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Models for particles interacting with compressible fluids are useful to several
areas of science. This dissertation considers some of the mathematical issues of
the Navier-Stokes-Smoluchowski and Euler-Smoluchowski models for compressible
fluids. First, well-posedness for the NSS system is investigated. Among the re-
sults are the existence of weakly dissipative solutions obeying a relative entropy
inequality. An approximating scheme using an artificial pressure and vanishing vis-
cosity is employed to this end. The existence of these weakly dissipative solutions
is used to show a weak-strong uniqueness result, using a Gronwall’s argument on
the relative entropy inequality. The existence of smooth solutions for finite time to
the NSS system under certain compatibility conditions is shown using an iterative
approximation.

Next, two scaled regimes for the NSS system are considered. It is shown that
for these low Mach number regimes, the solutions of the compressible system can
be approximated by solutions of simpler models. In particular, the solutions to the

model in a low stratification regime can be approximated by solutions to a model for



incompressible flows with a Boussinesq relation. Solutions to the model in a strong
stratification regime can be approximated by solutions to a model for anelastic flows.
Much of the analysis for these limits relies on a Helmholtz free energy inequality,
which bounds many of the quantities needed for the analysis.

Lastly, the Euler-Smoluchowski model for inviscid, compressible fluids is con-
sidered. Finite-time existence of smooth solutions is shown using an iterative approx-
imation and the results of Friedrichs and Majda for existence of smooth solutions

for symmetric hyperbolic systems.
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Chapter 1

Introduction

Fluid-particle systems encountered in many scientific and engineering appli-
cations pose significant modeling and analytical challenges, and are of great signifi-
cance in sedimentation analysis of disperse suspensions of particles in fluids. One of
the challenges in this context is the separation of the solid grains from the fluid by
external forces such as settling processes due to gravitation or such as centrifugal
forces. These procedures have applications in fields such as biotechnology, medicine,
waste-water recycling and mineral processing, as well as in combustion theory, when
modeling Diesel engines or rocket propulsors.

In what follows, the focus is on the macroscopic description of the dispersed
phase obtained by taking averages with respect to the microscopic variable & of the
probability distribution function f (¢, x, &), with f(¢,z,£)d¢ da denoting the number
of particles enclosed at time ¢ > 0 in the infinitesimal domain on the phase space
centered on (r,£) € R? x R3, with volume d¢ du.

It is assumed throughout the dissertation that Q C R? is a C*” spatial domain
for some v > 0 and that ¢t € (0,7) for some 0 < T < oco. In the macroscopic de-
scription, the density of the particles n(t, z) is related to the probability distribution

function f(¢,z,&) through the relation

n(tvI) = s f(t,x,{) dg,



the fluid mass density is denoted by o(t, z), and the fluid velocity field is given by

u(t, ).

1.1 Navier-Stokes-Smoluchowski System

In this context, the primitive conservation equations governing fluid-particle
flows in the bubbling regime express the conservation of mass, the balance of mo-
mentum, and the balance of particle densities often referred as the Smoluchowski

equation and are given as follows:

0o+ div,(ou) =0 (1.1)

O(ou) +div,(ou®u)+ V. (pr(o) +n) — pA,u— AV, div,u = —(fo+n)V,P (1.2)

om + div,(na —nV,P) — An = 0. (1.3)

Constitutive relations between certain quantities are given below.

e The fluid pressure pr is taken to be

3
pr(0) :=ag”, with a > 0 and v > 3"

e The total pressure P = P(p,n) in the mixture depends on the density of the

particles and the density of the fluid and is given by

P(o,1) = pr(0) + 1.



e The viscous stress tensor S = S(V,u) is assumed to satisfy Newton’s Law for

Viscosity which requires that

S = u(Vu + vu®) + A div, ul,

where p and A are constant viscosity coefficients satisfying
2
w>0, A+ g,u > 0.

Thus,

div, S(V,u) = pAu + AV, div, u.

The external potential

d: 0> RT

represents the effects of gravity and buoyancy and § in (1.2) is a constant reflecting
the differences in how the external force affects the fluid and the particles.

The no-slip boundary condition is imposed for the velocity vector leading to
a no-flux condition for the fluid density through the boundaries and the no-flux

condition for the particle density leading to the boundary conditions
ulpo =V -n+nV,P-n=0 on (0,7) x 09, (1.4)
with n denoting the outer normal vector to the boundary 0f2. The problem is sup-
plemented with the initial data {oo, mg, 7} such that
0(0,2) = 0o € L7(2) N LL(Q),
(ou)(0,2) = mgy € L3(Q) N L (Q), (1.5)

n(0,2) = ny € L*(2) N L}F(Q)



The total energy of the system is given by

o'(t) + (nInn)(t) + (Bo+n)®| dx(t)

2 v—1

Firow(®) = [ |G +

(1.6)

At the formal level, the total energy can be viewed as a Lyapunov function satisfying
the energy inequality

dr
dt

o [ulvmu\z + A divg ul? + |2V, /7 + \/ﬁvx@P] dr <0, (L7)

System (1.1)-(1.3) is derived by formal asymptotics from a mesoscopic de-
scription in similar to the inviscid model investigated in [13], which is expanded
to a viscous fluid by an argument in [15]. This is based on a kinetic equation for
the particle distribution of Fokker-Planck type coupled to fluid equations. In this
scaling limit, particles are assumed to have a negligible density with respect to the
fluid, and due to buoyancy effects, they typically move upwards in a system under
gravity. For that reason this scaling regime is known as the bubbling regime. This
limit for an analogous flowing regime problem is derived rigorously by Mellet and
Vasseur in [41].

The coupling between the kinetic and the fluid equations is obtained through
the friction forces that the fluid and the particles exert mutually. The friction force

is assumed to follow Stokes’ law and thus is proportional to the relative velocity

vector, namely

F - /R 3 (\% - u5<t,x)) ft,,€) de.

This forcing term affects the momentum equation in the Navier-Stokes system which
is now enhanced by an additional forcing term taking into account the action of the
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cloud of particles on the fluid. The cloud of particles is described by its distribution
function f.(t, z,£) on phase space, which is the solution to the dimensionless Vlasov-

Fokker-Planck equation

af. + %(5 Vo f. — VD - vgfg) - %diw((f — VEu)f + vgfg) (1.8)

Here, ¢ > 0 is a dimensionless parameter and the drag force is independent of

the fluid density o., but proportional to the relative velocity of the fluid and the

particles.

1.2 Confinement Hypotheses

Part of this work considers weak solutions to the two-phase flow problem
(1.1)-(1.3) in two different geometrical constraints of interest in the applications:
for bounded domains and for unbounded domains under confinement conditions
due to the external potential. The assumptions concerning the geometry 2 and the
external potential ® are collected under the generic name of confinement hypotheses.
The external potential ® is always defined up to a constant; therefore, for external
potentials ® which are bounded below, it is assumed without loss of generality by

adding a suitable constant that

inf ®(z) = 0. (1.9)

e

Definition 1.2.1. Given a domain Q € C%¥, v > 0, Q C R?, and given a bounded-

below external potential ® : Q — R satisfying (1.9), (2, ®) verifies the con-



finement hypotheses (HC) for the two-phase flow system (1.1)-(1.3) coupled with

no-flux boundary conditions (1.4) whenever:

(HC-Bounded) If €2 is bounded, @ is bounded and Lipschitz continuous in

Q and the sub-level sets [® < k] are connected in €2 for any & > 0.

(HC-Unbounded) If Q is unbounded, ® € WIB?(Q), B > 0, the sub-level

sets [® < k] are connected in €2 for any k > 0,
e 2 e LNQ),

and

AP (z)| < 1|V, P(2)] < c2P(z), || > R, (1.10)

for some large R > 0.

Remark 1.2.1. The condition on the connectedness of the sublevel sets is needed to
show long-time behavior toward a steady-state solution in [15]. It is not needed for

the work presented here, but is mentioned for the sake of completeness.

The confinement assumption (HC) has physical relevance in the setting under
consideration as it is verified for several domains 2 with ® being the gravitational

potential. For instance,

1. when Q = {z € R3| (21, 22) € [a,b]?, x5 € [0, H]} and ®(z) = gz, where

B=1-%

op’
2. when Q = {z € R?| (z1,72) € [a,b]?, 23 > 0} and ®(x) = gxj, where

f=1-28and gr < gp.
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3. when Q = R?*\ B(0, R) and ®(z) = g|z|, where B(0, R) is the ball centered at

the origin with radius R and g > 0.

Here, or and pp are the typical mass density of fluid and particles, respectively.
Note that Example 1 corresponds to the standard bubbling case (see [13]) in which

particles move upwards due to buoyancy.

1.3 Euler-Smoluchowski System

In addition to the Navier-Stokes-Smoluchowski system for viscous fluids, this
dissertation also considers the Euler-Smoluchowski system for inviscid, compress-
ible fluids. This work is inspired by work done in [48] on the Euler equations for
compressible fluids. In this paper, Sideris et al. examine long-time behavior for the
Euler system with a damping forcing term. They note that finite-time existence of
smooth solutions follows from the work of Friedrichs in [35] and [36] and of Majda
in [40] and transforming the Euler system into a symmetric hyperbolic system.

The Euler-Smoluchowski model considered in this dissertation is as follows.

0o + div,(ou) =0 (1.11)
di(ou) +divy(ou @ u) + V. (pr(e) +n) = —(Bo +1n)V.d (1.12)
o + divy(na —nV,P®) — A,n =0 (1.13)

In addition, the spatial domain is taken to be R3. With the addtion of (1.13), the
system loses hyperbolicity. However, considering the observation that (1.11)-(1.12)

form a hyperbolic system if n is known, an iterative approximation scheme detailed



in Chapter 4 is used to establish finite-time existence of solutions to (1.11)-(1.13).
Then like in [48], an energy inequality is used with a physical dissipative condition

on ® to determine long-time behavior of solutions.

1.4 Outline of Dissertation

The rest of this dissertation discusses various mathematical results for the NSS

and ES models. The results described herein are outlined below.

1. Chapter 2 presents existence and regularity results for the NSS model. More
specifically, a previous result from [15] is presented establishing the existence
of renormalized weak solutions to the model. Then, the existence of a new
class of solutions, weakly dissipative solutions, which obey a relative entropy
inequality, is proven. This relative entropy inequality is then used to establish
a weak-strong uniqueness result, which states that if a solution of a certain
regularity class exists, the weakly dissipative solution coincides with the solu-
tion of the proposed regularity class. This is the focus of the candidate’s work
in [7]. Finally, the existence of such strong solutions is tackled, establishing
compatibility conditions for which smooth solutions of the NSS system will
exist, at least for finite time. This is also discussed in the candidate’s work in

3].

2. Chapter 3 explores certain scaling regimes for which the NSS system can be
approximated by simpler models. In particular, situations in which the speed

of the fluid is small compared to the speed of sound in the fluid are considered.



In the low stratification case, it is shown that the model can be approximated
by a model for incompressible fluids supplemented with a Boussinesq rela-
tion. A strong stratification case is also explored and an approximation with
an anelastic condition is considered. These results also are explored in the

candidate’s work in [5] and [4].

. Chapter 4 considers an inviscid model, the Euler-Smoluchowski system. Here,
the viscosity coefficients 1 and A are taken to be zero. The existence of smooth
solutions for finite time is shown for appropriate initial data. This is accom-
plished using an iterative approximation similar to that used for the finite-time

existence of smooth solutions to the NSS system.

. Chapter 5 provides a summary of the results in this dissertation. In addition,

directions for future research are suggested.



Chapter 2
Existence and Uniqueness of Solutions

2.1 Existence of Weak Solutions

The existence of weak solutions to (1.1)-(1.7) in the sense of the following
definiton was proven using in [15]. In this paper, the authors use a time discretization
approximation and show the convergence of these approximate solutions to solutions

of the NSS system in the following sense.

Definition 2.1.1. Assume that (2, ®) satisfy the confinement hypotheses (HC).
{0,u,n} is a free-energy solution of problem (1.1)-(1.3) supplemented with boundary
data satisfying (1.4) and initial data {0, mo, 7o} satisfying (1.5) provided that the

following hold:

e 0> 0in L*>(0,T; L7(2)) represents a renormalized solution of (1.1) on (0, 0o)x

Q, i.e., for any test function ¢ € D([0,T) x Q),T > 0 and any b, B such that

QMd

2
22

be (0.0 N C(0.00), Blo) = B(1) + |
1
the renormalized continuity equation

/ | B0+ Bloyu- 9.0~ oo div, u do dt = — [ Blao(. ) ds

(2.1)
holds.

10



e The balance of momentum holds in the sense of distributions, i.e., for any

w € D([0,T); D(Q; R?)),

T
/ / ou-w+ou®u: V,w+ (pr(o) + n)div, w dz dt
o Ja
= / / uVuV,w + Adiv, udiv, w — (Bo + 1)V, P - w dz dt — / mg - w(0,-) dz
0o Ja Q
(2.2)

All quantities are required to be integrable, so in particular, u € L*(0, T; Wh2(Q; R?)),

thus the velocity field can be required to vanish on 0f) in the sense of traces.

e 7 > 0 is a weak solution of (1.3), i.e.,

T

| [ 000+ m .- 9.0 V.0~ Vo Voo do de =~ [ mo(0.) da
0 Ja Q

(2.3)

Again, terms in this equation must be integrable on (0,7") x €2, so in particular

n e L2(0,T; L3(Q)) N LY(0, T; Wh2(Q)).

e The energy of the system

a
v—1

1
§Q\U\2+ o' +nlnn+ (Bo+n)® du(r)

Flo,u,n)(r) = /

Q

is finite and bounded by the initial energy. Also

T
/ / p|Vaul? + N div, u]? + |2Va/n + /0 V.®)? do dt < F(oo, ug, 10)
0 Q

11



2.2 Existence of Weakly Dissipative Solutions and Weak-Strong Unique-

ness

Motivated by the stability arguments in [13], the numerical investigation pre-
sented in [14], a number of studies on numerical experiments and scale analysis on
the NSS model (see [8]), as well as the analytical results in [15], this section of the
dissertation investigates the issue of weak-strong uniqueness, presenting a new class
of weak solutions with additional regularity properties. There are many results,
mostly devoted to the incompressible Navier-Stokes system, concerning conditional
regularity of the weak solutions. Roughly speaking, these results are that the weak
solutions are regular as soon as they belong to a critical regularity class. Results
in this direction are presented in Prodi [46], Serrin [47], or more recently, Neustupa
et al. [43], [44]. In the context of compressible fluids related results are presented
by Feireisl, Jin, and Novotny in [31], by Feireisl, Novotny, and Sun in [34], and by
Mellet and Vasseur in [41]. The present work establishes the existence of weakly dis-
sipative solutions obeying a relative entropy inequality. The results and ingredients

of the approach can be formulated as follows:

e An inherent definition of weakly dissipative solutions to the Navier-Stokes
Smoluchowski system (1.1) -(1.3) is introduced satisfying a relative entropy in-
equality with respect to any hypothetical strong solution to the problem. The
analysis is motivated by the pioneering work of Dafermos [21] and DiPerna
23], the results of Germain [37], the analysis of Mellet and Vassuer [41] as

well as the approach of Feireisl et al. [34]. The global existence of weakly-

12



dissipative solutions is established by the construction of an approximating
scheme with approximate solutions obeying an approximate relative entropy
inequality. Convergence arguments are employed to show that the solutions

to the actual system obey the given relative entropy inequality.

e By monitoring the evolution of a relative entropy functional and by employ-
ing an argument using Gronwall’s Lemma, a weak-strong uniqueness result is
established stating that a weakly dissipative solution agrees with a classical

solution with the same initial data when such a classical solution exists.

e Physically grounded hypotheses are imposed on the domain €2 and the external
potential ® (confinement hypotheses (HC)). The analysis herein treats both
the case of a bounded physical domain {2 as well as the case of an unbounded
domain. The confinement hypotheses (HC) on (2, ®) plays a crucial role in
providing control of the negative contribution of the physical entropy nlnn in

the free-energy bounds for unbounded domains.

2.2.1 Relative Entropy

In the spirit of Dafermos [21], given an entropy £(U) the relative entropy is
defined as

HU|U) :=EU) - EU) - DEWU) - (U -U) (2.4)

13



where D stands for the total differentiation operator with respect to g, m,andn. In

the present context,

I
I
=]
i
X
c

where U can be considered to be a smooth solution and

(2.5)

_ |mf?

