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Chapter 1: Introduction

Models of fluids arise in a variety of physical phenomena including combustion,
atmospheric dynamics, pollution control, amongst others. When mixtures of liquid,
gas, or solid phases appear, the resulting flow is called multiphase flow. In this
dissertation, we consider a two-phase flow consisting of a bulk fluid phase (liquid
or gas), as well as a dispersed (particulate) phase. The particles are assumed to
be light compared to the fluid and therefore due to buoyancy effects they tend to
‘bubble’ upwards.

Both fluid and particles are modeled at a macroscopic level, that is, we ignore
the individual behavior of particles at a microscopic scale. The fluid will be governed
by the compressible Navier-Stokes equations, describing the evolution of a linearly
viscous compressible fluid. The dispersed phase is governed by a convection-diffusion
equation, the so-called Smoluchowski equation, and coupled to the fluid via a drag
force. The modeling of the Navier-Stokes-Smoluchowski (NSS) system is described
in Section 1.1.

Applications of fluid-particle systems are numerous: hemodynamics ( [43],
[53], [62]), swarms ( [8], [30]), suspensions ( [16], [68]), sprays and aerosols ( [3],

[4], [10], [49], [59]), combustion [71], and sedimentation [11]. The macroscopic NSS



model presented in Section 1.1 is in part! introduced by Carrillo et al. [18] as a
formal hydrodynamic limit from a kinetic-fluid system. See [12], [13], and [69] for
other fluid-particle models and modeling considerations. Some numerical schemes
for models similiar to the NSS system can be found in [19], [48]. For a practical

treatment of multiphase flows, see [14].

1.1 The Navier-Stokes-Smoluchowski system

The NSS equations describe the evolution of a fluid-particle system, and consist
of a set of PDE for the fluid velocity u = u(¢,z), fluid density p = p(t,z), and

particle density n = n(t, z):

Op + div,(pu) =0, (1.1a)
on + dive(n(u — V,P@)) — A,n =0, (1.1b)
d(pu) +dive(pu @ u) + Vi (p(p) + 1) = div,S — (n + Bp) V. 2. (1.1c)

These are respectively equations for the conservation of fluid mass, conservation
of particle mass, and conservation of momentum. Except for the parameter (3, all
physical constants in the equations have been set to unity. The system (1.1) is posed
over the space-time domain ((0,7) x ©;) C R x R?, where T > 0 is fixed. Note that
the spatial domain €, = Q(¢) is in general time-dependent.

We assume the fluid pressure p(p) follows the isentropic pressure law

p(ﬂ) = ap% Y > ia (12)

Wiscous terms are ignored due to modeling considerations, while in this work they are retained.



where a > 0 is a constant, which we set to unity in the sequel. The restriction on
the value of ~ is a technicality needed for the existence theory presented in Chapter

2. The stress tensor is assumed to obey Newton’s law of viscosity,
S(V,u) = u(Veu+ (Vou)') + Adiv,ul (1.3)
The viscosity coefficients are assumed to be constant and satisfy

2

where p is the shear (dynamic) viscosity coefficient and ¢ = A + (2/3)u is the bulk
viscosity coefficient.

The external potential ®, incorporating external forces through V,®, is de-
termined up to a constant. We therefore assume ® is non-negative and in addition
suppose ® € C1(Q).

The Navier-Stokes equations are well-known and well-studied. Issues of mod-
eling and applications can be found in [66]. Let us make some comments regarding
the particle contribution.

First, the pressure term in the momentum equation,

P(p,n) = p(p) +py(n) = p" +n,

contains contributions from the fluid and the particle density. Therefore the par-
ticle density gradient also drives the fluid evolution. Such a ‘particle pressure’ is
oftentimes neglected in particle-fluid dynamics, though it can influence the overall

behavior of the system (cf. [17], [42]).



In order to explain the coupling between the particles and fluid, the kinetic-
fluid origin of the NSS system (1.1) is examined next.

The NSS system is formally derived from a Vlasov-Fokker-Planck type equa-
tion in [18], describing the evolution of the particle mass density function f(t,z,v),
and coupled to a compressible Euler system for the fluid, where v represents the
microscopic ‘actual’ velocity of a particle. Assume the particles have constant mass
myp. The function f(¢,z,v) has the interpretation that f(¢,z,v)dzdv is the total
mass of particles enclosed at time ¢t > 0 in the infinitesimal domain of phase space
centered on (z,v) € R® x R3 with volume dzdv, standard in the kinetic theory of
gases. Macroscopic observables are then obtained as averages with respect to the

velocity v. For instance, the macroscopic particle mass density 7(t, z) is defined by

n(t,z) = f(t,x,v)dv.
R3

The coupling between the fluid and particles is obtained from the mutual drag force,

F(t,z,v), modeled as the linear Stokes’ drag
F(t,x,v) = 6mpa(u(t,z) —v), (1.4)

where a is the typical particle radius (assumed constant) and u(t, x) is the local ve-
locity of the fluid. We assume the particle radius is small so that the low Reynold’s
number assumption for the Stokes’ drag is satisfied. The force exerted by the par-

ticles on the fluid, denoted Fy;, is then obtained by taking moments as

Fu(t,z) = 67r/m/ (v—u(t,z))f(t,z,v)dv. (1.5)

R3
In fact, the NSS system (1.1) describes fluid-particle systems in the so-called bubbling
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regime. To make this more precise, we will now (formally) take the hydrodynamic
limit of the governing kinetic-fluid model. For rigorous hydrodynamic limits in a
similar context, see [46], [47], [56].

As our starting point, we consider the dimensionless system

Of+ov-Vof —rV,® -V, f = édivv((v — o tu)f + V., f), (1.6a)
Op + div,(pu) = 0, (1.6b)

O (pu) + dive(pu @ u) + xVap(p) + ackpV, P

1pp 2 raN21p, ..
_ 1Py _(_) 2P giv,s, 1.6
SO+ g (1) (16¢)

which can be found in [18]. This system consists of the Vlasov-Fokker-Planck equa-
tion (1.6a) coupled to the compressible Navier-Stokes system (1.6b), (1.6¢). Let the
parameters L, T, and U, denote typical length, time, and velocity scales respectively.
Let p, denote a typical particle density and let p; denote a typical fluid density. The
parameter y represents the ratio of a typical pressure to the dynamic pressure p;U?,

and will be set equal to unity. The particle momentum .J is defined by

J—O’/ vf dv,
R3

where o := U—éh The quantity vy, is a measure of the fluctuation of particle veloc-
ity. For instance, if the particles’ velocities are described by a Maxwell-Boltzmann
distribution, then one possible definition is vy, = \/me, the root mean square in
one direction, where k is the Boltzmann constant and 6 is the temperature.

The parameter « is supposed to represent the different effects the potential ®

has on the fluid and dispersed phases. For instance, consider ® incorporating gravity



in the vertical direction. The dispersed phase is then acted upon by a gravitational
and buoyancy force. The force on a particle is given by —m,V,®, where m,, is
a typical particle mass, and ® = (1 — py/p,) gr3. The force exerted on the fluid
should then be prgés = apV,®, with a = (1 — pf/pp)_l. A typical situation in
this context is air bubbles in water, in which case p;/p, ~ 10°, and o & —1072.

The rest of the parameters are defined as follows:

1 T vy T
_ — —, K= ——
19

Ts Uth Ts .
The quantities 74 and vy are the Stokes settling time and settling velocity of a par-
ticle. Under the effects of drag, buoyancy, and weight, a particle’s vertical position

X (t) relative to rest will evolve like

ax ()
T:’Us(l—e t/ ),

as can be seen by a force balance. The velocity v, is therefore the terminal speed of a
particle settling and 75 is a natural relaxation time (the time it takes for the particle
to reach 63% of its terminal speed). With ¢ << 1 denoting a small parameter, we
therefore assume 7, is small.

In order for the energy of the system to dissipate, it is required that

1
g = K, &:—2

pr o

See [18] for details on this condition. We can now scale the system by setting



and

Vg =~ U << Vth -

The system bears the name bubbling in particular due to the fact that the particle
density is assumed to be much less than the fluid density.
Taking moments of equation (1.6a) with respect to 1 and v, using the € scalings,

and employing Corollary 1 of [18] yields

om + div,J =0, (1.7a)

e +Vun+nV,® =—J+nu. (1.7b)
Formally letting ¢ — 0 in (1.7b) yields
J=nu—-V,n—-—nV,o.

Inserting this J into (1.7a) we then recover the Smoluchowski equation (1.1b), while
inserting into (1.6¢) we recover the momentum equation (1.1c).

Remark 1: The model (1.6) slightly differs from that of [18], where the Euler equa-
tions are considered. There they neglect the viscous terms (the last term in (1.6¢)),
due to the assumption a << L, where a is the particle radius and L is a typical
length scale for the problem. The system (1.1) as stated is then more similar to
the one analyzed in [21], and keeping the viscous term is necessary to stay in the
Navier-Stokes regime.

Remark 2: In taking the hydrodynamic limit as € — 0, we have overlooked the term
2apV,®, where an assumption needs to be made on the coefficient. In [18], it is
assumed that o = sign(a)e, in which case = sign(«) in equation (1.1c¢). This is
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in contrast to [21] where [ seems to be defined as a more general parameter. We
choose the setting of [21] and include a generic 5 in this term. In any case, the
hydrodynamic limit only requires that « = O(e) as € — 0. This is verified for the

case of gravitational forces as o = ¢/(¢ — 1) when p,/py =¢

1.2 Existence theory

Regarding the compressible Navier-Stokes equations, the existence of weak
solutions is originally due to Lions [51] for -type pressure laws with v > 9/5 (in
three dimensions). Feireisl [34] later extended Lions’ results to the range v > 3/2,
and the existence of weak solutions in this case was proven by Feireisl et al. [38].
The existence theory nowadays is often referred to as the Lions-Feireisl theory.

The existence of weak solutions for the Navier-Stokes-Smoluchowski system
is originally proved in Carrillo et al. [21] using a time-discretization scheme and
arguments of Lions. Another proof in the context of the Feireisl theory is provided
by Ballew et al. [9]. For some work related to the 1d model, see [32], [65].

Let us now briefly mention the key ideas regarding the proof of the existence
of weak solutions to the NSS system, leaving the details to Chapter 2.

The proof relies on a three-level approximation scheme and weak compactness
arguments ensuring weak stability of the class of weak solutions. The first level
approximation relies on a Galerkin method, with the density and fluid velocity
approximated by a smooth-enough family dense in a suitable function space. At the

second level of the approximation, the continuity equation (1.1a) is modified by the



addition of a Laplacian term (i.e. artificial viscosity), regularizing the fluid density
and providing spatial compactness in the fluid density. To save an energy estimate,
the momentum equation (1.1¢) is also modified at this level. Finally, the third level
of the approximation consists of the addition of an artificial pressure term, providing
us with increased integrability of the fluid density and necessary to save an estimate
at the second level of the approximation.

Having set the approximation scheme, the existence of solutions is proved
locally in time using a fixed-point argument and then extended to the full time
interval [0,7] using uniform-in-time estimates. Uniform estimates provided by an
energy inequality at the Galerkin level then allow us to pass to the limit in the first
level of the approximation. At each level, weak lower semicontinuity of the norms
allow us to keep the energy inequality valid.

