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Chapter 1

Introduction

In this thesis, we study the behavior of solutions to the damped Vlasov-Poisson-Fokker-Planck equa-
tion, characterizing the evolution of the phase-space distribution of a many-body system where the
interactions are given by an inverse square law in the presence of a thermal reservoir. It models the
evolution of the distribution of ions interacting in a plasma subject to repulsive Coulomb forces as

well that of galaxies interacting in space subject to attractive Newton forces [4]. It is given by
Oud + v Vap] +9Vy - (1] (F(z,pf) = yv)) = 7*Aontf, (VPFP)

where (z,v) € R x R? is a vector with d = 3, corresponding to the position and velocity variables
respectively, and v > 1 is a parameter quantifying the amount of damping introduced in the velocity
variable. In addition, the solution u? € C([0,T], P(R? x R?)) describes the evolution of the state of
system p] € P(R? x R?), corresponding to a probability measure on R? x R?, subject to the initial
condition pJ € P(R? x RY). Moreover, the element p7 € C([0, T], P(R?)) represents the evolution of
the particle density corresponding to the distribution of the mass of the system, obtained by

Pl = | (o) do

Lastly, we consider a force field defined using an interaction potential ® : R> — R such that

FRYx P(RY 5 RY,  F(z,p) = —Vd * p(z), VO(z):= g%, Ce{-1,+1},
x
where ( = 41 gives repulsive Coulomb forces, providing a model for the distribution of ions moving in
a plasma, whereas taking ( = —1 gives attractive Newton forces, giving a model for the distribution of

galaxies interacting in space. In both cases, the interaction potential ® satisfies the Poisson equation
AP = —(9,

up to a positive constant depending on the chosen model, where § is the Dirac delta function.

In this work, we focus on the behavior of solutions to the damped Vlasov-Poisson-Fokker-Planck
equation in the limit as 7 — oo, corresponding to the increase in the viscosity of the medium where
the particles interact. Under suitable assumptions, the main result of the work consists in showing

that the particle density p” converges in the Wasserstein distance as v — oo to the unique solution p
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to the corresponding Aggregation-Diffusion equation, given by
Opr + Vo - (peF(x, pt)) = Dapr. (AD)

Here, for p > 1, the p-Wasserstein distance is a metric on the space of probability measures (see

Definition 2.3) with finite p-th moments P,(R¢), corresponding to measures p € P(R?) satisfying

/Rd |z|P dp < o0.

To be specific, the proof of the main result follows the framework outlined in [4] by establishing the

existence of a constant C' > 0, independent of v > 1 such that we have the inequality

1
W26, pr) < C (W§<p3,po> ; 7) .

The proof rests upon the existence of a weak solution to the damped Vlasov-Poisson-Fokker-Planck
equation satisfying some restrictive properties. Unfortunately, the well-posedness theory covered in

this work does not include all the properties required to prove the main result at a formal level.

However, we do provide conditions so as to guarantee existence and uniqueness of solutions for the
damped Vlasov-Poisson-Fokker-Planck equation where the induced force is essentially bounded and

the solution has finite second position and velocity moments.

To prove these statements, we fix v > 1 and apply a change of variables to turn (VPFP) into

O +v - Vapr + Vo - (ue(E(z, pr) — 7)) = v Appue,

where E(x, p) := vF(z, p). This ensures that the results from [1] become applicable.

The thesis is structured as follows. In Chapter 2, we give a derivation of the damped Vlasov-Poisson-
Fokker-Planck equation (VPFP) and justify the reason we expect the Aggregation-Diffusion equation
(AD) to manifest in the limit as v — o0o. Also, we outline the strategy for proving the main Wasser-
stein convergence result, serving as a partial blueprint for the remainder of the thesis. In Chapter 3,
we obtain uniform estimates in the damping parameter on the second position and velocity moments,
which play a critical role in the proof of the main result. These are deduced by considering a natural
energy functional and showing that this quantity decays throughout the evolution. In Chapter 4, we
outline the framework for taking overdamped limits of the Vlasov-Poisson-Fokker-Planck equation
using tools from optimal transport theory. Namely, we exploit the various connections of the field
with the theory of partial differential equations to obtain explicit estimates on the quantity of interest
in the main result. Combined with results from the previous chapter, the main result is proved. In
Chapter 5, we prove existence and uniqueness of smooth classical solutions to the damped Vlasov-

Poisson-Fokker-Planck equation satisfying the necessary properties for the proof of the main result.

Note: We use the convention C' > 0 to denote a constant whose value is irrelevant, depending on the
context. In addition, the value of this constant may change from line to line. We use both measure-

theoretic integration conventions, integrating against du(z) and u(dz), depending on convenience.



Chapter 2

Derivation and result

In this chapter, we provide an informal derivation of the damped Vlasov-Poisson-Fokker-Planck equa-
tion, motivated through the study of an interacting particle system [3]. In particular, we write down
the equations of motion for a deterministic particle system evolving in a viscous medium and intro-
duce noise into the system. This models the effect of a thermal reservoir acting on the particles,
giving a stochastic differential equation whose solution is an Ité process. The structure of the solu-
tion can be exploited to write down the evolution equation for the law of the process, corresponding
to the damped Vlasov-Poisson-Fokker-Planck equation. In addition, we justify the reason to expect
the Aggregation-Diffusion equation to govern the dynamics when taking v — oo in the damped
Vlasov-Poisson-Fokker-Planck equation |4]. Lastly, we provide a formal statement of the main result

described in Chapter 1 and outline the strategy behind its proof.

2.1 Informal derivation of the equation

To motivate the study of the damped Vlasov-Poisson-Fokker-Planck equation, we begin by describing
a deterministic interacting particle system evolving in a viscous fluid, subject to interaction forces
given by an inverse square law. This serves as a stepping stone to our desired model, so that noise can
later be added to the system, modelling the effects of uncertainty in the measurements or randomness
in the system. To set the scene, we set the dimension to d = 3 and a finite time interval I = [0, 7

with T' > 0. For a fixed viscosity parameter v > 1, consider a system of N identical particles
N 1 N
ZP =2, 2] e,

where Zg’i = (Xt%i, Vf’i) € R% x R? corresponds to the position and velocity variables of particle
i at time t € I. In addition, we make use of an interaction potential ® : R? — R to specify the
interactions between the particles. To model ions interacting in a plasma subject to Coulomb forces

or galactic systems interacting in space subject to Newton’s universal law of gravitation, we take

Vo(z) =

[EE

x +1 if ® is the Coulomb potential,
-1 e is the Newton potential.



4 Chapter 2. Derivation and result

®\ \®®\< 4,N '7,N>
() o e
Q, © 7«

(X?vz , ‘/{%2)

FIGURE 2.1: Particles interacting in a viscous medium, depending on v > 1.

Writing down Newton’s second law to obtain the equations of motion for the damped N-particle

system yields the following system of coupled ordinary differential equations

dx)" :
i =
AVt v , , A
L = LY VR - X)) =
J#i
fort=1,2,...,N. For each particle, the first equation defines its velocity whereas the second equa-

tion defines its acceleration. The second equation is obtained by normalizing the mass and computing
the resultant force of the system. This force is made up of two parts. The first consits of the inverse
square law acting between each pair of particles, rescaled by the number of particles. The second

part is a damping term that is proportional to the velocity of the particle under consideration.

To model the fact that the particles evolve in the presence of a thermal reservoir, some Brownian
noise is added to the velocity variables, introducing randomness into the system. This results in a

system of coupled stochastic differential equations
dX)" = AV,
AV = _% S OVO(X) = X])dt — A2V dt + \/292d B},
J#i

fori=1,2,..., N, where the stochastic processes (B})scs correspond to N independent d-dimensional
Brownian motions. The solution to the system of stochastic differential equations is a collection of

stochastic processes corresponding to the N particle distributions in phase space, collected in Z}”N.
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FIGURE 2.2: An interaction potential ® specifies the interactions between the particles.

It is worth noting that since the particles are allowed to interact, the particle processes (Z; ’i)te I
are not pairwise independent. However, since we assume that the IV particles are identical, we can

identify the particle system with the random empirical measure g, N e P(P(R? x RY)), defined by

N N
Z ?':NZ (X7 vy

where ¢ is the Dirac measure. We can apply a similar trick for the position processes only, defining

This keeps track of the spacial distribution of the particles throughout the evolution. This allows us

to rewrite the dynamics governing the stochastic N-particle system using a convolution of the form

{dxgﬂ' — AVt (PS)

AV = =V x pl N dt — 2V, dt 4+ \/2+2d B

As the number of particles N grows large, the following two behaviors are to be expected from the
system. The first is that the influence that any given particle ¢ has on another particle j becomes
increasingly negligible, meaning that the particle distributions become increasingly independent. In
other words, for all t € I and all ¢ # j, we have

Law(Z]") ~ Law(Z]"”7),

where Law(Z) denotes the probability density function of a random variable Z. The second expected
behavior is that the dynamics become increasingly governed by the macroscopic state of the system,

rather than by the microscopic interactions between the particles. This averaging effect is described
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mathematically by imposing that all particle distributions solve the McKean-Vlasov equation

dX;] =~V dt

(MV)
dVy =V p/(X]) = y*Vdt + /292dBy,

where p] = Law(X}'). To establish this limiting behavior, three points need to be established.
1. The well-posedness of the particle system (PS).
2. The well-posedness of the limiting equation (MV).
3. Prove convergence of solutions from (PS) to (MV) in some suitable topology as N — oo.

Proving the above three items establishes a phenomenon known as propagation of chaos, meaning
that the limiting system is a good description for the corresponding finite particle system when N is
large. This topic has been the subject of intense study ever since Boltzmann’s ideas on the matter

were formulated in a rigorous framework by Kac and McKean in the first half of the twentieth century.

Unfortunately, establishing propagation of chaos is a very difficult task. While propagation of chaos
has been established with other interaction potentials, propagation of chaos for (PS) to (MV) with
Newton or Coulomb interactions is an open problem. Despite these challenges, propagation of chaos
results have been established by various authors under various regularizing assumptions on the sin-

gularity in the interaction potential for the system (PS). For instance, see [2].

From this point on, we assume that the dynamics governed by (MV) is a reasonable approximation
for the particle system (PS) and that the problem is well-posed. The remainder of this section is
devoted to the derivation of the damped Vlasov-Poisson-Fokker-Planck, describing the evolution of

the law of the stochastic process solving (MV). In particular, we begin by writing (MV) as
dz] =bv"(Z), p))dt + o7 (Z), 1 )d By,

where Z} = (X, V,”) and pu] = Law(Z]). In addition, we define

7R x P(R?) — R, b7 (z, 1) = v ,
B (R™) (2, 1) VB pa) — o

0 0
O_’y . R2d % P(de) SN RQdX2d’ U(Z7H) — \/ﬁ 3Ix3 3x3 :
03x3  I3x3

where p € P(R?) is the first marginal of y, defined for all measurable sets A C R? by
p(A) == p(A x RY).

This means that the solution to (MV) is an Ito6 process with drift vector b7 and diffusion matrix o7.
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A critical observation is that the dynamics in (MV) describing the evolution of the law of Z, are
independent of past states of the system, exhibiting a certain forgetfulness property. In particular,
the dynamics only depend of the current law of the process, characterizing the solution to (MV) as a

nonlinear Markov process in the sense of McKean.

Thus, for an arbitrary probability measure v € P(R??), we can consider the family of transition
functions (P})icr adapted to the nonlinear process (Z;')ies, driving the evolution of the nonlinear
process with initial condition v (see |3, Appendix A.4| for its definition and time-inhomogeneous

analogue). Using these transition functions, we construct the nonlinear operator
Sy : P(R?Y) — PR, S,(v)(dw) := // P/ (z,dw) v(dz),
Rd xRd

describing the evolution of the law of Z," with initial condition v. In particular, note that (S;)es is a

nonlinear semigroup since Sy = id and using the nonlinear Chapman-Kolmogorov identity, we obtain

Spvs(v / /}R P, ( / /R L Pledu) V(dz)> — S.8,(0).