" 4l .
20t ¢t nn + (8o + 1)

EWU) :

Thus, from the definition, the relative entropy is

mf? |

20 v—1
m e

s 1T7—81ns—(ﬂr—|—s)<1>
rooy—

o' +nlnn+ (Bo+n)P

HU|T) =

—g%—%ﬂ_l%—ﬁ@ o—r

- U “lou—7rU

Ins+1+@ n—s

ul? a
=Q| | + ——0"+nlnn+ od +nd
2 v—1
UQ
—M—Lﬂ—slns—&@—stb
2 v—1
o0 rUP ey . a4y
- — o+ 7 — Bo® + Brd
2 2 v—1 v—1

_|_

—ou-U+7r|UP?-=nlns+slns—n+s—nd+ sd (2.6)

After some basic calculations, the relative entropy is calculated to be
a
—r) = o)

_:Q 2. Y
H(UID) = Gl —UF + "5 (0 —

14



+nlnn —slns — (Ins+1)(n — s),

or equivalently,

where

H(UID) = Sl —UP + Ex(o,r) + Ep(n, 5)

a

.,
v —1°

Hp(o) :==

Pr(0) i= (o) = =0
Er(e,r) = H(o) = Hp(r)(o = v) = Hr(r)
Hp(n) :=nlnn

Pp(n) == Hp(n) =lnn+1

Ep(n,s) := Hp(n) — Hp(s)(n — ) — Hp(s)

(2.7)

Remark 2.2.1. The integrals of the quantities Hr and Hp over {2 represent the

physical quantities of the entropy of the fluid and the entropy of the particles,

respectively.

Note that the relative entropy does not contain any information regarding the

external potential . This is expected since one of the motivations of the relative

entropy functional is to reflect information about quadratic terms, but not linear

terms.

Next, weakly dissipative solutions are defined using the ideas of relative

entropy. The key addition to the definition of weak solutions is the relative entropy

inequality. Letting

r=r(tx), U=U(tz), s=s(t )

15



be smooth functions on [0, 7] x Q with 7,5 > 0 on [0, 7] x Q and
U|8Q - Oa
it is shown in Section 2.2.8 that for {o, u,n},

/ Lol —UP + Ep(o,r) + Ep(n, s) da(7)
/ / (V,u) — S(V,U)] : Vo (u — U) d di
§/Q§QOIUO—UO|2—I—EF(QU,TO)+EP(?70,SO) dx—l—/OTR(Q,u,n,r,U,s) dt (2.8)
where
Rlo w7, U, s)
_ /Q div,(S(V,U)) - (U — u) de
/ 00U +u-V,U) - (u—-U) de
/ath 0— 1)+ VuPe(r) - (ou - rU) da
~ [ ePe(e) = Per)) = Pl r))div, U da
/atpp 0= )+ VaPp(s) - (u— sU) da
~ [ 0(Pel) = Pr(s)) = Ep(r, )] div, U da

- /Q Vo(Pp(n) = Pp(s)) - (Van + V@) da

NVygs

_ /(BQ—FT})V#D (u—"U) dz —/ - (u—TU) dz. (2.9)
Q

Q S
Definition 2.2.1. {o,u,n} is a weakly dissipative solution of (1.1)-(1.7) with initial

data {gg, ug, 0} if and only if
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e {p,u,n} is a weak solution in the sense of Definition 2.1.1, except that the
time interval is taken to be (0,7) for some T > 0 instead of (0, 00) and that

the energy inequality becomes for 0 < 7 < T

1
/Q§Q|u|2 + 5 i 1@7 +nlnn +nd dz(r)
+/ /S(qu) Vout 2V, 7+ V[ do dt
0o Jo
1 9 a
< §Q0|U(]’ + ’}/TQO + No lnng + 770(13 dx

1

Q
—ﬁ/ /gu-VxCID dz dt. (2.10)
0o Jo

e {p,u,n} obeys inequality (2.8) for any suitably smooth functions {r, U, s}.
The main result of this section of the dissertation is as follows:

Theorem 2.2.1 (Suitable weak solutions). Assume that (€, ®) satisfy the confine-
ment hypotheses (HC) with Q C R3 a bounded domain of class C**,v > 0. Suppose

the initial data {00, ug, Mo} satisfy
00 not identically zero, go|uo|® € L'(2), and nolnny € L'()

in addition to the conditions on the initial data specified in (1.5). Then the Navier-
Stokes-Smoluchowski system in (1.1)-(1.6) has a weakly dissipative solution in the

sense of Definition 2.2.1.

Section 2.2 is outlined as follows:

1. In Section 2.2.2 a suitable three level approximation scheme to the Navier-
Stokes-Smoluchowski system in the spirit of [30] is introduced. The reader
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should contrast the approximating procedure presented here with the time

discretization approximation scheme in [15].

2. In Sections 2.2.3-2.2.7 the convergence of the approximate solutions to a weak

solution in the sense of Definition 2.1.1 is shown.

3. In Section 2.2.8 the approximate relative entropy inequality is established, and
with the aid of the convergence results in Section 2.2.3-2.2.7, it is shown that
the weak solutions to the Navier-Stokes-Smoluchowski system satisfy a relative

entropy inequality, proving Theorem 2.2.1.

2.2.2 Approximation Scheme

This section of the work uses the typical method: find a suitable approximation
scheme which has solutions and then show the approximate solutions converege to
solutions of the original problem. However, showing that the approximate solutions
converge in function spaces satisfying a priori estimates is the main task, as stated
by Evans in [27]. The weakly dissipative solutions here are constructed using a
three-level approximation scheme in the spirit of [30]. First, an artificial pressure
in terms of some small § > 0 and then a vanishing viscosity in terms of some small
e > 0 are introduced. Finally, a family of finite dimensional spaces X,, for n € N
consisting of smooth vector-valued functions on Q vanishing on 9 is considered.
The e-regularizations are included to guarantee that certain a priori estimates hold
true while the energy inequality remains valid at each level of the approximation.

The d-regularization serves to introduce the artificial pressure term. Thus, the task
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becomes to consider the approximate system:
Or0n + diva(0nu,) = €A, 0, (2.11)

O + dive(nau, — 0, V@) = Aun, (2.12)

/ O(opuy,) - w dx = / oo, @, 2 Vow + (ag) +n, + 00%) div, w dz
Q Q

— / S(V,u,) : Vow+ Vo, - Vou, - w de — /(ﬂgn +1,)V,®-wdzr (2.13)
Q Q
for any w € X,,. Also, the boundary conditions
Vieon-n=0on (0,7) x 02 and u, = V.1, - n+n,V,®-n=0on (0,7) x 99

are imposed. For notational simplicity, {on, U,, 7.} will denote {0n.c5, Unes, Mnes}
and {o.,u.,n.} will denote {o.s5,u.45,7m-5}. Here, a is an appropriate constant.
The approximation scheme is also supplemented by the approximate initial data
{005, m0.5,Mm0,6}. The approximate initial data are modifications of the original initial

data in that

e 0<d< o5 <oV forallz €Q, gp5— 0oin L7(Q),

and [{z € Q|oos(x) < go(x)} — 0asd —0
e my ;(z) is the same as mg(x) unless gps(x) < go(x), in which case mq 5(z) = 0.

e 0<d<ns <oV forall w €, nys — noin L3(Q),

and [{z € Qnos(x) <no(z)}| - 0asd —0

The theory of parabolic equations gives the existence of a unique regular solu-
tion {o,, u,,n,} for each fixed n € N for each fixed €, > 0. Specifically, equations
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(2.11) and (2.12) are parabolic, so |u,|, 0., and 7, are smooth and p, and 7, are
bounded above and below away from zero for all ¢ € [0,T]. Given u,, ¢, and 7,
are obtained using fixed point arguments in the spirit of Ladyzhenskaya (see also
Chapter 7 of [30]). Next, the existence of {u,} is obtained by employing the Faedo-
Galerkin approximation and using an iteration argument in the spirit of [30]. Indeed,

the following bounds are obtained:
u, € C'([0,T]; X,,), and

the quantities

On, 8tha vr@na vi@na nna a7577na vxnna vinn

are Holder continuous on (0, T x €.

The interested reader is referred to Chapter 7 of [30] for more details.

Note that by integrating (2.11) and (2.12) over € and applying the boundary
conditions, it can be shown that the total fluid mass My = fQ 0, dx and the total
particle mass Mp = fQ 1, dz are constant for each ¢, ¢, and n, and so for all times

the total masses are the initial total masses.

2.2.3 Convergence of the Approximate Solutions

Now, the goal is to show that the approximate solutions {p, u,n}, . s converge

to a solution {p, u,n} in the sense of Definition 2.1.1. The limits are taken as follows.

e take n — oo to obtain g, — o, u, — u., and 1, — 7. in the Faedo-Galerkin

approximations.
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e take ¢ — 0 to obtain o. — g5, u. — uy, and 7. — n;.

e take 6 — 0 for g5 — 0, us — u, and 7y — 7.

2.2.4  Uniform Bounds

In order to provide bounds on the various quantities, an approximate energy
balance is derived by using u,, as a test function in (2.13).

Thus, (2.13) becomes
/ O(onuy,) -1, dr = / [onu, ® u, —S(V,u,)] : V,u, dzx
Q Q

+/ (ao) + 005 + 1) div, u, dz — /(ﬁgn +1,)V,® - u, dzx
Q Q
—8/ V.o.V.u, -u, dz.
Q

However, noting that

/ O (onuy) - u, — (0pu, ®u,) : V,u, dr
Q

d 1 1
=50 [ el dot 5 [ B+ v (g s
d 1

1
=5 i §gn|un|2 dz + —e/QAxQn|un\2 dzx,

2
and by (2.11) noting that the fluid mass is constant over time for the approximate

solutions,

d
/ag;{ div,u, de =—— [ o, ¢ Qz_l dx — / div, (Qn ?
Q dt Jo v —1 0 gl

—5/7@2_2|V$gn|2 dzx.
Q
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Multiplying (2.12) by (7, Inn,)" and integrating over €2, it can be shown that

/ N, div, u, dr = —i / NpInm, dr — / div,(n, Inn, (v, — V,®)) dzx
Q dt Jg Q

Q

Using the above relations and the boundary conditions, a preliminary approximate

energy inequality is obtained:

d [1 9 a o
. 5 9n|Unp —0 —0) nl nd
n Q2@| | oot g% i de

—I—/ S(Vau,) : Vau, + 2V /T + /1a Ve ®|? dz
)
—|—6/ (Vaon|? (a0l ™2 + 6a0® %) dz
Q
< - /(6@n +1,)Vae® -, dz + / Vil - Vo® + 1,|V,®|? da.
Q Q

Now, noting that by (2.12) and integration by parts

d 7, ® dz = —/ Vel - V@ dx + / Ny, - Vo dr — / 0| V. ®|* du,
dt Jo Q Q Q

the desired approximate energy balance is obtained:

1 9 a o
AUn|Un —0 nl n nq)d
/929 |y, | i e L L (7)

+ / / S(Vaun) : Vatty + [2Vor/in + Vo ®? da di
0 Q

+€/ / \ngn\z(a'ygg_z —|—5a@f§‘2) dx dt
o Ja

1 9 a 0
- + + ——08s + 105l + 105D d
/Q 5 00,6/ 10,6] S 1%t Ty %t os s+ 0P dr

0 Q

Using a Gronwall’s argument in the spirit of [30] and [32] on the last right-hand side

term in (2.14), it is apparent that u, is controlled in L*(0, T; W, (Q; R?)).
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Now, (2.14) with the convergence of the initial data will be used to obtain
bounds on the approximate quantities. The following bounds are evident from a

quick inspection of (2.14):
o {/ou},.s € L=(0,T; L*(;R?))
o {o}nes € L7(0,T; L7(2))
o {nInn},.s € L=(0,T; L (Q))
o {ulncs € L2(0,T; W2 (Q))
o {Vo/Mtnes € L?(0,T; L*(2))
Using the embedding of W12(Q2) in L5(£2) on the last bound listed above, it is

clear that {n},.s €, L*(0,T; L*(Q)). Using this result, and that

Vun
2\/ﬁ’

Vavn =
it is also clear that

{n}n,s,6 ST L2<07 T7 WL%(Q))

2.2.5  Faedo-Galerkin Limit: n — oo

The first step in the approximating procedure is to take the Faedo-Galerkin
limit, that is to take n — oo. Much of this work has been performed by Feireisl
in [30]. However, work has to be done to perform the limit in the approximate
Smoluchowski equation. Starting first with the approximate continuity equation,
since

{o}n € L=(0, T L7 (Q)),
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{u}, € L*(0,T; W"*(;R?)), and
{n}n € L*(0,T; L*(2)),

the quantity

T T
/ /(aQ?L + 1) div, v, dz dt’ < c/ /(QZ + nn)| dive u,| do dt
0o Jo 0o Jao

is bounded independently of n provided « is large enough. Also, by the approximate

energy balance above, the quantity

T
56/ /|ngn|2gfj2 do dt
0o Ja

is bounded independently of n, thus by Poincaré’s inequality, the following uniform
bound is obtained

{o}n € L*(0, T; WH(Q)).

By this bound and the bound of the approximate velocities, it is clear that
Vi0n -, €, L0, T; L3(Q)).

However, this quantity is only just integrable with respect to time. To get around
this and obtain uniform bounds on 0,0, and A,0,, the approximate continuity

equation is multiplied by G'(0,) to obtain

at/ G(on) dx + 5/ G"(00)|Va0n|* doz = / (G(on) — G'(04)0n) divy u, dr,
Q Q Q

which can be considered as a parabolic version of the renormalized continuity equa-

tion. Taking G(0,) = 0nInp, and using the bounds on g, div,u, and g,, the

T 2
5/ /M—Q"|dxdt
0 Q On
24
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is bounded independently of n. Since

Vaon
VOn

|| v OnUnp ||L2(Q;R3)a

[Vz0n - sl < H
L2(Q;R3)

by interpolation,
{V.0-u}, € LY0,T; LP(Q))

for p € (1, %) and ¢ depending on p in (1,2). By LP — L? theory, the sequences
{0ion}n and {0;,0;;0n}n are bounded in L(0,T; LP(S2)). Thus, the limits o.,u.
obey the equation
Or0- + divy(o-ue) = €Az

Strong convergence of the gradients V.0, — V0. in L*(0,T; L*(Q;R?)) fol-
lows from the renormalized parabolic approximate continuity equation with G(z) =
22

The next step is to obtain convergence for the Smoluchowski equation. The
approach is similar as the one used for the continuity equation. First, it is noted
that

[0y — Al = =V, - uy, — np divew, + Ven, - Vo @ + 1, A, 0.
As with the continuity equation, previously mentioned bounds control all the terms
on the right side of this equation except for —V,n, - u,. However, by Holder’s
inequality
IV a1 - unHLG/s(Q) < ||vm77n||L3/2(Q;R3)||un||L6(Q)

where the right side of the inequality is bounded in L?(0,T). Thus, it is seen that

the limit functions 7, u obey

815775 + din(ﬁs(us - qu))) - Azn&
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using the interpolation arguments and LP — L? theory used for showing the conver-
gence of the derivatives of g,.

In accordance with the above convergences and bounds, the convergence of
most of the terms of the momentum equation follow directly; the only issues arise
with the convective term p.u,,®u,. By the bounds on g,|u,|? and u,, the convective
term converges weakly to ME in L9((0,T) x ;R3) for some g > 1. Also, by
the bounds on g,, o,u, converges weakly-* to g.u. in L>(0,T; L>*(Q2;R?))

However, a quick inspection of the momentum equation shows that the func-
tions t — [, opu, - ¢ dz are well-defined and bounded in C[0, T]. Thus, by Arzela-
Ascoli,

Onln = Qe In Cweak([0>T]S L5/4(QS RB))

which is compactly embedded in C o1 ([0, T]; W=12(Q; R?)). Thus,

eak

OnUp — OcUc

strongly in Cy a1 ([0, T]; WH2(Q; R?)). Thus, with the bounds on u,,

eak
(Qll ® u)a = 0:U: ® Uc.

Also, the following lemma cited by Simon in [49] is used for the convergence

of the approximate particle density.

Lemma 2.2.1. : Let X C B C Y be Banach spaces with X C B compactly. Then, for 1 <

p<oo,{v:velP”(0,T;X),v, € L'(0,T;Y)} is compactly embedded in LP(0,T; B).

Thus,
{n}ne — ns in L*(0,T; L*(€2)).
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by applying Lemma 2.2.1 with p = 2, X = Wh2(Q), B = L¥(Q), and Y = L}(1).

2.2.6 Artificial Diffusion Limit: € — 0

After taking the Faedo-Galerkin limit in Section 2.2.5, ¢ is now fixed, and for

each € > 0, there exist {o.,u.,n.} satisfying
at@s + divx(geu€> = €A$Q€

atns + lea: (775115 - navxq)) - A$77£

/ at(@sus) -wdz = / 0:U: @ Ue : V,w + (CLQ;—Y +n: + 5@?) div, w dz
Q Q
— / S(V,eue) : Vow 4+ eV - Vyou, - w de — /(6@6 + 1)V, P - wde
Q Q
for any test function w,
V0. -m=0

n (0,7) x 00

u.=V,n.-n+n.V,d-n=0

n (0,7) x 99, and

1 9 a )

ol 4=+ —2 . +1.B d
/929\11! i L LA B (7)
+/ /S(qug) : Voue + 2V /1 + 0V, @[ do dt
+5/ /|VQCQ6 (a0 ™2 + 6a0® ) + BV40. - V@ dx dt

a o
< Qo slaosl® + ,y—Qog + o 1%s + o5 Innos + 10sP dx

1 1

/ /qu6 V,® dx dt.
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First, noting the uniform bounds from the last section,
0 — 05 weakly-* in L*(0,T; L*(Q))
u. — uy weakly in L2(0, T; Wy *(Q; R?))
n. — 05 weakly in L?(0,T; L*(Q) N W1’3/2(Q)).

for some {ps,us,ns}-

It is noted that the last term on the right side of (2.20) can be controled in a
method similar to its analog in the Faedo-Galerkin approximation.