In passing to the limit at the second and third levels of the approximation,
the linear terms in (1.1) cause no difficulty. The nonlinear convective terms (pu, nu,
and pu ® u) are handled in a natural way as the NSS system provides estimates
on the time derivatives (0;p, 0y, and 0(pu)). Along with a priori estimates on the
velocity u € L*(0,T; Hi(Q;R?)), the passage to the limit in the convective terms
follows.

The difficuly is passing to the limit in the pressure term p(p) = p?. First, the
a priori estimates only bound the pressure in L>(0,T; L'(Q)), which only allows

passage weakly as a measure. It is therefore necessary to prove estimates on the



pressure of the form

T
/ / p"dadt < ¢,
0 Jo

where w > 0 is small. This type of estimate, first shown by P.L. Lions, allows us to

pass to the limit weakly in the pressure to deduce
pz,é - ﬁ7

in a suitable Lebesgue space, where the subscripts ¢, § indicate the second and third
levels of the approximation respectively, and the overbar indicates a weak limit. The
trick is now to show that in fact p? = p7 almost everywhere, which requires strong
convergence of the fluid density.

To this end, two tools are employed: renormalization of the continuity equation

(1.1a) and weak-continuity of the so-called effective viscous pressure, defined as
P.rr=p" — (A +2p)div,u.

The renormalization property essentially says that provided the density p is square

integrable, we are allowed to conclude that for a suitable function B(p) that
0:B(p) + div,(B(p)u) + (B'(p)p — B(p))diveu =0

holds in the sense of distributions. This is where Lions requires that v > 9/5,
ensuring the square-integrability of the density in light of the pressure estimates.
Choosing the convex function B(p) = plogp in the renormalized equation for both

pe,s and the limit density p, we can show that

t
0< / (plogp — plogp) (t) dzv < / / pdivyu — pdivoudedt.  (1.8)
Q 0 JQ

10



The left inequality follows from the convexity of the map z — zlog z. Provided we

can show the upper bound of this inequality is non-positive, it follows that

plogp=plogp a.a.

From this equality we deduce strong convergence of the density p.; again due to
convexity of the map z — zlog z. To close the argument, the weak continuity of the
effective viscous pressure is used to ensure the non-positivity of the upper bound in
(1.8) by transferring information from the monotonicity of the pressure p” to the

terms pdiv,u. In particular the result on the effective viscous pressure reads?

T
lim / / (,03,5 — (A4 2p)diveue 5)pe 5 dzdt
0 Jo

€,0—0

T
= / / (p7 — (A + 2p)divyu)p dxdt.
0o Ja

This highly nontrivial equality, along with the monotonicity of the pressure implying

T T
/ / P pdadt < liminf / / plE dadt,
0 Q 5,6—>0 0 Q ’

allows us to conclude the non-positivity of the upper bound in (1.8), and therefore

(1.9)

deduce strong convergence of the density. This allows us to pass to the limit in the
pressure term.

Finally, Feireisl [34] showed that (p,u) is a renormalized solution even if the
density is not square integrable, by obtaining estimates on the possible density oscil-
lations that can occur in the limit passage. In particular, introducing the oscillations

defect measure

osc,[pn — p](O) == sup (lim sup/o |Tk(pn) — Ti(p) P dxdt) :

k>1 n—00

2This is essentially correct though some truncation and localization is necessary in general. See

Chapter 2 for more details.
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where the T}, are suitable cutoff functions, and providing appropriate uniform bounds
on the oscillations defect measure via the effective viscous pressure, we can show that
(p,u) are a renormalized solution of the equation of continuity. Similar arguments

can then be used to extend the theory to pressures satisfying v > 3/2.

1.3 Moving domains

Oftentimes a set of PDE is described on a fixed domain 2. This is the situation
for instance when studying air flow in a fixed cylinder. On the other hand, if for
example the cylinder changes volume due to the compressive effect of a piston, the
domain is no longer fixed but changes in time. A similar situation holds for objects
moving through a fluid.

Details on the moving domain will be given in Chapter 3 but let us briefly
mention some of the key ideas. We will denote by @, = €(¢) a time-dependent
domain depending on t € [0, 7]. Unlike free boundary problems, where €, is an un-
known, we assume the boundary behavior is given, perhaps from some experimental
data. Let V(t,x) be the boundary velocity and X(¢,x) be the associated boundary

position. The transport of the domain by V is expressed by the following ODE

X (%) = VE X(t,%), ¢ >0,

dt (1.10)
X(0,x) = x.
We then set

0, = X(t, ), (1.11)

12



and define the non-cylindrical space-time domain @/ by
QF ={(t,x)|t € (0,T),x € }.

In fact, the definition (1.11) requires a slight correction. The velocity V only de-
scribes movement of boundary points. Hence it is unclear in which manner the map
X transports points interior to the domain. In other words, extension of the map
X(t,x) to the interior of the domain needs to be defined as well.

This problem has been studied before in the context of Arbitrary Lagrangian-

Eulerian (ALE) methods. In this context we denote by T; the ALE map such that
Ti(x) = X(t,x),  x € 9y,

and ask how to define Ti(x) for x € €y. Two techniques for constructing this
extension are given in [44], along with additional detail on the ALE method. Since
this dissertation makes no specific use of this interior extension, it suffices for our
purposes that a suitable extension is assumed known and we assume that the velocity
V., as well as the position X is known for the entire domain.

A popular class of methods to deal with moving domains are the so-called
penalization methods. We explain the basic idea by considering the incompressible
Navier-Stokes equations in a domain containing an obstacle. Let D be an open
set containing the ‘obstacle’ ﬁ, that is, Q C D and the set D\@ is filled with
incompressible fluid. Whereas normally the fluid equations are posed strictly in the

fluid domain D\ﬁ, we instead add a singular term to the momentum equation and

13



pose the Navier-Stokes equations over the entire domain D as follows,

1
du+u-Vu+ VP = Au — -1gzu,
< (1.12)
div,u =0, in (0,7) x D.
The term —(1/¢)1gu added in the momentum equation is a penalty term, where ¢
is a small parameter tending to zero and lg denotes the characteristic function of
the domain €.
In the limit as € — 0, the penalization forces u = 0 in the obstacle domain Q

and u satisfies the standard Navier-Stokes in the true fluid domain D\fl Indeed,

formally expanding the velocity as
u=1ug+eu; + 0(82),

and plugging into the momentum equation in (1.12), we can match orders of ¢ to

deduce
O(1/e): Tguy =0,
(1.13)
O(l) . 8tu0 + ug - VUO + VP = Auo — ﬂﬁul
This implies the leading order term ug vanishes in §~2, satisfies the standard Navier-

Stokes equations in D\SN), and in addition the correction u; satisfies the Darcy law

in the obstacle domain
w+VP=0, in(0,T)x .

The penalty approach therefore exchanges information about a possibly complicated
domain setting for a global description on a ‘nicer’ domain. For numerical methods,
this has the benefit of being able to use finite-difference methods without need-
ing body-fitted non-Cartesian meshes. The penalization technique is used in [50]

14



in the context of nonlinear evolution equations on moving domains. Some other
presentations include [5], [6], [52] and [67].

Leray-Hopf weak solutions for the incompressible Navier-Stokes equations on
moving domains are first established by Sather [64]. There the function spaces
defined over moving domains are employed directly. A proof involving penalization
methods is found partly in [45], while a proof based on mapping back to cylindrical
domains is found in [7].

For compressible Navier-Stokes equations on moving domains, penalization
methods were used to prove the existence of weak solutions in [36] in the context of
no-slip boundaries, and in [39] for the case of slip boundaries. The NSS system (1.1)
over moving domains is analyzed in [25], as well as Chapter 3 of this dissertation.
In the context of cancer dynamics models, global weak solutions are proven to exist
in [70] for the context of symmetrical tumors with free boundary. With boundary
behavior given, the weak solutions have been analyzed via the penalty method in

various contexts in [27], [28], [29].

1.4 Relative entropy and weak-strong uniqueness

Relative entropies are functionals that measure a sort of distance between two
solutions in a given function space. Relative entropies originate in the works of
Dafermos [22] and DiPerna [23], see also the review article [20]. These functionals
are often used to compare a weak solution with a (possibly hypothetical) strong

or classical solution. This is particularly relevant for the case of Navier-Stokes
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equations, in which typically only weak solutions are known to exist. The principle
of weak-strong uniqueness establishes that a weak and strong solution coincide,
provided they both exist and have the same initial data. This principle can be
deduced from the relative entropy inequality:.

A relative entropy and weak-strong result in the context of compressible Navier-
Stokes on fixed domains is established in [35], and over moving domains in [26]. For
similar results on the Navier-Stokes-Smoluchowski system, see [9]. Relative entropies

in the context of hydrodynamic limits can be found in [49], [56], [63], amongst others.

1.5 Outline of thesis

The contents of this dissertation are outlined as follows.

1. In Chapter 2, the existence of weak solutions to the NSS system is proved in
the context of fixed spatial domains. The proof relies on a three-level approx-
imation scheme involving Galerkin approximation, the addition of a vanishing
fluid viscosity and the addition of an artificial pressure. The results presented
are largely rooted in the Lions-Feireisl theory for viscous compressible fluids,
and adapted for the NSS system in [9], [21]. In this dissertation some alternate

results are presented regarding the functional setting for the particle density.

2. In Chapter 3, the existence of weak solutions to the NSS system is proved in
the context of moving spatial domains. This is the content of the candidate’s
work in [25]. The proof utilizes a Brinkman-type penalization and penalization

of the viscosity, both penalizing the momentum equation through the addition

16



of singular terms. As a corollary, convergence of the Brinkman penalization is

proved.

. In Chapter 4, the weak-strong uniqueness property of the NSS system is proved
on moving domains. In the context of compressible Navier-Stokes equations,
this is the content of the candidate’s work in [26]. The proof involves estab-
lishing an appropriate relative entropy, and working in a functional framework

whereby functions are extended by zero outside the moving domain.
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Chapter 2: Global existence: fixed domains

In this chapter we prove the existence of global-in-time weak solutions of the
compressible Navier-Stokes-Smoluchowski system (1.1) where the domain € is as-
sumed to be fixed.

We assume the spatial domain @ C R3 is bounded, with boundary of class
C*", with 0 < v < 1, and the time interval is fixed at [0,7] for some T' > 0.

Boundary conditions are prescribed such that

u(t,z) =0 for (¢t,z) € [0,7] x 09, (2.1)

and

(Van+nV,®) -n=0 for (t,z) € [0,T] x 0L, (2.2)

where n is the outward unit normal to the boundary. These are respectively the no-
slip and no-flux conditions for the fluid velocity and particle density. In particular
the boundary conditions are conservative in the sense that they preserve the total

fluid and particle mass.
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Initial data (po, 10, mg) are prescribed such that

po € L7(2), po>0a.e. in
no € LY(Q), 1 >0 a.e. in Q (2.3)

1. 3 mo|® 1
mOGL(Q,R), p—EL(Q)
0

The initial data should satisfy the compatibility condition

_ 1|mf

may =
02p0

=0 fora.a. xe{p =0}

The function

Pip)= [ M

52
sometimes called the elastic pressure potential, will be used frequently in the sequel.
Often P(p) is taken to be ﬁp”‘l. In particular the quantity [, pP(p) represents

the total potential energy of the fluid in €.

2.1 Weak formulation and main result

In this section we state the definition of weak solutions of the Navier-Stokes-

Smoluchowski system (1.1), and state the main result of this chapter.

