 we infer weak-L? convergence of u,, from the above

uniform bounds. Proceeding as in Proposition 4.18, and for x < x., we can show existence of minimisers in
{u e P*RY) : Vu € L*(R%), my(u) < +oo}. 0

141



4 Competing effects in fourth-order aggregation-diffusion equations

Proposition 4.18 guarantees the sequence is well-defined, as we can solve the minimisation problem in (4.23).
Next, we set up the approximating solution to (4.1). Let 7' > 0, and consider N := [%] We define the curve
pr ¢ [0,T] — P(R?) as the piecewise constant interpolation

pr(t) == pk, te (k-1 k7], (4.32)

where pF is defined in (4.23). We can prove convergence of this piecewise interpolation to a continuous curve
with respect to the 2-Wasserstein distance.

Lemma 4.20 (Narrow convergence & discrete uniform estimates). Let pg € P(RY) such that Fy,[po] < +oo
and1l <m <2+ (21 orm =2+ % with subcritical mass x < X.. There exists an absolutely continuous curve
p: [0, T] — Po(RY) such that, up to a subsequence, p,(t) narrowly converges to jp(t), uniformly int € [0, T].
Moreover, we obtain the following discrete uniform bounds:

1/2
Sup IV o5 L2 (ray < Ch (fm[po] + IIpollil(Rd)) < 4o00; (4.33)
Sup 105 ]| o (raty < Ca < +00; (4.34)
my(pf) < 2my(po) + 4T (Fin[po] + C) (4.35)

for constants C; = Ci1(m,d,x) > 0 and Cy = Cy(m,p,d, po,x) > 0, for any p € [1,2*], d # 2, and any
p € [1,2%) when d = 2.

Proof. By construction of the sequence we have

W3 (%, o~
Fulph] < 22Umpr )

< = < Fmlh ™). (4.36)

+ Funlp"]

In particular, this gives
Sup Fulpf] < Fulpo] < +o0,

which together with (4.13) and (4.14) implies that ||V p¥ | £2(ra) and || o Lv(r4) are uniformly bounded in k and
7 forp € [1,2*], d # 2, or p € [1,2*) when d = 2. Hence we obtain (4.33) and (4.34).
Next, by summing up over k in (4.36) and using that the free energy is bounded from below, (4.12), we deduce

J 2( k k-1 , .
>y WWQTP) < Funlpt] = Fualpd) < Fuulpo] + C. 37
k=i+1

Therefore the 2-Wasserstein distance between pg and p(t) is uniformly bounded. Indeed, for ¢t € ((j — 1)7, 5],

J
W3 (po, pr(t) < 3> Wi (pk, pi™") < 257 (Fmlpo] + C) < 2T (Finlpo] + C).
k=1

Furthermore, we obtain second order moments are uniformly bounded on compact time intervals [0, T'] since
ms (pr(t)) < 2ma(po) + 2W3 (o, p- (1)) < 2m2(po) + 4T (Finlpo] + C) -

Let us now prove equi-continuity. Consider 0 < s < ¢ such that s € ((: — 1)7,ir] and t € ((j — 1)7,47].
Using Cauchy—Schwarz inequality and (4.37) we have

j 2
_ . NS
Wa(pr(s), pr( Z Wa(o, 7 )§<Z Wi (o} ok 1)> =42 (4.38)

k=i+1 k=i+1

< (2(Fmlpo] + O)) %<\/|t—s +f)
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4.4 Existence of weak solutions via the JKO scheme

Thus, p; is %—Hélder equi-continuous up to a negligible error of order /7. Therefore, by a refined version of
the Ascoli-Arzela Theorem [7, Proposition 3.3.1], we obtain that p, admits a subsequence narrowly converging
to a limit 5 as 7 — O, uniformly on [0,7]. Moreover, using the uniform bound (4.35) and that | - |? is
lower semicontinuous and bounded from below, we obtain that the limiting curve p has bounded second order
moments,

ma(p(t)) < lirg%nf ma(p,(t)), Vte[0,T]. O

The bounds (4.34) and (4.33) imply weak convergence of the interpolation p; to a probability density p with
regularity provided below.

Proposition 4.21 (Weak convergence). Let pg € PS(RY) such that Fp[po] < +ocand 1 < m < 2 + %
orm = 2+ % with subcritical mass x < X The piecewise interpolation p in (4.32) is such that p; €
L>=([0,T); LP(RY)) N L=([0,T]; HY(RY)), for any p € [1,2*], d # 2, and p € [1,2*) when d = 2. In
particular, the limit p belongs to L>([0, T); LP(R%)) N L>°([0, T]; H'(R?)) and

pr—p in L*([0,T); H'(R?)).
Proof. From (4.34) in Lemma 4.20 we have

k
o7 | oo (jo,77; L7 (RE)) = sup o7 ()| p(ray = Sup o7l Lo (ray < +00,
€0,

forp € [1,2*],d # 2,and p € [1,2*) when d = 2. Analogously, from (4.33) we obtain Vp, € L°°([0,T]; L?(R%)).
In particular, for any compact time interval [0, 7] with 7" > 0, we have ||p-| .2(jo,7); 1 (re)) < C uniformly in 7
and the weak convergence follows from Banach-Alaoglu Theorem. Regularity of the limit follows from standard
arguments. 0

The uniform-in-7 L>([0, T]; H'(R%)) estimate allows us to obtain strong convergence of p, via a refined
version of the Aubin-Lions Lemma due to Rossi and Savaré — cf. Proposition 4.7.

Proposition 4.22 (Strong convergence of p.). Let py € PS(R?) such that F,[po) < +ooand 1 <m < 2+ 2
orm =2+ % with subcritical mass x < X The sequence p. converges, up to a subsequence, strongly to the
curve pin L2([0, T); L*(R%)) for every T > 0.

Proof. We apply Proposition 4.7 to a subset U = {p, },>o for X = L*(R%) and g := W, the 2-Wasserstein
distance. Further, we consider the functional Z : L2(R%) — [0, 4+oc] defined by

1) = (1P, + JralePote) e p € PaRe) 0 A (RO
+00 otherwise.

Note that WV, is a distance on the proper domain of Z. Indeed, if Z[p] < oo then p € Po(R?). Lower semiconti-
nuity of Z follows from standard arguments — see for instance [59].

Next, let B, = {p € L*(R?) : Z[p] < ¢} be a sublevel of Z. We notice that B. C Py(RY) N H'(R?) and
thus we can apply Kolmogorov-Riesz-Fréchet Theorem [54, Corollary 4.27] as in the proof of Proposition 4.18
to obtain that B, is relatively compact. Hence we have Z is an admissible functional.

The tightness condition (4.8) follows from the uniform-in-7 second order moment and L>°([0, T]; H'(R))
bounds for p, given in (4.35) and Proposition 4.21. The integral equi-continuity condition (4.9) can be seen
from the Holder equi-continuity of p., proved in Lemma 4.20. More precisely, for A > 7 we have

T—h

T—h
W, (pT(t—i-h),pT(t))dtS/o C(x/ﬁ+ \E) dt < 2CTVh,

0

for a constant C' > 0 independent of 7 and h. If instead, i < 7, we can write

T—h N-1 N-1
Wa (pr(t + h), pr(£) dt < B Y~ Wh(ph ™, pF) < hVN Y W3 (b, o) < CRVT,
0 k=0 k=0
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4 Competing effects in fourth-order aggregation-diffusion equations

where C' > 0 is the constant defined in (4.37).

Hence we can apply Proposition 4.7 to obtain that there exists a subsequence, that we label by 7 | 0, such
that p, converges in measure to , as in (4.10), where X := L?(R%). Let us denote by As(7) := {t € (0,7) :
|lp-(t) — p(t)||x > d}, which vanishes as 7 — 0. Owing to (4.34) and Proposition 4.21 we can prove (see
e.g. [90, Proposition 4.3])

hmng lpr — /3“%2([0,T];L2(Rd)) < 5T1/27

hence strong convergence in L2([0, T; L?(R%)) since 4 is arbitrarily small. O

4.4.1 Flow interchange

The strong convergence of the sequence p, obtained in Proposition 4.22 is not enough to pass to the limit in
the Euler-Lagrange equation associated to (4.23) and arrive to a weak formulation of our equation. We use the
heat equation as auxiliary flow to obtain uniform bounds on the Hessian of the sequence {p; } -, cf. section 4.2.
More precisely, we exploit that the heat equation is a 2-Wasserstein gradient flow of the entropy functional
Elpl = [ plog pda.

In the following, for 1 € P2(R?) such that E[u] < oo, we denote by SLu the solution at time ¢ of the heat
equation for an initial value x4 at ¢ = 0. Furthermore, we also define the dissipation of F,,, along S¢ by

{fm[p] — FnlSgp) } ‘

S

DeFonlp] := limsup
sJ0

Remark 4.23. Given some initial datum jig € P(R?) the solution of the heat equation, St o, can be written as
the convolution of the heat kernel G with the initial condition, i.e.

St = Gy * o = (4mt) = /d eIV A g (y).
R

As a consequence, Sty € C™ ((O, +00) X Rd). Moreover, for solutions of the heat equation we can integrate
by parts to obtain the well-known equality

/Rd |ASEpo|* do = /Rd |D2SE ol d . (4.39)

We are now ready to prove an H? bound for p7.

Lemma 4.24 (H? uniform bound). Let pg such that Fy,[po] < 400, and 1 < m < 2+ % orm =2+ % with sub-
critical mass x < X.. The piecewise interpolation p, constructed in (4.32) is such that p, € L*([0,T]; H?(R%)).
In particular, we obtain the uniform-in-T bound

18Pz 0,77, 12 ey < D prllLz o 112y < €
where C' = C(m,d, po,T) > 0.