The next step in taking the limit as € goes to zero is to show that g5, us solve

the equation of continuity in the sense of distributions. By (2.15),
Qsath + 0c divx(gsus) = €Q5Asz:
so by integration by parts,
L, " 2 L, L/ 2 1
o> dx(1) + ¢ |Veoe|" de dt = [ o5 do— = o div, u. dz dt
a2 o Ja 02 2Jo Ja
for any 7 € [0,T]. Thus, if « is large enough,
{VeVao.} € L0, T; L* (O R?)),

SO

eV0. — 0in L*(0,T; L*(; R?)).

As with the Faedo-Galerkin limit,
Oe — 05 In Cweak([oa T]; LQ(Q))
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by Arzela-Ascoli. Thus it is clear that
0-U. — osuy weakly-x in L(0, T; L**/H1(Q; R?)).
and it can be concluded that for any test function ¢,

T
/ / antqb + osus - qub dx dt —f‘/ QO,6¢<O, ) dz = 0.
0 Q Q

The next step is to obtain a convergence result for the Smoluchowski equation.

Multiplying (2.16) by 7. and integrating by parts:

T T 1
/775 dx(T)—i—/ / \Vone|? dz dt = / 0.5 d:r;—l—/ / ~(n?div, u.—V,n?-V,®) dr dt,
Q o Ja Q 0o Ja?2

where the right hand side is bounded, so
{n:} €5 L(0, T L*(Q)),
{V.n.} € L*(0,T; L*(Q; RY)).

Thus, with similar arguments as with the convergence of the continuity equation:

T
/ / 775at¢ + (775115 — nsz(ID — Vxn(;) . qub de dt = — / 77075¢)(0, ) dz.
0 Q Q

The next step is to show the convergence of the approximate momentum equa-
tion. First, noting that eV,o. — 0 in L*(0,T; L*(Q; R?)) and that {u.} is bounded

in L2(0, T; Wy (Q; R3)), it is clear that eV, 0.V,u. — 0in L'((0,T) x ©; R?). Thus,

5/ / IV e0:*(ayol ™2 + ad0®?) + V0. - V@ do dt — 0.
0o Ja

Next, since u. — uy weakly in L2(0,T; Wy (€; R?))
S(Veue) = S(Veus) weakly in LP((0,7) x Q) for some p > 1.

29



Thus, the only terms to consider in the momentum and energy balances are
the pressure-related terms. First, using the Bogovskii operator B, analogous to
the inverse of the divergence (see [30] and [32]), the test function w := ¥y where
v € C*(0,T) and ¢ = Blp. — 9| where g := ﬁfﬂ 0. dz, in the approximate

momentum equation and performing some analysis yields
T
/ w/(a@Z + e +00%) 0 du dt
0 Q
T
:/ ¢§/a9§+775+59? dz dt
0 Q
T
[0 [ oo do
0 Q
T
—/ 1/1/g5u5®uezvmgo do dt
0 Q
T
+/ 1/}/ S(V.u.) : Ve do dt

/ 2/J/ (Bo: +ne)V,® - do dt

/ /geu5 @ dx dt
+ 5/ w/ V.0:-Vu. - ¢ do dt.
0 Q

However, all the terms on the right-hand side are bounded. Thus, ag?+n.+0d02
has a weak limit as ¢ — 0. Note that the form of the last integral above follows
from the choice of test function, and is the only reason for separating the limits for
e and § (see [32]).

The next goal is to show that the weak limit of the pressure term is
ap] +ns +00§. To do this, the strong (pointwise) convergence of the densities must

be shown. The strong convergence of {7.} follows from Lemma 2.2.1. To show the
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strong convergence of the fluid density, the test function

D(t)C(x)pa(x)

is used in the approximate (level-¢) momentum equation where

€ C(0,T),¢ € CX(N), and o1 := VA (1g0.). Since g.u. and V. have zero
normal traces, the approximate continuity equation can be extended to all of R? to
obtain

at<1996) + divx(lﬂgeus) - 5divz<1ﬂvzge) = 0.

Thus, for a large, some straight-forward analysis gives

/oT /g UC((agl +1ne +008) e = S(Vaue) - RT (1oge)) da di
— /OT/QwC(Qaug - RT (1go-u.) — (0-u. @ u.) : RT (1go.)) da dt
N 8/OT /Q YCo-u. - Vo AT (dive(1Ve:)) do dt
* /OT /Q C(Bo- +1e)Va® - VoA (1og.) do dt
B /OT/Q‘”(“Q?Y + 1 + 02 Vil - VaAT ! (Lage) da d
- /OT /Q YS(Voue) : Vol @ VoA (Lag:) da dt
- /T/ Y(o-ue @ ue s Vol ® Vo AT (1go:)) da dt
OT Q
_/0 /chaué‘a“ﬁ - V.A (1og:) d dt

T
+ 5/ / 1/1<vang115 : va;I(].QQg) dz dt
0 Q

where R7T is the double Riesz transform defined componentwise as

RT@]' = (%,A;l@zj .
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Similarly, the test function (s is used in the weak limit of the approximate

level-€) momentum equation, where ¢, := V,A~1(1n0) to obtain
2 x

T
| [ oct@a w5050 - 5V, : RT (L) do
o Ja
T
= / /Q%UC(Qaua - RT (Lqosus) — (0sus ® us) : RT (1gos)) dx dt
0
T
+ /0 /leg(ﬁga +n5)V, P - VxA;1<1QQ5> dz dt
T
- / / W(ag’ +n+60%)5Val - VoA (1aos) do dt
o Ja
T
+/0 /ng(vxua) Vol @ VAL (1g0;) do dt
T
- / /¢(Q6u5 ®us: Vo @ VAL (1g0s)) do dt
o Jo

T
—/ /CQ(SU&@W VA (1qos) da dt.
o Ja

From the convergence results stated earlier in this subsection and the fact that
from the theory of elliptic problems (see [32]), the operator V,A ! gains a spatial

derivative, i.e., due to the embedding W1 (Q2) — C(),
VA7 (1ao) = VoA (100s)

in C([0,7] x ;R?). Thus, taking the limit as ¢ — 0 in the previous two equations,

it follows that

e—0

T

iy [ [ C((ag? + 0.+ 80D, — S(Vaw.) s RT (1ag.)) da dt

0 Q

T
= / /Q?/)C((CLQ7 +n+00%)s505 —S(Vyus) : RT (1gps)) do dt

0
T
1 lim / / $Clon - RT (Loow.) — (oo ® w.) : RT (1gg.)) de dt
0 Q

e—0

T
- /0 /QM(QJU(; -RT (Lgosus) — (0sus @ us) : RT (1aos)) da dt.
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The goal now is to show that the difference of the last two integrals above
vanishes when the limit for € is taken. This follows from the following lemma which

follows from the Div-Curl Lemma (see [30]).

Lemma 2.2.2. Let V. — V weakly in LP(R3;R?) and r. — r weakly in LY(R?).

Define s such that

1 1 1
S4I=Z<1
p oq s

Then 1. RT(V.) — RT (r-) V. = rRT(V) — RT(r) V weakly in L*(R3;R?)

Using the Commutator Lemma in Section 3.6.5 in [32] and some analysis, the

weak compactness identity for the pressure is derived:

[mw+n+5MMB—(§u+A>@&wu%

- 4 _
= (a0” + 1+ 60%)505 — (gu + A) 05 div, us.

By multiplying the approximate continuity equation (2.15) by G'(0.) = o:Ino.
noting that G is a smooth convex function, integrating by parts, and taking the

weak limit, the following equation is obtained.

/(glng / / odiv, u)s do dt = /90,5 In g5 dz
Q

Also, since gs, us solve the level-0 approximation of the equation of continuity,
they represent a renormalized solution of the equation of continuity of the actual

Naiver-Stokes-Smoluchowski system (c.f. Lemma 3.7 in [32]). Thus,
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/ 05 In 05 dz(T) —I—/ / os divy us do dt < / 0051 0g s dz.
Q o Ja Q

After some analysis, it can be shown that

(olnp)s = 05 1n 05

which since z — z1In z is strictly convex, implies that o. — 05 almost everywhere on

(0,7) x €.

2.2.7 Vanishing Artificial Pressure Limit: 6 — 0

After taking the limit of ¢ — 0, the approximate Navier-Stokes-Smoluchowski

system reduces to

T
| [ esBlen@o s 9.0 do e+ [ ovaBlensoln. ) da
0o Ja Q
T
:/ /b(g(g)divx us¢ dx dt (2.21)
o Ja
¢b(2)
where b € L>[0,00) N C[0,00), and B(o) := B(1) + [ —;d=
1z
T
/ / N50¢p + (ss — N5V ® — Vons) - Ve da dt = — / M0,s6(0,-) dv, (2.22)
0 Jo Q
/ Oi(osus) - w do = / 0sUs @ U : VoW + (ap) +ns + 0) div, w dz
Q Q

- / S(Veus) : Vow do — /(ﬁg(g +15)V, P - w dx (2.23)
0 0
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for any test functions ¢ and w and

us=Vens - n+n,V,®-n=0on (0,7) x 0 (2.24)

a

)
/Q §Q5|u5,2 + mg} + mgg + ns Inns + ns® dx(r)

+ / / S(Vattg) : Vatls + [2Vor/Ts + T3V, dr di
0 Q

2 a 0 (o1
< /Q 200,5\110,5! + o— 05t o 1%, Mg s+ nos? dr

—ﬁ/l/mm-V@dx&. (2.25)
0 Q

The first step in performing the limit ¢ — 0 is to find uniform bounds on the

various quantities. Since the masses of the fluid and particles are constant and since

005 — 0o in L7(2) and g s — 1o in L*(2), the bounds on fQ 0s dxr and fQ ns dx are

uniform. So by the convexity properties of

a

Hp(0) + Hp(n) =

1w+nmm

the approximate energy balance can be used to bound certain terms. From the

approximate energy balance, the following bounds can be obtained:
{us} & L*(0, T; Wy * (5 R%))
{ns} € L*(0,T; L3(Q) n WH3/2(Q))
{os} €v L=(0,T; L7(Q2))

{Vosus} €, L=(0,T; L*(<; R?))

Note that from the first two bounds, weak limits 77, u are obtained, and from the

bound on g5, a weak-* limit o is obtained.
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Much of the work in showing convergence to the weak formulation in Definition
2.1.1 is similar to that in Section 2.2.6 (for more details, see Section 3.7 in [32]).
However, the main difference is in showing the pointwise convergence of {gs}. Here

the family of cutoff functions Ty (z) are used and are defined by

where T' € C*[0, 00) is concave and defined by

z, z€]0,1],
T(z) =
2, z€[3,00).
Here, the calculations are similar to those in section 2.2.6 changing the definitions

of ¢1, 2 to

o1 = VoA (10Tk(05))
@2 = VoA (10Tk(0))

After some analysis, the details of which are similar to those in the previous
subsection and are carried out in detail in Section 3.7.4 in [32], it becomes clear
that strong pointwise convergence of the fluid density will follow if the following two

things can be shown:

e For

the relation

T
/ /Q 0Li(0)D0-+0Le(0)u-Vad—Ti (o) divy ug da dt = — / 00Li(20)$(0, ) da
0

Q
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o [ ), Tu(o)divyu — Ty(o) div, u da dt — 0 as k — oo.

To prove these statements, the oscillation defect measure defined below must

be controlled.

Definition 2.2.2. : Let Q C 2 and ¢ > 1. Then

oscos = 21(Q) = sup (1w | iten - nore ).

k>1 0—0+

It is clear that since Ty(0),Tk(0) — 0 as k — oo in L1((0,T) x Q and that

div,u € L*((0,T) x Q), if osc,[os — 0]((0,T) x Q) < oo for g > 2, then

/ /Tk(g)divmu—Tk(g)divxu dz dt — 0
o Jo

as k — 0.

Also, the following will prove that

T
/ / oL (0)046 + oL(0)u - Vo — Th(0) divy ué da dt — — / 00Li(20)(0, ) da.
0

Q

Lemma 2.2.3. Let Q C R* be open and assume that
0s — 0 weakly in L'(Q)
us — u weakly in L*(Q; R?)
Vs — Vu weakly in L*(Q; R?)

oscq[os — 0](Q) < oo for g > 2.

Then the limit functions o, w solve the renormalized continuity equation (2.1).
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A proof of this lemma is given in Section 3.7.5 in [32]. Thus, once oscy[gs — 0]
is controlled, the strong convergence of the fluid density will have been shown.
However, as argued in [32], this bound follows from the concavity of T} and the
convexity of the fluid pressure p — ao”.

Therefore, a solution in the sense of Definition 2.1.1 has been constructed from

the Faedo-Galerkin with artificial diffusion and pressure approximation.

2.2.8 Approximate Relative Entropy Inequality

This section of the work follows in spirit the approach used in [31] and [34].
The approximate difference u,, — U,, is used as a test function in the approximate
momentum equation (2.13). This difference and its quadratic form are employed
in the construction of the approximate relative entropy functional. Monitoring the
evolution in time of this functional leads first to the approximate relative inequal-
ity (2.31), and subsequently, by passing to the limit, to the existence of weakly
dissipative solutions.

Now, an approximation for (2.8) for each fixed ¢,d, and n is derived. First,
smooth functions U,, € C*([0,T]; X,n), 7m and s, on [0,T] x Q with r,,,s, >
0 on [0,7T] x Q and U,loa = 0 are considered. Thus, u, — U,, can be taken as a

suitable test function and substituted for w in (2.13) and performing some straight-
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forward calculations, it can be shown that

/Q 00t — Un) + 1y - Vo(n — U)) - (uy — Uy da

+ [ Valolen) + 663 = plra) + = 50) - (4, = Uy) do

_ /Q S(Vaun) — S(VoUn)] : Va(u, — Uy dz

- /Q . (@Um +U,, - VU, + Vo Pr(ry,) — ﬁm divI(S(VrUm))) (1, — U,,) dz
- /Q (Fm — 00)( Uy, + U, - V, U, - (, — U,,) dz

+ /Q 00 (U — ) - Vo U, - (w, — Uyy) da

- 5/ Aazgnun : (un - Um) + vanvxun : (un - Um) d!lﬁ'
Q

Q
By multiplying (2.11) by 1|u, — U,,|?, it can be deduced that

1 1
at <§Qn|un - UmP) + lez (égnun’un - Um‘2> - gAxQn’un - Um’2

= on(u, — U,) - 0i(u, — Up,) + opu, - (w0, — Up,) - Vi(u, — Up,). (2.27)
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Thus by (2.26)-(2.27) and some straight-forward calculations

1
ALl — UL dr 4 / S(Vawy) — S(V, UL 2 Va(u, — U,y da
+/ 0n (VuPr(0n) — ViPp(ry)) - (0, — Uy,,) dz + 5/ Voo (u, —U,,) dx
Q Q

+ / 1.V (Inn, —Ins,) - (v, — U,,) dz
Q

- /Q (Tm - Q") div,(S(V,Uy)) - (u, — Uy,) dz

Tm

1
- / on (@Um tu, - Vo Uy, + Vo Prlrg) — — divx(S(VxUm))) (u, — U,y dz
Q

m

+/ 0,(Up —u,) -V, U, - (v, —U,) dr + 5/ Vion Uy - Vi(u, —U,) do
Q Q

MV aSm

- / (Bow + 1) Va® - (w0, — Uy, da — / (u, — U,) da. (2.28)
Q

Q Sm

Following the techniques from [37]
Er(o,7) = Hp(v+ 1) — Hp(r)v — Hp(r) where v := o —r,

Ep(n,s) = Hp(w + s) — Hp(s)w — Hp(s) where w :=1n — s.

Thus,
—aEg(UQ’ ) = Pr(0) — Pr(r), aEFa—(TQ?T) = Pp(0) = Pp(r) — Pp(r)(e — 1)
—8Egg]’ s) _ Pp(n) — Pp(s), (9E%—(57],8) = Pp(n) = Pp(s) = Pp(s)(n — ).