Definition 1. We say that (p,u,n) comprise a weak solution of the Navier-Stokes-
Smoluchowski system (1.1), along with the boundary conditions (2.1) and (2.2), and

the initial data (2.3) provided

e The density p = p(t,z) and velocity u = u(t, x) represent a weak renormalized

solution of equation (1.1a) over (0,T) x Q, that is, for any test function ¢ €
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D([0,T) x Q) and any b such that

be L*NC[0,00), B(p) = B(l)p—i—p/p @dz,

the following integral identity holds:

/OT/Q (B(/))ﬁtw + B(p)u- Vo — b(ﬂ)divxwp) dzdt = — / B(po)¢(0,-) da.

(2.4)

The density, velocity, and momentum are required to have the following requ-

larity
p € L>0,T;L7(Q), p>0ae.in (0,T)xQ,

u e L*(0,T; Wy * (4 RY)),
pu € L=((0,T); L2~V (Q;R?)).
e The particle density n = n(t,z) and the velocity u = u(t, x) represents a weak

solution of equation (1.1c). In particular, for all ¢ € D([0,T) x )

T
/ / nop +nu- Ve —nV,® - Voo — Vo - Vepdadt = —/ no(0, -) d.
o Ja Q
(2.5)

The particle density is required to have the following regularity
n € L*(0,T; WHHQ)) N LY0, T; WH/2(Q)),
n >0 a.e.in (0,7) x Q.

e The momentum equation holds in distributional sense. In particular, for all

0 € D([0,T); D(Q;R?)), the following integral identity holds
T
/ / <pu cOp+pu@u: Voo + (plp) + n)divmap> dxdt
0o Ja

T
:/ /S:vm¢+(n+ﬁp)vx¢-s@dxdt—/(pu)o-so(O,-)dfv-
0 Q Q
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e Defining the total energy of the system by

B un(t) = |

1
(511\11\2 + pP(p) +nlogn + n‘b) da(t),
Q

the energy inequality
t
E(p,un)(t) + / / S: Vou+ 2V, /1 + V. ®|* dzds
0 Jo

< E(p,u,n)(0) — 5/0 /Q pu -V, o dzds.

holds for a.a. t € [0,T].
The main result of this chapter is the following.

Theorem 1. Let Q C R3 be a bounded domain, with boundary of class C*, 0 < v <
1. Suppose the pressure is given by (1.2), and the stress tensor given by (1.3). Then
the system (1.1), along with the boundary conditions (2.1) and (2.2), and initial
data (2.3), has at least one weak solution (p,u,n) over (0,T) x Q in the sense of

Definition 1.

2.2 Approximation scheme

In this section the scheme used to construct the weak solutions to the NSS
system is presented.

A three-level approximation scheme is employed to construct weak solutions of
the NSS system. Let n,e,0 > 0 and let a > 1. Rather than use the cumbersome no-
tation (pnes, Unes, Mnes), the subscript will denote the level of approximation. The
Galerkin (first) level is denoted (p,,u,,n,), the vanishing viscosity (second) level
is denoted (p., u.,n.), and the artificial pressure (third) level is denoted (ps, us, 1s)-
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In other words, during the construction, the chain of convergences that we take are
as follows: p, — p. = ps = p, as n — 0o,e — 0, and § — 0 respectively (similarly
for u,n.)

The approximating system we use is

O + dive(ppuy,) = €Aspy (2.6a)
Oy + dive(na(u, — V. ®)) = Aun, (2.6b)
O(ppuy,) + dive(ppu, @ u,) + Ve (p(pn) + 00 + 6p5%) + eVouw,, Vap,

=div,S,, — (7, + Bpn) VP,  (2.6¢)

considered over (0,7) xQ, and where S,, denotes S(V,u,,). The boundary conditions

imposed are
Vepn =0, u,= (Ve +17,V.®)-n=0 on (0,7) x 00. (2.7)
Initial data {pos, mos,7M0s} is prescribed over €2, and modified such that
1. The density pys € C>¥ () satisfies
0<6 < pos(x) <6V pos — poin LV(), (2.8)

and

Hx € Q : pos(x) < po(x)} — 0asd— 0. (2.9)
2. The momenta my s are defined as

my if pos(x) > po(x),
my; = (2.10)

0 else.
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3. The particle density 19 s satisfies

0<6<ms<C, ms—noin L*(Q). (2.11)

In part, these hypotheses ensure that the initial energy

1 [my4[?

0
E(0) = E5(0) ;:/ 2—+,00,5P(Po,5)+—1pg,5+770,5 log 1,5+10,s® dz (2.12)
Q £0,s o —

is finite.

The approximating system is motivated as follows. The fluid density equation
(2.6a) contains the additional Laplacian term £A,p, known as vanishing viscosity,
in order to increase the regularity of the density p and obtain strong compactness
of the density at the first level of the approximation. In order to keep the energy
estimate satisfied, the eV, uV,p term in the modified momentum equation (2.6¢)
is introduced to balance the vanishing viscosity term. Finally, the dp® term in the
momentum equation serves to increase the integrability of the pressure during the

first two levels of approximation. This is called the artificial pressure.

Proposition 1. Fiz any n and T. Then there exist functions {pn, W,, .} solving
the modified system (2.6) on the interval [0, T], along with boundary conditions (2.7)

and initial data (2.8)-(2.11) such that

Py T € C([Oa T]; CQW(Q))? atpm atnn € C([()? T]; CV<§))7

u, € C'([0,7T); X,),
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In addition, the following energy equality is satisfied

1 5
/ <§pn\un!2 + pnP(pn) + ——p + N logn, + WD) (t) dz
Q a—1

¢
+/ / Sn: Vel + 2V /T + /1a V. @[ dads
0 Jo

t /
+€/ / Vo pn | (Mwapf;?) dads (2.13)
Pn

1)
/ ~myg; uoan"i‘/)oaP(Po&)—F—1p05+770510g7705+7]06@dx

—B//pnun V. dxds,

for any t € [0,T].

The next two sections, 2.3 and 2.4, are dedicated to a proof of Proposition
1, concerning existence of the Galerkin approximate solutions over the time inerval
[0,7]. The results follow the general framework of the compressible Navier-Stokes
and Navier-Stokes-Fourier framework of [33], [37], and [58].

We first setup some preliminaries. Let X,, = span{ﬁj}?zl, for some integer
n, where m; € [D(Q)]* are linearly independent functions ranging in R3. Equipped
with the L?(€Q; R?) inner product, the space X, is a finite dimensional Hilbert space.

We rewrite the momentum equation (2.6¢) in integral form as
/pun() 7rdx—/m05 mdx
/ / pu, @u, —S,) : Vo + [p(p) +n + dp®divym dads (2.14)

- / / [gvmunvmp + (ﬁp + U)qu)] . 7TdZL’dS,
o Ja
for any 7 € X,,, and any ¢t € [0,7]. The goal is to seek a fixed point u, €

C([0,T]; X,,) of (A.1). In order to carry this out, we need information on the
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mappings assigning each u,, to the unique solutions p, 1, via equations (2.6a) and

(2.6b). The following two propositions address these maps.

Proposition 2. Let Q € R? be a bounded domain of class C*¥,0 < v < 1. Suppose
that pos € 02’”(5) is positive, and salisfies the condition Vypos-n = 0 on 0€Q.
Let u — p[u] assign to any u € C([0,T); C2(%;R?)) the unique solution p of the
modified fluid density equation (2.6a). Then this map takes bounded sets in the space

C([0,T); C3(Q;R?)), into bounded sets of the space

dp € C(0,T];C*(Q))
V.=
p € C([0,T]; C2¥(Q)),

and the map u € C([0, T]; C2(;R?)) = p[u] € C1([0,T] x Q) is continuous.
Proof. See Proposition 7.1 in [33]. O

Proposition 3. Let Q C R? be a bounded domain of class C*", 0 < v < 1. Assume

that nos € C?*(Q), and u € C([0,T); C3(Q;R?)). Let the compatibility condition

(Vanos(X) + mos(x)V,P(x)) -n(x) =0, x €

be satisifed. Then the problem (2.6b) has a unique classical solution n such that
n € V., where V s the space introduced in Proposition 2. The solution operator
u — n[u], assigning to any u € C([0,T]; C2(Q;R?)) the unique solution n of (2.6b),

takes bounded sets of C([0,T]; C2(S%;R?)) into bounded sets of V.

Proof. See Theorem 5.1.21 in [54]. O
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2.3 Local-in-time existence of approximate solutions

Define the linear operators M|[p| : X,, — X such that
(M[plv,w) := / pv - wdz.
Q

Let p > 0 be a positive constant, and let p > 5. Then M|p] is invertible and

1
infqp

IM ™ oIl <

Also, for any p', p> > p, the identity

implies the continuity result

M p'] = M7 Pl cixzixay < e, p)llp® = o' lx,. (2.15)

Since all norms are equivalent on X,,, the X,,-norm can be taken to be, for instance,
the L'(Q) or L*>°(£2) norm.

Now we can rewrite the integral form (A.1) as an implicit equation in X, for

un’
t
() = M) ([ Mapoholds) . (210)
0
where
my; € X, (mgs,7m) = / my; - mdx for any 7 € X,
Q
and

N: X, = X
(Nup, p,n], m) = / (pu, ®u, —S,) : Vo + [p(p) + 0+ 0p*|divym da
Q

— / [eV,u,Vep+ (Bp+ 1)V, ®P| - mde.
)
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Recall that p = p[u,] and n = nlu,] are uniquely determined by u,, through Propo-
sitions 2 and 3.

Now let B be the unit ball in C([0,T]; X,,),

B = {v € C([0,T); Xp) | sup [[v(t) —wosnllx, < 1} :
t€[0,T]

Since pg s > 0, the value ug s, is uniquely determined from my . It is easy to check
that B is closed, bounded, and convex.

We now rewrite (2.16) as the fixed point problem u,, = 7T[u,], where the
mapping

T:8B— C(0,T]; X,),

is defined by the right-hand side of (2.16). To determine whether this fixed point

problem has a solution, we check the conditions of the Schauder fixed point theorem,

stated below (for a proof, see [57]):

Theorem 2. Let B be a closed, convex, bounded subset of a Banach space X, and

T : B— B a compact operator. Then T has a fized point.

Using (2.15), and Propositions 2 and 3, it is easy to check the following in-

equality holds:

sup [|T[u] — ugsnllx, <c sup (||p(t) = posllri) +1),
t€[0,7] t€[0,T

where ¢ = c(n, p, [[mg sl x:, [N |lz(x,;xz)). Then the continuity in time for p(t)
implies the right-hand side is made small provided T' = T'(n) is small. We conclude

T maps B into itself over a possibly short time interval.
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It remains to show that 7 is a compact operator. To this end, it suffices to
demonstrate the family {7u, },>1 is equicontinuous in C([0, T]; X,,), after which the
Arzelé-Ascoli theorem applies (Theorem 2.1 in [33]). Without loss of generality, let

s < t. A simple computation reveals that
[Twa(t) = Tua(s)llx, < e (M p(t)] = M p()]ll cixzix) + [t = sl) < clt =],

where we used the definition of 7, the inequality (2.15), and the time-continuity of
p(t). We can now apply the Schauder fixed point theorem to conclude the existence

of a fixed point u,, of u, = 7T[u,] on the time interval [0, T'(n)].