We can use these this nonlinear semigroup to transform the nonlinear Markov process into a time-
inhomogeneous Markov process by considering new transition functions of the form

Fs,t : RZd — P(RQd)a Fs,t = PtSS(Hg)a

—S

where s < t with s, ¢ € I. This was introduced by McKean [14], allowing the use of semigroup methods
to track the behavior of the law of the nonlinear Markov process. Namely, we get an evolution system
(see [3, Definition A.31]) defined on bounded Borel measurable test functions by

Tsy : Bp(R?%) — By(R?), Ty 0(2 // w) Pg(z, dw) // Ptuos(z dw).
Rded Rded

The test functions, also known as observables, are used to probe information about the current state
of the system whereas T ; describes the behavior of these observables along the evolution. From the

evolution system T ;, we obtain the evolution equation governing the law of the process by solving

d

%Ts,tgo(z) = Ts,tLug p(2).

Here, we require the (right) infinitesimal generator of the evolution system, defined by

8
T (2) — ¢(2) . Jpea o(w) P (2, dw) — p(2)

. 2d 2d — tt+h¥ P _ R h
Ly By(R™) = By(R™), Lyrp(z) == }lLli% N = }{13% N .

For the Itd process solving (MV), we may restrict the domain of the evolution system and infinitesimal

generator to the set of smooth compactly supported test functions. In this case, provided that the
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induced force field is bounded, the infinitesimal generator can be computed using It6’s lemma to be

2d

o . 1 0%
L/%V : C°(R¥M) - O(R?), L/%V(p(z> =b"(z, 1)) - Ve(z) + 5 Z aj;(z, MZ)Bzié?zj (2),

2,j=1

where a”(z, 1) := 0”7 (2, )oY (z, ;)" Thus, after substituting the above with w := (z,v), we have

/ /Rded Pw) 81;?3 (2, dw) = - / /Rded (VW@ * p] (x) + 7%v) - Vup(w)) P, (2, dw)
oy [[[ @ Vaplw) P du)
w2 [ (el PE o).

Taking s = 0 and integrating with respect to z against the initial law ] with Fubini’s theorem,

0 t 3 Y v
//]RdXRd (w) 88(:0) (dw) = - //Rded ((VV(b * pf (x) + 72”) : VUQO(w)) St(pg)(dw)
1 [ 0 o) Si) aw)
w2 [ (el SiGs) dw),

giving a weak solution (see Definition 2.1) to the damped Vlasov-Poisson-Fokker-Planck equation
Outf + 70 - V] + V0 - (1] (F(z, pf) = 7v)) =7 Auptf,

with initial condition pg and F(z,p) = —V® % p. This concludes the derivation of the equation.

2.2 Informal overdamped limit argument

After providing an informal derivation of the damped Vlasov-Poisson-Fokker-Planck equation (VPFP),
we consider the reasons to expect the Aggregation-Diffusion equation (AD) to arise by taking v — oo.
Similarly to the derivation of the main equation, the arguments presented here are informal and should
only serve as motivation for the phenomenon under study. For simplicity of presentation, we abuse
notation by identifying measures with their Lebesgue density. To start with overdamped limits, note

that we can express the dynamics of the damped Vlasov-Poisson-Fokker-Planck equation in the form
O] + v - Vau] +Vy - (W F(z, p))) = vV - (Vo] +op)).

In addition, the right-hand side in the above equation is of the order of 2, which can be expanded to

VPV (Vo (2,0) + vy (z,0)) = 7°V, - (”;/(x’ v)Vu log (lj\zf(fjg(vg)>) ’
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where N4 € P(R?) is the standard normal distribution on R?. This distribution is defined by

1 )
d . d d _— —|vl?/2
NERY SR, Nw) = )i /2,

Thus, for large values of v > 1, the quadratic term dominates so that we can expect the factorization
pi (w,0) = p} ()N () == M ().
In addition, we can make use of the momentum field, defined in terms of the phase-space density as
m] R 5 R, m](z):= /Rd v (z,v) dv,

to rewrite the dynamics for the damped Vlasov-Poisson-Fokker-Planck in the position variables only.

This is obtained by integrating in the velocity variables to obtain the system of equations
Oipl +Ve-mi =0,

oym{ +~Vy - </d VR ,uZ(x,dv)) = yp) F(z, p)) — 7*m],
R

where ® denotes the outer product. Using the phase-space factorization of the density u;, we have

VVy - (/ vV M?(%dv)) ~YVapi (@),
RdxR4

for large values of v > 1. Thus, the second equation of the system of equations can be simplified to

dim] + AV p] = p] Fx,p)) = 7*m].

From the above equation, we can omit lower-order terms in v > 1 to get the refined approximation
ymy = p F(z,p{) = Vapy.
Substituting this expression in the momentum dynamics yields the Aggregation-Diffusion equation
Oipl + Va - (p{ F(x,p])) = Bap),

for large values of v > 1. In other words, the particle densities in the damped Vlasov-Poisson-Fokker-

Planck equation become increasingly governed by the Aggregation-Diffusion equation as required.

2.3 Formal statement of the main result

In the remainder of the thesis, we work towards establishing the phenomenon described informally in
the previous section in a more rigorous framework. To do so, we first introduce the necessary notions
to provide a formal statement of the main result of the work. These notions mainly come from the

theory of partial differential equations, statistical mechanics, optimal transport and geometry.
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To even start treating partial differential equations in a rigorous context, we first need to specify
what it means to solve a partial differential equation. Many different notions of solution exist in the
literature, including weak, mild, strong and classical solutions, to name a few. For our purposes,
we begin by introducing the notion of weak solution to the Vlasov-Poisson-Fokker-Planck equation
and Aggregation-Diffusion equation. These are defined by multiplying the equations by a smooth,
compactly supported test function and integrating by parts. This shifts the differential operators away

from the solution to the test function. As a result, weak solutions need not be even differentiable.

Definition 2.1. A continuous curve ¥ € C([0,T], P2(R% x R?%)) is a weak solution to the Cauchy
problem for the damped Vlasov-Poisson-Fokker-Planck equation (VPFP) with initial condition g €
Po(R% x R?) if for all s,¢ € (0,T) and all p € CX(R? x R?), we have

t
B 7/ // (v Vo + (Fz, p}) = 7v) - Vo +7Avp) dpldr.
s R4 xRd

Similarly, a continuous curve p € C([0,T], P2(R%)) is a weak solution to the Aggregation-Diffusion
equation (AD) with initial condition py € P2(R?) if for all s, € (0,T) and all p € C(R?), we have

t
/ @dpt—/ wdps—/ / (F'(z, pr) - Vo + Agp) dpydr.
R4 R4 s JRA

For both equations, we can define stronger notions of solution by imposing that additional properties
need to be satisfied. For the damped Vlasov-Poisson-Fokker-Planck equation, we are mainly interested
in solutions where the induced force field is bounded. Many other useful features of the solution can

be deduced from this property, characterizing it as a strong solution.

Definition 2.2. A continuous curve u € C([0,T], P2(R? x R?)) is a strong solution to the Cauchy
problem for the damped Vlasov-Poisson-Fokker-Planck equation (VPFP) with initial condition g €
P(R? x RY) if p1 is a weak solution to the damped Vlasov-Poisson-Fokker-Planck equation with initial

condition pg in the sense of Definition 2.1 and the induced force is bounded, meaning that
sup |[F(-, i)l poe < 00
0<t<T

On the other hand, the Aggregation-Diffusion equation has recently been the subject of intense
study through the lens of optimal transport theory. This field of mathematics uses measure theory
to rigorously define the notion of moving distributions so as to minimize a certain cost function.
Whenever the measures are defined on Euclidean spaces equipped with the Euclidean distance, the
optimal cost of transportation corresponds to the Wasserstein distance, defined as follows. See [20]
and [10] for an introduction to the field.
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Definition 2.3. Let p > 1 and consider probability measures u, v € Pp(Rd) with finite p-th moment

/ |z|P dp < oo, / |z|P dv < 0.
R R4

In addition, let TI(x,v) € P(R? x R?%) denote the set of transport plans from p to v, consisting of

measures with first marginal p and second marginal v. This means that for 7 € II(u, ), we have

JL . v dr= [ o) dnt [ o) dv

for all ¢,1 € Cy(R?). Then, the Wasserstein distance between u and v is defined as

WP(u,v):= inf // x —ylP dr.
p(u ) mell(p,v) Rded| |

In particular, a deep result was established by Jordan et al. [16], writing the Aggregation-Diffusion
equation as a gradient flow with respect to the 2-Wasserstein distance. Intuitively speaking, this
means that solutions evolve so as to minimize a certain energy functional. To define this energy
functional, we first need to define a way to quantify the difference in information carried between two
probability measures. Typically, we compare measures against another reference measure satisfying
some natural property. This can be chosen to be a stationary solution or the usual Lebesgue measure.

This comparison of measures with respect to information is captured by the notion of relative entropy.

Definition 2.4. Let E be a Euclidean space and consider probability measures u,v € P(FE). Then,

the relative entropy between p and v is defined as

// h<ﬁ> dv if p <.
H(plv) = § Jmsma v
+00

otherwise,

Here, we define h(s) := slog s, which is conventionally extended to h(0) := 0 by continuity.

In particular, the energy functional that is minimized along the evolution of the Aggregation-Diffusion
equation can be expressed as a sum of a relative entropy term with a potential energy term, depending

on the interaction potential ®. This is defined as follows.

Definition 2.5. The energy functional for the Aggregation-Diffusion equation (AD) is defined by
1
E:PRY = RU{+o0}, E(p) :=H(p|L) + 2/ P x p dp,
Rd

where £¢ is the d-dimensional Lebesgue measure. Using this energy functional, we can define a
stronger notion of solution to the Aggregation-Diffusion equation that is consistent with the gradient
flow structure of the equation, known as £-regular solutions. Their main feature is that certain key

quantities remain bounded throughout the evolution.
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Definition 2.6. Let £ be the energy functional given in Definition 2.5. A continuous curve p €
C([0,T], P2(R%)) is an E-regular solution to the Cauchy problem (AD) with initial condition py €
Po(RY) N dom(&) if it is a weak solution to the Aggregation-Diffusion equation in the sense of
Definition 2.1, belongs to the Sobolev space throughout the evolution p € L'((0,T), W1 1(R%)) and

sup S(pt)+ S HF , Pt HLOO+/ / dacdt<oo.
0<t<T Rd Pt

Similarly to the Aggregation-Diffusion dynamics, we can also define an energy functional for the
damped Vlasov-Poisson-Fokker-Planck equation by considering the phase-space factorization de-

scribed in Section 2.2. This replaces the reference used in the relative entropy term.

Definition 2.7. The energy for the Vlasov-Poisson-Fokker-Planck equation (VPFP) is defined by
1
PRI xRY) = RU {400}, E(u) := H(u|M () + 2/ ® * p dp,
Rd

where M () is the phase-space factorization of p described in Section 2.2 for large values of v > 1.

Between the Vlasov-Poisson-Fokker-Planck equation and the Aggregation-Diffusion equation lies an
intermediate system, obtained defining modified particle densities which take into account the effect
of the velocity variable on the position variable ahead of time. These are known as coarse-grained

particle densities, which also play an important role in the existence and uniqueness theory.

Definition 2.8. Let A\ > 0 and consider the unique weak solution p” € C([0,T], P(R? x R%)) to the
damped Vlasov-Poisson-Fokker-Planck equation (VPFP). Then, the A-coarse-grained particle density
p’* € C([0,T], P(RY)) is defined as

pa) = [ e = xoo) do
Rd

We refer to the case where A = 1/ as the standard coarse-grained particle density, denoted by p7.

We are now ready to provide a formal statement of the main result that is proved in the thesis. For

now, we assume the well-posedness of both (VPFP) and (AD) and state the overdamped limit result.

Theorem 2.9. Consider the energy functionals given in Definition 2.5 and 2.7 and consider a family

of initial conditions (4()>1 satisfying the following uniform energy and moment bounds

sup E(ug) + sup // |22 + v]? dug < oo.
y>1 v>1 R4 x R4

In addition, consider the family of unique strong solutions (u”),>1 to the Vlasov-Poisson-Fokker-

Planck equation (VPFP) and let (p)y>1 and (p7)y>1 denote the corresponding families of particle

densities and standard coarse-grained particle densities. Assume that

sup SUP {Hpt Lo + 115¢ HLOO} < 0.
v>10
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In addition, assume that the family (7),>1 satisfies the properties of £-regular solutions and induces

a family of Lipschitz forces with Lipschitz constants bounded uniformly in «v > 1, meaning that

sup sup [|F(, /)y, < oo.