Multiplying (2.11) by Pr(0,) — Pr(ry) yields

/Q on (VoPrp(0n) — Vo Pp(ry)) - (0, — Uy,) do

= i Er(on,rm) do + / Pr(rm)(0n — Tm) (041 + dive(ruy,)) do
dt Jq Q
OFr OFp )
"—/Q ( 81} (Qn,'ﬁn)(@n - T’m) + W(@n, Tm)Tm — EF<Qn,7”m>> lex Um dx
Q
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and multiplying (2.12) yields
/ i (VaPo (1) = Vo Po(5) - (0, — Uyy) da
Q
_ / Ph(50) (1 — $)(Os5m + diva (5, Un)) da
Q
OB, OB, ,
+/Q (_aw (12, 5m) (12 = $m) + —5=5m = Ep (1, sm)) divy Up, da

- / (Poi) = Pr(5m))(Datgy + div, (1,7, @) do. (2.30)

Thus, combining (2.26)-(2.30) and using (2.14), the approximate relative en-

tropy equation is obtained:

d 1
3. _inun _Um|2 +EF(Qn7rm> +EP<77n75m) dx
dt Jo 2
o d
+ [ [S(V,u,) —S(V,U,)] : Vi(u, —U,,) do + — [ oo dx

< [ @i (S(9.0,) - (0, = Uy) da

_ /Q 0u (U, + 1, - V,U,,) - (w, — U,,) da

- /QatPF(rm)(@n = 7m) + VaPp(rm) - (eattn = rmUn) do
~ [ {2u(Pe(ew) = PeCra) = Bl )l div, Uy do

- / OPp(5) (1 = 5m) + VaPp(s1) - (natty — 50 Upn) da
~ [ 1a(Pen) = Pelsn) = Bl )] div, U do

_ /Q Vo(Pp(nn) = Pp(sm)) - (Vatn + 1.V @) da

- /(ﬁgn F9)Va® - (w0, — Uy da — / VS U, da
Q

Q Sm

+ 8\/' Va:@n : Um : vz(un - Um) - v;r(PF(Qn) - PF(Tm» : Va:gn dz
Q

- 5/ oy div, Uy, dz. (2.31)
Q
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By taking the limits n — oo,e — 0,0 — 0 as worked earlier in the section and
replacing {7, Uy, 8, } with {r, U, s} by means of a density argument, inequality

(2.8) is obtained, proving Theorem 2.2.1.

2.2.9 Regularity Required for Smooth Solutions

First the required regularity for {r, U, s} is determined such that R (o, u,n,r, U, s)
is well-defined. A quick inspection shows that the following are required to ensure

all the integrals in (2.8) and the remainder term are defined:

7 € Cyeak([0,T]; L7(2))

U € Cyoai ([0, T); L1, R?))

V.U € L*(0,T; L*(; R¥?)), Ulpg = 0

s € Clyeak ([0, T1; L () N LY(0, T; L5773(40))

0,U € L'(0,T; LY/~ (;R?)) N L0, T; L9/5775(; R?))

ViU € LY0, T; LY Q RPS*3)) 1 L2(0, T; LO/5775(Q; R3*3>3))
&, Pp(r) € L*(0,T; L""~4(Q))

Vo Pp(r) € L0, T; L*/ 71 R?)) N L2(0, T; L/575(Q; R?))
d,Pp(s) € L*(0,T; L>=(Q)) N L>(0,T; L*?(Q))

V.Pp(s) € L>(0,T; L*(£; R?))

Vs € L0, T; L*(Q;R?)) N L0, T; LY/573(Q; R?)).
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2.2.10 The Weak-Strong Uniqueness Result

The theorem that is the aim of this section of the dissertation can now be
stated. First {r, U, s} is taken to be a solution of (1.1)-(1.7) with the regularity
stated above and r and s are taken to be bounded above and bounded below by
some positive constant. Also, U is taken to be bounded above in magnitude and

the following conditions are imposed:

V.r € L*0,T; LY(; R?)) (2.32)
V2U € L*(0,T; L(Q; R¥3*3)) (2.33)
a = V,s+ sV, ® e L*0,T; L(Q; R?)) (2.34)

where

3
g > max {3, —} .
v—1
Thus, by embeddings, U € L*(0,T; Wh>(€; R?)) since v > 2, ¢ > 53—16. Now the

weak-strong uniqueness result is stated:

Theorem 2.2.2 (Weak-Strong Uniqueness). Assume {o, u,n} is a weakly dissipative
solution of (1.1)-(1.7) in the sense of Definiton 2.2.1. Assume that {r, U, s} is a
smooth solution of (1.1)-(1.7) with the regularity stated in Section 2.2.9 and obeying

the hypotheses (2.32)-(2.34). Then {o, u,n} is identically {r, U, s}.

Proof. To begin with, some simple algebra yields the following alternative expression
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for R(o,u,n,r,U,s):
Ro,u,n, 7, U, 5)

- /Q % div, (S(V,U)) - (U — u) dz
_/Qg(atU—i—u-U)-(u—U) dz
~ [ 0P} (o =) + 9P - (u = 1T) da
~ [ ePe(e) = Per)) = Bl r))div, U da
- /ﬂ OPp(s)(n — 5) + V. Pp(s) - (qu — sU) da
_ /Q (Pp(n) — Pr(s)) — Ep(n, s)] div, U d

_ /Q Va(Pp(n) = Pp(s)) - (Von + V@) da

_ /Q(ﬁg_|_77)vxq>-(u—U) da. (2.35)

By the conditions on the stress tensor,
[S(V,u) — S(V,U)| : V,(u—U) = u|V,(u—U)]*+ A div,(u— U)* > 0.

A straight-forward manipulation of (2.35) using {r, U, s} as a solution for (1.2)
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yields

R(o,u,n,7, U, s)
_ /Q %@ 1) div, (S(V,U)) - (U —u) de
—i—/ﬂg(u—U)-VxU-(U—u) de
+ [ [Brler) = olPr(e) = Pr(r)) + rPr{r) 2 = 1)) div, U da
+ [ 1Bp(n,5) = n(Poln) = Pa(s)) + 5P (5)(n - 9] div, U do
T /ﬂ (2.5 + £V.0 9,0 - 19,5) - (u-U) do
~ [ (VuPen) = V. Pels) - (T + V. 0) da

+ / Ays 4 div,(sV,P) — Q(Ams + div,(sV,®)) dz
Q S

Similarly to [34] and [37],

1
<n(r) [ Fola—UP ds
Q

/Qg(u—U)-VxU-(U—u) dz

and

/Q [Er(o,7) — 0(Pr(0) — Pr(r)) + rPp(r)(o — )] div, U dzx

+

/Q [Ep(n,s) —n(Pp(n) — Pp(s)) + sPp(s)(n — s)] div, U dz

< h(7) /Q Er(o,7)+ Ep(n,s) dx

for some h € L*(0,T).

Also, by the embedding of W2(2) in L%(Q2) and Korn’s inequality,

/Q [S(V,u) = S(V,U)] : Vy(u—U) dz > Alju— UHf/Vgg(Q;Rg).
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So, for () >>1

/QSQ

A
< 5= Ul + A QU0 | Bele.r) da

%(g — 1) div,(S(V,U)) - (U —u)

dx

and for Q) <<'1

/9>Q

%(Q — 1) div,(S(V,U)) - (U —u)

dx

< C(Q7 7’)”11 - UHI2/V01’2(Q;R3)H divg, S<VIU)HL‘1(Q;R3) / EF(Qa 7") dz
Q

as argued in [34].

The fifth integral in (2.36) is rewritten as

Llw—mamu—uyu—[}m—@a«u—uym

r S

(2.39)

(2.40)

(2.41)

Thus, using a technique similar to obtaining the bounds in (2.39) and (2.40) for

Q>>1

%g—ma«u—uﬂdx

/QSQ

A

and for Q) <<'1

o= (U-u)

r

dx

/Q>Q

< (@) = Ul o) [ Brle.r) da

and also

L= 9 (-0 do

/WSQ

A
< 5= Ul + 0 Qlallsiasy | Pl s) da
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and for Q) << 1

Q. 5) = Ul g s | Bl do
A simple calculation using that (Vs + sV,®) -n =0 on 0N yields

- /Q (VaPp(n) = VaPp(s)) - (Van + 9V @) du

/ Ags + div, (sV,P) — —(Ams + div,(sV,®)) dz

2o oo

Thus, by applying (2.37)-(2.46) and Gronwall’s inequality,

dx <0.

QS

/’mu—UF+Eﬂ@>+EAm@dMﬂ
/ / (Veu) —S(V,U)]: Vo(u—U) do dt
< C(T)/Q 2QolUlo Uo|* + Er(00,70) + Ep(n0, 50) dz

for a.e. 7 € (0,T) which proves the result.

2.2.11 € Unbounded Domain in R3

(2.45)

(2.46)

(2.47)

Given an unbounded domain €2 and an external potential ¢ satisfying the

assumptions (HC), an increasing sequence of domains §2,, with » > 0 can be con-

structed such that each €2, is bounded and (£2,, ®) satisfies (HC). The domains 2,

approximate €2 in the sense that J,., € = . Using the previous subsection, for

any r > 0, there is a solution on €2,. In this subsection, it is shown that the limit

r — oo can be taken to obtain a solution on §2.
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One of the key issues in this problem for unbounded domains 2 is providing a
control for the negative contribution of the physical entropy nlnn in the free-energy
bounds, noted nIn_ n. Here, the confinement conditions (HC) on (2, ®) are crucial.
Most of these lemmas can be seen in [25] and [15] but are included here for the sake

of completeness.

Lemma 2.2.4. Assume that (0, ®) satisfy the hypotheses (HC). For any density
n € Li(9),
1 1
/ n(a) n-1(x) de < 3 / O (z)n(x) de+ - / e 2@/2 gy
& Q

Q (&

Proof. Let 7] := nx(y<1y and M = [, 7(z) dz < [, n(z) dz = M. Then

/Q () (lnﬁ(x) + %cp(:::)) do = /Q Y (2) Y (2)]p dw — Mn Z

where Y := 7/, p(x) = e"*@/2/Z with Z = [,e~*®/2 dz. The Jensen inequality

yields

/me) Y (2)lp dv = (/Q Y(z)p da:) In (/Q Y (x)p dx) =MInM

and
S — 1
—/n(m) In_n(x) de = / 7(x) Inf(x) de > MInM — M1n Z — 5 / O(x)7(x) do
Q Q Q
Z 1
> =25 [ et ar,
from which the desired claim follows. O

This previous lemma leads immediately to the following consequence.
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Corollary 2.2.1. Assume that (2, ®) satisfy the hypotheses (HC). For any density
neLl(Q),if
/77(33) Inn(x) do + / O(z)n(x) de < C,
Q Q

then nlnn € L'(Q) and there exists D > 0 depending on C and ® such that

/n(x) In, n(z) de < D and /Cb(x)n(x) dr < D .
Q Q

Finally, the above estimates can be used to control the mass of the densities

71 outside a large ball to avoid loss of mass at infinity.

Lemma 2.2.5. Given any domain Q such that e=* € L} (Q) and any density n €

L% (Q), then

[ty mnte) des [ wente) do> [ aom (J200)

As a consequence, if e® € LY (Q) and

/977(33) Inn(x) dm+/<1>(x)n(x) dr < C,

Q

then, for any € > 0 there exists R > 0 depending on C' and ® only such that

/ n(z) de <e.
QN(R3—B(0,R))

Proof. A direct use of Jensen’s inequality shows the first inequality by using the
convexity of x — xlnz. Application of the first inequality to the domain Qf :=

QN (R3/B(0, R)) starts to show the second claim.

e N(x) do
/ n(z) dz In (%) <D (2.48)
[ QCR

R
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for some D > 0, where Lemma 2.2.4 and Corollary 2.2.1 were used. Now, arguing

by contradiction, if the second claim were not true,

Jep > 0 YRy > 0 3R > Ry such that / n(x) dz > .

O

Since e=® € L1 (Q), Ry can be assumed to be large such that

/ e~ %@ dg S/
Q Q

and thus due to (2.48),

/Q n(x) dwé/ﬂ

This leads to a contradiction since the right-hand side can be made arbitrarily small

e @ dr < g < / n(x) dz
i o 0%

e @) Qg Pl < / e @) qg P/

C C C
R R 0%,

by taking Ry large enough. O

What follows are sketches of proofs for the existence of weakly dissipative
solutions and the uniqueness result in the case for unbounded ). The main idea, as

in [15] is to construct solutions on an increasing sequence of bounded subsets €2, of

Q such that |J,.,Q, = Q.

Theorem 2.2.3 (Suitable weak solutions). Assume that (Q,®) satisfies the con-
finement hypotheses (HC) with Q C R® an unbounded domain of class C**", v > 0.

Suppose the initial data { 0o, ug,n0} satisfy
0 < 00 € L(Q), ooluwel* € L*(Q), molnn € L*(Q)

in addition to the conditions on the initial data specified in Section 2.2.9. Then the
Navier-Stokes-Smoluchowski system in (1.1)-(1.6) has a weakly dissipative solution
in the sense of Definition 2.2.1.
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Sketch of Proof. As stated before, for each bounded subset €. of €2, there
is a weakly dissipative solution {g,,u,,n.}. The key point in showing a solution

{0,u,n} on Q is that
/ 2V /T + VYLD de
Qr

is bounded by some constant ' which is independent of r. Thus

/ ANV o /T2 + 2V - Va® + 1, |V, D da = / 12V o/ + /i V| dz < C.
Q, Q,

Thus, by a reordering of terms and an integration by parts

/ AV /0P + 1| V@) da < C+/ N A P| d.
Qr Qr

From this (c.f. [15]) and using the confinement hypotheses and their consequences

stated above,

[ owiaeiae= [ piaejars [ e
r QR T‘_QR

< HAx®||Loo(QR)/ n, de + C n,® dz < C.

QR Q'r'_QR

From this, {o,, u,, 7.} have the necessary bounds to obtain the necessary con-
vergence to {o,u,n}.

Next is stated the uniqueness result for unbounded domains. Here, the key
point is that a € L3(Q;R?), as in the unbounded case, L3(2;R?) need not be
embedded in L9(Q2; R?). Due to the additional hypotheses, the proof of the theorem

below differs only slightly from the proof of Theorem 2.2.2 and is omitted here.

Theorem 2.2.4 (Uniqueness on Unbounded Q). Assume that (Q, @) satisfy the
confinement hypotheses (HC) with Q C R? an unbounded domain of class C**V, v >
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0. Suppose the initial data { oo, ug,n0} satisfy
0 < 00 € L7(Q), eolw|* € L'(Q), nolnny € L'(Q)

in addition to the conditions on the initial data specified in Section 2.2.9. Assume
that {o,u,n} is a weakly dissipative solution of the system and that {r, U, s} is a
solution of the Nawvier-Stokes-Smoluchowksi system with the same initial data as
{o0,u,n} enjoying higher reqularity (2.32)-(2.34). Also, assume that

V.r € L*(0,T; LP(; R?))

ViU e L*(0,T; LP(Q; R®*%))

o= Vs + sV, ® € L*(0,T; LP(Q; R?))

3
p<min{3,—}.
v—1

Then {0, u,n} is identically {r, U, s}.

where

2.3 Existence of Smooth Solutions

The attentive reader will notice that the previous section on weak-strong
uniqueness makes no claim about the existence of suitably smooth solutions {r, U, s}.
A key difficulty in proving the existence of smooth solutions is the existence of pos-
sible vacuum states in the fluid density. In that case, the momentum equation loses
its parabolicity. However, work done on other models of compressible fluid flows
has shown that there are conditions on the initial data that if imposed, will guar-
antee existence of smooth solutions for finite time even with initial fluid density
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with vacuum states (see [20] for the compressible Navier-Stokes model and [19] for
compressible heat-conducting flows). The local result can then be combined with
blow-up conditions along the lines of [28] and [29] that if satisfied, allow the local
regularity result to be extended to a global result. This section proves compatibility
conditions on the initial data that will guarantee the existence of smooth solutions
for finite time and follows the spirit of the work in [19].

If only the continuity equation (1.1) is considered and u is taken to be given
with reasonable bounds on div, u, the equation becomes a basic linear first order
transport condition, and the representation of the solution, as shown in [30], shows
that if the initial density is bounded below by some positive constant, then the
density will remain positive at all times. However, the initial data under consid-
eration for this work does allow for vacuum states. Thus, in order to preserve the
parabolicity of the momentum equation, a compatibility condition must be imposed
on the initial data. Formally, the proposed compatibility condition is derived by
considering the momentum equation and taking the limit as ¢ — 0. As such, the

following condition arises: there is a vector field h such that

ooh = V. (ao] + o) — div, S(V,u) + oV, P.