2.4 Global-in-time existence of approximate solutions

In this section, uniform bounds in time are derived that extend the local
solutions constructed in the previous section to the time interval [0, 7.
At this point, we can integrate (2.6a) and (2.6b) over € to deduce that masses

are conserved for all time, provided the solutions exist. In particular,

/ p(t)dz = / posdr  for any ¢t > 0, (2.17)
Q Q

and
/ n(t)de = / Mo,s dx for any ¢ > 0. (2.18)
Q Q

In addition, the following proposition provides bounds from below on the densities

which imply that (2.17) and (2.18) provide L>(0,T; L'(€)) estimates.

Proposition 4. Let p and n be solutions of problems (2.6a) and (2.6b). Assume
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p(t,x) 20, n(t,z) =0,
for any t > 0 and almost every x € 2.

Proof. The proof is similar for both cases. Here we prove it for the particle density
7. Let

0, n=0

G(n) =n" = max{—n,0} =
—n, n<0.

Note that G is convex, nonnegative, and G(n) = G'(n)n with weak derivative

0, n=0
G'(n) =

-1, n<0

Multiplying (2.6b) by G’ and integrating by parts yields

/ G'Omdx + G’/ div,(nu — nV,® — V,n) dz.
Q Q

The second term is equal to zero by the boundary conditions, while integrating the

first term in time gives

| Gttt pas = [ G,z o

Q
for any ¢ > 0, provided that n(0,-) > 0. Since G(n) > 0, this implies that G(n) is

identically zero, yielding the desired result n > 0. [

Since u,, satisfies the integral equation (A.1), u, is continuously differentiable
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in time. Then differentiating (A.1) and setting m = u,(t) yields

/Qat(pnun) -, dz(t)
= /Q (pru, @u, —S,) : Vou, + [p(pn) + 1m0 + 0p5]div,u, da(t) (2.19)
— /Q eV, Vopn + (Bpn + 1n) Vo ®] - 1, das(t).
The above identity holds for any t € (0,7(n)). Recall we set p, = p[u,] and
T = n[uy)].
The following lemma contains some preliminary computations.

Lemma 1. The following identities hold:

1. / O(ppuy) - w, — (pou, @ u,) @ Veu, de
Q

d
Tt

d "(pn
2. /p(pn)divxundx = ——/ pnP(pn) dx—e/ Plp >|Vmpn|2 dz,
Q dt Jo

Q Pn

pn|un|2dx+ /Azpn|un|2dx
2 Jq

1 d
3. / podivu, dr = — — P dr — Oz&/ pZ‘QIVzpnP dz,

4. /nndivxundx—/ N VP -u, dx
Q Q

d
=-3 nnlognndx——/ nn(I)d:r—/ 12V o/ T + /110 Va |2 da.

Proof. Since all quantities have the appropriate regularity, the proof consists of
repeated applications of integration by parts and using (2.6a), (2.6b). The second

identity requires the following preliminary equality,

p(pn)diveu, = dive(paP(pn)un) — 9(pnP(pn)) + €Bspy <P(Pn) + pfj”)) .
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Using Lemma 1 and integrating (2.19) in time we deduce the energy equality

1 5
/ (§pn|un|2 + pnP(pn) + ——pp + 1 logn, + WI)) (t) dz
Q o — 1

t
—I—/ / Sn : Vau, + 2Va/n, + \/n_nvxq)lz dzds
0o Ja

t /
ve [ [ (P2 ) asa o

1
/ —my; - u06n+005P(P05)+—Pog+770510g7705+7705¢d33

1
—B//pnun V,® dxds,

holds for any ¢ € [0,7'(n)]. The terms on the left-hand side of (2.20) are all non-
negative with the potential exception of n,logmn,. The following lemma provides

bounds on the negative contribution 7, log™ n,.

Lemma 2. Suppose Q is a bounded domain, and n € L (Q). Assume

/ n(x)logn(z)dr < Cy
Q

for some constant Cy. Then nlogn € L'(Q) and

/Q In(e)logn(x)| d < (Ch, ).

Proof. We define as usual f = max{f,0} and f~ = min{—f,0}. Note that

/Q n(x)log n(z)|dz = /Q n(x) log n(x) dx+2/Q n(z)log™ n(z) dz.
Therefore it suffices to bound the quantity fQ x)log™ n(x)dx. Let 77 := nly<y.

Since z — zlog z is convex for z > 0, an application of Jensen’s inequality yields

]{2 n(x)log7(x) do > (]{2 @) dw) o8 (]{2 7 dx) |

which proves the lemma after observing that 7logn = —nlog™ n, and using zlog z >
—1/e for z > 0. O
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Now, the first term on the right-hand side of (2.20) is bounded due to bound-
edness of the initial energy (2.12). Upon splitting p,u, = /pn\/Pr, and using
Cauchy’s inequality with e, the second term on the right-hand side of (2.20) is

bounded as follows:

1 1
/ Py - V& dr < —esssup |V, P(x)| (—/ po.s dz —i—s/ pn\unPdw> )
Q 2 xeq de Jq Q

Making ¢ small enough, the kinetic energy term can be absorbed into the left-hand
side of (2.20). This yields estimates independent of n and T'(n) < T.

Based on these observations and Lemma 2, the energy equality (2.20) implies
that w, is uniformly bounded in the space L2(0,T(n); Wy*(€; R?)) independent of
n. Since u,(t) € X, and all norms are equivalent on X,,, we get that u,, is uniformly

bounded in L'(0,T(n); WH>(Q; R?)). This implies

Q-

S pn(t,X) S Ca

for some constant ¢ independent of T'(n) < T (see Section 7.3.1 of [33] for de-
tails). Going back to the energy equality (2.20), this implies that u,(¢) is uniformly
bounded in L?*(2;R?), and so in X,,, for any t. We can now iterate the local-in-time

existence to the full interval [0, 7], concluding the proof of Proposition 1.

2.5 Faedo-Galerkin limit

In this section we take the limit n — oo. To carry out this feat, estimates
independent of the dimension n must first be established. The bounds obtained in
this section will therefore be uniform in n, but potentially depend on the parameters
¢ and 9.
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2.5.1 Uniform bounds

The energy equality (2.13) provides the following simple estimates
Voau, € L%(0,T; L2 (O R?)),
pn € L=(0,T; L7 N L)), (2:21)

u, € L*(0,T; Wy (Q; R?)),
where the last estimate follows from a Poincaré inequality. Using Lemma 2, we also

have that

N, € L(0,T; Llog L(2)). (2.22)

From (2.13), and the equality

2
Vart P =

a—2 2
V.Z’ n b
n 7 Pn |Vapn|

it is easy to see that V,p%/? is bounded in L*((0,T) x ). Along with available

estimates on p,, a Poincaré-type inequality (Proposition 2.2 in [37]) then yields
p? e L2(0,T; WH(Q)). (2.23)
The energy equality (2.13) also provides the estimate
2V /T + /n Ve ® € L*(0,T; L*(Q; R?)).
Since 1, € L>(0,T; L'(Q2)) and V,® is uniformly bounded, this implies
Va/n € L*(0,T; L*(S; R?)),

and so
Vi € L*(0, T; WH(Q)) < L*(0,T; L°(Q2))
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Using these estimates, the equality

vxnn = 2\/ nnvx\/ Tin,s
and Holder’s inequality, the particle density 7, satisfies

N € LH0, T; WH2(Q)) — LY0,T; L3(Q)),
(2.24)
M € L*(0,T; WHH(Q)) — L*(0,T; L¥*(Q)).
Although at this stage the regularized equation (2.6a) can be shown to be satisfied in
D'((0,T) x ) (indeed we can estimate 0;p, and apply the Aubin-Lions lemma), we
can show (p,,u,) is in fact a strong solution. This result is obtained via the LP — L4
theory of parabolic equations followed by a bootstrap argument. The following
computations for p,, follow Section 3.5.2 of [37].

To begin, we renormalize the equation (2.6a) with G(p,,) (meaning multiplying

by G'(p,) and integrating by parts), to find

at/ G(pn)dz + 6/ G (pn)|Vepnl* dz = / (G(pn) — G'(pn) prn)div,u, dz.
Q Q Q

Letting G(p,) = pn log p,, we see that

T 2
s/ / dedtg C
0 Q Pn

Therefore,
Vipn
v Pn

with the right hand side bounded in L?(0,T). In addition, the estimates (2.21) and

||w/pnun||L2(Q;R3), <225)
L2(Q;R3)

IV00m - tallorge < H

(2.23) yield
Vapn - u, € LY0,T; L¥2(Q)). (2.26)
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Interpolating the estimates (2.25) and (2.26), we get

Vo -, € L2(0,T: LQ)),  pe (1, g) ) e(L2).  (227)

Using the LP — L7 theory for parabolic equations (see Section 7.3.1 in [33]), the

estimate on p,div,u, provided by (2.21), and (2.27), the density p, satisfies
Oupny OnOs pn € LP(0,T; L)) fori,j=1,2,3, (2.28)

where p,q > 1.
Next, since (2.6b) is satisfied in D'((0,7") x Q) we get estimates on the time

derivative 0;n, of the form
dmy € LP(0,T; W—H1(Q)), (2.29)
for some p,q > 1. This follows from interpolating
m € L2(0,T; L**(Q)) N L>(0,T; L*(Q))

and

Vann € L0, T; LP2(92)) N L*(0, T; L'(2))

and using the embeddings of Lebesgue spaces into Sobolev duals (cf. [33], Theorem

2.8).

2.5.2 Convergent subsequences

We next extract the relevant converging sequences from the estimates previ-

ously derived. Subsequences (without relabeling) are taken when necessary.
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First, we make sense of the initial condition by showing that the density p, is

continuous in time with values in an appropriate function space. Consider the map

tis UQ pngpdx] () = L, (1), Vo€ Cx(Q).

By virtue of Proposition 1, we can multiply (2.6a) by a smooth function ¢ € C°(£2)

and integrate in space and time to find that for all ¢,¢ € [0, T],

[/Q P ”Spd’”} () - [ /Q P dl’] (t) = /t t/ /Q [eApn — diva(paun)]p dads.  (2.30)

Since the integrand of the right hand side of (2.30) is integrable, this equation

yields the equicontinuity of the family £, (t). This equicontinuity, along with p, €

L>(0,T5 L*(R2)), and the fact that C2°(Q2) is dense in L*(2), implies (by Corollary

2.1 in [33]) that

pn € C([0,TT; Lyear(€)),

and therefore there exists p. such that

Pn = pe In C([O,T];LO‘ (Q))

weak

By Lemma 6.4 in [58], we conclude that

3
pn — pe in LP(0, T; W~ 14(Q)), 1<p< oo, 3 < q < 00,

provided 6/5 < a < co. The strong convergence (2.33), along with
u, = ue i L0, T3 Wo*(2),

yields
PnUn -7 Pele in LOO(O, T7 LZ'V/('H‘U (Q’ R?)))
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The time continuity of the momentum p,u, is treated in a similar way. Define the

map
t— {/ Pl - godx] (t) = Lppun(t), Vo € C°(92).
Q

Multiplying the momentum equation (2.6b) by a function ¢ € [C2°(Q)]* and inte-

grating over space and time we find

Uﬂ pnun-wdw} (") - UQ pnun-s@dm} (t)

- /t /Q [—div, (ptty ® W,) = Vo (p(pn) +mn +0p5)  (2:30)

—eVou,Vep, + div, S, — (0, + Bpn) V@] - pdxds
Using available estimates, the integrand on the right hand side is integrable, and so

this equation yields the equicontinuity of £, ., (t). We deduce that
putty, — pu. in C([0,T]; L0V (0 R)). (2.37)
Invoking the compact embedding of L?/0+1(Q) into W~12(Q) we deduce that

Pplly, U, — pu. @u,  in L0, T; LS/®H3)(Q; R3)). (2.38)

Finally we show strong convergence of the density gradient. First, p, and p., being

strong solutions of (2.6a), satisfy the energy equalities

t t
ou () 22y +2 / Va2 s = — / / div 1,02 dads + [ ol By, (2.39)
0 0 Q

and

t t
oo (D)2 + 2 / 1V 022y ds = — / / div,ueg? dads + (|| (2.40)
0 0 Q
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for any t € [0,7]. Next, we demonstrate strong compactness of the sequence

{pn}n>1. Note that
pn € L*(0,T; WH2(2)) N L0, T; L*(€2)),
and from equation (2.6a) it is easy to see that
Oipn € L*(0,T; W12(Q)).