~>10<t<T
In addition, let p € C([0,T], P2(R%)) be the unique £-regular solution to the Aggregation-Diffusion
equation (AD) with initial condition pg € Po(RY) Ndom(E). Then, there exists some constant C' > 0
independent of v > 1 such that

1
2 2
sup Wy (p{,p) <C <W2 (Pg: po) + 2> :
0<t<T v

To prove the statement, we first need to ensure that the second position and velocity moments remain
uniformly bounded in v > 1 throughout the evolution. The position moments are required to ensure
that the 2-Wasserstein distances are well-defined whereas the velocity moments are used to deduce the

uniform bound. These results are obtained in Chapter 3. The bound itself is obtained by considering
W3 (pl,p) < 2W3 (o], 5)) + 2W3 (5], pe).

and bounding each term separately. The first term can be bounded by the second velocity moment of
py using elementary techniques from optimal transport theory. However, bounding the second term

is more involved. A Gronwall argument is applied to a modified evolution-variational inequality

1d . R R 1
§£W22(Pzapt) < AW3(p], pe) — Da(pf, pr) + 3 ledll2p,) -

where A > 0 is independent of v > 1. Moreover, we have that Dg is the modulated interaction energy

Dalp)i= [[ | @ —y) dlp =)o) dlp—v))
R4 xRd
defined for probability measures p,v € P(R?). Lastly, the term e; in the modified evolution-
variational inequality reflects the difference in the forces governing the two systems. We prove that
both the modulated interaction energy Dg(p;, p¢) and the error term e; can be controlled uniformly

in v > 1 with respect to the Wasserstein distance. These results are treated in Chapter 4.
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Chapter 3

Uniform estimates

In this chapter, we obtain estimates on various quantities of interest that can be bounded uniformly
in the damping parameter v > 1. In particular, we establish some useful properties for the energy
functional corresponding to the damped Vlasov-Poisson-Fokker-Planck equation (VPFP), defined in
Section 2.3. We use these features to prove an energy dissipation inequality, giving natural assump-
tions to obtain uniform energy bounds throughout the evolution [4]. In addition, we combine these
bounds with Gronwall’s lemma to obtain uniform bounds on the second moments of the phase-space
density. Throughout this section, we assume the well-posedness for the damped Vlasov-Poisson-
Fokker-Planck equation (VPFP) with finite second position and velocity moments. This is postponed

until Chapter 5. Rather, we focus on bounding the moments uniformly in v > 1, assuming they exist.

3.1 Uniform energy estimates

To start, we begin by considering the relative entropy term present in the energy functional corre-
sponding to the damped Vlasov-Poisson-Fokker-Planck equation. To help motivate the presence of
this term in Definition 2.7, we consider the possible state variables that can contribute to the total
energy of the underlying particle system. From a macroscopic perspective, we can consider two kinds
of mechanisms giving rise to energy due to the movement of the particles. The first gives rise to
energy that is available to do useful work, corresponding to the kinetic energy of the system. The
second gives rise to energy that is unavailable to do useful work, corresponding to the entropy of the

system. We collect these two mechanisms in a term which we call the kinetic entropy as follows.
Definition 3.1. The kinetic entropy of a probability measure z € P(R? x R?) is defined by

v 2
H(p):RT*x R =R, H(p)(z,v):= |2‘u(x,v) + h(u(z,v)),

where we recall that h(s) := slogs for s > 0, which is conventionally extended to h(0) := 0.

The notion of entropy was originally introduced by Clausius [5], which was subsequently investigated
further by many physicists of the late nineteenth century. A few years prior, however, Maxwell
discovered that the standard normal distribution naturally arises as a good description for the velocity
distribution in idealized gases [11, 12|. However, it was Jaynes who first showed that the standard

normal distribution minimizes the entropy as defined in Definition 3.1 [8, 9].
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Theorem 3.2. Let p > 0 be a non-negative real number. Define the function
mp(v) = pN(v),
where N'¢ € P(R?) is the standard normal distribution on R?. Then, the function m, solves
min {H(O‘) | o : RY = [0,00) measurable, /Rd o(v) dv = p} .
Proof. By convexity of the function h, for all non-negative real numbers s > 0 and ¢ > 0, we have
h(t) > h(s) + 1 (s)(t — s).
Take s = m,(v) and t = o(v) where o is a function in the feasible set of the problem. Then, we get

h(o(v)) = h(my(v)) + ' (m,(v))(o(v) = mp(v))
o[

= htmp(w) + (14108 (357 ) = 5 ) (000) = myfo

Using the fact that o belongs to the feasible set of the minimization problem along with

/Rd o(v) = my(v) dv =0,

we can integrate both sides of the convexity inequality to deduce that

2 2
H(o) = / P ) + o)) dv > / L (@) + h(m,(v)) dv = H(m,).
Rd 2 Rd 2
Thus, we have shown that m, minimizes the kinetic entropy as required. ]

In other words, for a given particle density, the phase-space distribution with a standard normal

velocity profile minimizes the kinetic entropy. For convenience, we give a name to this distribution.

Definition 3.3. The Maxwellian associated to a probability measure p € P(R? x R?) is defined by
M) s RE xRS R, M () (,0) = mp (v) = p@)N(v),

where p € P(R?) is the first marginal of y, corresponding to the particle density obtained from .

What is interesting is that the Maxwellian associated to a phase-space density serves as a good
reference distribution in the relative entropy defined in Definition 2.4. With this choice of reference,

the relative entropy coincides with the total energy difference arising from the kinetic entropy.

Remark 3.4. For a probability measure x4 € P(R? x R?), a small computation yields

JLmde= [ HOG) dz = W),

This implies that the relative entropy of p with respect to its Maxwellian is non-negative.
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On the other hand, another source of energy comes from the position of the particles with respect
to each other. This term is known as the potential energy of the system, which depends on the
interaction potential mediating the behavior of the particles between themselves. Note that this type

of energy is independent of the velocity profile of the state of the system.

Definition 3.5. The potential energy of a probability measure p € P(R? x R?) is defined as

1
V() == 2/ P x p dp,
]Rd

where p € P(R?) is the first marginal of p, corresponding to the particle density obtained from .

As a result, we can obtain the energy functional defined in Definition 2.7 by summing the potential

energy with the energy obtained from the kinetic entropy. Namely, we obtain the equality

£(1) == HuM () + 5 /R Bepdp= / / () = HOM(0)) dz+ V().

Using the fact that the relative entropy with respect to the Maxwellian is non-negative, we prove that
that the energy exhibits a dissipative behavior. In fact, we prove two inequalities. The first is later

used to prove the uniform bound on the moments, whereas the second is more physically natural.

Theorem 3.6. Let 7 be the unique strong solution to the damped Vlasov-Poisson-Fokker-Planck

with finite second position and velocity moments and sufficient regularity. Then, we have

vt [l

E(]) + 27 /0 Hu|M (1)) ds < E(iY).

id e\v\ /2 e P2 gy < E()

Proof. Using the regularity of the solution ] and the fact that ® is even, we have

d o [ I i ou}
— — - o — + D
dt <//RdXRd 2 dp + 2 *pt dpt R xRd * ( ) ot dz.

Substituting the damped Vlasov-Poisson-Fokker-Planck equation and integrating by parts yields

d 2 1
— // wdu?ﬂL/ P p dp/ =—72// v (Vop] +opy) dz.
dt ]RdXRd 2 2 ]Rd RdXRd

On the other hand, using a similar procedure, we have

d o,
— h()) dz ) = 1+1 Lt g
a <//Rded (1) Z) //Rdx]Rd( + log 11 ) ot z

= / / (14 log 1) (Vs - (Vori] +vi])) dz
R4 x R4

// vut (Vopd +opf) dz.
R xR4 #t
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As a result, summing the two contributions yields

d Vi
—& :—2// Vo 7+v'y-<v—|— t) dz
p (ui) == Rdx]R( pi + o) 7

== // pi +2Vo/pf | dz
RIxR4
42 ¥ |v|2/2 —|v?/2
= —4y Vo uie e dz.
RIxR4

Thus, the first inequality follows by integration

£ +4w///
R xR4

On the other hand, the logarithmic Sobolev inequality [6] gives

0 2
Hy 2
2/ ;ﬂlog( > dv§4/ Vor/ plell/2) e
R M () Ra| VY

Thus, we can use deduce that

—v*/2 g,

d
7€) < —29*H (p] M (1))

As a result, we can conclude by using Remark 3.4 to obtain

E(7) + 27 / HIM (7)) < E(ud).

This concludes the proof of the required inequalities. ]

3.2 Uniform first position moments

The energy dissipation inequalities obtained in Theorem 3.6 provide natural assumptions to obtain
uniform bounds on the energy throughout the evolution. In the quest for uniform bounds on the
second moments, we start by proving that the first position moments are uniformly bounded as long
as the same holds true for the energy. In the process, we also obtain uniform bounds on the second
velocity moments. For the remainder of this section, we consider Coulomb interactions between the

particles, but the arguments can be adapted to include the Newtonian interaction.

Theorem 3.7. Let (u7),>1 be the family of unique strong solutions to the damped Vlasov-Poisson-
Fokker-Planck equation with finite second position and velocity moments and sufficient regularity,

where the initial conditions satisfy

sup &(pg +sup// 2| dp < oo.
y>1 v>1J JRAxR
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Then, it follows that the first position moments are uniformly bounded throughout the evolution

sup sup // |z| du) < oo.
v>10<t<T J JRIxR4

Proof for Coulomb interactions. Consider the following decomposition of the logarithm
log(uf) = log™ (1f) —log™ (),
where we define
log* (1) := max{log(4]), 0}, log™ (1) i= max{—log(]), 0}.
In particular, on the domains
o[

|z lz|  |v]?
51 = {(x,v) S Rd X Rd : M? > 6_2_4}, 52 e {(a:,v) c Rd % Rd . 'u;y < 6_2_4},

we have the following respective bounds

Jlog™ (1) dz < lzf | 0P dpf
pg log™ (pf) dz < 5 )
S1 R4 x R4
T ’U2
// 11 log™ (1) dzé// T dz,
SQ RdXRd

The latter follows from the definition of S and the fact that

0</plog™(ny) <1

Thus, it follows that

X
//Rd Rd|2| +7+log () dui — //Rd 0 dZ<5ut // el duy
X X

Furthermore, using the regularity of the solution, we can apply Young’s inequality to deduce that

) )= St
— x| du] | =~ v du)
dt< Rded| iy RixRd | T] !
2 7 7 dxd
//]Muﬂ ( i 2V V‘”)V“t e

] 2
§+7// o/ 1] + 2V 1]

2 2 RdXRd

1 2 Y 2 2
=-+2y Vo) pf elvl*/2

2 Ré xRd

dxdv

e 172 drdy.

Thus, by integration, we have

J, la <[] el +27///
R4 xR4 R4 x R4 R4 x R4

u e\v|2/2 e P12 drduds.
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Hence, it follows that

i v 2 i v 2
// |2’+|4| duZS// |2’+|4| + log™ (1) dpf
RIx R4 RIx R4
<c+ / / o] dyif + E17)
R4 x R4

T
50+// 2 dug + 5 + E(ng)
RI xR

/ Mo 7o

uniformly in v > 1 and 0 <t < T by Theorem 3.6. Thus, we can conclude that

sup sup // lz| + |v|* du] < .
v>10<t<T J JRIxRA

This provides uniform bounds on the first position and second velocity moments as required. O

Ly e‘”‘2/2 e_|”|2/2 dzdvds

3.3 Uniform second moments

The uniform bounds on the first position and second velocity moments play a key role in the estab-
lishment of uniform bounds on the second position moments. In particular, we use a Gronwall-type

argument twice to deduce this result. This is formalized in the following theorem.