Proof. For all s > 0, we consider Sgp*1. Then, by the definition of the scheme (4.23) and of p%*!, we have

the inequality
1
§W§(Plﬁa P + Fnlph ] <

from which we obtain,

Fmlor ] = FulSepr ] _ 1 Wi(pr, Seprt) — Wi (pr, o7t
s -2 s '
By taking the lim sup as s | 0 we obtain

W3 (o5, S2ov+1) + Fnl 2054,

Y=

d+
| WE(pk, Sepih) < E[PF] - ElpiH, (4.40)
0
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4.4 Existence of weak solutions via the JKO scheme

where in the last inequality we use the (EVI), as S¢ is a 0-flow, cf. Definition 4.8. Note that

k1 93+ 1 q
De Fo[pit] :limfoup{}- mlpr” ] S]: S ]} :hmf{)up/o <— o

fm[sgpﬁﬂ]) dt. (4.41)

z=st

From this point of the proof, we distinguish between two cases.
Casel: 1 <m <2+ % orm=2+ % with subcritical mass x < X.. Let us compute the time derivative:

d m
o m[SEPE] = / |ASEPET2dz — X / (SELpEHym=IASL pF 1y, (4.42)
R4 m—1 Rd

Therefore, combining (4.40), (4.41) and (4.42) we obtain

1
i [ ( [ 1oz + X0 <Sztp¢“>m1Asztp’:“dx) dt < E[pk] — E[pH1].
sio Jo -

By applying Young’s inequality we have
/ IASSp k+1’2 dz + ml / (Sgtpqlgﬂ)quSgtplﬁﬂ da

xm _
> /R SR — X [ (55 A ko

m—1
> 1/ |Asstpk+1|2 de — xX°m? / |Sstpk+1|2(m—1) dx
=2 Jga! T TENT 2(m —1)2 Jpa TEIT ’

which gives
hmlnf/ / IASE pEHL 2 d dt

2,
< E[pF] - E[pF + 7'2(X hmisoup/ / |58t pE 1 2m=1) 4z dt.

In order to take the s | O limit in the above expression, first we note that, in view of Remark 4.23, we can
write || ASgpkH| L2(R = | D2SgpkH| L2(rd)- Since the auxiliary flow is the heat equation with initial datum
okt e HY(RY), we have SLpETL — pFt1in L2(R?) as well as VSEpEHL — Yokt in L2(RY) ast | 0 —
by noticing that VSE pktlisa solutlon to the heat equation with initial datum Vpkt! ¢ L2(RY). By the weak
lower-semicontinuity of the H' seminorm we have

hmmf / / |D2Stph 2 da dt > / |D?pE 2 de (4.43)

Next, we focus on the term involving ||.S gt il L2(m=1) (Rd) and distinguish between two cases, depending on

the value of m. We apply Young’s convolution inequality to Sg* pFtl = Gy % pFH1, as noticed in Remark 4.23.

If % <m< 2+ % orm = 2+ % with subcritical mass, then 1 < 2(m — 1) < 2* and, by (4.14),
Pt e L2m=1)(R9). Furthermore, we have

IS8 27 | otmn ety < Gl o ey 107l 2mn ety = 1PE Tl 20m 1) (g

In particular, we obtain

1
limsup// ]S§tp7ﬁ+1]2(m1)dxdt§/ |pkHL20m=D) g
slo Jo JRrd R4
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4 Competing effects in fourth-order aggregation-diffusion equations

fl<m< %, we use that the function | - ]2(”“1) is concave and apply Jensen’s inequality to find

2(m—1)

[ Isgokrpm s < \ [ seekrtaa =G o R
R4 R4
2(m—1 2(m—1
< 1G5y N 1 ey = Do 1 ey
whence
1 2(m—1)
limsup/ / |55ttt 2m=1) qg dt < ‘/ pEtt dg
sl Jo JRrd Rd

As a consequence,

T 2 k412 k k+1 x*m? k+1)12(m—1)

5 e ’D Pr ’ dz < 8[p7-] —8[p7- ]+7m” T HLq (Rd)

with ¢ = 2(m — 1) for 3 < m < 2+ 2 or m = 2 + 2 with subcritical mass, and ¢ = 1 for 1 < m < 3. By
summing up over k from 0 to N — 1, considering that  log z < x? and Remark 4.9, we recover, further using
Jensen’s inequality for concave functions for ¢ = 1,

L2 2 N xX°m? — 1)12(m—1)
NP prllzeo,my;12(may) < Elpol = Elpr ]+ Am—1)? > Tllek ||Lq(]Rd)
=0

2 N X2m2 m—1)
< HPOHLQ(Rd) + C(l + m2(pf )) + 2(m 1)2T2(m = || THLq ([0,T];L4(R4))’

which is uniformly bounded, due to Lemma 4.20. In particular, we also obtain
||APTHL2([0,T];L2(Rd)) < \/gHszT”LQ([O,T};LQ(Rd)) < C(m,d, po, x,T).

Case II: m = 1. Let us compute the time derivative,

if [SLpk+1] = / |ASLPETL? da — / ASLPE (1 + log SEPE) da
dt Rd (4 44)

= —/Rd |Asgp§+112dx+x/Rd VSLpEHL . Vlog SLpftl da .

By combining (4.40), (4.41) and (4.44), we obtain
1
7 lim sup / ( / |ASE Pt P de — x / VSE Pkt - Vlog S pkt! dsc) dt < E[pf] - E[pH].
sjo Jo R R4

Similarly to the previous case, we obtain

Thmlnf/ / |ASE AL da dt

1
<&M = E[pEY + xr lilrnisoup/0 9 VSEphtL . Viog S pF ! da dt
S.

= E[pf] = E[pFt] + xT lim sup (5 (i - € [Sép’ﬁ“]) ,

where we recognised the third term as the Fisher information functional for solutions of the heat equation. Next,
using well-known properties of the heat equation and the estimates in Lemma 4.20 we have

lim sup (5 [ - € [Sép'ﬁ“]) <,
sd0
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4.4 Existence of weak solutions via the JKO scheme

for a constant C' independent of k. By summing up over k from 0 to NV — 1, and using (4.39) and (4.43) again
we obtain

HD2PT||%2([07T};L2(R¢1)) < Elpo) = Elp?] + TNC,
and in particular, Ap, is uniformly bounded in L2([0, T]; L?(RY)). O

Proposition 4.25 (Strong convergence of Vp.). Let py be such that F,,[po] < +o0, and 1 < m < 2 + % or
m=2+ % with subcritical mass X < X.. Up to a subsequence, the sequence p; : [0,T] — P2(R) converges
strongly to the curve p in L*([0,T); H'(R?)).

Proof. First note that due to Lemma 4.24, D?p, — D?pin L?([0, T]; L?(R%)). The limit can be uniquely iden-
tified by integrating against a smooth and compactly supported test function and using the convergence Vp, —
Vjin L2([0, T]; L?(RY)), cf. Proposition 4.21. Next, we claim strong convergence of p, in L%([0, T]; H*(R?))
follows from the strong convergence in L?([0, T]; L?(R?)), cf. Proposition 4.22, and the fact that the term
oz 12([0,7);H2(R4)) 1 uniformly bounded in 7, as given in Lemma 4.24. More precisely, using Gagliardo—
Nirenberg (for the gradient) and Cauchy—Schwarz inequalities, we obtain

T T
[ 190r0) = THON gy < C [ 1D20:0) = D)yl 0) = 0y
< CHDQPT - DzﬁHLQ([o,T];H(Rd))”PT - ﬁ”m([o,T];L?(Rd))-

The result is obtained by using that the norms || D?p.|| 2 ([0,T);:L2 (ReY) and | D25 £2([0,7];L?(Rd)) are uniformly
bounded in 7 — Lemma 4.24. t

The strong convergence of V. allows us to improve the result of p, given by Proposition 4.22 via interpo-
lation inequalities. In particular, we obtain the integrability exponent needed to pass to the limit 7 — 0 in the
weak formulation.

Corollary 4.26 (Higher integrability). Assume 1 < m < 2+% orm = 2—i—% with subcritical mass x < X.. Then,
the sequence p, : [0, T] — Pa(RY) converges strongly, up to subsequence, to the curve j in L™([0, T]; L (R%))
forevery T > 0.

Proof. The proof is based on that of Proposition 4.11. For 1 < m < 2 + %, by applying Gagliardo—Nirenberg
and Holder inequalities we obtain

T
[ (0) = 0 oy

m(1-0)

<O [ 190 (8) = VA sy e (1) = AOI G (4.45)

m(1-6)

T o
< CvaT VPHLQ ([0,T];L2(R4)) </0 HPT(t) - ﬁ(t)H%I(Rd) dt) ’

where 0 = %% € (0,1])anda = 1+ ;frm_ ) The result follows from the strong convergence of Vp,

and by noting that the second term is unlformly bounded in 7 due to the narrow convergence of p, given in
Lemma 4.20, being p; and p probability densities.
In the critical case m = m. = 2 + %, (4.45) gives

T T 2
| 1m0 = Oy at < C [ 190000 = V0 e llor () = O ey .
2
S CHVPT - vﬁ”%,?([()?T];L?(Rd))Hp‘r(t) - ﬁ(t)||goo([07T];L1(Rd))a

where the second term is uniformly bounded in 7 by Lemma 4.20 and Proposition 4.21. Again, the result follows
from the strong convergence of V.. O
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4 Competing effects in fourth-order aggregation-diffusion equations

4.4.2 Consistency of the scheme

The results from the previous subsection ensure we can prove that p is a weak solution of (4.1) in the sense of
Definition 4.2. This subsection completes the proof of Theorem 4.3.