Provided 1 < a < 6, the compact embedding W'%(Q2) cC L%() holds, while
LY(Q) — W12(Q) provided o > 6/5. A version of Aubin-Lions lemma (Theorem

1.71 in [58]) then implies that

Pn — pe in LP(0,T5;L%()), 1<p<oo. (2.41)
In particular, we can take a > 4 to conclude p,, converges strongly in L*((0,T) x ).
This implies that p2 — p? strongly in L*((0,7) x Q) and || p,.(¢) || 22¢) = [|p=(t) || r2(0)-
These observations, along with the equalities (2.39) and (2.40) imply that

V2o ()|l L2005 = [[Vape ()] 2(0,m)x0)-
Since V,.p, also converges weakly, we deduce that

Vepn — Vape in L*((0,T) x Q). (2.42)

We can then pass the limit into the momentum correction term, namely,

Vou,Vep, — Vou.Vep. in [D'((0,T) x Q)]°. (2.43)

The strong convergence in (2.41) allows us to conclude the pressure terms converge,
that is,
P+ o = pl +p2 in LY((0,T) x Q). (2.44)
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The estimates (2.24) and (2.29), along with the chain of embeddings
WhHQ) s L5/5(Q) — W1(Q),
for some ¢ > 1, allows us conclude via Aubin-Lions lemma that
Nn — M= in L2(0,T; L5/5(Q)) (2.45)

The time continuity of n, follows from the control on 9;n, in L?(0,T; W~14(Q))
provided by (2.29), for some p,q > 1. In particular, along with the integrability of

N € L>2(0,T; LY(Q)) we deduce that
M € WHP(0,T; WH9(Q)) — C([0, T]; W—1(9))

for some p,q > 1 (see for instance Theorem 2 in [31]). This allows us in particular
to make sense of the initial condition for the particle density.

The previous discussion is summarized in the following proposition.

Proposition 5. Let Q C R? be a bounded domain of class C**,v > 0. Lete,6 > 0
be fized. Assume U,>1.X, is dense in the space WOI’Q(Q;]R‘%) Then problem (2.6a)-

(2.6¢) admits a solution (p-,u.,n.) in the following sense:
1. The density p. > 0 has the reqularity
pe € L(0, T; W (Q)), 0p- € L"((0,T) x Q)  for some r > 1,

the velocity u. belongs to L*(0,T; Wol’z(Q; R3)), and the particle density n. > 0

belongs to the following spaces
ne € L*(0, T;WHH(Q)) N LY0, T; WH2(Q)),  9m. € LP(0,T; W—19(Q)),

for some p,q > 1.
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2. Equation (2.6a) holds a.a. on (0,T) xS, and the boundary conditions (2.7) are
satisfied in the sense of traces. Equation (2.6b) is satisfied in D'((0,T") x Q).

Moreover,
pe € C([0,T]; Lieun(Q), ne € C((0, T); W™19(Q))

for some q > 1 and the initial conditions p:(0,-) = pos and n:(0,-) = nos are

satisfied. In addition, the total masses are conserved,

/pg(t,-)dx:/ po.s de, /17&( )dx—/ no,s A, (2.46)
Q Q Q

for all t € [0,T].

3. All quantities appearing in equation (2.6¢) are locally integrable, and the equa-

tion is satisfied in D'((0,T) x Q). In addition,

peu. € C([0,T); L2 (0, R?)),

weak
and p.u. satisfies the initial condition (p-u.)(0) = mg ;.

4. The energy inequality

1 )
/ (§P€|ue|2 + pP(pe) + ——pe +n:logn. + %‘I’) (t)dx
Q o — 1
t
+/ / Se : Vaue + 2V /1 + \/ﬂvx@zdxds

1)
/ —myg s - 1105+005P(P05)+—,005+770610g7705+7705¢d90

1
—5//95115 V.,® dxds,

holds for a.a. t € [0, T).

(2.47)
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Proof. Tt only remains to check the validity of the energy inequality (2.47). First,

it is clear from the weak continuity of the momentum that

t t
lim / / pny, - V,®drds = / / peu. - VO drds.
n—=o0 Jo Jao 0o Ja

The other terms are treated by the weak lower-semicontinuity of convex functions
on L'((0,T) x Q), see [33] Theorem 2.11 and Corollary 2.2. In particular, the
functions z — 22, 2z > 2%, and z — zlog z are convex. Along with the convergences

established in this section, we conclude that
1 2 6 (e
Pl + peP(pe) + ——=pC + 1 log e + 1@ | (t) do
Q a—1

t
+/ / S: 1 Voo + |2V /1 + 1V @) dzds
0o Ja

< lim inf
n—oo

1

1 )
/ (§pn!un\2 + pnP(pn) + a—pi + 1 log n, + nn<1>) (t)dx
; =

t
+/ / Syt Vatly + [2Vur /T + VInV. B[ dads
0 Q

2.6 Vanishing viscosity limit

The next step is to let the parameter € vanish and demonstrate that the
solution (pe, 7., u.), constructed in the previous section, converges to (ps, s, Us).
At this stage, we lose control of p. in a positive Sobolev space. Because of this,
demonstrating strong compactness of p. is key in order to pass to the limit in the
nonlinear terms.

First, the energy inequality (2.47) provides bounds for the pressure p(p.)+dp®
in L1((0,T) x ). This is estimate is not strong enough to prevent concentration
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phenomena from occurring in the pressure terms. The following lemma provides the

necessary pressure estimates.

Lemma 3. There exists a nonnegative constant c, independent of €, such that
T
/ / P2t dadt < c.
0o Ja
Proof. The proof is given in Appendix A. n

Lemma 3 implies that p& € L'*/%((0,T) x Q), and in particular guarantees

that there exists a weak limit' p of p(p.) + dp2, i.e.
p(p:) +0p —=p in LP((0,T) xQ), p>1. (2.48)

Next, from the estimates provided by the energy inequality (2.47) we deduce that

pe =" ps in L>(0,T; LY(S2)), (2.49)
u. — uy in L30,T; Wy (Q; R?)), (2.50)
ne —ns in L2(0,T; WH(Q)) N L0, T; WH3/2(Q)). (2.51)

In the same way as in the previous section, it follows that
n. —ns in L(0,T; L°(Q)). (2.52)
Then (2.50) and (2.52) imply that
n-u. — nsus in L*((0,T) x ). (2.53)
By interpolation and using (2.51), we also deduce that

Ve = Von. in LP(0,T; LY(Q; R?)),

L An overbar will denote a weak limit unless otherwise stated.
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for some p, g > 1. Next, in a similar way as in the previous section, the equicontinuity

of the map £,_(t) (defined in Section 2.5.2) and boundedness of p. in L>(0,T; L*(2))

imply

pe = ps I C([0,T]; Ly ar (2))- (2.54)

Provided o > 6/5, this implies
pe — ps in LP(0, T; W H4(Q)), 1<p<oo, 3/2<q< . (2.55)

In a similar way, equicontinuity of the map £, ,_(¢), and boundedness of p.u. in

L>(0,T; L2/ (e+D(Q; R?)) imply
pau — psus in C(0,T]; L™ (4 RY)). (2.56)
Since L2/t (Q) cc W~12(Q) provided a > 3/2, (2.56) implies that
peu. — psus in LP(0, T; W2 (Q; R?)), 1 < p < o0, (2.57)
Along with (2.50), the last observation implies

P @ u. — psus @ug  in L2(0, T L8/ Ue+d) (. R3*3)). (2.58)

Next we show convergence of the V,p. term. By virtue of Proposition 5, equation
(2.6a) is satisfied almost everywhere. Hence, upon multiplying (2.6a) by p. and

integrating by parts we get

1 T
—/ pg(T,-)dx—F&?/ / |V ope|? dzdt
2 Ja 0 Jo

1 ) Lo,
=— [ pisdx—= p-div,u. dzdt
2/ " 2/ Jo
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Using (2.49) and (2.50), this implies \/eVp. is bounded in L*(0,T; L*(2;R3)) and
S0

eVaup. — 0 in L*(0,T; L*(Q; R?)).
Along with (2.50), we deduce that
eV,u.Vyp. =0 in L'((0,T) x Q). (2.60)

As a result of the convergences established in (2.48)-(2.60), and passing to the limit

in the weak formulations, it follows that

1. For all ¢ € D([0,T) x ),
T
/ / psOip + psus - Ve dodt = —/ pos(0, ) da. (2.61)
0o Ja Q
2. For all p € D([0,T) x Q),

T
/ / NsOrp + nsts - Vi — nsVe® - Ve — Vons - Vepdadt = —/ n0.s(0, -) da.
0o Jao Q

(2.62)
3. For all p € D([0,T); D(; R3)),

T
/ / (p5U5 oo+ psus @us : Ve + (P+ ng)divmg;) dzdt
o Ja

T
_ / / S(Vaus) : Vag + (m5 + Bps)Va® - o dadt — / (PW)os - (0, ) dz.
PR ? (2.63)

It remains to show that p = p(ps) + dp$. This will be carried out in the next section

where we show strong convergence of the density p..
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2.6.1 Strong convergence of the density

There are two key results needed to obtain the strong convergence of the
density: 1) establishing the weak continuity of the effective viscous pressure, and 2)
renormalizing the continuity equation both at the level of the approximate solution
and the limiting solution. The former is originally due to Lions [51] and asserts that

the effective viscous pressure, defined as
P.rr=p— (2p+ N)div,u,

satisfies a weak continuity property in the sense that its product with another weakly
converging sequence converges to the product of the weak limits. The latter result
allows us to deduce that if p satisfies the continuity equation, then so does a suitable
nonlinear composition B(p), up to minor modification of the equation. This so-called
renormalization property is originally due to DiPerna and Lions in the context of
linear transport PDE [24].

The theory of the strong convergence of the fluid density is well-established
(cf. [51], [37]). There are some additional terms to consider when the Smoluchowki
equation is included, in particular in proving the weak continuity of the effective
viscous pressure. These computations can be found in [9]. For the details on the

following lemmas we refer the reader to [51], [37], and [9)].

Lemma 4. Let o > max{4,7v}. For any ¢ € D(0,T) and ( € D(R), it holds that

e—0

T
iy [ [ ¢ 0p2) + 62 — (o 2u)divi) e dade
0 Q

T
= [ [ w6 = 0 2div, ) o
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Lemma 5. The pair (ps, us) is a renormalized solution of equation (1.1a) on (0,T") x
R3 after extending by zero outside Q. In particular, for any B € C[0,00)NCY(0, c0),
b(z) = B'(2)z — B(z) such that b € C[0,00) N L>[0,00), and B(0) = b(0) = 0, the
equation

0 B(ps) + div(B(ps)us) + b(ps)diveus = 0

holds in D'((0,T) x R?).