Theorem 3.8. Let (17)y>1 be the family of unique strong solutions to the damped Vlasov-Poisson-
Fokker-Planck equation with finite second position and velocity moments and sufficient regularity,

where the initial conditions satisfy

sup £(pg) + sup // |z|* dug < oo.
y>1 v>1J JRIxRY

Then, it follows that

sup sup {// || d,u,z} < 0.
v>10<t<T R x R4

Proof for Coulomb interactions. Again, using the regularity of the solution u;, we have that

1d )
bt A} | = v du.
2dt (//]Rded |l'| Nt) ’y//Rded vy d'ut

Thus, we can integrate to obtain

1
// lz? du) = = // 2 dug +’y// // x - v dplds.
2 J JraxRrd R x R4 Ré x R4
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In addition, we have

d
dt <// oY dﬂ?) - // (@-0) (=0 Vo] = vF(,p]) - Vo] + 77V - (Vop +vp)) dz
R xRd Rd x R4

:’Y// Iv!2du3+7// l"F(l‘,pz)d/Lz—’};// z-vdy.
R4 xR4 Rd xRd R4 xRd

To bound the second term, note that

//R v Fo.) dif = | /R yV(y — ) dp} (x)dp] (1)
//H v = y)V(x —y) dp}(x)dp{ (y)

_—// x- F(z,p)) dul + / © x p/ dpj.
R?xRd d
Thus, we can deduce that

1
4 // rovdul ) <~ // \v|2d,u;y+/ S« p] dp] 2// z-vdy.
dt RAdxRd Rd xR 2 RdxRd

Using the same bounds for the negative part of the logarithm as in the proof of Theorem 3.7, we have

d 1
dt(// x-vdu3><v<// Iv\zdul+4// h(u?)derQ/ <I>*p3dp3>
R xR4 RdxRd R4 xR R4
—47// h(u?)dz—72// z-v dpf
RdxR4 R4 xR4
xT 'U2
< 4yE(p]) +4V// 515
R xR4
+2v// !fvldul—'f// - v dp]
Rd x R4 R4 x R4
§07—72// z-vdy].
R4 xRd

for some constant C' > 0 independent of v > 1, which follows by Theorems 3.6 and 3.7. Applying

Gronwall’s lemma followed by Young’s inequality yields

// z-v dp) <<// |x]2 ’U|2 ) -ty ¢
Rd xR b= Rdx R4 ’Y

<

=1Q

where the last inequality follows by Theorem 3.7. Thus, we have that

1 1 t
// ]m\Qdut—// ]x\zdug—i—’y/ // x-vdplds
2 J JraxRrd 2 J JraxRrd 0 JJrixrd
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uniformly in v > 1 and 0 < ¢ <T'. Thus, we can conclude that

sup sup // |z duy < oo.
v>10<t<T J JRIxR

This gives uniform bounds on the second position moments as required. O

As a closing remark, since the uniform bound on the second position moments implies that the first
position moments are also uniformly bounded, we can deduce that both position and velocity moments

remain uniformly bounded throughout the evolution. Under the assumptions of Theorem 3.8, we have

sup sup // |22 + |v|* du] < oo,
7>10<t<T J JRAxRA

This fact is key in ensuring that the Wasserstein distances between particle densities are well-defined

and serve as a building block for the establishment of the uniform bound given in Theorem 2.9.
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Chapter 4

Overdamped limits

In this chapter, we focus on establishing the main result of the thesis, corresponding to a convergence
result in the Wasserstein distance of solutions to the damped Vlasov-Poisson-Fokker-Planck equation
(VPEP) to the corresponding Aggregation-Diffusion equation (AD). In particular, the proof of Theo-
rem 2.9 passes through an intermediate system, solved by the standard coarse-grained particle density
defined in Definition 2.8. Namely, we bound the Wasserstein distances to the intermediate system in
terms of the second position and velocity moments of the phase-space density [4]. Combined with the
results from Chapter 3, these bounds are made uniform in the damping parameter, under suitable
energy assumptions. Throughout this section, we assume the well-posedness of the two equations and

postpone the proof for the damped Vlasov-Poisson-Fokker-Planck equation until Chapter 5.

4.1 The coarse-grained system

We begin by investigating the properties of the coarse-grained particle densities introduced in Defini-
tion 2.8. These quantities resemble the usual particle density, where the effect of the velocity variable
on the position variable is taken into account ahead of time. This ahead-of-time influence is controlled

by a parameter A > 0 through the coarse-graining map, defined by
MR RT - RYx RY T, 0) = (2 + Av,v),
Note that this is a volume-preserving diffeomorphism with inverse given by
IR RIS REXRY, T Ma,0) = (z — I, v).

This can be verified by checking that det DT* = 1. To understand the role of the coarse-graining
map, observe that the integrand in Definition 2.8 corresponds to the push-forward measure of the
phase-space density by the coarse-graining map. Namely, for a probability measure p € P(R? x RY)

that is absolutely continuous with respect to the Lebesgue measure, we have the equality
TYu(z.v) = plz — hv.v)

In this measure-theoretic language, we have the following equalities

pl() = miud (@), pP @) = (1 o TNl (0),  47(2) = (7% 0 T7 )] (),
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where 7% : R? x R — R? denotes the projection onto the first component. After shedding light on

the coarse-grained particle densities, we consider the dynamics describing their evolution in time.

Theorem 4.1. Let 17 be a strong solution to the damped Vlasov-Poisson-Fokker-Planck equation.

Then, the standard coarse-grained particle density p7 is a weak solution to the equation
Wi g, = ant, D)= [ F )T d
ot ¢ =Aep),  J (@)= o (= v/v,p{) My { (z,v) dv.

Proof. Let ¢ € C®(R%) be an arbitrary test function. Denote ¢ (2.v) := @(x + v/7). Since u” is a

weak solution to the Vlasov-Poisson-Fokker-Planck equation, we have that

0= //Rd Rd < + - Ve + V" - (F(z,p]) — 0) + 7 Avp(w + v/*y)) du}
X

// ( (70 T7) + Vapo (n* OFV)-F(x,pZ)JrAwa(ﬂxofi)) dy
RdxR4

a 1
-/, (atw )dﬁ?+// Vag Flz— v/, p]) AU
R4 xR4

Integrating with respect to ¢ yields the desired the weak formulation of Definition 2.1 as

t 1
[odi~[ van=[ [ dwodiiss [[ Vg Pl drjl ds
R4 R4 0 JR4 RIx R4

As a result, we obtain a weak solution to our desired system with initial condition pj. O

We are now ready to prove the first half of the triangle inequality argument. In particular, we give
a bound on the Wasserstein distance between the particle density of the damped Vlasov-Poisson-

Fokker-Planck equation and the corresponding standard coarse-grained particle density.

Theorem 4.2. Let p”7 be the unique strong solution to the Vlasov-Poisson-Fokker-Planck equation

and consider the corresponding particle density p? and the standard coarse-grained particle density

py. Then, we have the bound
W3 (5, ) < // ? dpy.

Proof. Consider an optimal transport plan II; € P(R?? x R?9) from F & py to u; with respect to the
square Euclidean norm. Such a measure II; exists since the initial and final measures are defined on
a Polish space and the transportation cost is lower semi-continuous. By projecting onto the position
variables, it follows that (7% x 7%),Il; € P(R? x RY) is a transport plan from p; to p;. Thus, we

obtain the estimate

WEGLA) < [[ | e €P de x )M, 6)
X

_ ////Rdxmmw 77 (2, 0) — 7% (&, )2 L (2, v, €, V)
S ////RdXRdXRdXRd |'T a €|2 * |U - V|2 dHt(x?lU’é-v Z/)
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W (F’Y:U‘tvﬂt)

1
Moreover, consider the transport plan (I'v x id)4u] € P(R* x R??) from F # py to . This yields

1 1 1
W) < [[ 0w~ @R di = 5 [ P da.
R4 xRd 72 J Jraxra

Thus, we have shown that
WEGLo) < g [[[ 1o dul.
dx R4

giving a bound on the Wasserstein distance in terms of the second velocity moment.

4.2 Displacement interpolation

The second half of the triangle inequality argument requires significantly more work. As a starting
point, we begin by stating a standard result from optimal transport theory, concerning the existence
of an optimal transport map whenever the source measure does not give mass to small sets. This is

known as Brenier’s theorem, which plays an important role in the arguments in this chapter [20].

Theorem 4.3. Let p > 1 and consider probability measures p, v € P(R?) such that p is absolutely
continuous with respect to the Lebesgue measure. Then, there exists a convex function ¥ : R — R

such that T := VV is the unique optimal transport map from p to v, meaning that

/ |z —T(x)|P dp = inf |z — S(x)P du.
Rd Spp=v JRd

Here, the infimum is taken over all transport maps from p to v. In addition, the map 7' is monotone

in the sense that for all z,y € R%, we have the order inequality

(T(x) =T(y)) - (x —y) = 0.

In addition to Brenier’s theorem, we introduce the ideas attributed McCann, concerning the inter-
polation of probability measures, given a transport map [13]. This entails generating a family of

probability measures, consisting of all measures obtained throughout the process of transportation.

Definition 4.4. Let p,v € P(R?) be probability measures such that p is absolutely continuous with
respect to the Lebesgue measure. In addition, consider the optimal transport map 7' from u to v
obtained from Theorem 4.3. For 0 < 6 < 1, the displacement function is defined by

T :RY = RY, TO(x) := (1 —0)x+ 0T (x)).

We call the measure T i,u € P(RY) the #-displacement interpolant between u and v.

Moreover, the following theorem relates displacement interpolants with the Wasserstein distance.
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Theorem 4.5. Let p,v € Po(R?) be probability measures with finite second moments such that p
is absolutely continuous with respect to the Lebesgue measure. In addition, consider the optimal

transport map 1" from p to v and let 0 < 61,602 < 1. Then, we have the equality
W (T4 p, T ) = 161 — 02| Wa(p, v).
Proof. Let II € P(R% x RY) be an optimal transport plan from y to v. Consider the interpolation
Cx,y) R xR - RY, Oz, y) = (1 —0)z + 0y.

Using the fact that the optimal transport plan II from pu to v is supported on the graph of the optimal

transport map 1" from p to v, we have
COI = CY(id x T)yp = ((1 — 0)id + 0T) gy = T p.

Thus, we can deduce that (C%, 092)#1'[ is a transport plan from Ti},u to Tff w and thus

1/2
Warn 10 < ([ ool dChm) = i 1] Wil
R4 xR
If the strict inequality holds for some 61 < 65, the triangle inequality yields

W2(/J'7 V) S WQ(M7 Tilu) + W2(T$7Tzfﬂ) + W2<T79$27 V)
< 91W2(/L, l/) + (92 — 91)W2(,u, I/) + (1 — QQ)WQ(H, l/)
= Wa(u,v),

giving a contradiction. Thus, we can deduce that
Wa (T3, T2 ) = |61 — 02| W, v).

This provides our desired result and concludes the proof of the theorem. ]

In our quest for the proof of the main theorem, we need to compute the relative entropy of interpolants
with respect to the Lebesgue measure. To ensure that this quantity is finite, we must guarantee that

the interpolants are absolutely continuous with respect to the Lebesgue measure (see Definition 2.4).

Theorem 4.6. Let i, v € P(R?) be probability measures that are absolutely continuous with respect
to the Lebesgue measure. Consider the optimal transport map 7" from p to v obtained from Theorem
4.3. For 0 < 0 < 1, the #-displacement interpolant Tf%,u between p and v is absolutely continuous

with respect to the Lebesgue measure.

Proof. We verify that the #-displacement interpolant from u to v satisfies the definition of absolute
continuity with respect to the Lebesgue measure. In particular, let A C R? be a Borel set with zero

Lebesgue measure. Let T'= VWV be the optimal transport map from u to v provided by Theorem 4.3.
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Define

PRI R, S%z):=(1- 9)'2'2 + 00 (z).

Since the function V¥ is convex, we have that 1 is strictly convex. Thus, we have that V1/? is strictly
monotone and so its inverse is well-defined on its domain. By Cauchy-Schwarz and the monotonicity

of the optimal transport map, we obtain

IV (z) = V¢l ()| — y| = (VY (z) — Vi (y)) - (x — y)
=(1=0)|z -yl +0(VT(z) — VI(y)) - (z—y)
>(1—6

)z — 2
From this, we can deduce that the inverse map
(Vy?)™ :ran V! — R?

is Lipschitz with constant less than (1 —@)~!. It follows that the set (V1)?)~!(A) has zero Lebesgue

measure. Hence, the interpolant is absolutely continuous with respect to the Lebesgue measure. [

Given the absolute continuity of interpolants with respect to the Lebesgue measure, we state without

proof a deeper result concerning the convexity of the relative entropy along interpolants [13].