Proof of Theorem 4.3. We prove the theorem by showing that the sequence p, : [0,T] — Po(R%) converges,
up to a subsequence, to a weak solution p of (4.1). Let us focus on two consecutive steps in the JKO scheme,
pF and p**1, and consider the perturbation p° = ij pFt1 given by P = id + &(, where ( is a vector field

¢ € C°(R?% R?) and € > 0. From the definition of the scheme we have

1 <W§(ﬂ’ﬁ,p€)—W§(p¢,p’iﬂ)> o Fmlof] = Fnlor ™!

] > 0. (4.46)
2T € €

As we want to let ¢ — 0 and recover the Euler-Lagrange equation of the minimisation problem (4.23), we
examine each term in (4.46).

Step 1: Wasserstein distance terms. We consider, in view of Brenier’s Theorem, the optimal map 7 between p*
and ,0’“rl (see, e.g., [303, 304, 283]), so that

Wi A = [ o= T@Psk ) do.
Moreover, from the definition of the Wasserstein distance, we also have
Wik ) < [ o= P Pobte) do = [ o= T(a) = (T @) Prbta) da
= W3 (o5 pr ) - 26/Rd(:v—”f(:v)) ¢(T(2))pi(x) dz + O(?) .

Consequently,

Wilpz,p) = Wi pr™) 1 / (@ — T(@)) - ¢(T(2)pk(z)dz + O(e) . (4.47)

2Te T

Step 2: Aggregation terms. We use the area formula [7, Section 5.5] and that det VP?(x) = 1 + ediv((x) +
O(g?). For the case 1 < m < 2+ % orm =2+ % with subcritical mass, we obtain

/Rd(ps)mdx—/w (def;]ﬁ;x)mdethsdx—/R (P (1 = e(m — 1)(dive) + O(e?)) da.

Thus, we find

1 ()" = (or™)™ [y gy
_m_l/Rd dm_/R(pT"') (dive)dz + O(e) .

For the case m = 1 we have that

/ p°log(p®)daz = / prt! log ot det VP* dz
Rd Rd det V P¢ det V P¢

:/ pEtlog pitt — pEtllog (1 + ediv¢ + O(e?)) da.

Therefore,

p°log p° — pktllog phtl pEtllog (1 + ediv ¢ + O(g?))
- dx = dx,
R4 9 Rd 9
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4.4 Existence of weak solutions via the JKO scheme

and taking the limit in € we obtain,

6 1 L k+1 1 k+1
— lim 08p" —pr logpr dx z/ PP (div ¢) dz
e—0 Rd £ Rd
In particular,
gm € g k+1
~ i EnlP T = Emlor ] / (PET1)™ (div ¢) du, (4.48)
e—0 €

holds forevery 1 < m < 2 + % orm =2+ % with subcritical mass.

Step 3: Diffusion terms. We use the definition of push-forward and the area formula to obtain

e o) o
_ /R d v<p£>-1<PE<x>>V(de’f;;g) () 2 (2)] dz

2
|det VP (x)| dz .

:/Rd (VP ()" 'V <de’;¢;;€> (2)

Next, we observe that (VP?)~! = I; — eV + O(e?), with I, the identity matrix. Hence, we have

1 2
/ |V Pypt 2 de = / 'Vpk+1 (PN (div ) + V¢Vt 4 5 ~(div¢) V| dz 4+ 0(e?),
and, in particular,
1/ |vp#pk+1|2 |vpk+1‘2d
2 Jpd ¢ (4.49)

_ _/ ( “V(dva) Vpk“ (vcvpk+1) vpk+1+ d1v§|V,ok+1]2>dx+O(€)‘
R

Step 4: Letting € — 0. Let us perform again the same computation for € < 0. Then, we consider ( = V¢ and
compute the limit ¢ — 0. By taking into account (4.47), (4.48), and (4.49), we have that,

|
* = T@) - Vel T@) e do
Rd
— _/R < +1V(AQ0) vpk+1 (D2<,0Vpk+1) vpk+1+ A¢|Vpk+1\2>d:c (450)
+></ () Apda.
Rd

Next, we rewrite the left-hand side of (4.50) by considering a Taylor expansion of ¢ on 7 (z). Since p, is Holder
continuous, (4.38), we have

[ o= Tt eT @)ty de = [ ola) [phia) - o5 (@)] da+O(r).
R4 R4
Let 0 < 51 < s9 < 7T be fixed with,

52

hlz[%}—kl and hzz[ﬂ.
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4 Competing effects in fourth-order aggregation-diffusion equations

By summing with respect to k in (4.50), we obtain,
[ e@eti@) e [ oo @) de+0(r)
Rd R

ha
. ) . . 1 .
=27 / <pi+1v<w>-vww(D%w“)-w“2Aso|w+ll2)dx
]Rd

j=h1
ho _
x> [ o aeds.
Jj=h1 R4

Using the definition of the piecewise constant interpolation p, and integration by parts, cf. Remark 4.27, this is
equivalent to

[ p@prlszrde— [ o@pr(sra)de +O(r)
Rd Rd
52 1 52
=/ / <pTV(AsO)'VPT+(D290VpT)-fo+A@IWTI2> dxdt—x/ /pTAsOdfvdt (4.51)
s1 /R4 2 S1 R4
S92 52
:—// (pTApTAw+ApTVpT-V<p)dxdt—x/ / prApdz dt.
s1 JRA s1 JRA

By combining Lemma 4.24, Proposition 4.22, Proposition 4.25, and Corollary 4.26 we can pass to the limit in
(4.51)as 7 — 07T, and recover a weak solution. L]

Remark 4.27. Assume p € H?*(R?) and ¢ € C3(RY) — this is indeed not a restriction as ( € C2°(R%;R9).
Using integration by parts several times, we have

1
/Rd <pr-V(AsD) +Vp - (D*eVp) + 2A90|Vp|2> dz
1
= —/ pApApdx + / (2Vp - (D*oVp) — Ap|Vp|?) dz
R4 2 R4
= —/ pApAp dx —|—/ (Vp- (D*oVp) + V- (D?*pVp)) da
R4 Rd
= —/ (pApAp + ApVp - V) do.
R4

Remark 4.28. We observe that the addition of an external potential to the energy Fy,, thus to (4.1), even
nonlocal, does not bring further difficulties to our strategy under minimal regularity assumptions. Indeed, the
above proof can be integrated with previous results, e.g. [215, 252].

4.5 Extension to systems of two interacting species

In this section, we extend the one-species theory to study system (4.4) and prove existence of weak solutions.
First, we obtain some basic properties of the free energy functional, defined in (4.7), we recall here for the
reader’s convenience:

Flp,n) if (p,n) € P*(RY)?, (Vp,Vn) € L*(R%)?,

Flp,n] =
P { 400 otherwise,
being

K 1 15} 1
Flpo,n) = / <2|Vp|2 + 5Vl +aVp- Vi = Dp* = St — wpn) da.
R4
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4.5 Extension to systems of two interacting species

We remind the reader the parameters in the model are such that 3, w € R and the matrix
K «
=)

Remark 4.29. Throughout this section we restrict to the case p,n have both mass equal to 1. Our result holds
true when [ pdx = [ndx = M # 1 up to changing variables as

is assumed to be positive definite.

T=Mt, p=p/M, 17=n/M.

If the masses are different we consider the Wasserstein distance between measures with given mass for each
species and the corresponding distance on the product space.

Proposition 4.30 (Lower bound for the free energy and induced regularity). Assume (p,n) € P*(R)2. The
following properties hold.

(1) Lower bound for the free energy: let Vp,Vn € L*(RY), then F|p,n) is bounded from below as

Flo.n 2 =C (Ipl3 e + 101z ) 452)

where C = C(k,a, f,w,d) > 0.

(2) H'-bound: assume F[p,n] < +oc, then the following bound holds
IV £z < C (fz[f] + Hinl(Rd)) , for f €{p,n} (4.53)
where C' = C(d) > 0.

(3) LP-regularity: assume Flp,n] < +oo, then p,n € LP(R?) for any p € [1,2*], d # 2, and for any
p € [1,2%) when d = 2. In particular, there exists a constant C = C(p,d, f) > 0 such that

||f||Lp(Rd) < C< 00, forf € {pa 77} (454)

Proof. We divide the proof into two steps.

Step 1: Lower bound for the free energy. By using Cauchy—Schwarz and Young inequalities we obtain

K 1 1
Flp.n) = /Rd <2\Vp\2 + 5Vl +aVp- Vi = 2p* = on' — wpn) dz

2 2
K 1 B+ |w 14 |w
> [ (51968 + 51902 — lallVplvnl - 2B - 1 0,
R4
K — |ale 1—|ale™! B+ |w 1+ |w
R4

Since the matrix A is positive definite, x — a* > 0 we can choose ¢ € (|a], \%I) so that 1 — |aje™ > 0 and
k — |ale > 0. Hence, we obtain

Flo.nl = (k — lale) Falo] + (1 — |ale™) F2n)], (4.55)

where we implicitly have two different values of y in the two energies, depending on the parameters of the
system. This is not an issue as we are in the subcritical exponent case, m = 2. The energy is, therefore, bounded
from below, and the result follows from the one-species case (4.12).

Step 2: H'-bound and LP-regularity. Given F[p,n] < +oo, then (4.55) implies F»[p|, Fo[n] < +oc. The
results follow from the one-species case (4.13), (4.14). ]
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4 Competing effects in fourth-order aggregation-diffusion equations

4.5.1 The JKO scheme

Analogously to the problem for the one-species case, we can use the JKO scheme to construct an approximation
to a candidate of a solution.