Since the pair (pe, u.) satisfies equation (2.6a) a.a. on (0,7") x Q2 by Proposition
5, we can easily renormalize to find that for any twice-differentiable B,
0 B(p:) + div,(B(p:)ue) + b(p-)div,ue

(2.64)
= ediv,(1oV,.B(p.)) — elqB" (p.)|Vaupe|?> in D'((0,T) x R?).

The goal now is to use the renormalized equations for p. and ps with the

renormalization B(z) = zlog z and argue that
pslog ps = pslog ps a.a. on (0,7T) x €. (2.65)

This equivalence would imply, by virtue of Theorem 2.11 [33], that p, — p almost
everywhere and therefore strongly in L'((0,7) x Q). The Dominated Convergence
Theorem, along with the integrability estimates on the pressure, then allows us to
conclude that the weak limit p in (2.63) is in fact equal to p(ps) + dp§. We next
explain the details of this approach based on Lemma 4.

First, let B(z) = zlogz and choose test functions ¢(t,x) = 1,(t)(,(x) in
Lemma 5 such that ¢ € D(0,T) and ¢ € D(R?) are nonnegative. Letting ¢, — Lo

and ¢, — 1g it follows that for any ¢ € (0,7T),

t
//pgdivxug dxds:/ 0.5 10g po s dx—/[p(;logp(;](t,-) dx. (2.66)
0o Ja ) Q
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Next, choosing B(z) = zlog z in (2.64), along with (¢, z) as used in deriving (2.66)

and letting ¢ — 0, it follows that for any Lebesgue point ¢,

t
//pgdivxugdxdsgf poy(;logpoygdl'—/ pslog ps(t,-) dx. (2.67)
0o Ja Q Q

Here we used that zlog z is convex. Now combining (2.66) with (2.67), the following

inequality holds

t
/ (,05 log ps — ps log p5) (t)dx < / / psdiv,us — psdiv,us deds, (2.68)
Q 0 Ja

for a.a. t € (0,7). Note the left-hand side of this inequality is nonnegative due
to convexity of the map z — zlogz. Provided the right-hand side of (2.68) is
nonpositive, the equality (2.65) is established and therefore also strong convergence
of the density. But this follows directly from the continuity of the effective viscous

pressure via Lemma 4. Indeed, rearranging Lemma 4 we have that for any O CC

(0,7T) x £,

/ psdiv,us — psdiv,us dzdt
¢ (2.69)

> . a+l) a
=T 5, lim inf /O (p(pe)p= +dp2™H) (p(pa) +5p5> ps dadt.

By appealing to the weak lower semi-continuity of convex functions and using that
z +— 2P is increasing for p > 0, a monotonicity argument implies that the right-hand

side of (2.69) is nonnegative. In particular,

/ 0p3ps + aplps < lim inf/ §pet 4+ ap) ™ dadt.
o e—0 o

We conclude that the right-hand side of (2.68) is nonpositive and the strong con-
vergence of the density at the e-level approximation has been proved.
The results of this section are summarized in the following proposition.
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Proposition 6. Let Q C R?® be a bounded domain of class C**, v € (0,1). Let
a > max{b,7} and 6 > 0 be given. Then there exists a solution (ps,ns,us) such

that

1. The density ps > 0 belongs to L*T(O) such that O cC ((0,T) x Q). In
addition,

ps € C([0,T]; Lyyear(2)).

weak
The velocity us belongs to L*(0, T W(}’Q(Q; R3)) and the particle density ns > 0

satisfies
ns € L*(0, T; WHH(Q) N LY, T; WH2(Q)),  9ms € LP(0,T; W4(9)),
for some p,q > 1. In addition,

psus € C([0,T); L2/ R?)) and 15 € C([0, T); W19(Q)),

weak

for some q > 1.

2. The initial conditions ps(0,-) = pos, n5(0,-) = nos, and (psus)(0,-) = mg s are
satisfied. Upon extending by zero, the pair (ps,us) represents a renormalized

solution of (1.1a) on (0,T) x R3 in the sense that

0:B(ps) + diva(B(ps)us) + b(ps)diveus =0, in D'((0,7) x R?),
for any B € C[0,00) N C(0,00), b € C[0,00) N L>®[0,0), such that B(0) =
b(0) =0 and b(z) = B'(z)z — B(z).

The pair (ns,us) satisfies equation in D'((0,T) x Q) and the triple (ps, ns, us)
satisfies (1.1c) in D'((0,T) x Q) where p(ps) is taken to be ap) + dp.
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3. The energy inequality holds for almost every t € [0,T],

1 1)
/ <§P5\U6\2 + psP(ps) + ps + nslogns + 775‘?) (t)dw
Q o — 1
t
+/ / S5 Vatts + [2Va /T + TV d[? drds

1)
/ —myg; - 1105+P05P(,005)+—,005+770510g7705+7705<1’d27

1
—B//p5u5 V,® dxds,

(2.70)

2.7 Artificial pressure limit

Having taken the artificial diffusion limit € — 0 in the previous section, it
remains to let 6 — 0 in the artificial pressure and obtain a weak solution to the
full system (1.1a) in the sense of Definition 1, thereby proving Theorem 1. The
approach is similar to that of the last section. The largest difference is that we lose
integrability of the fluid density due to loss of the artificial pressure term.

At this stage, the assumption that the pressure satisfies p(p) = ap” with
v > 9/5 ensures that the density would be square-integrable (a consequence of the
pressure estimates), and we can conclude in much the same way as before. This
constitutes the original approach of Lions. Our assumption that the pressure is
given instead with v > 3/2 requires additional tools, in particular the so-called
oscillations defect measure introduced by Feireisl.

To begin, the energy inequality in Proposition 6 provide various estimates
independent of 6. This is a consequence of the choice of initial data (2.8)-(2.11). Note

that the assumption (2.8) implies that the initial data corresponding to the artificial
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pressure in (2.70) vanishes as 6 — 0. In addition, the initial data (pg s, 105, Mo s)
converges to (pg,no,mp). The other term on the right-hand side of the energy
inequality is independent of ¢ after invoking Holder’s inequality. As a consequence
the energy inequality (2.70) provides estimates uniformly in § > 0.

As in the previous sections, Proposition 6 allows us to secure subsequences

such that
ps = p 0 C([0, T Ly, (€2)), (2.71a)
us — u in L*(0,T; W, *(Q; R?)), (2.71b)
ns —n in L*(0,T; L5%(Q)) (2.71c)
V.ns — V,n in LP((0,7) x Q), for somep > 1. (2.71d)

The convective nonlinear terms are handled as in previous sections and we can easily

conclude that

psus —* pu in L>(0,T; L2/0TD(Q; R?)), (2.72a)
psus — pu in C([0,T); L>/0+HD(Q; R?)), (2.72b)
nsus — nu in L'((0,T) x Q), (2.72¢)
psus @ us — pu®@u  in L2(0,T; L/ +3(Q, R3>*3)), (2.72d)

Next, in a similar way as Lemma 3, we get pressure estimates of the form

1 2
/ Pt 4+ 6pi T dadt < ¢, 0<w < min {5’ 37~ 1} , (2.73)
K
for some constant ¢ independent of 6, where K CC ((0,7") x 2). Note that in order
to get estimates uniformly in §, we must restrict the integrability gains more than

that of Lemma 3. For details see [33], and also the remark in Appendix A.
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The pressure estimates (2.73) along with a Holder inequality ensures that
§py — 0 in L'((0,T) x ), (2.74)

and therefore the corresponding term in the weak formulation of the momentum
equation vanishes as 6 — 0. The final step is to again prove the strong convergence
of the density ps in L'((0,T) x ) and invoke the pressure estimates to pass to the
limit in the pressure term ap) when v > 3/2.

Recall that in the previous section, the key in renormalizing the equation of
continuity was using the integrability gain from the artificial pressure to ensure
that p. was bounded in L?*(0,T; L*(2)). Having lost this integrability through the
passage § — 0 and since we require that v > 3/2, we proceed by first defining the
oscillations defect measure, a tool introduced by Feireisl. The oscillations defect

measure is defined as

osc,[ps — p](O) 1= sup (lim sup/o |Tk(ps) — Ti(p) P d:cdt) :

k>1 n—oo

A bound on the oscillations defect measure will replace the requirement that ps needs

to be bounded in L?*(0,T; L*(£2)). The functions T}, are cutoff functions defined by

where T is such that for nonnegative arguments, T'(z) = z for z € [0,1], T'(z) = 2
for z > 3, and a smooth concave extension is used over the interval [0, 2].

At this level of the approximation, the weak continuity of the effective viscous
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pressure reads

lim / / ¢ (p(ps) — (A + 2u)divyus) To(py) dadt

6—0

‘ (2.75)
_ /0 /Q 9¢ (p(9) — (O + 2p)divn) Tidp) dadr,

where ¢ € D(0,T) and ¢ € D(Q2). Again, this is a highly nontrivial observation and
we refer to [33] and [9] for further details.
The validity of the weak continuity of the effective viscous pressure in fact

implies that the oscillations defect measure is bounded:
osc,1[ps = )(0) < e(|0)). (2.76)

For details see Proposition 6.2 of [33]. In turn, the boundedness of the oscillations
defect measure implies that (p,u) is a renormalized solution of the equation of
continuity. This is the contents of Proposition 6.3 in [33]. Given that the limiting
functions (p,u) are renormalized, we can proceed in almost the exact same way as

in Section 2.6.1 to conclude that
ps — p strongly in L'((0,T) x Q).

Therefore we can pass to the limit in the pressure term in the weak formulation of

the momentum equation. Theorem 1 has been proved.
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Chapter 3: Global existence: moving domains

In Chapter 2, the existence of weak solutions to the NSS system on fixed
domains was proved using the Lions-Feireisl theory of compressible Navier-Stokes
equations. In this chapter, the NSS system is posed on a moving domain and the
existence of weak solutions is established by the penalization technique introduced
in Section 1.3. The main components of this method are the introduction of a sin-
gular term in the momentum equation (the so-called Brinkman penalization), and
penalizing the viscosity. From a modeling perspective these terms model the solid
portions of domain as porous media, with permeability approaching zero. Effec-
tively, the problem is reformulated over a fixed domain such that the fluid is allowed
to ‘flow’ through solid obstacles. Penalization of the viscosity is used to get rid of
extra shear terms that appear in the solid portion of the domain. A key ingredient
is getting rid of the terms supported on the ‘solid’ part of the domain. This part
of the analysis will make use of the level set method (cf. [60]). As a straightforward
corollary, convergence of the Brinkman penalization is established. As a remark,
the original work of Brinkman involves a Laplacian regularization of the Darcy law,

rather than a singular penalization as here. See [15] for details.
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3.1 Moving domains

We continue the discussion of Section 1.3 and describe the mathematical frame-
work of moving domains in more detail. Let Qy cC D C R? denote a domain
contained in the fixed domain D, sometimes called the universal domain. At a later
time t > 0, the initial domain €y has moved to the new position ;. The family
{Q;}L, then forms a one-parameter transformation of the domain €. We assume
that each image is compactly contained within D. The boundary 0f2; is denoted by
Iy.