Theorem 4.7. Let p > 1 and consider probability measures p,v € P(RY) that are absolutely
continuous with respect to the Lebesgue measure. In addition, let T' be the optimal transport map

from p to v obtained from Theorem 4.3. Then, the functions
K.L:[0,1] =R, 1(0) = H(TLulL?),  L(0) = log(|Thull1»)

are convex, where Ti 1 is the #-displacement interpolant between p and v.

Using the convexity of the relative entropy along interpolants, we show that the displacement inter-

polants remain essentially bounded, whenever this property holds for the initial and final measures.

Corollary 4.8. Let u,v € PN L®(R?) be probability measures that are absolutely continuous with
respect to the Lebesgue measure with essentially bounded densities. In addition, let 7" be the optimal
transport map from p to v obtained from Theorem 4.3. For 0 < 6 < 1, the #-displacement interpolant

is essentially bounded with the estimate

0
1T pll oo < max{|[l| oo s |V oo }-

Proof. By Theorem 4.7, we have

log([| T4l ) < max{log(||ul|ze), log([|][ L)}
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Taking the limit superior yields

lim sup log(||ng,u||Lp) < max{lim sup log(||¢|| » ), lim sup log(||v|| z») }.

By continuity of the logarithm and monotonicity of the exponential, we have

0
[Tl zoe < max{|pl| oo , || oo }-
This shows that the displacement interpolants are essentially bounded as desired. O

The essential boundedness of the displacement interpolants can be leveraged to obtain control in the
Wasserstein distance on the modulated interaction energy, described in Section 2.3. The rest of this

section is devoted to this aim. To start, we recall the definition of the modulated interaction energy.

Definition 4.9. Let p, v € P(R?) be probability measures that are absolutely continuous with respect

to the Lebesgue measure. Then, the modulated interaction energy between p and v is defined by

Daiev) = [ 8@ =) dlu= )= v)(a).

Before controlling the modulated interaction energy with respect to the Wasserstein distance, we first
consider the homogeneous Sobolev norm, defined on the space of signed measures having zero total

mass. This norm is suitable for the signed measures appearing in Definition 4.9.

Definition 4.10. Let w be a signed measure on R? with zero total mass, that is w(R%) = 0. Then,

/ godw’.
Rd

Remark 4.11. It immediately follows from the definition that if V& * (u — v) € L%(R%), we have

the H~! homogeneous Sobolev norm is defined by

loll s == sup
”VLPHL?SI

Do (1, )| S IV@* (= v) o It — vl -1 -

We are ready to prove an estimate on the modulated interaction energy with respect to the Wasserstein

distance under an essential boundedness assumption on the density of the measures.

Theorem 4.12. Let p,v € Py N L®(R?) be probability measures that are absolutely continuous
with respect to the Lebesgue measure with finite second moments and essentially bounded densities.

Then, we have the estimate

I = vl g < Ve Walp,v),  cooi= max{lp oo s [V oo }-

Proof. Let ¢ € C(R?) with |[Vyl||;2 < 1. By change of variables, we have

/ o(x) dTiu = / (1= 0)x+ 60T (z)) dp.
R4 R4
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Thus, taking derivatives with respect to 6 yields

% /Rd ¥ deéN = /]Rdx]Rd Vo((1—0)z+0T(x)) (T(x) —x) du

1/2 1/2
< ([ i@k as) ([ 1veParin)
R4 R4

< vV Coo WQ(N? V)7

where the last inequality follows by Corollary 4.8. By the Mean Value Theorem, it follows that

= vl g1 < Ve Walu,v).

This gives the required result, concluding the proof of the theorem. O

4.3 Evolution-variational inequalities

In this section, we make use of a deep connection between the field of optimal transport and the
theory of partial differential equations. From an intuitive point of view, the result gives a formula
for the time-derivative of the 2-Wasserstein distance along a solution to a continuity equation with a

sufficiently regular vector field. For a proof, see |10, Theorem 8.4.7, Remark 8.4.8].

Theorem 4.13. Let p € C([0,T], P2(R%)) be a weak solution to the continuity equation

Ipt

T
_ 2
o V- (pe) = 0, /0 1€6llZ2ppy dt < 00,

that is absolutely continuous with respect to the Lebesgue measure. For any probability measure
v € Po(R?) with finite second moments, consider the optimal transport map T} from p; to v, obtained

from Theorem 4.3. Then, for almost every 0 < ¢t < 1, we have the equality

%%Wﬁ(pt, v) = /Rd(w = Ty(x)) - &(x) dpe.

The above theorem serves as a stepping stone to proving an inequality characterizing E-regular so-
lutions to the Aggregation-Diffusion equation, as given in Definition 2.6. In particular, we obtain a

bound on the energy differences between measures defined on spacial spaces.

Theorem 4.14. Let p,v € P2(R?) N dom(&) be probability measures with finite second moments,
belonging to the domain of the energy functional defined in Definition 2.5. In addition, assume that

the measures p and v are absolutely continuous with respect to the Lebesgue measure satisfying

Vp|?

dr < oo, F(-,p)€ L®RY).
RE P

D@(pa V) < o0,

Consider the optimal transport map 7" from p to v obtained from Theorem 4.3.
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Then, it follows that we have the energy inequality
1
EW)=E(p) = | (T(@)=2)-Vplo) do+ 5Du(p.0)
1
[ @@ =) P @).0) dpas,
0 R4

for p-almost every « € R%, where the map T is the displacement function defined in Definition 4.4.

Proof. We begin by bounding the differences in entropy. Using Theorem 4.7, we can use the convexity

of the relative entropy along displacement interpolants to deduce that for all 0 < § < 1, we have
1
H(IL?h) = H(plL?) = 5 (H(ThplL?) - H(plL?)

In addition, we can use [10, Lemma 10.4.4 (iv)| to deduce that in the limit as # — 0, we obtain

H(v|C%) — H(p|C?) > / pla) tr V(T(x) — 2) da,

Rd

where tr V denotes the approximate divergence. By Holder’s inequality, we have that

9 1/2
/ |Vp| dox < (/ [Vol” dx) < 00,
Rd Rd P

from which we can deduce that p € W1 (R?). Thus, we can use [10, Lemma 10.4.5] to deduce that

H(v|LY — H(plL) > /R (T(@) ~ ) Vpla) do

holds for p-almost every € R%. When it comes to the differences in the potential energy, using the

optimal transport map 7" from p to v with a change of variables, we obtain

1 1 1
1/ @*ydy—l/ @*pdp:/ @*(y—p)dy—i—/ @*pdy—/ D xpdp
2 R4 2 R4 2 Rd 2 Ra 2 Ra
1
= 5Palp) + [ @4 p(T(@) ~ 5 pla) dp

1 1
— 3 Pelp)+ [ [ VO p(T?() - (T(a) - 2) dpd
0 Rd

As a result, we obtain

Ew) =)= [ (T(x) ) Vola) du + 3Dalp.1)

Rd
1
- [ [ F@ @0 (2@) - 2) dpas.
0 JRd
This proves our desired result, concluding the proof of the theorem. ]

In particular, for systems corresponding to a perturbation of the Aggregation-Diffusion, we can obtain

a refined inequality whenever the induced force of the system is Lipschitz in the position variable.
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Theorem 4.15. Let p € C([0,T], Po(RY) N dom(&)) be a weak solution to the continuity equation

Vo
Pt

dxdt < oo,

dpt —A r 2 d T
E*‘V (pe(F' (-, pr) + €1)) = Apy, . ez, dt < oo, S

that is absolutely continuous with respect to the Lebesgue measure. In addition, assume that for all
0 <t < T, the force field F(-, p;) € L™ N Lip(RY) is essentially bounded and Lipschitz, satisfying

Co ‘= Ssup ||F('apt)||Lip <00, Ai=14cp.
0<t<T

Then, for all v € P(R?) N dom(E) and almost every 0 < ¢t < T, we have the inequality

1d 1 A 1.
§£W22(Pt> v) <€) —E(pr) — §D<I>(Pt» v) + §W22(Pt7 v) + B lleellT2(p,) - (EVI)

We refer to this inequality as the modified evolution-variational inequality.

Proof. Note that the governing equation can be written in the form

0 A4
a/;t+v (pe&t) =0, & :=F(, Pt)‘i‘@t—?pt

Using Young’s inequality, there exists a constant C' > 0 such that the vector field &; satisfies

r 2 T 2 T 2 Vi 2
/ ||§t||L2(pt) dt < C / / |F(,pt)| dptdt—i-/ / |€t| dptdt—i-/ ' dptdt < 0
0 0 JRd 0 JRd R | P

Hence, combining Theorems 4.13 and 4.14 yields
d o Lo L2
EWR () < E0) — E(p) — 5Dalpuv) + 5 Wi e ) + 5 lerliag

1
2dt
//Rd ) (F(T{(x), pr) — F(x,pt)) dpdf

1 1
<&v) - 5(/%)—*%(/% v) + 5 Wi (onv) + 5 lledl 12,

0
where the last equation follows by Hdélder’s inequality. Using Theorem 4.5, we can deduce that
Wa(T7 1, v) = OWa(ps, v).

Thus, we can integrate to conclude that

1d

1 A 1
§£W22(Pt7 v) <EW) —E(pt) — §D<I>(Pt7 v) + §W22(Pta v) + B HetHiQ(pt) :

This gives our desired result, concluding the proof of the theorem.
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4.4 Wasserstein control of EVIs

To apply Gronwall’s lemma with the modified evolution-variational inequality (EVI), we must control
each term appearing in the inequality with respect to the Wasserstein distance. To relate the frame-
work detailed in Section 4.3 to the Aggregation-Diffusion equation and the coarse-grained system, we
begin by choosing a suitable error term. In particular, we take

dJ) X
el (x) == dpfiy (z) — F(z,p]),

where the first term corresponds to the Radon-Nikodym derivative of .J; with respect to py for p]-
almost every x € R? In this case, by applying Theorem 4.15 twice with [10, Lemma 4.3.4], we
get

1d

77W22(pza Pt)

1d 1d
9 dt —Ws (ptaPS)} W2 (ptaps }t:s

= 24t "2
R . 1
< W2 (07, pt) — Da(p], pt) + 5 ”62||L2(;3t) ’

where A7 is defined as in Theorem 4.15 for p7. We now estimate the modulated interaction energy

with respect to the Wasserstein distance. This is given in the following theorem.

Theorem 4.16. Let i, v € PN L°(R?) be probability measures that are absolutely continuous with

respect to the Lebesgue measure with essentially bounded densities. Then, we have that

Da(i1,v)| < oW (i, ).

Proof. To begin, let p € C°(RY) with ||[Ve| ;2 < 1. We use colinearity to maximize the L? inner
product to deduce that

lp=vlig = sup
IVell 2 <1

/“wwa¢*m—u»@>
Rd

» Vo(x) VO x (u—v)(x) do

= sup
IVell 2 <1

— [V (1= 1) 2

Using Remark 4.11 with Theorem 4.12, we have that

D1, v)| < oW1, ).
This gives our desired result, concluding the proof of the theorem. ]

Next, we bound the error term due to the discrepancy in the forces of the two systems appearing in the
modified evolution-variational inequality. This is bounded in terms of the second velocity moments of

the damped Vlasov-Poisson-Fokker-Planck equation, providing a first step towards uniform estimates.
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Theorem 4.17. Let p7 be the unique strong solution to the damped Vlasov-Poisson-Fokker-Planck
equation (VPFP) such that the corresponding particle density p; € PN L>(R?) and standard coarse-
grained particle density 57 € P N L>®(R?) have essentially bounded densities with

sup {Hpt oo + 157 I oo } < 00

Assume the standard coarse-grained particle density satisfies the assumptions of Theorem 4.15. Then,

C* 2
g lelliagn <55 [, 1P at

where we define the following constants

cli=c)+ (k) o= sup |FC )y, o= sup max{[pf ]l 7]}
0<t<T 0<t<T

Proof. Using Holder’s inequality with a change of variables, we obtain
1
2 X 1
19 ey = [, @) (Pl = o)) = Fla)) g

1/2
<1y ([, VP = FlatopigDl aut)

Thus, we can deduce that

1 2 1
“ e P s < = F(z,p])—F |2 du)
15y < 5 ([ VFG@ol) = Fat oy iDP di

< [ PG = gD ol + [[ PGl = Pt o/ iDP di.
R4 R4 xR4

By introducing a Dirac delta by integration by parts, the first term can be bounded as

/ Fe, 07) — Fla, o) dp} < 2, / B x (0] — 1)) - (—CA® * () — 7)) da
R4 Rd xRd

— | [, @l =) dd )
R4 x R4
- C’Y ’Dq>(pt 7 )’

In particular, using Theorems 4.2, 4.12 and 4.16, we obtain

| 2

[v[* dp.