However, if the initial data have high enough regularity, this condition can be weak-

ened to the existence of a vector field h € L?(Q; R3) such that

Vvooh =V (ao) +no) — div, S(V,u) + 10V, @, (2.49)

and the following result still holds.
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Theorem 2.3.1 (Local Existence of Smooth Solutions). Consider the NSS system
(1.1)-(1.3) with boundary condition (1.4) on a bounded C*" domain Q. Assume
the stress tensor S satisfies Newton’s Law for Viscosity and that in addition to the
confinement hypotheses, ® € W*2(Q). Also assume that in addition to the initial

conditions (1.5), the initial data satisfy

00 € WH(Q)
uy € W2 (Q; R N W22(Q; R?) (2.50)

n € Wy (Q) N W2(Q)

where q € (3,6]. Then there is some time T > 0 such that there is a unique solution

{0,u,n} to (1.1)-(1.3) on [0,T] x Q such that

0 € C([0,T]; WH(Q))

o € C([0,TT; L(2))

u € C([0,T]; Wy (; R®) n W22(Q; R®)) N L2(0, T; W21(Q; R?))
w, € L2(0,T; Wy (9 R?))

n € C([0,T]; Wy () N W2(9)) N L*(0, T; W4(92))

m € L2(0,T; W,2()).
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2.3.1 Linear Approximation
For the analysis to begin the proof of Theorem 2.3.1, the linear problem below

is considered

0o+ divg(ov) =0 (2.51)

O(ou) + div,(ov @ u) + Vi (ag” + 1) = pAyu+ AV, divy,u — (Bo+ 1)V, P

(2.52)
om + div,(nv —nV,P®) — Ayn =0 (2.53)

on (0,T) x © where T is some value greater than zero. Here, v : (0,T) x Q > R3 is

given with the regularity
v e C([0,T]; Wy (4 R?) n W23 R*)) N L(0, T; W9(Q; R))
and
v, € L*(0,T; Wy * (4 R?))

where ¢ € (3, 6]. It follows from classical Sobolev theorems that v € C/([0, T]; C%2 (; R?)).

The initial data have the regularity

00 € WH(Q) N CL(Q)
uy € W2 (Q; R N W22(Q; R?)

M € Wy (Q) N W22(Q)
and the boundary condition

ulon = (NV® + V.n) - nfsg =0
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completely analogous to the usual boundary conditions for the NSS model is im-
posed.

A second level is added to this approximation by bounding the initial density
below by some § > 0. The program is to find solutions for a fixed v for each ¢, and
then take the limit as 6 — 0. Thus, the first part of the analysis after showing the
existence of solutions for each ¢ is to find bounds on these solutions independent of
J.

In light of (2.54), if it is also assumed that for all x € Q, go(z) > § > 0, then
the fluid density is positive for all times ¢ € [0, T'| everywhere in the spatial domain.
Considering (2.53), it is clear that if the initial particle density is positive anywhere,
then the particle density is positive everywhere as argued in [15]. At this point, the

proposed approximation scheme becomes clear.

1. Approximate the NSS system with the linear system (2.51)-(2.53) for some

fixed v with the regularity mentioned above.

2. Approximate the initial fluid density with a fluid density bounded below by

0> 0.

Since (2.51) and (2.53) have only p and 1 as unknowns, respectively, they can be
used to solve for these values and then with (2.52) used to solve for u. After finding
approximate solutions {gs, us, 75}, the limit 6 — 0 is taken. Then, using an iteration
argument, v can be taken to the unknown u as done in [19].

However, first the existence of approximate solutions is shown. Using the
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methods of characteristics, the solution for g is given by

o(t,z) = 0o(U(0,t,z)) exp {—/0 div, v(s,U(s,t,z)) ds (2.54)
where U € C([0,T] x Q x [0,T7]) solves

%U(ta z, S) = V(ta U(tv z, 3))
U(s,z,s) =x

Thus, using the method of characteristics, the fluid density has the regularity
0 € C([0,T); WH(Q)), ¢ € C([0,TT; LU(2)).

By Sobolev embedding theorems, the fluid density enjoys the regularity o € C([0, T7; o4 (Q)).
Note that this regularity does not depend upon the initial density being uniformly
positive. However, since gy > § > 0, 0 > 6 for some 6 > 0.

Rewriting (2.53) as
om+ (v—V,®) - Vonp+ndivy(v—-V, ) —A,n=0

shows it to be a classic linear parabolic equation, with n as the only unknown, and
no quantities dependent upon 4. Thus, using classic parabolic results (see [19] and

[26]), there exists a unique solution 7 to (2.53) such that
n € C([0,T]; Wy () N W2(Q)) N L*(0, T; W4(€))
m € C(0, T L2(€)) 0 L0, T3 Wo ()
e € L0, T; W™2(Q)).
Similarly, rewriting (2.52) as
1 . 1
ou+v-Vyu— ; div, S(V,u) = —E[Vz(a@) + V.n +nV, 9| — 5V, P
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suggests another linear parabolic problem in one unknown (since g and 7 are already

determined) with a unique solution u such that
u € O([0, T); Wy (R n W22(Q; R?)) N L0, T; W24(Q; R?))
u, € C([0, T); LA R?) 0 L*(0, T3 Wy * (4 RY))
uy, € L2(0,T; W 1(Q; R?)).
Note that since (2.52) depends on p, estimates on u will depend upon §. Thus

to be able to pass through the limit of 4, bounds independent of § must be calculated

for o and u. This is the focus of the next subsection.

2.3.2 Bounds Independent of 0 for the Linear NSS System

In order to find estimates on p independent of 9, the constants

co > 14 [[oollwra + [[aollwz22 + [[m0][w=22 + |[h| L2,

T
oz swp (Ve + 17 Iv@lwaa) + [ (v e + VO e0)
te[0,T) 0 0

and

Cy = KC1 > C1

are defined. Using the representation of the solution p,

t
lo)llwre < Ceoexp (c / IVl ds)
0

which by application of Holder’s and Young’s inequalities on the integral above
implies
lo(®)l[wia < Ceo
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and in conjunction with (2.51)

ler@)[za < Cey

for t € [0,min(7T,T})] where T} = c;', and C' is a constant depending only upon
ps A, v, T and g.

From these bounds and the representation of p, it follows that
C5 < o(t,r) < Ce

on Q x [0, min(T,T})].

The next step is to find estimates on the pressure pg(0)+n. Then the estimates
on the pressure will be used to find estimates on the velocity field u from (2.52).
Unlike for the Navier-Stokes-Fourier system, the pressure for the NSS system is
defined explicitly, not through the internal energy defined through its own equation.
Since the pressure term contains two parts, the fluid pressure dependent only upon
o and the contribution of the particles through the n term. As such, estimates for
the pressure will be divided into two parts: estimates on the fluid pressure based
on the estimates on p from the continuity equation, and estimates on 7 arising from
the Smoluchowski equation.

Since pr(0) = ap”, and p is continuous, pg is a continuous function. Since

V.pr = ay0" V0 and

Hvr@(t)HLQ(Q;W) < HQHWI"J(Q) < Coy,

it is clear that
| Vapr(t)| Loy < Cco.
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Similarly,

10epr () || Loy < Ces.

Since n has the regularity

n € C([0,T]; Wy *(2) N W22(2))

ne € C([0,T]; L*(2))

the Sobolev embedding theorems give that n € C ([O,T];C’O’%(Q)), and V,n €
C ([0, T7; L°(©; R?)). However, since (2.53) has no dependence on g or u, the norms
of n and its derivatives do not involve the lower bound of the fluid density d. As

such, the following estimates for the pressure term are obtained.

P(o0,m)(t) is continuous on (2 (2.55)
IV P(0,1m) ()| Lars) < Ceo + ¢ (2.56)
10:P(0,m)(t)||L2) < Cea+ ¢y (2.57)

where ¢4 is a constant depending on v, 2, ¢, T', and ®.

These pressure estimates will become important in the following analysis of
(2.52) to obtain bounds on u independent of 4.

To obtain d-independent bounds on u, (2.52) is differentiated with respect to

time, multiplied by u,, and integrated over () to obtain

1
1d olw|? do + / p| Vo2 + A(div, uy)? do
Q
— / Vth sy + (ﬁ@t + T]t>vx(1) 7 dz. (258)
Q
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First, noting that

—/Vth-ut d$:/RgleIut d$,
Q Q

this term is bounded by
1 9 1, .. 9
SNy + 5 dive vl (2:59)

using Young’s inequality. Note that the second term can be placed on the left side

of (2.58). Next to be considered is the term

/ BoV® - u + 1V, P - uy do.
Q

This is bounded by

OV 20zl ey 1l oz (2.60)

< C (V@I llelFae + Vot 3z ) (2.61)

the second inequality using Young’s inequality and one of the Sobolev inequalities.

It can also be shown that

/ or(v-Vzu) - u do
Q

< C (llolZaqoy IVI3 oz IVatlZaamacs) + Vot 3eqzonsy)  (2:62)

and

/ 20(v-Vyw) - u; do
Q

< C (llellz(e 11wz @z + [ VolBopens))  (263)
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The next term is handled by a variant of Young’s inequality and the Sobolev in-

equalities:

/ o(vi - Vpu) -y dz| < Ce||Vovi|| 7o qupsxsy v/ o720 s
Q
+ 05_1||Q||L°°(Q)||qu||L2(Q;R3><3)||un||W1v2(Q;]R3X3)- (264)

The final term on the right of (2.58) is handled as follows

/ VP -u, do
Q

< Clnell 22 Ve @l ey + ClIVatael|72gmsxs)- (2.65)
Combining (2.58)-(2.65) gives the following estimate.
Vo s + 1Vl B
dt ’ ’
< SIPMsioy + OVl loaEso
+ HQtH%3(Q)HVH%N(Q;R?’)Hvﬂcu"%2(Q;R3X3) + H77t|‘%2(9)Hvxq)H%oo(Q;RS))
+ Og“vxth%?(Q;RSXS) ”\/EutH%%Q;RS)
+ O ol e @ IV oull 2@ [ Vaullwrzomss)
+ C||Vauy|| 72 0.msxs) (2.66)
Using the definitions of the constants, (2.66) is transformed to the inequality
(with the aid of Young’s inequality)
d 2 2
&”\/Eut“L%Q;R?’) + pl| V|| 72 raxs)
C (c% + M?%c + —I—C§M2 + C?CgHVxUH%Q(Q;R&@))
Cgc?“@“t”%?(n;u&iﬁ) + O||vzut||2L2(Q;R3X3)

4Ot (cg”vxuug(g;mxg) + Hvxuugvlg(g;wg)) (2.67)
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where M is the W1 bound on ®. Thus, in order to apply Gronwall’s inequality
on (2.67), estimates on ||V ul|r2(qrsx3) and ||Vul||wizorsxs) are needed.
To obtain the bounds on ||V,ul|w12(qrsxs), the following lemma from [18] is

used.

Lemma 2.3.1 (Elliptic Regularity). Assume w € W,2(Q;R3) N WL (Q;R?) solves

the problem
Lu=G
on Q where G € L"(Q;R3) where r € (1,00). Then u € W*"(; R3) and
HuHWQ,T(Q;R:i) <C (HGHL’“(Q;Riﬂ) + Hu”wl,7‘(g;R3)) .

Thus, using » = 2 and

G = — (0y(ou) + div,(ov®@u) + VP + (Bo+n)V.P),

IVaullwre@mrexsy < C([lVol <@ llvoud L2rs) + Ve Pllz2@ms)
+ [lovl o) | Veull 2irsxsy + B[ Ve @]l Lo rs) |0l 12(0)
+ [IVa®|| oo [0l 2(2) + IVl 2 (@irexs))

1/2 1/2
+ C(COM + COH\/EutHLQ(Q;R’d) + Cocll‘vxu”LQ(Q;R&@)Hvxu”wl,z(Q;RBXZS)

+co +cgM + ||v$u||L2(Q;R3x3))

Thus, using Gronwall’s lemma, for ¢ € [0,7] for some finite time 7' (not

necessarily the 7' from before), the following bound holds:

||u(t)||Wol’2(Q;R3) + col[u(t)[lw2zme) + |vVoue(t) | 2oms)

t
[ 10 g+ 1) o ds < e (2.68)
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Here, ¢, and ¢, depend only on ¢y, but just as with C, they have no dependence

on 9.

2.3.3 Existence for Linear Vacuum System

The next step in the analysis is to take § to zero, allowing for a vacuum state
in the initial density 09. The following conditions on the initial data are imposed,
similar to the case of non-zero initial density.

0 < 0o € WH(Q)
up € W2 (Q; R N W22(Q; R?)
n € Wy (Q) N W2%(Q) (2.69)

The same conditions on ® and the same boundary conditions are imposed.

The compatibility condition requires a h € L*(Q; R?) such that
00/*h = V,(agd + mo) — div, S(Vaug) + 7oV, @. (2.70)
The following conditions are also placed on v.
v e O([0, T); Wy 2 (9, R®) 0 W22(Q; R?)) N L0, T; W4(; R?))
v € L*(0,T; Wy (4 R?))
sup (V1) g msy + 4 V() ez

T
+A|mwmwmm+wwmwmq&sww (2.71)

where

co =2+ [loollwra@) + [Inollwz2@) + lwollwe2@rs) + “hH%Q(Q;R3)'
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Then using the fact that the vacuum-free case has strong solutions, it can be
shown that linear NSS system with conditions (2.69)-(2.71) has a strong solution

for some time T' (not relabeled) such that

0 € C([0,T]; WH(Q)), e¢ € C([0, T); L7(C))

n € C([0,T]; Wy (2) N W22(2)) N LA(0, T; W4(42))

m € L2(0,T; W,y ?())

u € C([0,T]; Wy (4 R?) n WH(Q; R?)) N L2(0, T; W4(; R?))
w, € L*(0,T; Wy * (4 R?))

Vou; € L=(0,T; L*(Q; R?)). (2.72)

To this end, initial densities of) := gy + ¢ are defined for § > 0. Then, h? is

defined such that
Qgh‘S = Vx(agg +n9) — div, S(Veug) + 1oV, P.
Therefore, for small enough ¢
co>1+6+ o) — Sllwra) + lInollw22() + [laollw22ors) + “h(SH%Q(Q;Ri‘)'

Thus, the result for vacuum-less initial data can be used to arrive at solutions
{0°,u’ n°} for each §. By the bounds produced in the previous subsection, limits
{0,u,n} exist and smoothly solve the linear NSS system. Uniqueness of {o,u,n}
follows from results from linear parabolic equations, the representation of p, and an
argument similar to that in [19]. Assuming that there are two solutions to the linear
problem {0y, u;,m} and {0, s, 70}, it is clear that n° is the same for each § > 0,
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so 171 = ng. The uniqueness of p follows from a uniqueness result of DiPerna and
Lions in [24].

To handle the uniqueness of u, define @ := u; — uy. Then using the fact that
01 = 02 and 7; = 1y, subtracting the linear momentum equations for {1, us, m}

and {0y, ug, 70} yields
O (010) + div,(o1v ® @) — div, S(V,u) = 0. (2.73)

By multiplying (2.73) by @ and using a Gronwall’s argument, it is clear that @ is
zero on [0, 7] x Q.

The time-continuity of ¢ follows from the fact that L>°(0,7"; L(£2)) solutions
of the (2.51) are unique and the time-continuity of 1 follows from the fact that 7 in
the linear, vacuumless approximation has no dependence on §. The time-continuity
of u follows from the spaces the velocities are in and the elliptic regularity result
from Lemma 2.3.1 (see [19]).

Thus, the linear NSS system for nonnegative o9 has a unique solution for finite

time that has the regularity given by (2.72).

2.3.4 Existence for Nonlinear System

Now that the existence and uniqueness result for the linear NSS system has
been established, the task now is to extend the result to the nonlinear system. To

this end, a sequence {v*} is defined inductively. First, u® is defined as the solution
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to the parabolic problem

Ju—Azu=01in (0,00) x

u(0, ) = uy.

Because of the hypothesized regularity of ug, the solution u® will have the regularity

required of the given vector field v in the linear NSS model. Assuming u* is defined,

k+1 S k+1
)

the quantities {0+, uf*1 nk+1} are defined by solving the linear NSS system using

u” in place of v. The goal now is to show that the sequence {o*, u*, n*} converges

to a solution {p,u,n} of the NSS system.
Recalling that estimates on the solutions depend on the initial data, which are

identical for each k € N, the following estimate holds for some C' > 1.

tS[l(l]PT] (1" () lwragay + 1l0F O zagy + 110" @) lwr2@nw22@))
€10,

+ sup [[u(t)wr@msrwezqes) +ess sup ||V okug| ra o)
t€[0,T] te[0,7)

T
[ IO g + IO )

T
+/ 1" ()2 + 0 ()20 dt < C (2.74)
0

Defining the differences as

—k+1

k+1 k  5xk+1
Q R

N S N s kL ok
=" =" U i=u u’ T i=n
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the equations for the differences become
00" + div, (2"'u¥) + div, (pfu") = 0 (2.75)
ST 1 Mk VLt — div, S(V, T
— P (G + b Vo) — HEE - V,ut
= Valpr(d"™) = pr(e®) + 71 — (88" + 7V, @ (2.76)
o + div, (@ a” — 7V, @) + div, (nEF) = A7 (2.77)
Estimates for g*** follow from using (2.75) which is the same as in [19]. Multiplying

(2.75) by sgn(2")[g**!|*/? and integrating over Q2 yields

SE+113/2 4
5 L
S C/ ’quk|‘§k+1’3/2_|_ (lvakHﬁk‘ ‘|—Qk’vzﬁk|) |§k+1|1/2 dx
Q
3/2

< C||Vu"|lwra R3X’3)H9k+1”L3/2(Q

—k+11/2
||L3/2 )

+ CHQ ||I/V1 2(Q)HV uk||L2(Q RBXB)HQ
k+1)1/2 :
Multiplying this result by || ||L3 2(c) VS
H@’““HL ) < ARD[T 22 ) + €l Vol o qumans) (2.78)
where AX(t) = C||Vau*[lwroome<s) + e Clle* () o).