When viewed as a subset of [0,7] x D, moving spatial domains form non-
cylindrical space-time domains. In this context, we define the ‘fluid’ space-time
domain @/ by

Q= |J ({t}x).

te(0,T)

The set

Q° = ((0,T) x D\,
in many contexts is often called the ‘solid” domain. The evolution of the domain
is characterized by a prescribed velocity field V(¢,x) defined over (0,7) x D. Note

in applications typically only boundary behavior is known (cf. Section 1.3). The

velocity field allows us to define the position X(¢,x) as the solution to

iX(t,x) =V(t,X(t,x)), t >0,
dt (3.1)

X(0,x) = x, x € (.
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The domains therefore evolve according to

Qt - X(t, Qo)

We also recall the definition of the ALE map T}, defined such that

Ti(x) = X(t,x), for all x € Q. (3.2)

Furthermore, the velocity V is assumed to have the following regularity,

V € C*7([0,T] x D;R?).

3.1.1 Function spaces

With an evolving spatial domain, the function spaces in which solutions are

looked for need to be modified accordingly. Consider for example the heat equation

u—Au=0 in (0,7) x Q,

supplemented with Dirichlet boundary data. Weak solutions are typically sought in

the Bochner spaces

ue L*(0,T;Hy(Q),  w € L*0,T; H(Q)).

The functions u : (0,7) — HJ () therefore are valued in the fixed space H}(().
Naively replacing Q with €, we would obtain u : (0,7) — H} (), which isn’t
exactly correct since the interval (0,7") should get mapped to the full range of
spaces, for instance |J({t} x H3(€;)). We therefore can not directly use the standard

Bochner spaces when dealing with moving domains.
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The way out of this situation is simple: embed functions into the ‘global’ space
and extend by zero outside the moving domains €2,.
Let p € [1,00],¢ € [1,00] be given exponents, with dual exponents p', ¢,
respectively. We define
LP9(Q7) = LP(0,T; LY(SY))

= {u € LP(0,T; LY(D))

u(t,-) =0 over D\Q, for a.e. t € (O,T)} ,

with the norm

. :
( / !\U(t)lliq(mdt) itp<oo

esssup |[u(t)| ra,), if p = 0.
te(0,7)

||u||Lqu(Qf) =

If p = q, we write LP(Q/) = LPP(Q/).

Remark. The spaces LP(Q/) are Banach spaces and enjoy similar properties to the

standard Bochner spaces. See [55] for details.

Let [ € N, and let o be a multi-index. We define
W! Q7)) = LP(0, T; WhH(,)) = {u € LP1(Q7) ‘ 9°u € LP1(Q7), V]a| < z} :

with the norm

HUHW;q(Qf) = Z ”aaUHLm(Qf).

o<l

The definition of W%(Qf ) is similar, with the addition of a zero trace condition.
The space of functions continuous with respect to the weak-topology of L7(€;)

is defined by

C([0,T]; L. (Q)) := {u € C([0,T]; L ,.(D)) |u(t,-) =0 on D\, for all ¢t € (O,T)} :
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In order to define the space of test functions we need to make use of the map
T;, defined in (3.2). The homeomorphism T; is used to push the test functions

D([0,T] x Qo; RY) to the set (0,T) x Q. The space D([0, T] x Q; RY) is defined as

D([0, T]xQy; RY) = {u QT SR

u(t, ) = a(t, T, *(x)), @ € D([0,T] x QO;RN)} :

The spaces as defined here are introduced in various contexts in [50], [41], [55]
and [61]. A more general framework of evolving function spaces (rather than spaces

defined on evolving domains), can be found in [1], [2].

3.2 Weak formulation and main result

Let us recall the governing equations, introduced in Chapter 1. The fluid-

particle system is given by

Op + div,(pu) =0, (3.3a)
on + dive(n(u — V,P)) — A,n =0, (3.3b)
O (pu) + divi(pu ® u) + Va(p(p) + 1) = div,S — (n+ Bp) V. P. (3.3¢)

The system (3.3) is posed on the space-time domain Q. The no-slip boundary

conditions are imposed on the velocity,
u(t, ~)‘Ft = V(t, ‘)‘Ft’ for any t > 0, (3.4)
while the no-flux condition for particle density holds,
(Ven+nV,®)-v=0 on (0,T) x Ty, (3.5)

with v(t,z) denoting the outer normal vector to the boundary T';.
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Initial data are prescribed such that

po € L7(D), po>0a.e. in Q
no € L'(D), no >0 ae. in Q (3.6)

1(7). o3 mo|® 1
m()GL(D,R), p—€L<D),
0
and all initial data is assumed to vanish on D\.

Definition 2. We say that (p,u,n) comprise a weak solution of the NSS system
(3.3) over the noncylindrical domain Q', along with the boundary conditions (3.4)

and (3.5), and the initial data (3.6) provided

e The density p = p(t,x) and velocity u = u(t,x) represent a weak solution of
equation (3.3a) over Q7. In particular, for any test function o € D([0,T)x€2;),

the following integral identity holds:

T
/ / pOyp + pu - Vo dadt
0 T (3.7)

==ATMﬂOWTJdm—/ oo (0, d.

Qo
The density, velocity, and momentum are required to have the following requ-
larity
p€LX0,T;L()), p=>0ae in @,

u e L0, T; Wy * (2 RY)),

pu € L=((0,T); LY/0~D(Q,; R)).
e The particle density n = n(t,z) and the velocity u = u(t, x) represents a weak

solution of equation (3.3b). In particular, for all ¢ € D([0,T) x )

T
/ / noyp +nu- Ve —nV,® - Voo — Vo - Viepdedt
0 (3.8)

=[;wnmeM—/nwm»m.

Qo
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The particle density is required to have the following regularity
n e LX0,T; WHH Q) N L0, T WH2(qy)),
n>0ae. in Q.

e The momentum equation holds in distributional sense. In particular, for all

¢ € D([0,T) x Q; R?) such that ¢|r, = 0, the following integral identity holds
T
/ / (pu O+ pu@u: Voo + (p(p) + n)divx<,0> dxdt
0o Jo
T
:/ / S: Vg + (1 + Bp)Va® - pdudt (3.9)
0o Ja
[ ueade = [ pu- g0, ds
QT Q0

e Defining the total energy of the system by

E(pun)(t) = [

1
) (§p|vl|2 +pP(p) +nlogn + 77<I>) da(t),

the energy inequality
1 2
g Plul”+ P(p) +nlogn+n® ) (r,-) de
+/ / S: Veu+ 2V, + 1V, @ dedt
o Jou
1 2
< §P0|u0| + P(po) + mologno +no® | dx
Q,
+ / (pu-V)(1,-) — (pu)o- V(0,-) dx (3.10)
Q.
—i—/ / S:V,V—-—pu-0,V—-—pu®u:V,V
o Ja

+(n+Bp)Va® -V — (p(p) + 1) div,V dzdt

—ﬁ// oV, P - udxdt
0o Ja,

holds for a.a. t € [0,T].
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Remark. In anticipation of proving the weak-strong uniqueness in Chapter 4, the
weak formulations in Definition 2 include integral terms at the fixed time 7. By the
results of Chapter 2, we in fact have that p,n, and pu are continuous in time with

values in a negative Sobolev space. Therefore these integrals are well-defined.

We now state the main result of this chapter.
Theorem 3. Let Qy CC D C R3 be a bounded domain with boundary of class
C% 0 < v < 1. Assume that the pressure is given by
plp) =p" v >3/2
and the stress tensor is given by
S(V,u) = p(Veu+ (Vu)") + Adiv,ull
Let V be a given vector field belonging to C*¥([0,T] x D;R3), such that

V| =0.
oD

Suppose the initial data (po, mo,n0) satisfy (3.6), and all initial data vanishes on
D\Qy. Then there exists a weak solution (p,u,n) of problem (3.3) in the sense of

Definition 2.

The rest of Chapter 3 is devoted to the proof of Theorem 3. The proof follows

some of the main ideas of [36], and is based on the work of the candidate in [25].

3.3 Penalization scheme

The proof of Theorem 3 relies on a two-level approximation scheme. In the
first level, we penalize the momentum equation by addition of the singular term
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—(1/e)x(u—V) (Brinkman’s penalization), and in the second level we penalize the
viscosities 4 = p, and A = A,. Theorem 3 will be proven after taking the limits
e — 0, followed by w — 0.

Denote by y = x(t,x) the characteristic function of Q*, that is,

0, ifte(0,7),xey
x(t,x) =

1, otherwise.

The function y represents a distributional solution of the transport equation

X+ V- -Vyx=0

(3.11)
X(0,:) =1p — Lg,.
The system (3.3) is then replaced by the penalized problem
Op + div,(pu) =0, (3.12a)
o + divy(n(u — V,®)) — Ayn = 0. (3.12b)
A (pu) + dive(pu @ u) + Vi (p(p) + 1)
— div,Sy — (n+ Bp)Vad — §X<u _v) (3.12¢)

considered in the cylinder (0,7") x D. The penalized problem is supplemented with
boundary conditions

=V|,, =0 (3.13)

=0, (3.14)

with v denoting the outer normal vector to the boundary 9D, and initial conditions
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(Po,s, my., 7]0,5) such that

Po.e — Po in L7<D)7 p0|Qo > 0, p0|D\Qo =0,

my . — 1Ny m LI(D,R3), m0|D\QO = 0,
(3.15)
No,e = o in Lz(D)a 7]0|Qo > 0, n0|D\QO =0,

2
m
M dx < c.
D P0,e

In order to eliminate extra stresses that appear due to the moving domain, the
variable viscosity coefficients p = p,(¢t,x) and A = A, (¢,x) are defined such that

the modified viscosity vanishes in the solid domain Q)* as w — 0. In particular,
fy € CZ ([0, T] x R?), 0 < p < puy(t,x) < pin [0,T] x D,

p=const >0 in Q'
Hw =

fh, — 0 a.e. in ((0,7) x D)\Q/,
such that 4 — 0 as w — 0. The coefficient A = Ao (t, ) is penalized in exactly the

same way. The initial data is also assumed to satisfy the compatibility condition

(pw)ocl? _

u =
(p )0,8 Do

0, whenever py. = 0.
The weak formulation of the penalized problem reads as follows.

Definition 3 (Weak solutions of the penalized problem). We say that (p,u,n)
comprise a weak solution of the penalized NSS system (3.12), along with the boundary

conditions (3.13) and (3.14), and the initial data (3.15) provided

e The density p = p(t,z) and velocity u = u(t, x) represent a weak renormalized
solution of equation (1.1a) over (0,T) x D, that is, for any test function ¢ €
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D([0,T] x D) and any b such that
p
be L*NC[0,00), B(p) = B(l)p+p/ —=dz,
1

the following integral identity holds:

/T/ (B(p)at‘p + B(p)u-Vap - b(ﬂ)divxucp> dzdt
o (3.16)

= [ BT er e~ [ Blmopl0.)d.

D

The density, velocity, and momentum are required to have the following requ-

larity
p € L>0,T;L7(D)), p>0a.e.in (0,T)x D,

u e L*(0,T; Wy*(D; RY)),
pu € L=((0,T); L*/0=D(D; R?)).
e The particle density n = n(t,x) and the velocity u = u(t, x) represents a weak

solution of equation (1.1c). In particular, for all ¢ € D([0,T] x D)

T
/ / noye +nu- Voo —nV,® - Voo — Von - Vepdedt
0 JD (3.17)

=AMﬂw@JM—LmMWNw

The particle density is required to have the following regqularity

n € L*(0,T; WhY(D)) n LY(0, T; W3/2(D)),
n>0a.e. in (0,7) x D.

e The momentum equation holds in distributional sense. In particular, for all
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© € D([0,T]; D(D;R3)), the following integral identity holds

T
//<pu-8tg0+pu®u:ngo+(p(p)+77)divx<,0>dxdt
o Jp
T T
-V
://S:Vx90+(n+ﬁp>vxq>-gpdxdt+//M-gpdxdt
0o JD 0o JD €

+ [ Ty ey do = [ (- g0, do.