) C’Y 2
/ Fla,p]) - Flae, 32 dp < &)
R4 R xRE

By assumption, the second term can be bounded by

// F e, 3) — P + v/y, 57) dyf < 0 // [of? dy.
Rd x R4 dxRd
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Thus, we can conclude that

1 c;y 9
—le — v|® du .
1o < 5 [ P dig
This gives our desired result, concluding the proof of the theorem. ]

We are ready to prove the main result of the thesis by applying the uniform moments estimates of
Chapter 3. Keep in mind that the result assumes the existence of a strong solution to the damped
Vlasov-Poisson-Fokker-Planck equation, in addition to the existence of an E-regular solution to the
Aggregation-Diffusion equation. In addition, these solution must satisfy some additional properties,
which are not completely covered by the well-posedness theory described in Chapter 5. Finding suf-

ficient conditions for these properties to hold forms an open problem, left for future work.

Theorem 2.9. Consider the energy functionals given in Definition 2.5 and 2.7 and consider a family

of initial conditions (u])>1 satisfying the following uniform energy and moment bounds

sup &(pg) + sup // |22 + |v|? dug < oo.
y>1 y>1 R4 xRd

In addition, consider the family of unique strong solutions (;7),>1 to the Vlasov-Poisson-Fokker-
Planck equation (VPFP) and let (p)y>1 and (p7),>1 denote the corresponding families of particle

densities and standard coarse-grained particle densities. Assume that

coc i=sup sup {67l + 1] } < o
v>10

In addition, assume that the family (p),>1 satisfies the properties of £-regular solutions and induces

a family of Lipschitz forces with Lipschitz constants bounded uniformly in v > 1, meaning that

co := sup Ssup ||F(~,,E)z)||Lip <00, A:=1+c.
v>10<t<T

In addition, let p € C([0,T], P2(R%)) be the unique E-regular solution to the Aggregation-Diffusion
equation (AD) with initial condition pg € Po(R%) Ndom(E). Then, there exists some constant C' > 0
independent of v > 1 such that

1
sup W3 (pf,pt) < C <W2 (pg» o) + > :
0<t<T 72

Proof. Using Theorems 4.16 and 4.17, we obtain

1d
W2 (pt')pt) <)\+COO)W2 ptapt // ‘0‘2 dutv Cx 1= CO+C
2dt dyRd

Since all constants A, ¢, ¢« > 0 are independent of v > 1, we can apply Gronwall’s lemma

26*/ / ‘1}’2 du7d8> e 2(Atcoo)t
R4 xR

W3 (p7, pe) < <W2 (6, po) +
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In addition, using the triangle inequality along with two applications of Theorem 4.2, we have
W3 (pf s pe) <2 (WEp7, 57) + W3 (], pr))

. I
S O <W22(pga PO) + 2/ / |’U|2 d,ulds)
Y Jo JRixRE
1

where the constant C' > 0 is independent of v > 1.
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Chapter 5

Well-posedness for the equation

In this chapter, we study the well-posedness for the Cauchy problem associated to the damped Vlasov-
Poisson-Fokker-Planck equation (VPEFP). In particular, we look for initial conditions to ensure the
existence and uniqueness of a strong solution to the Vlasov-Poisson-Fokker-Planck equation in the
sense of Definition 2.2. In particular, we need prove the existence of a weak solution which induces an
essentially bounded force field with finite second position and velocity moments. To establish these

results, we first fix v > 1 and apply the change of variables
(X (@), V() = i (2,0), X(@) =z, V() =,
to obtain the following modified damped Vlasov-Poisson-Fokker-Planck equation
Ot +v - Vg +Vy - (ut(E(x, pt) — 727))) = ’y4AUut, (MVPFP)

where p; is the first marginal of y; and E(z,p) := vF(x,p), after a relabeling of variables. This
corresponds to the setting of [1] by taking 3 = 72 and ¢ = ~4*. Since the change of variables is
invertible, the well-posedness of the modified equation (MVPFEP) implies the well-posedness of the
original equation (VPFP). Thus, we proceed with the well-posedness for the modified equation.

5.1 The Lions-Perthame representation

To start, we study a related equation, coinciding with the modified equation where the inverse square

law is replaced by an arbitrary essentially bounded force field. In particular, we consider the equation
Oupt +v - Vapy + YV - (ut(E} - y%)) — 4 Ay, (LVPFP)

where the force field E € L°([0,T], L(R%)) is essentially bounded at almost all times. Moreover, the
initial condition 0 < g € L' N L>®(R¢ x R?) is integrable, essentially bounded and has finite second
position and velocity moments. This equation can be viewed as a linear counterpart of (MVPEP)
as the force field is independent of the solution . Since both (MVPFP) and (LVPEP) are parabolic

partial differential equations, the solutions satisfy a maximum principle [1], meaning that we have

2
el poe < llpoll €. (MP)
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To obtain the existence of a weak solution to the Cauchy problem associated to the linearized equation

(LVPEP), we use the Green’s function corresponding to the fundamental solution to
Gt +v-ViGr — 7V, - (vG) — v AG =0, Golz,v,&,v) = S(z) (&, V).
This solution can be computed to be
Gi(z,v,&,v) = g(t, o —E—v(1— e ) 20 —ve ™),

where the functions g : [0,7] x R? x R — R and D : [0,T] — R are defined by

2
1—e s

v

2
—2s
5—v—¢€ x| ds |,

1 -1
t = Nd N N3/2
g( ,ZL‘,U) (47T’)/4)dD(t)3/2 xp 4’74D(t> /0

2
1 (1—e 27 1—e 7t
D(t) == — ;Zt—(i
Y Y

Equipped with the above Green’s function, we can use the ideas introduced in [15] to write the state

of the system as an implicit relation, given by
pa) = [ Gilev.6v) duolen
Rd xR4
t
+ / // vl/gs(xa v, fa V)Et—s(g) dl”’t_s(g’ I/)dS
0 JJRixRY

= fe(z,v) + fu(z,v).

This is known as the Lions-Perthame representation of a solution to (LVPEFP). This integral repre-
sentation is used to establish the existence of a weak solution to the linearized Vlasov-Poisson-Fokker-

Planck equation (LVPFP) by applying a fixed-point argument with the operator
T:0([0,T), L' (R x RY)) — C([0, T}, L' (R? x R7)),

(Tu)t(z,v) == //Rded Gi(z,v,&,v) duo(€,v) o
" /ot //Rded ViGs(@, 0,6, 0) B () dpe—s(€,v)ds.

In particular, we aim to apply the Schauder fixed-point theorem,provided below. For a proof, see [17].

Theorem 5.1. Let X be a Banach space and consider a bounded, compact operator T : X — X
such that the set

{reX:x=ATr forsome0<A\<1} (FP)

is bounded. Then T has a fixed point.
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Theorem 5.2. There exists a weak solution € C([0,T], L}(R? x R)) to the linearized Vlasov-
Poisson-Fokker-Planck equation (LVPEP), corresponding to a fixed-point of the operator T', defined
in (FPO).

Proof. The self-mapping property and boundedness of the operator are straightforward. The same is
true for the boundedness of the set in (FP). However, the compactness of the operator can be obtained

by applying the Aubin-Lions lemma (see |18, Corollary 4|), concluding the existence proof. O

Unfortunately, the fixed-point argument only provides integrability for the constructed solution pu.
However, some regularity on the particle density can be inferred from the boundedness of the second
velocity moments. In fact, using our assumptions on the initial condition, the subtle analysis provided

in [19] shows that the second position and velocity remain bounded throughout the evolution.

Theorem 5.3. Suppose that the density p; € L (R?x R?) has finite m-th velocity moment, meaning

/Rd Rd ’,U|m th < 00,
X

Then, the particle density has the regularity p; € L9(R%), where ¢ = (m + d)/d.

Proof. By splitting the domain of integration using a ball of radius R > 0, we obtain

1
ple) <l [ ok [ o o) do
lv|<R lv|>R

A R3

<
- 3

2 1
Il e+ g [ 1l (o 0) do,

where the last inequality follows by (MP). Minimizing the above bound over all R > 0 gives

, 1/q
) < Cllaal 2 ([ bl mtow) av)

where ¢’ = (m + d)/m. Taking the L%-norm in the position variable, we obtain

1/q
1 a
19tll e < C o2 ( I dm) 0.
R xRd

Thus, we have shown that p; € LI(R?), concluding the proof of the theorem. O

Remark 5.4. Since the coarse-graining map has unit Jacobian determinant, we can deduce that the

coarse-grained density satisfies the same bound as in Theorem 5.3, under the same assumptions,

1/q
1
103l < Clluol (// o[ dut> <
R4 x R4

As a result, we use the Lions-Perthame representation to extend the regularity of the particle density

by analyzing the constituent terms separately. To this aim, we first define

pr(@) == myfe(x),  pr(w) = mhfie(x).
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Similarly, we define the contribution of each term in the integral representation to the induced force
Ni(z) =V py(z), Ni(x) =3V * py(x).
By linearity of convolutions, it immediately follows that the induced force can be expressed as

Ni(z) := V@ % py(z) = Ni(x) + Ne(x),  B(z, pr) = —Ne().

5.2 Coarse-graining via convolutions

To obtain estimates on the particle densities and the induced forces originating from each term in
the Lions-Perthame representation, we use the coarse-graining map to define particle densities in a
similar spirit as Definition 2.8. Since v > 1 is fixed, we omit the dependence on this parameter for

clarity of presentation. In particular, we define

pi(2) = (n" o TN pme(w),  pi(x) = (1% o TNt (2),  fel) == (7% o TN) pfie(2).

In addition, the driving force of the coarse-grained system plays an important role in the arguments

to come. As a result, we recall that this force is given by the expression

JMNz) = y Ey(x — )\U)F;\#pt(:c,v) dv.

In addition to the force field .J}*, another useful reference field is the one induced by the coarse-grained

initial particle density, where the amount of coarse-graining increases with time, defined by
Ry(x) := VO * ph(x).

In addition, a rather long computation shows that [1]

B —o(t,\)v
R gt(x - )‘vaafv V) dv = (2"}/4(5 t, )\))3/2N 2745 ‘. )\ ) ) (51)
B o(t,\) x—E&—o(t,\v
V vGt(r — Av,v,§,v) dv = (2,)/45@,)\)) V ( 2745@ ) ) ) (5.2)
C r—&—o(t,\v
/ B Y g ( TRy ) W

where A, M : R? — R are the standard and rescaled normal distribution respectively and the
functions o : [0,7] x [0,00) — R and § : [0,7] x [0,00) — R are defined by

M) = (%1)3/26"“/2, M(z) i= y/TH [oPN ()

1—e 7t t
o(t,\) = 7 +Ae 7, d(t, ) ::/ o(t,\)? dr.
0
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As a result, using (5.1), we get the convolution expressions

o 1 —|a[? a(t)
@) = s o (g ) <A @) (5.9
G Jaf
Ne(x) = im3(1.0))7 exp <4’Y45(t,0)> * Ro,0)(2). (5.5)
In addition, using (5.2), we obtain
t
Sy (s, ) x 5(s,\)
py(z) = /0 (2745(5,)\))QVN( 2’)/4(5(87)\)> « Jy 27 () ds, (5.6)
~ B t o(s,0) T 5(s,0)
Ny(x) = /0 A ( 2745(3,0)> o TG0 () s, (5.7)

where the matrix A has entries

62
- al‘jaltk

Ajpo(x) (—A)"N(z), 1<j,k<N.