From (2.74), it is clear that

for any & € N and ¢ € [0, 7], where C. is a constant with the same dependence as
C but also with a dependence on . Similar techniques show that
HQkJrlHL ) < BEDIE Lo 0) + el Vol [ L2 qpss) (2.79)
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for some B* € L*(0,T) such that
t — —
/ B!(s) ds < T + Cit.
0

The key difference in the approach used in [19] and the problem here is handling
the bounding of the n* terms. However, this can be handled by multiplying (2.77)

¥+1 and integrating over €2 to obtain

1

= / ,r_]k+1vzﬁk+1 . uk - ﬁk+1vmﬁk+1 : qu) + nkvmﬁk+l : ﬁk dZE (280)
Q

by n

noting that (P**'V,® + V,7**1) - n = 0 on 9Q. From (2.80), the bounds for n* can

be obtained as for the quantities just above, and considering the bounds from

2 dt/| I dl”f#/ Va7 da

:_/Ek—&—l —k+1 (au +u -quk) Qk+1(—k \V/ 11) —k—i—l dx
/V k+1 F(Qk)+ﬁk+1] k+1 (6—k+1+ﬁk+1>vx®_ﬁk+l dr (281)

which arises from (2.76), the analysis proceeds as it does for [19] yielding the con-

vergence of

where {p,u,n} are in the spaces given by Theorem 2.3.1 and solve the NSS system.
This proves the existence part of Theorem 2.3.1. The uniqueness follows from the

weak-strong uniqueness result in Section 2.2.
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Chapter 3

Hydrodynamic Limits

While Chapter 2 shows the existence of solutions to the NSS system, express-
ing these solutions requires numerical methods. However, these methods often are
computationally expensive for compressible models. But in certain scaling regimes,
the solutions to the compressible NSS system can be approximated by solutions to
simpler problems. In this chapter, two scalings low Mach number scalings, a low
stratification scaling and a strong stratification scaling, are considered and shown
to be approximated by solutions systems which are less computationally expensive
to solve numerically.

Before scaling the system (1.1)-(1.3), the values D, describing the dispersion
of the particles in the fluid, and {, a drag coefficient, must be added to ensure
consistency of the physical units in the equations. Specifically, the pressure term in

the momentum equation becomes

Vx(ag”wL? )

the Smoluchowski equation becomes
87577 + le:c (77‘1) - lex(CU(I)) - DAM = 07

and the energy inequality becomes

1 9 a D
—olul® + o'+ —nlnn+ (Bo+n)® dx(r
| 5o+~ + Zatun + (Bo+ ) da(r)
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o] D 2
+/ /ulvxu|2+/\|divxu]2+ 2V e+ VinV,®| dr dt
0 Q

1 a D
< / ~o0|uo]® + ——07 + —noInno + (Boo + 10)® dz.
Q2 y—1 ¢

To begin the scaling of the Navier-Stokes-Smoluchowski model, the quantities

0, uan7C7D7pFapPaq)nua and )‘7

where pp(n) = %77, as well as the time and length scales, must be made non-
dimensional. This is done by defining for each quantity A a reference value A,y
which also reflects the physical unit of measurement for that quantity, such as meter,

second, meter per second, and so on. Then, the dimensionless value A’ is defined as

A

A = .
Aref

After some application of the chain rule and some straight-forward algebra,
the formal dimensionless Navier-Stokes-Smoluchowski system becomes (omitting the

primes for the sake of notational simplicity)

Srd,p + div,(ou) =0 (3.1)

1 D 1
Sro;(pu) + div,(ou ®@ u) + va (CLQ7 + PC—n) = —(pAzu+ AV, div, u)
a

¢ Re
1
—ﬁ(ﬁg + Den)V,® (3.2)
Sroyn + div,(nu) — Zadiv,((nV,P) — DaDA,n =0 (3.3)
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Qri— _Lres Mae — e/ Re— OrefUrefLies
Upeflref /p Frog ) Ores Lref
Froe Uy T — Cref fres Day— Dy
V/ Liet fref Wt LyefUyer
Pc:= PPres Do et
PF,.; Oref

Table 3.1: Definitions of the Dimensionless Parameters

The total energy inequality for the scaled system takes the form.

d [ Ma® Dn Ma?
— | — Dcn)®
R : 2 (B0 + Den)
M 2
+ ', Ro —S(V,u) : V,u de

ZQ
+/PD DQ‘ Cn‘ + 2ZaDV,n - V<I>+—Cn|V > dr < 0. (3.4)
Q

The non-dimensional parameters used in (3.1)-(3.4) are defined in Table 3,

where the quantities

Lref: urefa trefprmfa Oref, lref, frefa Cref: Drefamefa and Nref

represent the reference values for the length, velocity, time, fluid pressure, fluid
density, viscosity coefficient, force (equal to V,®), drag coefficient, diffusivity coef-
ficient, particle pressure, and particle density, respectively. Taking e, . and ep_, to
the reference internal energies of the fluid and particles, respectively, the compatibil-
ity conditions fiyer = Arey and pp,, ;= Oref€Fop) PProy = Nref€P,.; AT€ also imposed to
obtained the scaling, the second and third of which follow naturally from Maxwell’s

relation. Note also that Ma represents the Mach number, Sr the Strouhal number,

Re the Reynolds number, and Fr the Froude number used in other works on singular
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limits (see [32]). Since existence of solutions to the scaled system follows from [7]
and [15] for any choices of positive values of the dimensionless parameters, various

singular limits can be explored.

3.1 Low Stratification Limit

The current section considers a low-Mach-number limit, with Ma taken to be

a small parameter e, Za scaled as Ma, and Fr=,/¢.
0y0: + divy(p.u.) =0 (3.5)
2 : D
3 [at(que) + lex(Qeue ® us)] + vr G/Qg + Ene

= 2(uAu. + AV, div, u.) — £(Bo. + 1:) Vo ® (3.6)

atns + lem (775115) —€ lez(Cnsv:tq)) - DAxns =0 (37)

g2 a Dn.
/—galual2+ o1+ ZE . + e(Bo. + n.)® da(T)
0 2 v—1 ¢

T
+/ /ez(u\VIuE\Q + A div, u.|? do dt
0 Q

T
o
0 JQ

a Do

2

€

< / —Qo\uo’2+—Q3+—1117704‘5(5@04‘770)@ dx (3.8)
o 2 v—1 4

D 2
QWV;M/EjL e/ (n.V,®| dx dt

3.1.1 Formal Calculations

The formal technique is to expand g.,u., and 7. as
o- =0+ o?
i=1
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[e.e]

u. =u-+ Z gu®
i=1

(e}

n.=n+>» en®

i=1

plug these expansions into (3.5)-(3.8), and equate terms of equal orders of . In
doing so, it becomes clear that since the right side of (3.8) is bounded uniformly in

€, as it is just the initial energy, it must be true that
V./7=0.
Thus, 77 is constant on €2 for each time ¢ and

_ 1/
n=-— [ nodx
Qf Jo

in the formal limit. Moving to the momentum equation (3.6) and equating terms of

order one, the formal equation becomes

D
Vm (a@” + Zﬁ) = 0.

Since 7 is constant, it follows formally that

_ 1/
0=— | oo dz.
Qf Jo ™

Using this fact in the continuity equation (3.5) and equating terms of order one

yields the incompressibility condition for the limit velocity
div,u = 0.
Returning to (3.8) and equating terms of order €2, it is easy to show formally that

oo+ div,(T@u)] + VI = pAa — (Br+ 0)V, P
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where r, 0 are related to the limit quantities by

vx (OJTW + ?6> = _(6@ + 7_]>qu),

which is found by equating terms of order ¢ in (3.6) and relabeling o and 5.
Thus, the formal low stratification low Mach number limit for the Navier-Stokes-

Smoluchowski system becomes

v
n=— x) dx 3.9
=10 Q770( ) (3.9)
po L / (x) d (3.10)
0=157 | colz)dz :

o Jo
div, W =0 (3.11)
oloa+div, (@) + VI = pA,a— (Br +60)V, 0 (3.12)

where r, 0 satisfy
D
V. <ar7 + z&) =—(fo+7)V,P (3.13)

and II is a function incorporating the terms for which a gradient is taken.

3.1.2 Rigorous Derivation of the Low Stratification Limit

In this section, the formal limit derived in Subsection 3.1 is rigorously proven.

First is introduced the notion of solution for the scaled system (3.5)-(3.8).

3.1.2.1 Free energy solutions

Definition 3.1.1. Assume that (£, ®) satisfy the confinement hypotheses (HC)
with Q@ C R? a domain of class C?™”, v > 0. Also, assume that u, \,(, and D are

5



positive constants. Then {o., u., 7.} represent a weak solution of the low stratifica-

tion system with Mach number ¢ if and only if

e o. > Orepresents a renormalized solution of the continuity equation on (0, 00) X

Q, i.e., for any test function ¢ € D([0,T) x Q), T > 0 and any b, B such that

b e L=([0,00)) N C([0,00)), B(o) == B(1) + /lg @dz,

the renormalized continuity equation
T
/ / B(0:)0i¢ + B(o:)u. - Vo — b(0:)p div, u. dx dt
0 Jo
-~ [ Blao(o.) s (314
Q
holds.

e The balance of momentum holds in the sense of distributions, i.e., for any

w € D([0,T); D(Q; R?)),

T D
/ / e*(-u. - W + pou. ®u. 1 Vow) + (pF(QE) + Zm) div, w dz dt
0 Q
T
0 Q

—52/ m, - w(0,-) dz (3.15)
Q
e 7. > 0 is a weak solution of (3), i.e.,

T
/ / N:01p + neue - Vop —e(nV, @ - Vo — DV, - Voo do dt
o Ja
-~ [ w0, @z (3.16)
Q
for any test function ¢ € D([0,T) x Q)
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e The energy inequality below holds

g2 a Dn,
/ 595|u5|2 + > ol + L Inn. +e(Bo- +n:)® dz(T) +
o _

1 ¢

T
/ /52(M\Vmu€|2 A divy w2 dz df +

2—v ATz + eV Y, c1> dz dt

Dy
S/—Qo|uo’ -i‘7 1 0—|——lnn0+5(690+770)(1> dx
Q

¢

(3.17)

By the existence results in [7] and [15], and from Chapter 2, it is clear that

such {o., u.,n.} exist for each ¢ > 0. Next is introduced the notion of weak solutions

of the target system (3.9)-(3.13) called the Oberbeck-Boussinesq approximation.

Definition 3.1.2. {1, 0!, n("} is a variational solution of the target system (3.9)-

(3.13) supplemented with the boundary conditions
u=0on 0

and the initial conditions

if the following conditions hold
o We L0, T; L*(R?) N L2 (0, T; Wy (4 R)),

e The incompressibility condition

div,a =0 a.e. on (0,7") x €.

holds,

7

(3.18)

(3.19)



e The integral identity

T
/ / <Q_u~8tg0+§(ﬁ®ﬁ):vxgp> dz dt
0 Q

:/T/ (/Nxﬁ— (8o +7](1)>qu)> o da dt—/@ﬁ'w(oa’> dz
0 /o ! (3.20)

holds for any test function

v €D((0,T) x Q;]Rg), div,p =01in Q, ¢ - nlsg = 0.

e The quantities o™ and ") are interrelated via the so-called Boussinesq rela-
tion:
o= |(Fr e+ %n(” :
which holds weakly.

Next, a geometric condition on 2 is introduced which plays a crucial role in

the study of propagation of the acoustic waves. Considering the problem

d¢

~Ap=2¢ in Qo

=0 on 09, (3.21)

where ¢ is constant on 92, a solution of the problem (3.21) is called trivial if A =0
and ¢ is constant. Also, €2 is said to verify assumption (H) if all solutions of the
problem (3.21) are trivial. Notice that Schiffer’s conjecture shows that every Q
satisfies (H) except the ball and Feireisl, Novotny, Petzeltova [33] gives an example
of domain §2 which is trivial. In two dimensional space, it is proven that every
bounded, simply connected open domain 2 C R? whose boundary is Lipschitz but

not real analytic satisfies (H).
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Theorem 3.1.1 (Low stratification limit). Let Q C R3 be a bounded domain with

a boundary of class C**", v > 0 verifying the suitable assumption (H) for 3.21. Let

(Q, @) satisfy the confinement hypothesis (HC) and assume Za = Ma = ¢, Fr = /¢

and {0, Ue, M Yeso 15 a family of free energy solutions to the scaled Navier-Stokes

Smoluchowski system in the sense of Definition 3.1.1 with the boundary conditions

ulog = (enV, P + V,n.) - njoq = 0.

Assume the initial condition as follows.

95(07 ) = Oe,0 = o+ 5927137 ua(oa ) = U¢ 0, 77(07 ) =1+ 577;,13

where

1/ 1
SRR PR S
€2 Ja €2 Ja

and

Q00 — Q(()l), U:o — 11(()1)7 Neo — 77(()1)7

(3.22)

(3.23)

(3.24)

as € tends to 0 using weak—+ convergence in L>(§2). Then, up to subsequences,

(

0. — o in C([0,T]; LY(Q)) N L=(0,T; L3 (1)),

ne— 7 in L*(0,T; WH(Q)),

u. — u strongly in L*(0,T; L*(; R?)),

\

and

n = /N nV weakly in L2(0,T; L*(Q)),
\ £
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o) = EC N oM weakly — % in L>=(0,T; LY(Q2)),, ¢ = min{2,~}
£

(3.25)

(3.26)



where {1, o0V, nM}, solve the target system in the sense of Definition 3.1.2 with the

boundary condition u|pq = 0 and the initial data

u(0) = Hluy|, (3.27)

where the Helmholtz’s projection H is defined by

H=1-H" H'=vVv,A 'div,. (3.28)

3.1.2.2 Free Energy Inequality and Uniform Bounds

The first step in rigorously deriving the convergence stated in Theorem 3.1.1 is
to obtain bounds uniform in € which will yield the weak limits. To do this, analogs

of the Helmholtz free energy function defined below are utilized:

a ay 1 a

E — Y (o — -l
(o) 1 (o @)7 T 10
and
D D D
Ep(n) = Z"ﬂnﬁ - Z(TI —n)(Inn+1) — Eﬁlﬂﬁ-

Basic calculations show that EFr and Ep have global minima at ¢ and 7 respectively,
and are both convex, facts that will be used later in the proof. Thus after some

analysis, the energy inequality given by (3.17) can be rewritten as

/ Soulul? + 5(Br(0) + Bp(n)) + = (Bo. +n.)® da(T)
/ /u|v u.|? + A div, u)? + 2vaﬁ + /.Y, <I> da dt
< /Q Sooluol? + 5(Er(o0) + Br(m)) +~(Bo0 + 1) da (3.29)
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By the hypotheses on the initial data, the right side of this equation is bounded by
a constant (c.f. Chapter 5.1 in [32]). Thus, the following uniform in € bounds are

obtained:

{uteso € L2(0,T; W'2(Q))
{\/@us}s>0 6b LOO(0> T; Lz(Q; Rg))

{é (ﬂ\/’%\@ + e\/g_ngvm@) }€>o €, L2(0, T; L2(; R?))

Next, the following sets are defined:

Oess = {(0,1) € R*[9/2 < 0,0 < 277}
ess ‘= 1(t, 1) € (0,T) x Qf(0:(t,2),m:(t, 2)) € Oess}

res == ((0,T) x Q) — Mggg
Since p” and 7lnn are clearly strongly convex on Mg,
H(pe:ne) == Er(0:) + Ep(n:) > C(lo — o + [n = 7]*) on Megg.
And by the properties of Er, Ep mentioned above,
Er(0) > Er(9/2) > 0 for o < 9/2 and Ep(n) > Ep(27) > 0 for n > 27.