Remark 4.31. For the sake of completeness we specify the notation for the 2-Wasserstein distance in the product
space. Let o1 = (p1,m1) € P2(RY)2 and 09 = (pa,1m2) € Po(R?)2. The 2-Wasserstein distance between o and
o9 is denoted as

iy (01, 02) = W3(p1, p2) + W3 (m, m2) - (4.56)
Furthermore, note that for o = (p,n) € P2(R%)2, ma (o) = ma(p) + ma(n).

As in the one-species case, we consider the following recursive scheme, for oy € Po(R%)2.
e Let 7 > 0 and set 0¥ := a9 = (po, No).
* Given 0¥ = (pF n¥) € P(R?)? for k > 0, choose

d3 k
oFH = (pFH pEH) € argmin {W(U’UT) + _7:[0]} , (4.57)
o€P(R%)? 2T

We start checking that the scheme (4.57) is well-defined. Let us fix & = (p,7) € P$(R?)? and define the
functional
A: PRH?2 — R
diy (0, 7)
2T

o — + Flo].

Proposition 4.32. Let & € P$(R%)2. The functional A admits a minimiser in the set
{o= (o) e PU®RY? : Vp, V€ IARY)}.

Again, we employ the direct method of calculus of variations and the results from the one-species case, cf.
Proposition 4.18.

Proof. We divide the proof in several steps.

Step 1: Boundedness from below. Analogously to Proposition 4.18 we note that A[o] > C. This ensures that
we can consider a minimising sequence {o, },, where o, = (pn, 1), satisfying:

ma(pp) + ma(n,) < CT(1 + ma(p) + ma(7)).

Step 2: A is lower semicontinuous. Repeating the argument in Proposition 4.18 we know that, up to a subse-
quence,

Vo, —Vp and Vn, — Vn in L2(R%), (4.58a)
pn—p and 1, =7 in L2(RY). (4.58b)

Next, we write

o - 2« 1
Von Vi =5 ’v(Pn ta 17771)‘ - E‘Vpnp - %|V77n|2-

2

Note that p,, + o=, — p+ o~y and also V(p, + a~'n,) = Vp + a~Vyin L2(R?). By using the lower
semicontinuity of the H' seminorm and that & — o > 0, we obtain

1
liminf/ <”|vpn2+ |vnny2+avpn.vnn> da
Rd 2 2

n—-+o0o
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9 2
= liminf/ <H a IVPnP + % ‘V(pn + Oé_l"?n)f) dx
R4

n——+o00 2

/‘i—O[2 OéQ _ 2
Z/ < 5 |Vp|2+7]V(p+a ') > dz
Rd

K 1
= /Rd <2Np!2 + i\anz —i—an~V77> dz.

In order to deal with the other terms involved in the free energy, the quadratic terms follow from the convergence
(4.58). In order to deal with the last term, we now claim that

pntin — pn - in LY(RY).

This follows from

ot — Pl L1 ey < [ln(p — pr)ll L1 ey + 127 — 1) || L1 (e
< mnllp2@eylle = pollL2wey + ol L2@aylln = nll L2 (Ra)
— 0.

Step 3. Existence of minimisers follows then from the Weierstrass criterion, cf. e.g. [283, Box 1.1]. ]

Let T’ > 0, and consider N := [L]. We define the curve o : [0,7] — P(R?)? as the piecewise constant
interpolation
o,(t)=0cF te((k—-1)r k7], (4.59)

where o = (p¥, ) is defined in (4.57). In the following, we prove the two-species analogous of Lemma 4.20,

Proposition 4.21, and Proposition 4.22.

Lemma 4.33 (Narrow convergence & discrete uniform estimates). Let og € P$(R%)? such that Flog] < +oo.
There exists an absolutely continuous curve & : [0,T] — P2(R%)? such that, up to a subsequence, o (t)
narrowly converges to &(t), uniformly int € [0, T].

Moreover, we obtain the following discrete uniform bounds:

sup IV 05| 2y + sup IV 0kl f2gay < C1 < 400, (4.60)
sup 05| Lo (may + sup 175 || L (may < Ca < 400, (4.61)
(07 (1)) < 2ma(00) + 4T (Flog] +C) “62)

forp € [1,2*], d # 2, and p € [1,2*) when d = 2. The constants Cy > 0 and Cy > 0 are independent of k and
T.

Proof. The proof works analogously to the one from Lemma 4.20. By construction of the sequence we obtain
that,
By (o, ok )

9 3 [OTk} Sj [OTk 1]7 (|63)
T
and, in particular,

sup Flok] < Floo] < +oo.
k

This combined with (4.53) and (4.54) implies that HVp’ﬁHLz(Rd), ||V7)IT“||L2(Rd), and HpﬁHLp(Rd), Hn’ﬁHLp(Rd) are
uniformly bounded in & and 7 for p € [1,2*], d # 2, and p € [1,2*) when d = 2. From here we recover (4.60)
and (4.61).

Summing up over k in (4.63), we obtain that

J 2 (k k-1 '
3 dw(”%”) < Flot] - Flol] < Floo) + C, (4.64)
k=i+1
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4 Competing effects in fourth-order aggregation-diffusion equations

where the last inequality holds because the free energy is bounded from below from (4.52). Therefore, the
distance dyy between o and o (t) is uniformly bounded, as for ¢ € ((j — 1)7, j7],
J
diy (00, 07(1)) < j Y diy(oF. o) < 2j7(Floo] + C) < 2T(Floo] + C).
k=1
Furthermore, this last inequality combined with the triangular inequality for the 2-Wasserstein distance gives us
that second order moments are uniformly bounded on compact time intervals [0, 7

ma (o, (t)) < 2ma(og) + 2d12/v(007 o-(t)) < 2ma(0g) + 4T (Floo] + C) .

We can now prove equicontinuity. Consider 0 < s < ¢ < T such that s € ((i — 1)7,i7] and t € ((j — 1)7, j7].
Then, combining Cauchy—Schwarz inequality with (4.64) we have,

J J 2
dw(or(s),or () < 3 dw(ok,ob ) < ( 3 d%@M*)) j—il?

k=i+1 k=i+1

< @(Floo] + C)F (VIE= s+ V7). (4.65)

From here we obtain that o is %—Holder equi-continuous up to a negligible error of order /7. Thus, using the
refined version of the Ascoli-Arzela Theorem [7, Proposition 3.3.1], it follows that o, admits a subsequence
narrowly converging to a limit & = (p,7) € P(R%)? as 7 — 0%, uniformly on [0, T']. Furthermore, using that
| - |2 is lower semicontinuous and the uniform bound (4.62), we obtain that the limiting curve & is such that,

mo(a(t)) < hl?fonf my(o,(t)) < C. O

Proposition 4.34 (Weak convergence). Let oy € P$(R%)? such that Flog] < +oc. The piecewise interpo-
lation o, constructed in (4.59) is such that o € L>®([0,T]; H'(R%))2 In particular, the limit & belongs to
L>([0,T); H'(R%))? and

or =& in L*([0,T); HY(RY))2.

Proof. From (4.60) in Lemma 4.33 we have

o7\l oo (jo,17; 17 (R)) = t SLSPT) lor ()l L2(ray = Sup 195 1 ray < +00,

and analogously for 7. In particular, for any compact time interval [0, 7'] with 7" > 0, we have
o7l L2 0, 1: 5 may) + 107 M| 220,17 11 (R < €

uniformly in 7 and the weak convergence follows from Banach-Alaoglu Theorem. Regularity of the limit follows
from standard arguments. ]

Proposition 4.35 (Strong convergence of o,). Let 0g € P$(R?) such that Flog] < +oo. The sequence o :
[0, T] — P2(RH)? converges, up to a subsequence, strongly to the curve & in L*([0,T]; L*(R%))? for every
T > 0.

Proof. We apply Proposition 4.7 to a subset U = {0 },>0 for X = L?*(R%)? ang g := dyy defined in (4.56).
Similarly to the one-species case, we consider the functional Z : L?(R%)? — [0, +o0] defined by

Tl = o121 ey + 0l 31 gy +m2(p) +ma2(n) . € Po(RY) N H'(RY),
’ +00 otherwise.
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4.5 Extension to systems of two interacting species

Note that dyy is a distance on the proper domain of Z. Indeed, given o = (p,n), if Z[o] < 400 then o €
Pg(Rd)2. As in Proposition 4.22, the functional Z is lower semicontinuous from standard arguments [59] and
has relatively compact subsets from Kolmogorov-Riesz-Fréchet Theorem [54, Corollary 4.27].

Proving that Z and dyy satisfy the tightness and integral equicontinuity conditions in Proposition 4.7 can be
done as in the one-species case by using arguments analogous to those in Proposition 4.22. Tightness follows
from the uniform-in-7 second order moment and L>°([0, T; H'(R?)) bounds for ¢¥ given in Lemma 4.33.
Equi-continuity is a consequence from the Holder equi-continuity of o~ proved in Lemma 4.33. O

4.5.2 Flow interchange

As in the one-species case we can obtain H? bounds for p and 7 using the flow interchange technique. In order
to do so, we consider the decoupled system of heat equations as an auxiliary flow,

{@Ml = Apur,

(4.66)
Ogpiz = Apa,

and the auxiliary functional,

pilog i + polog o] dw, iy log pur, palog o € LY (RY);

Elp, po] = /Rd[

+00 otherwise.

For any p = (p11, j12) € P2(R%)? such that £[u] < oo, we denote by Sty := (St 1, SLus) the solution at time
t > 0 to system (4.66) for an initial value u. Furthermore, we define the dissipation of F along the flow Sg¢ as

{.7-'[0] — FS30] } |

S

DgFlo] := limsup
sl0

where o denotes o := (p,n) € P(RY)2.