5.3 Convolutional regularity estimates

Given that the quantities of interest in (5.4), (5.5), (5.6) and (5.7) are expressed using convolutions, we
recall two important inequalities that can deal with terms of this form. The first is a reformulation
of Young’s inequality for convolutions, whereas the second theorem is particularly used to bound

convolutions where one of the functions contains a singularity at the origin. For a proof, see [7].

Theorem 5.5. Let 1 < p,q < oo and define 1/r :=1/p — 1/q > 0. Then, we have the inequality

1 1
1f*gllr < Iflleo llgllper s where PRt
Theorem 5.6. Let 1 < p < oo and 1 < g < oo such that 1/r:=1/p — 1/q satisfies —1/3 < 1/r <0
and assume that there exist constants Cy, C; > 0 such that

C() Cl
lg(z)| < BECk Vg(z)| < PR

Then, it follows that for all f € LP(R?), we have the convolution inequality

. < C(p,9)(Co+C1) || fll o -

/Rd(g(x —y) —g(=y)f(y) dy

We consider a uniform-in-time bound on the nonlinear force induced by the second term in the Lions-

Perthame representation for the solution to the linearized Vlasov-Poisson-Fokker-Planck equation.
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Theorem 5.7. Suppose that the force field £ € L>((0, T); L>(R%)) is essentially bounded and that
the initial density satisfies 0 < pp € L' N L®°(R% x R?) and there exist constants 1 < p < oo and
3/2 < q < oo such that

Sp(T) == sup Hpt)‘HLp <00, Ky(T):=esssup||E¢l|;, < o0.
0<t<T,A>0 0<t<T

Then, for all 1 < r < oo, satisfying

we have the estimate

8 ) ,
sup || Nyl e < C(p, q,7,%, ) llmoll 2 Ko (1) S, (T4
0<t<T

Proof. In light of the convolution obtained in (5.7), we begin by estimating the quantity J». In
particular, for A > 0 and 1 < g < oo, we can apply Holder’s inequality, followed by a change of

variables to obtain
1 1 /
2@ < 57 1Bl o el 2 1 @) (5.8)
Using the above bound in combination with the maximum principle given in (MP), we get

1-3/q ,
a(s,0) A ( z ) | * ‘p?_(ss,O)(l,Nl/q ds.

2744(s,0))3/2

3 < Ko() (Rl )™ [ e

Applying Theorem 5.5 with 0 < 1/k :=1/pq’ — 1/r < 1, along with a change of variables yields

o(s,0)13/4
2+15(s,0))3/2k

~ / 2 1/(1 '
N[ e < Kq(T)Sp(T)l/q | Al x (HMOHLOO et t) /0 ( ds.

Using the fact that as s — 0, we have

0(s5,0) ~s, 6(s,0)~s3/3, 1-— ¢ % > —1,

we can deduce that the above integral term converges and thus we have shown that

sup | Nellzr < C(p, g7, T) |0l Ko (T) Sy (T4
0<t<T

This gives our desired result, concluding the proof of the theorem.
O

We subsequently aim to control the regularity of the particle density along the evolution under certain

assumptions on the initial particle density. This is given by the following theorem.
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Theorem 5.8. Suppose that the force field E € L>((0,T), L>(R?)) is essentially bounded and that
the initial condition satisfies 0 < pug € L' N LOO(]Rd X Rd) and there exist constants 1 < p < oo and
6 < ¢ < oo such that

Qp :=sup|lppllze < 00,  K,y(T) := esssup || Bt 1, < 0o
A>0 0<t<T

Then, we have the estimate

STy = sup  [p}iw < oc.
0<t<T A>0

In addition, when the parameters 1 < k,r < oo satisfy

0<1<1 2 1
“r 9 3¢ p

we obtain the inequality

SP(T) S C(k7p7Q7r)Qp + C<kap7 q, r777T)Sk(T)9(Kq(T) HIU’OHE//OZ)K7

where

_ Ypetl/r _ 1/k=1/p
1/ kq+1)7’ C kp+ 1/

Proof. We begin by writing

ST) = sup gy, ST) = sup |5l
0<t<T,A>0 0<t<T,A>0

These quantities satisfy the following properties

SI(T) < S(T) + Si(T), Si(T) < ST), SiT) < 28(T), (5.9)
where the first inequality follows by Minkowski’s inequality, whereas the second follows from

_ o(t,\
1Mz < 1055 s (5.10)

obtained by applying Theorem 5.5 with the convolution expression obtained in (5.4). The last in-

equality in (5.9) follows from the second along with an application of Minkowski’s inequality.

To show that S,(T') is bounded, observe that it suffices to show that S,(T) is bounded since we have
S/(T) < @, from the second inequality in (5.9). Following a similar approach as in the proof of
Theorem 5.7, we can bound the coarse-grained particle density corresponding to the second term in

the Lions-Perthame representation obtained in (5.6) using the estimate on J;* obtained in (5.8) and
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the maximum principle given in (MP) to get

- 2.\ 1/a K U(S7>‘)1_3/q
172 (@) < Ky(T) (1ol ™) /0 s e | Y

) ' # |o7 ) (@) ds.

( V2745 (s, N)

At this point, we make the following observation. Assume that

1 1 2
0<-<--—, ¢ <<,

1
—r 9 3q m I r’

along with the fact that S;, < oo. If 1/m > 0, we can apply Theorem 5.5 in the above integral,

followed by a change of variables to obtain the estimate

ds.

t 1-3/q
A dr2t\1/ , /4 (a(s,A)
187 lm < Kq(T) (|| oll oo € ) /I N| o Sy (T) /1 /0 (370(5, A) ) 1/2F572r

Using a similar reasoning as in the end of the proof of Theorem 5.7, we have that as s — 0,
o(s,\)~s, 6(s,\)~s3/3, 1-=—-2— — > —1,

and thus, the above integral converges. In fact, this integral can be bound independently of A > 0
since it can be verified that for all a > 0,5 < 2a and all s > 0, we have that the function A —

o(s,1)?/5(s,\)* is non-increasing on [0, 00). Thus, we obtain our desired estimate

Sn(T) < Cg7, 1,7, T) | ol {4 Ko(T) Sy ()7 (5.11)

=

On the other hand, if —1/9 < 1/m < 0, we can proceed identically except applying Theorem 5.6
in lieu of Theorem 5.5 when bounding the convolution. This covers all the cases that our assumed

parameters can satisfy.

Using conservation of mass, we have that S1(T") < ||uol;1 < co. Consider the parameters as in the
statement of the theorem 1 < k,r < oo such that

0<1<1 2
—r 9 3¢

In particular, we distinguish two cases:

1. If 1/kq¢’ — 1/r < 1/p, define | = kq'. In that case, we obtain 1/m = 1/kq¢' —1/r < 1/p and so

using the result obtained in (5.11) gives

Sn(T) < C ol 2 Ko(T)SK(T)V7 .

Using interpolation of Lebesgue spaces, we deduce

_1/k—=1/p

~ < ~ 1-0 & (C] = —_—
5p(T) < CSK(T) 7 Sm(T)7,  where 6 = 37—/
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Combining the above with the inequalities in (5.9) gives the desired result

Sp(T) < Qp + Clllpoll 24 Ko(T))® S(T)1-O+O/4 .

2. If 1/kq'’ — 1/r > 1/p, define 1/m = 1/r +1/p < 1/kq’. Note that this defines the constant
1/l =2/r + 1/p. Using the bound in (5.11), we get

~ !

Sp(T) < C |lpoll 2 Kq(T) Sy (T)V/7 .

Again, by interpolation of Lebesgue spaces, we obtain

Ik —{4/

, < 1-6 © — -/ 27
Spq(T) < CSK(T) "7 Sp(T)°  where © k= 1/p

This yields
Sp(T) < Qp + Clloll 22 Ky(T)Sk(T) =7 $,(1) /7
where we can apply Young’s inequality obtain the desired estimate

1 o
Sy(T) < Qp + C(llol| V2 Ky(T) Sy (1) -/ )1/(1-6/d)

~1-0/¢

These two cases prove our desired result, concluding the proof of the theorem.

5.4 Existence and uniqueness result

Now that we have established some a priori estimates on the solution to the linearized Vlasov-Poisson-
Fokker-Planck equation (LVPFP), we prove the existence of a strong solution to the modified Vlasov-
Poisson-Fokker-Planck equation (MVPFEFP) using a mollification argument. In particular, we begin
by regularizing the inverse square law using the standard mollifier n°. Namely, we define
Ef(z,p) ==V xp, VI (zx):= ﬁ «n° € L®(RY).

Since the regularized force is essentially bounded, Theorem 5.2 generates a family of weak solutions
(1) e>0. In what follows, we apply the estimates obtained in Section 5.3 to obtain bounds that are
independent of € > 0. As a result, the limiting solution obtained by taking ¢ — 0 will satisfy the
same bounds. This limiting solution exists [1| and corresponds to a weak solution to the modified
Vlasov-Poisson-Fokker-Planck equation (MVPFP). However, for clarity of presentation, we omit the
dependence on € > 0 to avoid ambiguity with coarse-graining and directly compute uniform estimates
for the induced force NN;.
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Since the velocity moments remain finite throughout the evolution, Theorem 5.3 implies that

sup ||ptllp < o0, for1l<p<5/3. (5.12)
0<t<T

Using the above with Theorem 5.6, we can also obtain some regularity on the induced force

sup || NVi||lpe < oo for 3/2 < ¢ <15/4. (5.13)
0<t<T

However, we can improve the regularity on the induced force under stricter assumptions on the initial

condition. This is formulated in the following theorem.

Theorem 5.9. Suppose that the initial condition 0 < po € L' N L>®(R? x R?) has finite second

velocity moment and there exists a constant 3/2 < p < 6 such that

sup || Rl ;» < o00.
>0

Then, there exists a weak solution p € C ([0, 7], Po(R? x RY)) to the modified Vlasov-Poisson-Fokker-
Planck equation (MVPFP) where the induced force satisfies

sup || Nill < oo.
0<t<T

Proof. As a starting observation, note that applying Theorem 5.5 on the induced force from the first

term in the Lions-Perthame representation given in (5.5) provides

sup|| Vel e < sup||Rel|zr < 00.
>0 >0
For the second term, since Ss /3(T) < oo and we can choose a parameter ¢ such that
3 2/2 1 < 1 < 3
5' 3\3 p) q 5’
and apply Theorem 5.7 to deduce

. 1 |
Oiltlngthlqu < Cp, 4,7 T) |loll}2 Kp(T)S5/5(T)7 < oo.

Indeed, note that the condition K, (T") < oo is satisfied by interpolation. In particular, the parameters
satisfy p < ¢ < 6, from which we can deduce that

sup HNtHLp < CK,(T)* < oo,
0<t<T

for some 0 < o < 1 by interpolation. Combining the two contributions gives the desired result

sup || Nellrr < oo.
0<t<T
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This first result serves as a stepping stone, which combined with Theorem 5.8 gives sufficient conditions

for the existence of a weak solution whose particle density is essentially bounded along the evolution.

Theorem 5.10. Suppose that the initial condition 0 < ug € L' N L2 (R? x RY) with finite second

velocity moments, and there exist constants p > 5/3 and k > 6 such that

supl|ppllze < 00, sup ||yl px < oo.
>0 >0

Then, there exists a weak solution u € C([0,T], P2(R? x R?)) to the modified Vlasov-Poisson-Fokker-
Planck equation (MVPFP) such that there exists some 6 < ¢ < k with

sup [Nl o < oc.
<t<T

Proof. Without loss of generality, we can assume that p < co by interpolation on the initial coarse-

grained particle density. For a fixed 6 < ¢ < k and 3/2 < r < 6 such that

1 2/2 1 < 1 - 1 (5.14)
pr' 3\3 r q pr’ '
we search for conditions on ¢ and r ensuring the boundedness of induced force throughout the evolu-
tion. By Theorem 5.8 with 1/7 =0 and k£ = 5/3 in the notation of that theorem, we get

Sp(T) < C (14 Ky(T)C/ODC/5-1n)

In addition, using Theorems 5.7 and 5.9, we get for ¢ sufficiently close to 6 so that the first term in

the induced force is bounded,

sup [[Nillzo < CS(T)Y", sup [Nillso < O+ Sy(T)") < € (14 Ky (1)0@/6/-1/m)
0<t<T 0<t<T

Thus, note that it is sufficient to ensure that (5/3)(¢/r’')(3/5 — 1/p) < 1 to obtain boundedness of
the induced force along the evolution. In particular, take p sufficiently small so that this is achieved.
This is possible by interpolation. Subsequently, choose r < 6 and ¢ > 6 sufficiently close to 6 such
that the condition (5.14) is satisfied.