Thus, on Meg, H(o,n) > ¢ > 0 for some constant c. It also becomes clear that the
right hand side of (3.29) is uniformly bounded by some finite, positive constant.
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Using the coercivity of Er and Ep and the boundedness of (3.29), it can be
shown that the measures of the residual sets M5og[t] := {z € Q|(t, ) € M5eg} g0

as 2. Indeed, using the set {p.(t) < p/2} as an example,

{p(t) < p/2}|

< 01/ Lip.ty<p/2y H(pe, ne)da < / H(pe,n.)dr < %cy.
Q Q

Thus, using the coercivity of ‘H and (3.29), the following bounds can be ob-

tained:

ess tes(%;;) | Mseslt]] < €%c (3.30)
{ [@5 ~ @1 } €y L0, T; L*(2)) (3.31)
{ {”8 - ﬁ} ess} €y L0, T; L*()) (3.32)
{u.} €, L*(0, T; WH*(Q)) (3.33)
{\/Eua} ST LOO(()? T; LQ(Q; Rg)) (334)
1 (2DVayn 2 . T2(0)- TR3
{6 ( 7 +5\/C_77Vx<1>)} €, L*(0,T; L*({: R?)) (3.35)
{[o:]res]} € L=(0,T; L(€2)). (3.36)

3.1.2.3 Convergence

From the uniform bounds in (3.30)-(3.36), the following convergences are easily

obtained:

e There exists o) such that

|:Q€ - @} oM
€ less
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weakly in L?(0,T; L*(9)).

e Also,

[Qa _E} N 0
€ res

weakly-* in L>°(0,7T; L7(£2)).

e There exists n") such that

['fk—: - 77} . 77(1)
€ ess

weakly in L2(0,T; L*(9)).
e There exists u such that u. — u weakly in L*(0,T; W12(Q; R?)).

By (3.35),

|:77€ - n} 0
€ res

weakly in L?(0,T; L*(Q)). Therefore, letting ¢ := min{2, v}

0. -0 weaklyin  L?*(0,T; L1()) (3.37)
n. —7n  weaklyin  L*(0,T; L*(Q)) (3.38)
&T_@ — oW weakly in  L*(0,T; LYQ)) (3.39)
T T 00 weaklyin  L2(0,T: L2(Q)). (3.40)
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Using these convergence results and taking b(z) = 0 and B(1) = 1 in the

renormalized continuity equation, € can be taken to zero to yield that

/OT/Qﬁ-quﬁdx ~0, (3.41)

that is, u is weakly divergence-free.
To complete the proof of Theorem 3.1.1, the convergence of the momentum

equation must be shown. The first thing to note is that by using the uniform bounds

and the compact embedding of W12(Q2; R?) into L°(Q2; R3),
0cUe — O (3.42)
weakly in L2(0,T; L°7/9+5(Q); R3)) and weakly-* in L>®(0, T; L?*/771(Q; R?)). Thus
0:U: ®U. — puu

weakly in L2(0,T; LS7/473(Q; R3*3)). So the taking the limit as ¢ — 0 in the

momentum equation yields

T
/ /Eﬁ-&gv—l—gu@uzvxvdxdt
0o Ja

T
/ /Mvm; Vv — (B0Y + yMV, @ - v do dt — / o, - v dz (3.43)
0 Q

Q

for all divergence-free v € C°([0,T) x Q;R?).
At this point, the original momentum equation 3.15 can be multiplied by e
and taking ¢ — 0, with the aid of the uniform estimates, a relation for the quantities

oM and n™ can be obtained as

T D T
/ / (a’y@”‘lg(l) + Zn(l)) div, w do dt = —/ /(5@ +7n)V,P -wdr (3.44)
0 Ja 0o Ja
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for any test function (not necessarily divergence-free) w. Thus, at least weakly,

1 D
V= [Berme - o

3.1.2.4 Convective Term

All that is left to do to prove Theorem 3.1.1 is to show that the divergence of
ou®uU— pu ® u converges weakly to a gradient. To do this, the standard Helmholtz
decomposition is employed to decompose the quantity into a divergence-free and
a gradient part. Here, H[v] will denote the divergence-free (solenoidal) part and
H*[v] will denote the gradient part of the vector v. Thus, the convective term can

be rewritten as
o-u. ® u. = Hlp.u.] ® u. + H' [p.u.] ® Hu. + H' [p.u.] ® H [u].
By the convergence results and the continuity of the Helmholtz decomposition
Hlo-u.] — Hou] = ou

in Claqk ([0, T]; L2771 (Q; R?)). Since

E_Qe
g

o] u = (=t 2 %0+ Hlpud) - w o ol
weakly in L'(2), it follows that H[u.] — u in L*(0,T; L*(Q;R?)). Therefore,
H[p.u.]®@u. > pu®u (3.45)
H' [p.u.] ® H[u.] = 0 (3.46)
weakly in L2(0,T; L69/40+3((Q; R3*3)). Thus, it remains to show that the singular
term H*[o.u.] ® H[u.] converges weakly to a gradient so that it can be absorbed

into the term II in the limit.
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Noting that 0 and 7 are constant, the scaled weak formulation of the Navier-

Stokes-Smoluchowski system can be rewritten as

3

T _ —
/ / cocu. - OV + [[p (QE’”E)]‘? ple.) (ﬂ§+ﬁ)<b} div, v dz dt
0 Q

= [ -0+ @m0 vara

T [ o-—70
/ / £== 01+ o.u. - Vo dr dt =0 (3.47)
0 Jo

T
+ / / {5S(qu€) —£0.u; ® U, — MH} : Vv de dt (3.48)
0 Jo

T =
/ / 6776 e nath + [77115 — &NV, @ — Dvﬂma] ¢ drdt =0 (3'49)
0 Q

for test functions ¢ € C>((0,T) x Q),v € C=((0,T) x Q;R3). Thus, defining the
following quantities

Qa - Q
o) = T
Ne — 1
i) = —
D Bo+1m)®
rem o)+ — 2y 4 P2ED)
ayo' ¢ ayo’

VE = Qeus
B = eS(Vow.) — cpou, @ u, — P2 elres
£

1 D2 D
h? = — [eDn.V,® + =V, — —n.u.

w g C

P O¢e) Te —p E,_ _ .
pd i Pl less ZPOT) _ )40 4,

3
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the system (3.47)-(3.49) becomes after some algebra

T T
L/‘/5¢U@¢+\@-vﬂ¢¢na:i/ /ﬁﬁ-vﬂHMdt (3.50)
o Jo o Ja
T
/ / eV, - 9 + wolM div, v dz dt
Q
e
= / /[6(@ —0.) + (T =) |Va® - v+ bl Vv — B2 div, v dz dt(3.51)
o Ja
for test functions ¢ € C°((0,T) x Q),v € C=((0,T) x Q;R3). By the uniform

bounds and convergence results, it is clear that

k2

Ls(0,T;L1 (QR3x3)) < EC

for some s > 1 and
h? — 0
weakly in the appropriate Lebesgue space. By the following lemma (adapted from

Proposition 5.2 in [32]), h3 — 0 weakly-+ in L>°(0, T; L*(Q)):

Lemma 3.1.1. Let {0.}e~0, {n:}c>0 be sequences of non-negative measurable func-
tions such that [0"]ess — 00, 1) ess — 10 weakly-+ in L(0, T; L2(Q)). Suppose
ess sup | Mieslt]] < e%c

te(0,7)

and that p € C*(Oess). Then defining h? as above,

h? — 0 weakly — * in L°(0,T; L*(12)).

Also, from the section on convergence and the properties of ®, it is clear that

[6(@ - Qs) + (7_] - %)]Vm@
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converges to zero weakly in the appropriate Lebesgue space. Thus (3.50) and (3.51)
represent a system of wave equations for which the right sides converge to zero.
Now the associated eigenvalue problem for the left sides of (3.50) and (3.51) are

considered:

div, w = A\¢
wV,q = \w

W-l’llag :0,

which can easily be reformulated as

—A,q=Agq (3.52)
v:cq ' 1’1|aQ =0

/\2
A=

w

(note that A here is unrelated to the A\ from the stress tensor). As is well known

(c.f. [32]), the system in (3.52) admits a countable system of eigenvalues
O:A0<A1§A2§A3§...

with associated eigenfunctions {g,}°°, which form an orthogonal basis of L*(Q2).

Then, corresponding eigenfunctions w.,, are defined as
[w
Wap = £,/ — V.,
+ A q
for each positive n. Also, the space L*(2; R?) can be composed orthogonally into

LX(Q;R%) = LZ(;R?) & LZ( R?)

88



where

L;(Q; R?) := closure,2 {span {_—an} }
w

n=1

represents the closure of the gradient functions and
L2(;R?) := closure;2{v € C>°(Q; R*)| div, v = 0}

represents the space of divergence-free functions.

With these spaces defined, the following projection can be defined:

—1
Py : L*(Q;R?) — span {—}
\/('_‘) n<M

for each M € N. Noting that Pj; and H* commute, for the sake of notational

simplicity, the operator Hy; will be defined by
Hy,[v] := PyyH [v] = H[Py,v].
Returning to the singular term, it is noted that
T
/ / H'[p.u.] ® H [u.] : V,v dz dt
0o Jo
T
= / / H' [p.u.] ® Hy;[u.] : Vv dz dt
o Jo
T
- / / H'[p.u.] ® (H [u.] — Hy[u.]) : Vv dz dt (3.53)
0o Jo

and by estimates shown in Section 5.4.6 of [32] and since p.u. — gu weakly-* in

L>®(0,T; L2/ 71(Q; R3)),

/OT /Q H'[o.u.] ® (H[u.] — Hy[u]) : Vov dz dt| — 0

uniformly in € as M — oo. Also, since for fixed v € [IWh?(Q;R?)]* defined by the

standard Riesz formula

[ [v] — By [V][[fi 1.2 0y — 0
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uniformly in € as M — oo, the problem of showing the weak convergence of

H*[p.u.] ® H [u.] to a gradient reduces to showing that for any fixed M € N

T
/ / Hi,[o.u.] ® Hy[u.] : Vv de dt — 0
0o Ja

or by (3.37)

T
/ / Hy[o-u.] @ Hy[oou.] : Vv do dt — 0
0 Q

as € — 0 for any divergence-free v.€ C°((0,7) x Q;R?) with v - n|sq = 0.

In order to handle this term, the test functions ¢ and v are defined as

(b(t? JJ) = Q/}(t)%@(*r)

and
1
VA,

where ¢ € C°(0,T) and g, is the corresponding eigenfunction from above. After

V(t>$) = ¢(t) qun(x)

some basic manipulations, the system (3.50) and (3.51) becomes

e0;b, — VA, [V = X2, (3.54)

0,0, [Ve] + wy/Aba[oM] = A2, (3.55)

where

1
a,[Ve] = A_/QVE - Vaeqndr

ba[oM] = / oV g,dz
Q

are the appropriate Fourier coefficients, and X;n, Xin are defined appropriately.

It is easily seen that for each n, x!, and x2, converge to zero in L'(Q2) from the
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bounds on the remainder terms hl. Rewriting (3.54)-(3.55) in terms of the Helmholtz

projectors, the system becomes

e0i[o™M]ar + dive (Hy[o-u]) = X2 (3.56)
5atH§\_4 [o-u.] + WV, [le)]M = X?,M (3.57)
where
M
100 =3 buloVlgs
n=1

and x2 5, and x{ ,; both converge to zero in L'(€2). Note also that [Qél)]M and Hy,[o.u.]

are both twice spatially differentiable and absolutely continuous in time. Thus the

system (3.56)-(3.57) is defined and the potential W, 5, can be defined such that

\Ij&M - HJM[Q@“E];/ qje,M dx = 0.
Q

Thus,

T T
/ / Hy[o-u.] @ Hy[o.u.] : Vv do dt = — / / AV, VU, v de dt
0 Q 0 Q

for any test function v which has zero normal trace and is divergence free. Rewriting

the right side of this equation as

T
/ / AV Ve -vde dt
0 Q
T
—¢ / / [0V Ve - Opv da dt
0 Q

T
+/ /X&ﬂﬁﬂ&mkV+m9hm&mvdxﬁ (3.58)
0 Q

by using (3.56) and (3.57), it is clear from the convergences of XE,M and XiM that

the right side of (3.58) converges to zero for any fixed zero normal trace, divergence
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free v as £ goes to zero. Thus, it has been shown that H*[p.u.] ® H*[u.] converges

weakly to a gradient, completing the proof of Theorem 3.1.1.

Remark 3.1.1. The interested reader will notice that while the work in this section
follows the outline of the work of Feireisl and Novotny, no time lifting is performed.
This is due to the fact that the Navier-Stokes-Fourier system investigated in [32]
contains an entropy production term that behaves as a measure instead of an inte-
gral over the time domain. This complication does not arise in the Navier-Stokes-

Smoluchowski system investigated here.

3.2 Strong Stratification Limit

The next limit considered here is a strong stratification limit. In this case, the
Froude number is scaled the same as the Mach number limit, and the values are

scaled as stated below:

Ma is taken to be a small parameter € > 0.

Za, Da are taken to be e~ L.

Fr is taken to be €.

Other parameters are taken to be of order 1.

The external potential takes the form ® = gxs where g is a constant (gravi-

ty /buoyancy).
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Thus, the scaled NSS system becomes

atga + divx(geua) =0
2 . D

€ [at<96ue) + lea:(que 0%y us)] + V.Z’ CLQz + Zna
= ?(pAu, + AV, div, u.) — (Bo. + 1)V, ®

e [0me + dive(noue)] — divy((n-V,®) — DA n. =0

d 5_2 a

D
e~ Qa|ue|2+7_1QZ+£IDUE+(BQE+77€)<I> dz

a ), 2 c
Vane

+€/€2S V.u.) : V,u. dx—i—/ D + /(. VP

Q ( ) Q \/CTIS

Now, assuming {o., u., 7.} have the following expansions

2
dx <0.

0- =0+ &0l
i=1

Ne =1+ Z 5i77§Z)
=1
oo

i=1

substition into (3.59)-(3.62) formally yields the target system

D djj

9=

a [ag"] = —Bg0o

dl’g

div, () = 0

00,0 + div, (50 ® @) + V,II = pA,a + AV, div, d — (80 +1n®) V, .

3.2.1 Rigorous Justification of the Strong Stratification Limit

For the strong stratification scaling, the weak formulation follows:
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Definition 3.2.1. {g., u.,n.} form a weak solution to the scaled strong stratification

NSS system if and only if

e 0. > 0 and u. form a renormalized solution of the scaled continuity equation,

ie.,

/ / Qs atSD + B(Qz—:)us : ngp - b(@z—:) le:Jc Uz dwz dt

/ dz (3.63)

where b € L>([0,00)) N C([0,00)), B(o) := B(1) + [£ %2
e The scaled momentum balance holds in the sense of distributions:

T D
/ / g2 (peu. - W + p.u. @, : V,w) + (pp(gs) + Zns) div, w dz dt
0 Ja
T
= / / e2 (uV,u.V,w + M div, u. div, w) — (Bo. +1.)V.® - w dx dt
0 Jo
— 52/ m, - w(0,-) dz. (3.64)
Q
e 7). > 0 is a weak solution of the scaled Smoluchowski equation:

T
0 Q

—/Qnogp((),-) dz. (3.65)

e The scaled energy inequality is satisfied:

/52 lu.|? + ¢ QV+D77 Inn. + (Bo- +n.)® dz(T)
= Oe|Ug € e € € €
Q2 v—1 ¢
T
+/ /52(M|Vmu5|2+)\]divzu€]2) dz dt
V 2V +V/(NeVy <I> dz dt

D
< / —oo|ug|* + ﬁgo + gno Inny + (Boo + 10)P dz. (3.66)
Q
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Note that for this scaling, ® takes the form ® = gx3, where 3 is the vertical

coordinate, and ¢ is a constant greater than zero. Also defined is the target system.