Lemma 4.36 (H? uniform bound). Let o such that F [00] < +00. The piecewise interpolation o in (4.59) is
such that o € L*([0,T); H*(R))2. In particular, we obtain the uniform bound

1 D% pr 12 0,12y + 1D 13 0,112 may) < ©
where C' > 0 is independent of T.

Proof. We proceed analogously to the one-species case. Note that o, € L2([0,T]; H'(R%))? by Proposi-
tion 4.34. For all s > 0, we consider Sgoftl = (Sgpktl Sink+l). Then, by the definition of the scheme

T

(4.23) and of o**1, we have the inequality

1 1
oo iy (o7, a7 ) + Floy™] < —diy (o7, Sgor ™) + FSgor ],

TS T

from which we obtain,

YT

Flokt] - FiSgokt] _ 1dR (o, Sgokt) — dRy (o, o)
s -2 s ’
By taking the lim sup as s J. 0 and considering the definition of the distance dy;, we obtain

1dt
< Z

TDg.’F[JITHI] <5 %

&y (oF, SEok ™) < Eof] — E[oF T, (4.67)
t=0

where in the last inequality we use the (EVI), as Sg is a 0-flow, cf. Definition 4.8.
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4 Competing effects in fourth-order aggregation-diffusion equations

The dissipation of F along the flow Sg can be written as
F k+17 FISs k+1 1 d

Dg Flo" 1] = limsup { o7 ] [Sgor" ] } = lim sup/ <— —
510 S 510 0 dz

Let us calculate the time derivative:

f[sga’;ﬂ]) dt.  (4.68)

z=st

d
3 F1Se0r = / (KIASEAT P+ ASEN 2420085 oA ASEE ) da

+ [(BIV S 4TS P 20T S VS da

By applying Young’s inequality, we obtain

d _
~ G FISEE = [ (e lale) ASEAEH P (1ol )AL ) da
(4.69)

= [ (B VSEA T P+ (1 ) 950k ) o

where ¢ can be chosen such that & — |ale > 0 and 1 — |ale~! > 0. Therefore, combining (4.67), (4.68) and
(4.69) we obtain

Thmlllf/ / (k — |ale)|ASE PP 2 + (1 — |a|€*1)\AS§tnlﬁH\2> dz dt
< rlimsup / L (5 WhIVSEE + (1 [ Vg ) dad + Elot] — £l
sl0
Next, we recognize VS§ o k+1 as the solution of the system of heat equations with initial data Vo*+! ¢
L?(R%)2. Hence, VSgo k“ — Vor*1in L2(R9)? as s | 0. In particular,
1
limsup/ |VS§tafH\2dxdt:/ |Vok 12 de
slo - Jo Jrd R4

Moreover, by well-known properties of the heat equation and the weak lower semicontinuity of the H'! seminorm
we have

11m1nf/ / |ASE pEHL? 1+ |ASEy k+1\2dxdt—hmmf/ / |D2Sg i L2 | D2SgnM 2 da dt
> [ DR 4 D2 P
Rd
Thus we have found
TN D25 3ty + 7D oy < C (EL0%] = E[0E™]) + € (TIVAE ey + 7190 2 )

for a constant C' = C(k, a, 3,w) independent of 7. By summing up over k£ from 0 to N — 1 we obtain the
desired H? bound by using Lemma 4.33 since we have:

1D pr 122 0 77; 22y + 1D 120 22 ety
< C (Eloo] — E[o)]) +C (HVPT‘|%2([(),T];L2(Rd)) + anT‘|%2([07T];L2(Rd))> :

The obtained H? bound allows us to obtain a two-species analogous of Proposition 4.25.

Proposition 4.37 (Strong convergence of Vo). Let oy such that F|og| < +oo. Up to a subsequence, the
sequence o : [0,T] — Pa(R%)? converges strongly to the curve & in L*([0, T); H*(R?))2.

Proof. The result follows by applying Proposition 4.25 to Vp, and V7, together with the uniform H? bound
derived in Lemma 4.36. O
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4.5 Extension to systems of two interacting species

4.5.3 Consistency of the scheme

Now we are ready to prove that & = (p, 77) is a weak solution of the problem (4.4) in the sense of Definition 4.4.
This subsection completes the proof of Theorem 4.5.

Proof of Theorem 4.5. We prove the theorem by showing that the sequence o, : [0, T] — Po(R%)? converges,
up to a subsequence, to a weak solution ¢ of (4.4). We will only prove the consistency for the first equation
(4.4a). The case (4.4b) will work analogously. Let us fix two consecutive steps in the JKO scheme af =
(pF,nF), okl = (pF+1 nk+1), and consider the perturbation o° = (p°, nk*1) where p° = P;ﬁp’frl given by

P? = id + ¢, where ( is a vector field ¢ € C2°(R%;R%), and ¢ > 0. By applying the definition of the scheme

we obtain, & k

9 2 +1 €] +1

1 <dW(U 0°) — d¥, (o, o* )>+7’[U] Flor 1 . (4.70)
2T € <

We proceed now to analyse each one of the terms in (4.70).

Step 1: Wasserstein distance terms. We first realise that

d12/V(a ) d2 ( Oz, 7k-:+1) W2(p7—7 ) W2(p77 fﬁ_l).

4.71
2Te 2Te ( )

Therefore, Step 1 of the proof of Theorem 4.3 applies to this case. Let 7 be the optimal map between p* and
k+1
Py, then

2 ok 2 k+1
42, (cF, 0%) — d2, (o*, o )S—l/ (z — T(2)) - (T (2)pk(2)dz + O(e).

2Te T

Step 2: Self-aggregation and self-diffusion terms. As in the one-species case; cf. Theorem 4.3, we have

_/ M :/ (p k+1) (div () dz + O(e) 4.72)
R4 R4

9

and

c12 k+12
L[ ISR ITR [ (ki) Tk + (VT
2 Jpa e R (4.73)

+ ;dlvg\VpkH] ) dz + O(e).

Step 3: Cross-interaction terms. For the second-order term we use the area formula to obtain,

[ RN g [ gD )
Ra

- >

X
Rd < (4.74)

= [ AT @V @) gla) da + OGe),
Similarly, for the fourth-order term, we use the fact that
Vit (PE () = Vit (@) + e Dt ()¢ () + O(e2),
and argue as in the one-species case to obtain

Vot -V k+1 .
I gt de = / (PEFIV(div Q) - Vit 4 Tt (V)
R4 € R4 (4.75)

~ VL (D30 ) da + O(e).
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4 Competing effects in fourth-order aggregation-diffusion equations

Step 4: Taking the limit ¢ — 0. Analogously to the one species case we perform the same computation for e < 0
and we take again ( = V. If we consider ¢ — 0, and thanks to (4.71), (4.72), (4.73), (4.74), and (4.75), we
have,

! / (2 — T(x)) - V(T () ()
R4

-
1
=—k / <p’i“V(A<p) VP 4+ (D?eVpi ) - Vit + 2A<P|Vp'i“!2) da
—a / (p’i“V(AsO)-Vn’ﬁ“Jer'i“'(D%W’ﬁ“)—Vp’i“'(D2n’ﬁ“V<p))dw
+ g /(p’ﬁH)QAnp dz — w/plﬁHanH -Vedz. (4.76)
As in the one-species case, and using the Holder continuity of p., (4.65), we have
e =T@) - VelT@)ka e = [ pla) [phia) = p1(@)] do -+ 0(r).
Let 0 < s1 < s9 < T be fixed with,
hy = [ﬂ} +1 and hy = [ﬁ}
T T
By summing on (4.76) and using the definition of piecewise interpolation, we obtain,
[ e@prlsza)de = [ plalp(sra)de+O(r)
Rd Rd
S92 1
<[] (pTV(Aw) Vps+ (D%Vp,) - Vs + QAsDWpTF) de dt
s1 JRA

S2
+a / / (p-V(A@) - Ve + Vpr - (D*0Vin,) = Vpr - (D1, Vip))dadt
s1 JR4

S92 82
—g / / P2Apdzdt +w / / p+Vn, - Vo dz dt. 4.77)
S1 Rd S1 Rd

Integrating by parts in the first two terms after the equality, as in Remarks 4.27 and 4.38, we obtain

/ (@) py (s2,2) do = / o(@)pr(s1,2) dz + O(7)
Rd

R4

52
- ﬁ/ / (prAprAp + Ap:Vp; - Vi) drdi
s1 JR4

§2
- a/ / (prAn:Ap + An: Vo, - Vi) dzdt
s1 JR4

S2 52
— g / / P2 Apdzdt + w/ / pr V1 - Vdzdt.
s1 JRI s1 JR4

By combining Proposition 4.35, Lemma 4.36, and Proposition 4.37 we can pass to the limit as 7 — 07, and, in
this way, recover a weak solution. As aforementioned, an analogous argument for the species 7 can be repeated
to obtain (4.4b). ]

Remark 4.38. Assume p,n € H?(R%) and p € C3(R?). Using integration by parts, we have
/R L (pVAQ-Vn+ Vp - (D*Vn) = Vp - (D*Vy)) da

- /R pAnAp d + /]R (Vo (D*pVn) = Vp - (D*nVp) = ApVp - Vi) dx
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4.5 Extension to systems of two interacting species

:—/Rd pAnAsodstr/Rd (Vp- (D%pVn) + Vg - (D*pVn)) dz

= — /]Rd (pAnAp + AnVp - V) dz.