O

We are ready to prove the existence of a solution with an essentially bounded particle density through-

out the evolution. However, stronger assumptions on the initial density are imposed.

Theorem 5.11. Suppose that the initial condition 0 < pg € L' N L®(R? x RY) with finite m-th
velocity moment, for some m > 6. Then, there exists a strong solution p € C([0, T], P(R? x R)) to
the modified Vlasov-Poisson-Fokker-Planck equation (MVPEP).

Proof. Since the initial condition has finite m-th velocity moments, we can apply Remark 5.4 to
obtain the first assumption of Theorem 5.10 for some p > 3. Using Sobolev embeddings with Remark

5.4, we obtain the second assumption of Theorem 5.10 for some k > 6. As a result, we can deduce
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that

sup || Nil|ze < oo,
0<t<T

for some 6 < g < k. Subsequently, we can apply Theorem 5.8 to deduce that S,(7") < co. With p > 3
and ¢ > 6, we can apply Theorem 5.7 with r = co to deduce that

sup || V¢||pee < 0.
0<t<T

In addition, the fact that

sup || N¢|[ze < o0
<I<T

follows from the fact that this term is obtained by convolution with a Gaussian which is essentially

bounded. Thus, we can conclude that

sup || NVi||pee < o0.
0<t<T

This proves the required result, concluding the proof of the theorem.
O

Hence, we have found conditions implying the existence of a strong solution to the modified Vlasov-

Poisson-Fokker-Planck equation. Now, we prove uniqueness of such solutions.

Theorem 5.12. Suppose that the initial condition 0 < pg € L' N L>®(R¢ x R?) has finite second
velocity moment. Then, there exists at most one strong solution u € C([0, 7], L*(R? x R%)) to the
Vlasov-Poisson-Fokker-Planck equation (MVPFP).

Proof. Let u, ji be two distinct solutions to the modified Vlasov-Poisson-Fokker-Planck equation with
essentially bounded induced forces N and N respectively. In light of the convolution expression

obtained in (5.7), we can express the difference of the induced forces as

~ . t O'(S, 0) x o(s,0)
Ni(z) — Ny(z) = /0 (2745(3,0))3/2A ( 27‘%5(3,0)) « I, () ds, (5.15)

where the quantity I is the difference of the fluxes, given by
INx) = JNx) = ().
In particular, we estimate this quantity It)‘ by splitting the integral in the definition of Jt/\ by
|IMx)| < /Rd |Ny (2 — M) fig(z — Av,v) — Ny(z — Mo)pe(z — Mo, v)| do

< /d ](Nt — Np)(z — )] F%ﬂt(x,v) dv+C ) |(for — ) (z — A, v)| do
R R

= I}@) + I\ (@),
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where we used the fact that Ny is essentially bounded throughout the evolution. In addition, for any

A>0and 1 < g < oo, using Holder’s inequality followed by a change of variables yields

1M o < 370 1V = Nella llpell o (5.16)

1
)\3/q‘

Let ¢ > 2. Applying Theorem 5.5 with 1/k := 1/¢' — 1/q, followed by a change of variables gives us
that, in L9 norm, the first term in (5.15) after substituting the bound on I} is bounded by

! 0—(5’0)1—3/q ; ~
/0 (2746 (s 0))3/% Al g [[Ne—s — Ni—s|Lallfte—sll o ds

< ct™ sup HNS - NsHqu
0<s<t

where a7 ~ 1/2. When it comes to the second term in the expression, using the Lions-Perthame

representation, we have

t
== [ ] V0 ) B (€) = Vs (pes(6) ds.

For convenience, by defining
FMz) = / |Ny(z — M) fig(z — Av,v) — Ni(z — M) pe(z — I, v)]| do,
R4
and using the estimate provided in (5.3) and the fact that the forces are essentially bounded, we get

~ t C . .
I)‘ </ M FU_(S’ ) ds.
HE ), (29%0(s, 2))%/2/v1s ( 2745(5,)\)>* s () ds

Thus for any 1 < p < oo, we have the regularity

wwm<c/

A
o)1 ds.

Moreover, define

hp(t) :=  sup ||I|Ls-
0<s<t,A>0
Using the fact that the initial density has finite second moments which are propagated throughout
the evolution, we have the regularity provided by (5.12). Combined with Theorem 5.8 from which we
can deduce that h,(t) is finite for 1 < p < 5/3. Hence, we obtain

IO’(S A)

h < sup / p ds
(1) 0<s<t A>0 \/ |

= (17 e 4 1T e ) s

sup /
0<s<t A>0 \/

sup 117N 1o ds + 2tChy ().

0<s<t /\>O/ VY
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Thus, by taking € > 0 sufficiently small, we get

S N
hy(e) < sup / =3 |e ds.
0

0<t<er>0Jo \/Yts

However, using a change of variables, we have

—o(s,\) 1 - . T—v
I = N ) = N ()]s (v, dv.
@I = g [ ¥ = Nl (0 555 ) a0

Thus, from Minkowski’s integral and Holder’s inequality, we have

o(s,\) 1 N ) T —v
I P(dx S VT N—S — N—S s , ——— d
M8|hw)‘m“ﬁ4Jt(w t @WW @0®M>mm>v
1 % A~
e P VEA LG R N ([ ED] o)
! V 0 1/p - —1)1/p
< W Ntfs - Ntfs I HHNtfs(xv'U)HLl(dv) Hut,S(.ﬁ,v)p HLoo(d,v) Lq'(da:)
C . y 1/q'
< ——— — P q/p
e PN Ni—s — Nt L </]Rd pr(x) dm) )

Whenever 1 < ¢'/p < 5/3, the last integral factor is finite and so we can bound

~

Ntfs — Ntfs ds.

Lp

t
1
h,(e) < C su /
o o<ize Jo o (s, \)3/P' \/y1s

Choosing ¢'/p = 5/3 such that 1 < p < 6/5 will guarantee that the above integral is finite and so

hy(e) < C sup ||N, — Ny|| . (5.17)
0<s<e La
Thus, for all 0 <t < ¢, we can apply Theorem 5.5 with 1/¢ =1/p — 1/r > 0 to deduce
t a(s,0) x (
: A * fit—s — pi—s)(x — o(s,0)v,v dv) ds
¢ o(s,0) x
< : A fp—s — p—s)(x — o(s,0)v,v ds
I, o |\ 7o )|, | s e = twom]
t o(s,0)
<h Alpr | == d
> p(e) H ||L /O (2,}/45(57 0))3/27’ s
< Ce*? sup ||[N,— N|| (5.18)
0<s<e La

where ap ~ 1/2. Thus, combining (5.16) and (5.18) with o =~ 1/2 yields

Ne_Ne NS_NS

< Ce™ sup
a 0<s<e

L L

By taking e sufficiently small, we obtain that N; = N, for 0 < t < e. In addition, we can use the bound
obtained in (5.17) to deduce that p; = fi; for 0 < ¢ < e. Thus, uniqueness holds for all 0 < ¢ < T.

O



51

Bibliography

[1] F. Bouchut. “Existence and Uniqueness of a Global Smooth Solution for the Vlasov-Poisson-
Fokker-Planck System in Three Dimensions”. In: Journal of Functional Analysis 111.1 (1993),
pp- 239-258.

[2] J. Carrillo, Y.-P. Choi, and Samir Salem. “Propagation of chaos for the Vlasov—Poisson—Fokker—Planck
equation with a polynomial cut-off”. In: Communications in Contemporary Mathematics 21.04
(2019), p. 1850039.

[3] L.-P. Chaintron and A. Diez. “Propagation of chaos: A review of models, methods and applica-
tions. I. Models and methods”. In: Kinetic and Related Models 15.6 (2022), p. 895.

[4] Y.P. Choiand O. Tse. “Quantified overdamped limit for kinetic Vlasov—Fokker—Planck equations
with singular interaction forces”. In: Journal of Differential Equations, 330 (2022), pp. 150-207.

[5] R. Clausius. “Ueber verscheidene fiir die anwendug bequeme formen der hauptgleichungen der

mechanischen warmtheorie”. In: Annalen der Physik und Cehemie (1865), pp. 353-400.

[6] L. Gross. “Logarithmic Sobolev inequalities”. In: Americal Journal of Mathematics, 97 (4)
(1975), pp. 1061-1083.

[7] L. Hérmander. The Analysis of Linear Partial Differential Operators I. Springer-Verlag. New
York-Berlin, 1983.

[8] E.T. Jaynes. “Information Theory and Statistical Mechanics I”. In: Physical Review. Series I1.
106 (4) (1957), pp. 620-630.

[9] E.T. Jaynes. “Information Theory and Statistical Mechanics II". In: Physical Review. Series I1.
108 (2) (1957), pp. 171-190.

[10] G. Saveré L. Ambrosio N.Gigli. Gradient Flows in Metric Spaces and in the Space of Probability
Measures. 2. ed. Lectures in Mathematics ETH Ziirich. Basel: Birkhauser, 2008. 334 pp.

[11] J.C. Maxwell. “Illustrations of the dynamical theory of gases. Part I. On the motions and
collisions of perfectly elastic spheres.” In: The London, Edinburgh, and Dublin Philosophical
Magazine and Journal of Science, 4th Series, vol.19 (1860), pp. 19-32.

[12] J.C. Maxwell. “Illustrations of the dynamical theory of gases. Part II. On the process of diffusion
of two or more kinds of moving particles among one another.” In: The London, Edinburgh, and
Dublin Philosophical Magazine and Journal of Science, 4th Series, vol.20 (1860), pp. 21-37.

[13] R. McCann. “A Convexity Principle for Interacting Gases”. In: Advances in Mathematics 128.1
(1997), pp. 153-179.

[14] H. McKean. “A class of markov processes associated with nonlinear parabolic equations”. In:
Proceedings of the National Academy of Sciences 56.6 (1966), pp. 1907-1911.



02 Bibliography

[15] B. Perthame and P.-L. Lions. “Propagation of moments and regularity for the 3-dimensional
Vlasov-Poisson system.” In: Inventiones mathematicae 105.2 (1991), pp. 415-430.

[16] D. Kinderlehrer R. Jordan and F. Otto. “The Variational Formulation of the Fokker—Planck
Equation”. In: STAM Journal on Mathematical Analysis 29.1 (1998), pp. 1-17.

[17] J. Schauder. “Der Fixpunktsatz in Funktionalrdumen”. In: Studia Math. (1930), pp. 171-180.

[18] J. Simon. “Compact sets in the space LP(O,T; B)". In: Annali di Matematica Pura ed Applicata.
146. (1986), pp. 65-96.

[19] H.D. Victory. “On the existence of global weak solutions for Vlasov-Poisson-Fokker-Planck
systems”. In: Journal of Mathematical Analysis and Applications 160.2 (1991), pp. 525-555.

[20] C. Villani. “Optimal transport — Old and new”. In: vol. 338. Jan. 2008, pp. xxii+973.



	Introduction
	Derivation and result
	Informal derivation of the equation
	Informal overdamped limit argument
	Formal statement of the main result

	Uniform estimates
	Uniform energy estimates
	Uniform first position moments
	Uniform second moments

	Overdamped limits
	The coarse-grained system
	Displacement interpolation
	Evolution-variational inequalities
	Wasserstein control of EVIs

	Well-posedness for the equation
	The Lions-Perthame representation
	Coarse-graining via convolutions
	Convolutional regularity estimates
	Existence and uniqueness result

	Bibliography