Definition 3.2.2. {, 0,7, 0,7} solve the strong stratification target system if

and only if:

T
/ /@ﬁ-Vx(bdxdt:O
0o Ja

for all ¢ € CZ((0,T") x ),

s__Ddy

d
_ A — — 5
i [ag"] = —Bgo

with the conditions

T
//éﬁ-w—i—@ﬁ@ﬁ:vmwdxdt
o Ja
T
:/ /uvxﬁvmw—(ﬁg(2)+n(2)) V.0 -wdzr dt
o Ja

for all w € CF((0,T) x Q;R?) such that div, w = 0.
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(3.68)

(3.69)

(3.70)



Much like for the low stratification limit, many of the bounds and convergences

used in the analysis arise from the free energies defined as

_ a ~ a o a ~
Er(e,0)=——0"~(e—0) 19“—7_1@
_ D D N . D__
Ep(n, 1) := annn - Z(n —7)(Inj+1) — annn,

and the resulting inequality formed from these and the energy inequality:

| | )
| 5edul + 5 Prlee ) + el )] da(T)
2
/ / (Vow) : Vyu, dz dt+ Dvc“k +/CV,®| d dt
775

</ ~ooluo)? + ! —[Er(00, 0) + Ep(no,1)] dz. (3.711)
02

Next, the essential and residual sets are defined similarly to those in section 3.1:

Oess = {(0,1) € R*9/2 < 0 < 20,77/2 < n < 27}
oss ‘= {(t,x) € (0,T) x Q|(0-(t,2),n-(t,x)) € Oess}

tes == ((0,T) x Q) — Mggg

Thus, by using (3.71), assuming appropriate bounds on the initial data,
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{\/@ue}e>0 1 Loo(oa T; LQ(Q; R3))
[0 = less|l (o2 < €7c
|7 — Mess L= (o,rz2(0)) < €°¢

{ua}a>0 €p L2(0> T; W()Lz(Q; RS))

DV 1.
H EANEOA: <ee
Ve L2(0,T5L> (4R))

{ [ng— é]ess}s = L=(0,T; LA(Q))

{ {m g_ n} ess}g>0 €, L(0,T; L*(2))

and since the measure of the residual set goes as €2 for each fixed t,

lec)ess | L0100y < &%¢
{o-uc}eso €, L(0, T L2/ Qs RY)) 0 L0 RY))
where ¢ := min{2, ¢}. Thus, o, 7™ € L>®(0,T; L*(Q)) and & € L*(0,T; Wy *(Q; R?))
exist such that up to subsequences
0. — 0 strongly in L>(0,T; LY(Q))
n. — 7 strongly in L>(0,T; L*())

u. — 0 weakly in L*(0, T; W, *(Q; R%))
Qe — @

— oW weakly- % in L>(0,T; LI(Q))
g

e =T L o™ weakly- + in L®(0, T; L*(9)).
€
These bounds along with work similar to that for the low stratification limit

and in [32] suggest the following theorem.
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Theorem 3.2.1 (Strong stratification limit). Let (2, ®) satisfy the confinement
hypothesis and for each € > 0, {0e, ue,n.} solves (3.59)-(3.62) in the sense of the
definition of the scaled strong stratification system. Assume the initial data can be

expressed as follows:

Q&‘(O) ) - Q&‘,O - é + 8@2,1(37 u€(07 ) = u€,07 and 776(0) ) - 775,0 - f/ + 677‘5,10)

where 0,7 are the densities defined by (3.69)-(3.68). Assume also that as e — 0,

1 1 — 1
o) = o, uep = W, 1y — ng”

weakly-* in L>®()) or L*°(; R3) as the case may be. Then up to a subsequence and

letting q := min{~, 2},
0= = ¢ in C([0,T]; L}(Q)) N L*=(0,T; L*(2))

ne — 7 in L*(0,T; L*(12))
u. — @ weakly in L*(0, T; WH2(Q; R?))

where {0, w, M} solve the target system (3.67)-(3.70).
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Chapter 4

Inviscid Model

Thus far, this dissertation has analyzed the NSS model for viscous compressible
flows for the bubbling regime. The attentive reader will note the existence of the
stress tensor S. However, this stress tensor is non-zero only because the viscosity
coefficients pr and A are non-zero. If the fluid is assumed to be inviscid, that is, the
viscosity coefficients are zero, and follow the Euler equations for fluid flow, then the

following model can be considered for the bubbling regime.

0o + div,(ou) =0 (4.1)
O(pu) +divy(ou®@u) + Vy(a0” +1n) = —(Bo+n)V.P (4.2)
o + div,(nu —nV,P) = Aun (4.3)

This model is derived from the mesoscopic description of the particles in a fluid
obeying the Euler equations and a Vlasov-Fokker-Planck equation in [13].

Here, the boundary conditions become

u-nfag = (V@ + V1) - nlag = 0 (4.4)

the first condition being the typical boundary condition on u for inviscid flows (see
[45]). However, for the rest of the analysis, the Cauchy problem on (0,7) x R3 will
be considered, making the boundary condition (4.4) moot.
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4.1 Local-In-Time Existence

The ES system for compressible fluids can be written in matrix form as

Ao(U)0U + iAi(U)ain +A;=0 (4.5)
i=1
where _ -
0
u;
U= 1 uy |
us
|7
_1 000 O_
0o 000

000 00
00001
- u 0 0 0 0 -
pp(e) ouy 0 0 1
A= 0 0 ou 0 0 ,
0 0 0 ou 0
0 n 0 0 w—0,%

100



0 ous 0 0 0
Api=1 pi(o) 0 puy 0 1 ;
0 0 0 ous 0

us 0 0 0 0
0 ous 0 0 0

Az:=1 0 0 ouz 0 0 ,
Pr(o) 0 0 ous 1

and

(Bo+ )0, ®
A= (Bo+n)0,,®

(Bo+ U)axg‘b

—An—nA,P

Notice that the matrices A;, i = 1,2, 3, are not symmetric matrices. Thus, the goal
is to find transformations for p and 7 that will yield a symmetric system in the spirit
of [48]. This will enable the use of the existence results for symmetric hyperbolic

systems of Majda and others. Clearly, the transformation

wie =2 (Vo ) (46)

v—1
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where & represents the sound speed where the fluid has some background density vr
will resolve the pl.(0)/0 asymmetry. However, there will need to be a transformation
for n as well to resolve the /1 asymmetry.

Indeed, using (4.6) yields the system

oV + XS:IB%Z-(V)&”V +B, =0 (4.7)
i=1
where _ -
w
u;
V= w |
us
7]
_ w  o+5w 0 0 0 _

By = 0 0 u 0 0 ;
0 0 0 wm 0
0 n 0 0 w-—-20,%
_ Uy 0 o+ %w 0 0 _
0 U, 0 0 0
By:= | 5+ w0 uy 0 f(w) ;
0 0 0 U, 0
0 0 n 0 u—0,®
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_ u; 0 0 7+ w 0 _
0 u; 0 0 0
Bs := 0 0 us 0 0 ,
c+w 0 0 us f(w)
0 0 0 n uz — 0y, @
and _ } ) _
0
(B + f(w)n)0s, ®
Ba=1 (84 f(w)n)d,,®
(8 + f(w)n) 0z, ®
—An —nA; P

Now, the asymmetry is between 1 and f(w), which represents o
Rewriting the system (4.1)-(4.2) and considering n to be given and not un-

known, the matrix representation is

3
oV + Z B;0,,V + B, (4.8)
i=1
where _ .
w
u
V.= ,
U2
us
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u T+ 7Tflw 0 0
s+ 1w W 0 0
Bl = )
0 0 u; 0
0 0 0 wm
U 0 o+ 7T_lw 0
0 Uy 0 0
BQ = ,
o+ 77_1?1) 0 U9 0
0 0 0 Uy
u; 0 0 o+ 77_1w
0 ug 0 0
Bg = )
0 0 wus 0
c+%tw 0 0 uy
and _ -
0
. (B + fw)n) e, @ + f(w)0z,n
4 =

(B8 + f(w)n)0p,® + f(w)0e,n

Thus, if 7 is known and has high enough regularity, (4.8) is a symmetric

hyperbolic system.
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Consider the pseudo-symmetrized ES system

—1
ow+odivyu=—u-V,w— %w div, u (4.9)

ou+aVow + f(w)Ven + [B+ f(w)n)V,® = —(u-V,)u — 7T_lwvmw (4.10)

Oim + ndivy(u — V@) + (0 — V,®) - Vo — Ay = 0. (4.11)

To begin with, the following results follow from the calculations of the trans-

formation above and some basic calculations.

Lemma 4.1.1. For any T > 0, if o, n € C'([0,T] xR?) and w € C* (|0, T] x R*; R?)
solve (4.1)-(4.3) with ¢ > 0, then w, n € C1([0, T] xR3]) and u € C*([0, T] x R?; R3)
solve (4.9)-(4.11) with f(w) > 0. Conversely, if w, n € C'([0,T] x R3) and u €
CH([0,T] x R*; R?) solve (4.9)-(4.11) with f(w) > 0, then o, n € C'([0,T] x R?) and

ue CY[0,T] x R3;R3) solve (4.1)-(4.3) with ¢ > 0.

And using the method of characteristics, the following lemma shows that if
the initial fluid density is positive, then the fluid density remains positive provided

the solution is uniformly bounded.

Lemma 4.1.2. If o, n € CY([0,T] x R?) and w € C([0,T] x R3;R3) solve (4.1)-
(4.3) and are uniformly bounded, then o > 0 on [0,T] X R® provided gy > 0 on R3.
Additionally, if w, n € C'([0,T] x R?) and u € C'([0,T] x R3; R3) solve (4.9)-(4.11)

and are uniformly bounded with f(w) > 0 on R3, then f(w) >0 on [0,T] x R3.

As stated previously, (4.9)-(4.10) form a symmetric hyperbolic system in the

unknowns w and u.
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Next, a sequence {w® u* n*} of approximate solutions to the ES system is
constructed. An approximate solution n' is found by using a solution to a heat
equation. Then, n' will be substituted into (4.9)-(4.10) to obtain u' and w!'. Then,
u! will be substituted into (4.11) to solve for n*, which will be plugged into (4.9)-
(4.10) to obtain w? and u?, and so on, continuing inductively. To begin, consider

the Cauchy problem

ov—A,v=0 (4.12)

v(z,0) = uy.

In order to be able to use the theorem for local existence of the symmetric
hyperbolic system (4.9)-(4.10), assume the following regularity on the initial data
wq and ug:

wy € WH2(R?)
uy € W32(R* R?).

Assume also that the support of wy and ug is within a compact subset of R3. By

the Sobolev embedding theorems, it is clear that
wo € Cl,l/Q(RS)

uy € CH2(R3R?).

Because of this, if u® solves (4.12), u® € C*°(R?;R3) from basic properties of the
heat equation with Neumann boundary conditions (see, for example, Chapter 2.3

in [26]). If ® € C*(R?), which will be assumed throughout the rest of this chapter
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because this makes the coefficients in (4.11) continuous (using u’ for u), using results

in Chapter 7.1 of [26] yields a solution
n't e CH([0,T]; C*(R?)). (4.13)

Consider the approximation of the system (4.9)-(4.11):

ot +7div, u* = —u”* - Vouk — ka div, u® (4.14)
ou* + 7V " + [B + fFwn*V, 0 = —(u* - V,)u" - ’VT_lw’fvxw’f (4.15)
omF + nf divy(ub! = V@) + (" =V, ®) - VF — Anf = 0. (4.16)

If n* is known, adapting Theorem 2.1 from [40] used also in [38] and [48] on

the existence of smooth solutions for local time of symmetric hyperbolic systems to

this problem gives the following theorem.

Theorem 4.1.1 (Solutions for Symmetric Hyperbolic Systems). Let
wy € W32(R3) and uy € W3?(R3;R3) with the support of wy and uy contained in
some compact subset K of R3. Assume also that n* € C*([0,T]; C*(R®)). Then there

is a time interval [0, T) with T > 0 such that there is a unique classical solution
wh € O([0, T WH2(R?)) N C([0, T]; W**(R?))
u* € C([0,T]; W32 (R3;R?)) N CH([0, T]; W22 (R3; R?)). (4.17)
Further, T depends only on wg, uy and K.
Remark 4.1.1. Due to the Sobolev embedding theorems,
w* € CH([0,T); C*2(R?)) N C([0, T; CH2(R?))
u' € C1([0, T); C*(R% RY)) N C([0, T]; €2 (R R?))
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Note that Theorem 4.1.1 implies that the maximal time of existence will be the
same positive number 7" for each k in the sequence. Thus when taking the limit, there
is no worry about the limiting maximal time of existence being zero. Second, due
to the regularity of u®, it can be used in (4.16) to obtain n**! € C*([0, T]; C*(R?)),
which is then used with Theorem 4.1.1 to obtain w**! and u**!, leading to the

following theorem:

Theorem 4.1.2 (Existence of Approximate Smooth Solutions). Let
wy € W2(R?)
uo € W2 (R% R?)

no € W3’2(R3)
all with support contained in some compact subset K of R3. Let
o’ € C'Y([0,T]; C*(R?))

solve (4.12). Then there exists some T' > 0 such that for all k € N, there exist

solutions {w®, u* n*} of (4.14)-(4.16) such that
wh € C([0,T; W (R%)) N ([0, T]; W**(R?))
u' € C([0, T); W (R% R?)) N CH([0, T); (R RY))
n* € CH(0, T]; C*(R?)).

Further, T depends only on wqy, uy and K.

Proof. The proof follows from induction on k. Consider the case where k = 1.
Defining u® as the solution of the Cauchy problem of the heat equation with initial
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data uy, the existence of n* € C1([0,T]; C*(R?)) follows from the classical theory of
parabolic equations. With the existence of n', (4.9)-(4.11) is a symmetric hyperbolic

system in the unknowns w' and u!. The existence of
w' € C([0, T); W*(R?)) n CH([0, T]; W**(R?))

and
u' € C([0,T); W*2(R* R*)) N C*([0, T); W2 (R?*; R?))

follows from Theorem 4.1.1.

k+1 k+1

The argument to show the existence of w*!, u**1, and n**+! given the existence
of wk, u*, and 7" is identical to the argument for the k = 1 case because of the
regularity of u”.

Also by Theorem 4.1.1, T' depends only on the initial data and is therefore

independent of k € N. ]

In order to pass through to the limit k& — oo, a similar set of calculations used
for the existence of local smooth solutions in Section 2.3.4 is employed, yielding the

following theorem.

Theorem 4.1.3. Let wy, ny € W2(R3) and uy € W32(R3;R3) all with support in
some compact subset K of R3. Then there is some T > 0 such that there exists a

solution {w, u,n} to the symmetrized ES system such that
w € C([0,T]; W*(R*)) N C*([0, T]; W*(R?))
u € O([0,T); W*(R% R*)) N CH([0, T]; W**(R* R?))

n € C([0,T]; W**(R?)) N CH([0, T]; W**(R?)).
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Remark 4.1.2. The reader will note that the result of Theorem 4.1.3 requires initial
data with compact support. However, by using a background density, o, alluded
to with the transformation to w, along with appropriate decay conditions on u and
n, the result is able to be passed through to initial data that is positive on R? by

considering o — 0.
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Chapter 5
Summary and Future Work

5.1 Summary

The work covered in this dissertation focuses on the analysis of two systems of
partial differential equations modeling the interaction of a compressible fluid with
particles in the bubbling regime. In particular, well-posedness results are presented
for both the viscous case and the inviscid case. In addition, certain approximations

to solutions in the viscous case are considered and their properties investigated.

5.1.1 Viscous Case—Well-Posedness

The well-posedness results for the viscous case can be summarized by three re-
sults. First, in Theorem 2.2.1, the existence of weakly-dissipative solutions is shown.
These are weak solutions which obey a relative entropy inequality. This relative en-
tropy inequality is then used for the second result, the weak-strong existence result
of Theorem 2.2.2. This result states that if a suitably smooth solution exists for the
given initial data, that it is unique among the weakly-dissipative solutions. These
results are expanded to unbounded spatial domains in Theorems 2.2.3 and 2.2.4.

The third result on well-posedness for the viscous model is the result for the
existence of smooth solutions locally in time from Theorem 2.3.1. This theorem

states the regularity and compatibility conditions on the initial data that will ensure

111



the existence of smooth solutions for some finite time. This results relies upon the
showing the existence of solutions to the linear NSS system and then taking the

limit.

5.1.2 Viscous Case-Singular Limits

The next set of results in the dissertation involves approximating solutions to
the NSS model for compressible fluids. In this case, the low Mach number regime
is considered, that is, when the speed of the fluid is much smaller than the speed of
sound in the fluid. In the low stratification case, it is shown that the solutions can
be approximated by solutions to a corresponding model for incompressible fluids
(see Theorem 3.1.1). Secondly, the strong stratification case is explored. Here,
instead of an incompressibility condition for the approximating model, an anelastic

approximation is argued as valid (see Theorem 3.2.1).

5.1.3 Inviscid Case

After the work on the viscous model, attention is turned toward the inviscid
model. This model is the same as the viscous model save for the fact that the
viscosity coefficients p and A are taken to be zero. In this dissertation, Theorem
4.1.3 shows the existence of smooth solutions to the ES model for compressible fluids
for finite time. This is done by transforming the system to a symmetric hyperbolic

system coupled with the Smoluchowski equation.
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5.2 Future Work

The topics of this dissertation lend themselves to continuing work. The first
line of work continues the result on the existence of smooth solutions to the NSS
system. First, the work here does not consider the case of unbounded domains.
However, the result of Theorem 2.3.1 should be able to be extended to unbounded
spatial domains 2 much like it is argued for heat-conducting flows in [19].

Next, and perhaps most glaring, is continuing the results of Theorems 2.3.1
and 4.1.3 to unbounded time domains. For the NSS system, examining the global-
in-time existence will likely involve the development of blow-up conditions. In other
words, it remains to find the quantities that either blow up in finite time, or if
they do not, ensure the existence of global-in-time solutions. This would follow the
methods of [18], [28], and [29] for compressible Navier-Stokes and heat conducting
flows.

For the Euler system of fluid flow without a forcing term, a key feature is the
blow-up of solutions in finite time for general initial data (see [16], [17], and [48]).
Thus, as in [48] global-in-time existence of smooth solutions for the inviscid case will
rely upon conditions on the external forcing term. One such proposal is the weak

dissipation condition defined below.
Definition 5.2.1 (Weak Dissipation Condition). The ES system (4.1)-(4.3) is said

to obey a weak dissipation condition if and only if

—/ (Bo+n)V,®-u<0
R3
on R? for all times ¢ in the time domain.
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Remark 5.2.1. Using Lemma 4.1.1, this definition is equivalent to requiring

—/Rg(ﬁ—l—f(w)n)vwcb -udr <0

for all ¢ in the time domain.
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