4.5.4 Extension to generalised self-diffusion systems

In this subsection we remark that, taking advantage of the one and two species cases, we can generalise the
existence theory to the following system with nonlinear self-diffusion terms

Oip = —div (pV </€Ap + alAn + b Pl wn)) , (4.78a)

my — 1
nm2—1>> , (4.78b)

o = —div (nV (aAp + An+wp +
mo — 1

where 1 < mqy,mo < 2+ %. As before, the parameters in the model are such that 3, w € R and the matrix
K
A =
(o 9):
~ 1

K 9 1 2 B
mi,m ) - = = : - dx — m - m y
F iy ma 0] /Rd<2|Vp| +2|V?7! +aVp-Vn wpn) T mlé’ L [P] ng 2]

is positive definite. In this case, we consider

where &, is the entropy defined in (4.6). The system of equations above can be written as a 2-Wasserstein
gradient flow with respect to the (extended) free energy functional

Fmalpsn] if (p,n) € PARY)?, (Vp, V) € L2(RY)?,

400 otherwise.

-’le,mg[/% 77] = {
We can obtain the following lower bound for the free energy:
B KR 2 1 2 ﬁ
Fomymalpin) = SIVAlT+ SVl +aVp - Vi —wpn ) dz — =&y [p] = s [1]
Rd mi ma

K 1 w w I5] 1
> / (21v;)12 + 5Va = ol Vol [Vi| |2‘p2 e ‘n2> dz — —&m,[p] — —Em, ]
Rd mi

2 mo
& / — |Oé*|€|VP|2 - MP2 dz +/ L Jole™ [Vn[? — an da
B Rd 4 2 R4 4 2
k—lale g o B / L—fale™h o 1
_— de — —¢& _ de — —¢& .
+ [ B - e+ [ O de =
Therefore, since we can take ¢ such that x — |ale, 1 — |ale™! > 0, it follows that
Fonyms ) 2 C(Falp] + Fan] + Fony [p] + Fons [1]) - (4.79)

In particular, for 1 < my,ms < 2+ %, the free energy is bounded from below. Furthermore, (4.79) gives the
basic estimates that we used for the existence of the one and two species cases. Since the cross-interacting terms
are kept as in (4.4) and the new terms with exponents m; and ms have already been treated on the one species
case, our previous results can be easily generalised to obtain existence for the problem (4.78).

In addition to that, using a scaling argument, we can show that the free energy is unbounded from below if
mp > 2+ %, or equally ma > 2 + %. Without loss of generality we state the result for m;. A thorough analysis
of more general systems, as well as the other cases for the exponents, will be object of further investigation, as
it is beyond the purpose of the current manuscript.
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4 Competing effects in fourth-order aggregation-diffusion equations

Proposition 4.39. Assume m1 > m. and denote
Yi={(pn) € PPR)? N L™ RY) x L™ (RY) : Vp, Vi € LARY) |

Then
inf  Fouymolp,n = —00,
o, Fom, 21057

Proof. Given (p,n) € Y we define py(z) := \p(\x), for any 2 € R? and any A\ € (0, +00). Note that
(px,n) € Y. Then, we have,

B mi

mq (m1 — 1) HpHLml(Rd)

XV p(Az) - V() dz — /

R
8 "
1018

ml(ml — 1)
1 2 1 d d
+ 519y = Bl + [ aNVpNe) - Va(a)do = [ Xp(Aa)nla) do.

K S
le,mZ [p)\,’l’]] = 5)‘d+2”vai2(Rd) - )\d( 1 1)

1 1
+ IVl = o Emalil + [

wAlp(\z)n(z) dz
Rd d

K mi—me
= 2872 (BTl — N0

Therefore, if we take p and 7 such that Axsupp(p)Nsupp(n) = ( for big enough X it follows that F,,,; m, (o, 1] —
—oo when A — 4-00; for instance we could consider the support of p to be an annulus and that of 7 to be a
ball. O
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5 Perspectives and new outcomes

Contents

5.1 A deterministic particle approximation for a fourth-order aggregation-diffusion equation 161
5.2 A Li-Yau and Aronson-Bénilan approach for the Keller-Segel system with critical exponent 165

Un grano no hace granero, pero ayuda al compariero. — Spanish proverb

5.1 A deterministic particle approximation for a fourth-order
aggregation-diffusion equation

This section presents a work in preparation together with Charles Elbar!. “A deterministic particle approximation for a
fourth-order aggregation-diffusion equation”, currently preprint in preparation.

This project is a continuation of Chapter 4. The main goal is to obtain a deterministic particle approximation
(DPA) of the equation
Op +div(pVAp) + Ap™ =0 (5.1)

where m > 1. In Chapter 4 we understand the problem as a 2-Wasserstein gradient flow. We describe a
subcritical, critical and supercritical regime depending on the value of the exponent m based on an analysis of
the corresponding free-energy functional. There exists a critical value m, = 2 + % and we say we are in the
subcritical regime if m < m, that we are in the supercritical if m > m, and that we are in the critical regime if
m = m.. After this classification, using a JKO scheme, we show existence for the subcritical regime and certain
cases of the critical regime. More recently, in [60] the authors study the stability for m = 2 in dimension d = 1.
Moreover, there exists further literature focused on the mathematical analysis of some related equations, mostly
of Cahn-Hilliard and thin-film type, c.f. [174, 308, 292, 245, 246].

Regarding applications, as already mentioned in Chapter 4, the problem (5.1) is related to the classical thin-
film equations from lubrication theory, cf. [208, 39, 268, 38, 137, 201] and the references therein. In addition,
this family of equations also models tissue growth and patterning due to cell-cell adhesion. In particular, in
[186], Falc6, Baker and Carrillo show that a 2 species system version of (5.1) keeps cell-sorting phenomena.

One of the aims of this project is to show that the local fourth-order competing effects problem (5.1) can be
asymptotically computed as a limit from a class of nonlocal partial differential equations. As a consequence of
this analysis we will be able to recover a qualitative particle approximation, i.e. a DPA.

Obtaining a DPA for a problem is very relevant since it provides a microscopic description of the equation.
For ease of presentation, let us focus on the more general aggregation equation (which is a nonlocal equation)

Op — div(pVWe % p) = 0, (5.2)

"Université Claude Bernard Lyonl, ICJ UMR5208, CNRS, Ecole Centrale de Lyon, INSA Lyon, Université Jean Monnet, 69622
Villeurbanne, France.
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5 Perspectives and new outcomes

where W is an interaction kernel depending on a small parameter € accounting for the range of interaction be-
tween the particles or cells. More precisely, this formulation hinges on deterministic approaches since particles
are solutions, i.e. the empirical measure

1 N
N
p(t) = N ; 6Xi(t)

is a weak solution of (5.1), where X;(t) gives the position of the particles. For any i« = 1,..., N, the positions
X solve the system of ODEs

N
. 1
Xi(t) = -+ Zl VW(Xi(t) = X;(1).
]:
Moreover, if W, — &g as € — 0 we recover the porous medium equation
1
Op — iAp2 =0

as a limit of (5.2) when ¢ — 0. Choosing appropriately the interaction kernel W, = w, * w, one can make this
argument rigorous in order to provide a DPA. The result we explain here is due to Lions and Mas-Gallic in [242]
who studied the problem for the first time. Recently, there has been several further results in this direction for
more general non-linear diffusion evolution in time equations [59, 90, 164, 130, 89, 5, 86] and for certain cases
of aggregation-diffusion equations [76, 138].

With respect to fourth-order differential equations, a first non-local Cahn-Hilliard equation was obtained by
Giacomin and Lebowitz [193, 194] looking at a microscopic description. Furthermore, in [37] Bertini, Landim
and Olla derived a constant mobility Cahn-Hilliard model as a hydrodynamic limit from a stochastic Ginzburg-
Landau model. Since then, there has also been several results regarding non-local to local convergence for
various fourth-order models. The case of Cahn-Hilliard type equations with constant mobility is covered in
[255, 146, 147, 148, 1]. Degenerate mobility with aggregation given by a fixed potential is studied in [172,
173, 170]. This result is then extended to its corresponding cross-diffusion system in [87]. Finally in [145] the
authors cover non-local to local convergence for a Cahn-Hilliard type cross-diffusion system with non-linear
mobility. However, even though the non-local to local convergence problem for Cahn-Hilliard is well-studied,
up to our knowledge, there are no results in the literature providing a deterministic particles approximation for
any fourth-order partial differential equation. In order to derive this DPA let us make the following observation.
From a Taylor expansion we have that

—pxw
Belp.) = EL = —8p 1 0(e)
for w. symmetric and an aproximation of dy as € — 0. Hence, we can approximate (5.1) by

Oup — div (pv (P—M)) LA =0

as it is suggested in [172]. Nevertheless, this approximation contains the terms Ap? and Ap™ which diffuses
particle initial data to a continuous density, i.e., the empirical measure does not remain as a sum of Dirac deltas
due to the smoothing effect of the porous medium equation. In order to overcome this difficulty we suggest the
following equation

Bip — div (pV <p e T _52* Werte ¥ ”5>) + m'rf diV(pV @, * (pT)" ) = 0 (5.3)

where w. = wg corresponds to another kernel converging to dy at the same time as w, but slower, £ < €. This
formulation has the advantage that an empirical measure is a weak solution where the equation of motion for the
particles is given by

N N N m—1
Xi(t) = —% S OVWLXi(t) = X;(1) +m Y Ve(Xq(t) — X;(t)) (;7 > @(X5(t) - Xk(t))>
j=1 j=1 k=1
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5.1 A deterministic particle approximation for a fourth-order aggregation-diffusion equation

where
We * We — We * We * We

W, = .

3

At this point we realise that both (5.1) and (5.3) have a (formal) gradient flow structure with respect to the
2-Wasserstein distance W, [304, 283, 284]. In particular, for (5.1) we consider the (extended) energy functional

s [ IVp@de = Ealdl, pe PURY, Vpe LRI
Rd

400, otherwise,

Flo] = (5.4)

where P¢ refers to the absolutely continuous probability measures. For (5.3) we take into account the regularised
functional

Felpl = %DE o+ ] = Emlp * e

where

€ m—1

v = ([ Plote) —sla—)Panty wnd Enlp= ot [ r@an

Thanks to this structure, we show stability of the gradient flows in ¢ — 0. This stability is established in the
framework introduced by Sandier and Serfaty [282, 286] and the concept of A-gradient flows developed in [7].
There are several stability results of this nature in the literature covering various cases of non-linear diffusion
[242, 90, 89]. There are also results in this direction for aggregation-diffusion equations, such as [76, 129] where
the authors also introduce a deterministic particle approximation through a blob method. From this approach and
taking advantage of the A-convexity of the regularised free-energy functional we are able to achieve a rigorous
particle approximation that follows from the A-stability (or contractivity) of Wasserstein gradient flows [7].
However, one can only achieve a qualitative result since the initial datum needs to be approximated enough
[129, Theorem 1.4]. Thereby, quantitative results are left as an open problem.

Further related to particle methods, we refer the reader to Chertock’s comprehensive review on deterministic
particle methods [122]. We also mention the seminal paper by Oelschiger [265], where a stochastic particle
approximation is proven for classical and positive solutions of the quadratic porous medium equation in R% and
for weak solutions in the one dimensional case. We also mention the much more recent results in [119, 118]
covering systems. In [274], the author derive strong L!-solutions of the quadratic porous medium equation from
a stochastic mean field interacting particle system with the addition of a vanishing Brownian motion. Finally, in
[266, 261, 192] they study the viscous porous medium as a limit of a sequence of distributions of the solutions
to nonlinear stochastic differential equations.

Outline and expected main results

This project has three main goals. We want to study well-posedness of solutions for the non-local problem. Then
we will discuss convergence of the solutions of the non-local problem to the solutions of the local one. Finally,
we intend to develop a blob method [128] for this family of equations in order to obtain a deterministic particle
approximation.

First of all, in order to obtain our goals we need to define our mollifying sequence. We want to work on the
moderate regime and hence a natural choice is the sequence generated by w.(z) = e~ %w;(z/¢) fore > 0. We
assume that the function wy satisfies

w1 is compactly supported in the unit ball.

2 (H.)
/ wi(y)dy = 1, / ywi(y) dy = 0, / yiyjwi(y) dy = 5@]’3
]Rd Rd Rd

In particular, for w. we make the choice w. = wz where ¢ < €. Furthermore, in order to show convergence from
non-local to local we need to introduce a viscosity term €A p? to recover H'! compactness. However, in order to
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5 Perspectives and new outcomes

preserve the DPA we take the non-local approximation of the viscosity term and we consider the problem

dp . _
7¢ Tdiv(pvealo]) =0,

(5.5
Va,a[p] =V <_B€[P * W * aa] +

)mfl

1c~u€*(p*§;€ —gp*wa*wa>,
in (0, 7)) x R with initial condition p(0, -) = po. The non-local problem (5.5) contains three different mollifiers
Wa, e and w,. We take the limit ov — 0 first in order to recover the H! compactness we need for the non-local
to local convergence. Afterwards, we take the limits £, — 0 at the same pace but different speed ¢ < €.
Furthermore, (5.5) corresponds (formally) to the 2-Wasserstein gradient flow of the free-energy functional

1 ~ - ~
Fealpl = ZDE[p * We] — Emp * We] + EE[p * wa. (5.6)
Following the same notation we introduce the local version of (5.5)
0 .
2+ div (pv]p]) = 0.
m ) (5.7
vlpl =V (Ap+ —p"" ) :
m—1

set also on (0, 7") x R? with initial condition p(0, -) = pg. Thereby, the first main goal of this project is to show
well-posedness for the non-local problem (5.5). We fix €, > 0. In this case, at least formally, we are able to
show existence of weak solutions when m € (1, +00) and uniqueness when m € [2, 4+00). Once we finish the
discussion on well-posedness we focus on the non-local to local convergence. Here, for 1 < m < m., =2+ %,
we want to show convergence of the solutions of (5.5) to the solution of (5.7). We intend to do that by taking
advantage of its gradient flow structure studied in Chapter 4.

Thus, it only remains to study the deterministic particle approximation via the blob method. A key first
ingredient to apply the blob method is to realise that the regularised free-energy functional (5.6) is A-geodesically
convex for some A = \(g, ), see Section 1.2.2. In order to continue with the analysis we can take advantage of
the non-local to local convergence result. In particular, for any ¢t € [0, 7], N € N, the empirical measure

N
1
N — )
Pea(t) = N '§—1 Oxi (1) (5.8)

is a weak solution to (5.5) provided the particles satisfy the ODE system given by

' LN N LN m—1
Xi(t) =-% D OVWX; - X)) +m Y Vae(X; - X;) (N D @ (X; - Xk)>
k=1

j=1 j=1
N o (5.9)
_ 252 Voo (Xi — X)) > wal(X; — Xp)
Jj=1 k=1
where 1
W, = 8—2@5*@8—0‘)5*&5*&5).

Therefore, (at least formally) combining the non-local to local convergence result with the A-convexity of the
functional we expect to get a result like the following one.

Main Expected Result 1 (Continuous dependence). Assume m € (1, m.) and that we have suitable conditions
on the initial datum pg. Then, the solution p. o of (5.5) and the empirical measure pé\’[a in (5.8) satisfy that

WQ(p?ja(t)’ pE,a(t)) S e_A(&a)tWZ(pga(O)’pe,a(o))v le [OvT]a

where Wy denotes the 2-Wasserstein distance. In particular, (5.8) converges narrowly to a weak solution of the
problem (5.7) when €, a — 0.
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5.2 A Li-Yau and Aronson-Bénilan approach for the Keller-Segel system with critical exponent

Then, in view of this main result and [129], if the initial distribution of particles X; is cleverly chosen so
that Wa(p2,,(0), pe,a(0)), then one can take N = o (e_/\(570‘)) to fulfill the hypothesis on the initial condition.
Furthermore, we also want to remark that, up to our knowledge, this result would introduce the first deterministic
particle approximation for a fourth-order partial differential equation.

Open problems. A natural question that arises is whether we can replicate this result to the two species case
and recover a deterministic particle approximation for the problem (1.8). Moreover, let us notice that the particle
approximation that we present here is only qualitative. The main result only addresses a qualitative deterministic
particle approximation (logarithmic rates). Thus, an interesting second question is to try to get algebraic rates
for the particle approximation.

5.2 A Li-Yau and Aronson-Bénilan approach for the Keller-Segel
system with critical exponent

This section presents a work in preparation together with Charles Elbar' and Filippo Santambrogio'. “A Li-Yau and
Aronson-Bénilan approach for the Keller-Segel system with critical exponent”, currently preprint in preparation.

In this project we want to study the Keller—Segel system in R¢

Op = Ap™ —div (pVau) in (0,00) x R?,
(5.10)
—Au=p in (0,00) x RY,

where p denotes the density of cells or bacteria and u is a chemoattractant that they produce and move toward.
Furthermore, we take pp > 0 the initial condition, i.e. p(0,-) = pg. We cover the case in which the dimension
isd>2,andm =2 — % is the critical exponent which balances the nonlinear diffusion given by Ap™ with the
chemotactic attraction div(p Vu). Moreover, by the fundamental property of the Newtonian potential A/ in R,
we know that the chemoattractant « is given by

u(t,x) = — (N * p)(t, ),

where )
—|z[*? ifd >3,
N(z) = (ii —2)wq
— log || ifd =2,

2

and wy is the surface measure of the unit sphere S?~! c R

The model was proposed for the first time by Keller and Segel in [223] and Patlak in [271] to explain a
phenomenon known as chemotaxis, [167]. In addition to that, the Keller-Segel system has further applications
for different biological phenomenon connected to the evolution of unicellular organism to come up with more
complex structures. For instance, it explains pattern formation of cells through meiosis [68]; embrio-genesis and
angio-genesis [114, 240]; the Balo disease [224]; and bio-convection [123]. In physics, the Keller-Segel system
also models the movement of self-gravitating Brownian particles [115, 116].

With respect to the mathematical analysis, the community has devoted a lot work to this problem over the last
few decades [209, 78]. Keller-Segel presents a dichotomy between diffusion and aggregation. For instance, for
the 2-dimensional case this dichotomy depends on the evolution of the second moment. In particular, in [50]
Blanchet, Dolbeault and Perthame prove that

d , M
— t.x)dexr=4M 1 - —
i L tefotayie = anr (1= 1)

"Université Claude Bernard Lyon 1, ICJ UMR5208, CNRS, Ecole Centrale de Lyon, INSA Lyon, Université Jean Monnet, 69622
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showing that M = 8 is the critical mass. If M < 87 and the initial datum has finite free energy (5.12), then
there exists global in time solutions [213, 50, 46]. If M > 8 there exists blow-up in finite time. In [203],
Herrero and Veldzquez construct an example of a radial solution with finite time blow-up. Afterwards, in [278]
Raphaél and Schweyer show the existence of singularities for the radial case with mass close to 8. Finally, in
[126, 127], Collot, Ghould, Masmoudi and Nguyen are able to drop the mass assumption from the previous work
and covered the case M > 8. If the total mass is M = 87 and the initial free energy (5.12) is finite solutions
exists globally in time but they blow-up at time infinity [49, 144].

In the case of higher dimension there exists also a dichotomy depending on the initial mass. There exists a
critical mass M. such that if M < M, the solutions remain bounded globally in time and there exists self-similar
solutions decaying in time with the porous medium equation [48, 27]. If M > M_, in [28] Bedrossian and Kim
show that all radial solutions blow up in finite time. If M = M, Blanchet, Carrillo and Laurenc¢ot show that
the solutions are globally well-posed and their °° norm is globally bounded in time [48]. Furthermore, Yao
showed that radial solutions with compact support converge to some stationary solution in this family [309].
Furthermore, the critical mass M. is characterised in the following way.

Definition 5.1 (Critical mass). We define the critical mass as

8, d=2,

Mc: 2 Q%m
. >
(amn—n> 4=

where C. is the smallest constant in the inequality
| laute)ds < C. ol ol 6.1

form = 2—% and — A = p. This is valid for all nonnegative p € L' (RY)NL™(RY). The existence the constant
C is obtained from the Hardy-Littlewood—Sobolev (HLS) inequality combined with Holder’s inequality, see for
instance [48, 66]. For convenience, we will loosely refer to (5.11) as “the HLS inequality”, or the Lane—Emden
inequality although it is slightly adapted to our Keller—Segel setting.

In this project, we intend to give a new perspective to the study of the Keller—Segel system. Thus, our main
goal is to study the classical Li—Yau and Aronson—Bénilan estimates when you add to the diffusive equation the
chemotactic aggregative term from the Keller—Segel system. Let us present these two classical estimates.

* For the heat equation 0;p = Ap, Li and Yau [241, 310] showed

Alogp(t ) = —5-

* For the porous medium equation 0;p = Ap™, Aronson and Bénilan [13, 14] derived

N G D)E

Hence, as mentioned above our main goal is to discuss whether these pointwise inequalities still hold, up to
some constants. This implies robustness of Li—Yau and Aronson—-Bénilan estimates even with a nonlocal term.
As a result, we can derive L°° bounds for p, proving global existence, even if the initial data has a low regularity.

Moreover, with this new approach we are able to follow the dichotomy of the mass introduced above. Fur-
thermore, we are able to recover some of the classical results of global existence and more important, we also
improve them in two different ways. First, this strategy will lead us to recover an explicit L> estimate on the
solutions, this estimate is decreasing in time. In addition to this, with our approach we can also consider as a
initial data a measure with mass small enough. If the mass is bigger but smaller than the critical mass, we only
require the free energy of the initial data to be bounded.

__ 4
dm—1)+2

) o =

| Q
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5.2 A Li-Yau and Aronson-Bénilan approach for the Keller-Segel system with critical exponent

Outline and expected main results

Let us now present the main goals of this project. However, let us first remark that formally, (5.10) can be viewed
as the gradient flow in the Wasserstein metric of the free-energy functional

[ p@ogp@de =3 [ pwutes,  d=2,
Flel =37 paym 1 * (5.12)
dx—/ p(x) u(x)dz, d>3.

Rd

For some of the main results we will need to assume F[pg] < oco.
Now, we are ready to discuss our results (at least formally). First, for the case of dimension 2 we expect to
get a Li—Yau type differential inequality.

Main Expected Result 2 (Li-Yau estimate for Keller-Segel in dimension d = 2). Let pg € M (R?), a non-
negative measure, such that JFpo], ma[po] < +oo. Let us consider M = ||pol|r1(r2) € (0,87) the mass of the
initial condition. Then, the Keller—Segel system (5.10) has a global solution p and there exists a constant C' > ()
depending on T such that

Allog p(t, x) — u(t,z)] > —C(T) <1 + 1) forae. (t,z) € (0,T) x R2.

Moreover,

lp(t, zee S C(T) (1 + 1) fora.e. te (0,T).

Furthermore, at least formally, we expect to extend this result in order to cover the case of critical mass
M = 8. In addition to this, under a smallness assumption on the mass, we think that there exists a Li—Yau type
estimate like

Allog p(t, x) — u(t,z)] > —% forae. (t,z) € (0,T) x R?

where the only assumption required is that p € M (R?), i.e. F[po], ma[pg] < oo do not necessarily hold. This
type of result is interesting because, for example, it would allow us to consider a small mass Dirac delta as an
initial datum.

In an analogous way to the 2-dimensional case, we think we can cover the subcritical mass regime through an
Aronson—Bénilan type differential inequality.

Main Expected Result 3 (Aronson-Bénilan estimate for Keller-Segel in dimension d > 3). Let pg € M (R%),
a non-negative measure. Assume furthermore JF[po] < oo and that the mass M = | po| 11 (wa) is small enough.
Then, the Keller—Segel system (5.10) has a global solution p and there exists a constant C' > 0 such that

A Llpmfl(t, z) — u(t,a:)] > —C(T) <1 + 1) fora.e. (t,z) € (0,T) x R
——
Moreover,

ot L= < C(T) <1 + 1) forae. t e (0,T).

Under a further smallness assumption on the mass we expect to be able to drop the assumptions on the
boundedness of the free energy at time ¢ = 0, i.e. F[pg] < +oc do not necessarily hold. In this case, we think
we can recover an Aronson—Bénilan estimate like

A %pm—l(t,x) —u(t, x)] 2 _% fora.e. (t,) € (0,T) x R*.

Moreover, we wonder if we can also cover all the cases M € (0, M) and the critical mass case M = M.,.

The main results of this project just presented imply a different series of results. In the following, we highlight
them and compare it with the previous literature.
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5 Perspectives and new outcomes

Existence of global solutions. Main Expected Result 2 and 3 provide uniform L*° bounds which can be
used to prove existence of global-in-time solutions. In order to prove such result we can take an approximation
of the initial data with smoother functions. This implies an L°° estimate valid for short times. Afterwards, the
main challenge is to extend this bound beyond short time intervals. However, both Main Expected Result 2 and 3
yield an L*° estimate independent of the initial approximation, and therefore by iteration on the initial condition
one can construct a global in time solution.

Smoothing of the initial condition. Our result also shows that the initial data is immediately smoothed
out, becoming instantly bounded in L, even if it was initially just a measure in M (R%). This smoothing
property holds provided the total mass is below a certain threshold, which we explicitly compute. Nevertheless
we still do not know whether the threshold that we compute is sharp.

Precise L estimates and applications. Main Expected Result 2 and 3 provide an explicit decay esti-
mate of the L°° norm. Such estimates can be particularly useful in applications. For instance, in [27], Bedrossian
obtained a similar decay, although derived by a different method and under a different mass threshold. In the
case of [27], the decay obtained was used to prove the convergence to a self-similar profile. The author remarked
that this kind of decay could be obtained with the Aronson—Bénilan method but suggested that such an estimate
was not yet available for the Keller—Segel system. Thus, with this project we confirm that in fact this estimate
is available.

Lipschitz estimates for the porous medium equation. To justify the Aronson—Bénilan estimate, we
relied on a comparison principle, which required Lipschitz regularity of the pressure. Generally, such Lipschitz
estimates are not available for arbitrary initial data in the porous medium equation or the critical Keller—Segel
system for dimension d > 3. Earlier, Caffarelli and Friedman [62] established Holder continuity of solutions to
the porous medium equation uniformly in space and time. This result was further refined by Caffarelli, Vazquez,
and Wolanski [64], showing that the pressure becomes Lipschitz continuous after some waiting time. Recently,
there has been further work in this direction, in [227, 42, 140, 141] it was shown that a weighted Lipschitz norm
of the pressure, of the form |p|*|Vp|” for some a, 3 remains bounded. In this project, we are able to obtain
explicit Lipschitz estimates on Vp for initial densities that decay polynomially at infinity.

The Liouville equation and the Lane—Emden equation. These two equations play a key role on the
theory we develop in here. The Liouville equation

Ah+e" =0 inR? (5.13)

was first studied by Liouville in [243]. In particular, he was the first one to give a representation formula for
the equation. More recently, in [121] Chen and Li used the moving planes technique in order to show that if
fR2 el < oo then there exists a unique representation formula for the solutions of the equation (5.13). There has
been further results concerning this problem. For instance, in [125] the authors studied the problem when you
drop the assumption on the finiteness of the mass. For further literature review on this problem we recommend
the interested reader to consult [113]. In particular, it is a well-known result that any nontrivial solution of (5.13)
is such that fRZ e > 8, see [121, Lemma 1.1]. We can adapt this result in order to show that any nonnegative,
nontrivial subsolution of Ah + e > 0 also satisfies fRQ e > 8m. This result will be key in our analysis
since we use it in order to recover L°° bounds of the solutions for (5.10) on dimension d = 2 if and only if

lpoll L1 (r2) < 8.
On dimension d > 3 in order to perform our analysis we require the Lane—Emden equation
™ Ah+hT=0 inR? (5.14)
m—1

in the case ¢ = ﬁ. In the seminal paper [195], Gidas and Spruck assert that (5.14) has no positive solutions.
Afterwards, there has been further work focusing on understanding qualitative properties of the Lane—Emden
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5.2 A Li-Yau and Aronson-Bénilan approach for the Keller-Segel system with critical exponent

equation [16, 34, 188]. One of the goals of this project is to prove that any nonnegative, nontrivial subsolution
d d
of 2~Ah + hd-2 > ( is such that fRd hd—2 > M., where M., is the critical mass from Definition 5.1. Up

m—1
to our knowledge, this result would be new. Our idea for the proof relies on an optimal-control argument for a
radially decreasing rearrangement of the subsolutions. Furthermore, and analogously to the 2-dimensional case,
this result will help us to understand better the dynamics of (5.10). It allows us to recover L* estimates of the

solutions for (5.10) on dimension d > 3 if and only if the mass is subcritical, Definition 5.1.

Open problems. Up to our knowledge, this project is the first one that explores Li—Yau and Aronson—
Bénilan estimates for diffusion equations with a non-local aggregation term. We wonder if we can extend the
theory presented here to cover further cases, for example the diffusion dominated case, i.e. m > 2 — %. Can we
also obtain an Aronson—Bénilan type differential inequality for this case as well?
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