(3.18)
e Defining the total energy of the system by
1
E(p,u,n)(t) := / (5/)!11!2 + pP(p) +nlogn + 77<I>) da(t),
D
the energy inequality
t
E(p,umn)(t) +/ / S: Vou+ 2V + 0V ®|? dzds
0o JD
t
<Bpan©) - [ [ Yu-v) udes (3.19)
o Jp

—@//pvl@-udxdt.
o Jp

holds for a.a. t € [0,T].

For any fixed e, weak solutions in the sense of Definition 3 exist by the same
methods of Chapter 2. Estimates from the energy inequality (3.19) are uniform
after applying a Cauchy and Poincaré inequality to the extra term on the right
hand side of (3.19) and absorbing into the left hand side. Passing to the limit in the
momentum equation in Definition 3 causes no new difficulties as the penalty term

is linear in u.
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3.4 Uniform estimates

We eventually will take the limits ¢ — 0, and w — 0. We therefore denote a
solution at the e—level by (p., u.,7.), and at the w-level by (p,,, u,, 7,)-

To obtain estimates uniform in €, we first derive a modified energy inequality.
Choosing as a test function ¢ = ¢, (t)V, 9, € C[0,T), 1, = Lo in (3.18) and

adding to the inequality (3.19), we find that

1 a
/ <_pa|u8‘2 + P3+775 log775—|-77£CI)) (7—7') dx
p \2 v—1
+ // (1| Voue|* 4+ A |divoue | + |2V /1 + 1V ®[?) dadt

//X!lla V|? dadt

1 u a
S/( [(owo. [ + Q05+n0510g7705+7705®> dz
D \2 Ooe v—1

(3.20)
+ [ (paue V() = (e V0. do

—|—/ /SE:VQCV—paug-825V—ggu6®u6 V.V
o JD
— (ne+ Bp)Va® -V — (p(p:) + n.) div, V dzdt

—ﬁ/ / PV, ® - u. dxdt
o Jp

for a.a. 7 € (0,7). This yields uniform bounds on (p., u.,7.) independent of ¢ — 0
provided V is sufficiently smooth, and using the Cauchy and Gronwall inequalities.
In accordance with the boundary conditions (3.13) and (3.14), the total fluid

and particle mass

Mpﬁz/ps(t,-)dx:/poﬁdx (3.21)
D D
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Mn,éz/ ns(t,-)dwz/no,gdx (3.22)
D D

are constants of motion (see [21], lemma 3.13). The following bounds, uniform in

g,w, are evident from a quick inspection of (3.20):

Vpeu. € L=(0,T; L*(D; R?)) (3.23)
pe € L°(0,T; L7(D)) (3.24)
V.u. € L*(0,T; L*(D; R®* x R?)) (3.25)
div,u, € L*(0,T; L*(D)) (3.26)
Vo1 € L*(0,T; L*(D; R?)) (3.27)
In addition,
/ / xu. — V|* dadt = / lu. — V|? dadt < ec, (3.28)
0 D s

for a.a. 7 € (0,T) with ¢ independent of &, w, where we used the definition of x (¢, ).

Using the embedding of W12(D) in L%(D) (since D C R?) on the last bound
listed above, it is clear that n. € L'(0,7;L3(D)). This, and mass conservation
implies

n. € LY(0,T; L*(D)) N L>(0,T; L'(D)). (3.29)

Using this result, and that

V.n
2V /m = ,
V1 NG
it is also clear that
ne € L0, T: WY2(D)) N L*(0,T; W' (D)). (3.30)
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By Poincaré’s inequality and (3.25), we get that

u. € L*0,T; Wy ?(D;R?)). (3.31)

3.5 Pressure estimates and pointwise convergence of the fluid density

The detailed analysis in [36] yields the estimates needed to deal with the
nonlinear pressure, p(p) = ap?, obtain pointwise convergence of the fluid density p,

and pass to the limit in (3.16), (3.18). In particular,
/ p(p-)p? dxdt < ¢(K) for any compact K C Q7 (3.32)
K
and these estimates can be extended up to the boundary, and
pe — po in LI((0,T) x D) for any 1 < g < 7.

Though we omit the proof, let us simply remark that the appearance of extra terms
involving the particle density n pose no additional difficulty in obtaining these esti-
mates.

Observe that the penalization term, singular in € over )°, doesn’t allow any
uniform pressure estimates in the solid portion of the domain. The estimates are

therefore local in Q7.

3.6 The limit € — 0

Combining (3.24), (3.31) with equation (3.16) we may infer that

Pew = P in C([0,T7; LZU@ak(‘D))’ (3.33a)
u., —u, in L2(0,T;W,?(D;R?)), (3.33b)
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passing to subsequences if necessary. Moreover as a consequence of (3.28),
u, =V ae in Q7 (3.34)
again after passing to a subsequence. From (3.29) and interpolation we get that
New — M in L2(0,T; L2 (D)). (3.35)

To deal with the V.., term in (3.17), we can interpolate in (3.30) and conclude
that

Valew = Vo, in LP(0,T; LY(D)), (3.36)

for some p,q > 1.

3.7 Convergence in the set Q)°

In this section we show that the densities in the ‘solid’” domain ()° vanish in
the limit. That

p(t,z) =0 fora.e. (t,x) € Q°

holds has been worked out in [36]. The proof relies on regularizing the equation of
continuity (3.12a) and employing the commutator lemma of DiPerna and Lions [24].

It remains to show that
n(t,z) =0 forae. (t,x) € Q.

Before proving the following lemmas, first we set some notation. Recall that the

cutoff function x(¢, x) satisfies the transport equation (3.11). In anticipation of using
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a suitable (smooth) test function, consider instead the unique function y € C*(R?)

solving

OIX+V-V,x=0 t>0,xeR
with the initial data satisfying

>0 ze€ D\QO
C*(R*) > x(0,-) = . VaXo #0 on 0Q.

<0 x€QU(R*\D)

We define the level-set test function,

(

—_

X=¢§

Pe =

, 1}+ : (3.37)

Pl

0<x<¢ —mm{

g

0 ¥<0

supported on D\S2;, see [39], [60].

Lemma 6. Let 1., € L2(0,T; W (D)) N L0, T; W2 (D)), 1.y, > 0,

and v, € L*(0,T; W'2(D;R?)) be a weak solution of (3.17), that is,

T
/ / ns,wﬁt()p + Newlew * ngp - ns,wv:vq) : VZQD - Va:ns,w : Vgg@ dadt
0 D

(3.38)
= _/ nO,s,w(P(Oa ) diL‘,
D
holds for all o € D([0,T) x D) and any T > 0. Let the initial data satisfy
n € L*(D) N LL(D), UO}D\QO = 0.
Then for &€ > 0 and X defined as above, it holds that
1 T
lim / / (NVo® + V) - Vo dadt = 0, (3.39)
08 Jo Jiosx<er

for any T > 0.
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Proof. Plugging (3.37) into (3.38) and rearranging we get that

1 T
E / / (ne,wvxq) + vxns,w) - Vexdedt =
0 J{o<x<¢&} (3.40)

1 T
— / / 775#,(115’“) — V) . Vx% dzdt + 770,5,(*#,05(0, ) dz.
§Jo Jyo<x<er D
Since we can pass €,w — 0 on the left side in (3.40), it suffices to show that right

side vanishes as we take ¢,w — 0 and £ — 0 successively. First,

im [ 7o oe(0, -)de = / nogel0, ) dr = 0,

e,w—0 D Q0

since on €y, we have Y(0,-) < 0 and so ¢¢(0,-) = 0. Now,

1 [ 1 /[
lim —/ / New(Uew—V)-V,x dadt = —/ / n(u—V)-V,xdzdt =0,
20708 Jo Jiosx<ey & Jo Jiosx<ey

since u = V a.e. in D\, i.e. where ¥ > 0, using (3.34). Letting & — 0 concludes

the proof of the lemma. n
Lemma 7. Under the same conditions as lemma 6, the following holds,
(7, )pva, =0 for a.a. 7 €[0,T].
Proof. First note that by choosing a test function having the form
on = Un(t)p(t,x), 0 € C([0,T) x D), 1, — Ljg.r) as n — 00,

and 1, € C*[0,T), we can rewrite the weak form (3.38) as

/ne,w<7—7 ')90(7—’ ) - 770,6,(»190(07 ) dw :/ /na,w(atcp + Ueyw * V:USO)
D 0 Jp (3.41)

- (ne,wvxq) + Vﬂcns,w) : vaO dl’dt,

for any ¢ € C2°([0,T) x D). It suffices to establish that

/ n(r,.)de =0, a.a7e€(0,7).
D\Q,
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Inserting ¢, into (3.41), using the initial conditions, and letting e, w — 0 yields,
1 T
/17(7, Ype(T, ) de = = / / nu—V)-V,x — (nV,®+ V,n) - V,xdedt.
D & Jo Josx<ey
(3.42)
Since @¢(7,+) — Lp\a, as & — 0 in any LP(D),p < oo, and n € L*(0,T; L3*(D)),

the left-hand side of (3.42) converges to

/ 0, de,
D\Qr

as £ — 0. Finally, using lemma 6 and that u =V for any £ > 0, it is clear the right

hand side of (3.42) vanishes as £ — 0. O

3.8 The limit w — 0

Performing the limit ¢ — 0, we arrive at the weak formulation of the momen-

tum satisfied, except for the following term

/ /(uwvxuw + Aodiveu, Q) @ Vo dadt. (3.43)
o Jp

Using that the viscosity penalization is assumed to vanish on ((0,7) x D)\@Q’ and

using that u, = V here, we conclude that

T
/ / (1o Vg, + Apdiveul) @ Ve dedt — 0 as w — 0.
0o JD\

We can now pass all terms in the weak formulation as w — 0, using the same

estimates in the previous sections.

Remark. In fact when letting e,w — 0 in the momentum equation (3.18), the pe-

nalization term remains as a weak limit,

u., —V

~h in LY(QY),
g
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where h is the weak limit. This term, which appears artificially in the solid domain,
is then removed in the weak formulation by proper choice of test functions. For

some remarks on this term see [6].
In order to obtain the limiting energy inequality, we first state the following

lemma. See Corollary 2.2 in [33] for the proof.

Lemma 8. Let O C R™ be a bounded measurable set, and {v,}32, a sequence of
functions such that

v, — v weakly in L'(O;R™).

Let @ : R" — (00,00| be a convexr lower semi-continuous function. Then ®(v) :

O — R is integrable, and

/@(v) dy < liminf/@(vn) dy.
o) o

n—oo

Using this lemma, the previously derived estimates, and lemma 7, it is now

easy to pass €,w — 0 in (3.20) to derive the energy inequality (3.10).
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Chapter 4: Relative entropy and weak-strong uniqueness for NSS:

moving domains

In Chapters 2 and 3 we discussed the existence of solutions for the NSS system
in a weak sense. One of the many outstanding problems surrounding the Navier-
Stokes equations, at least in three dimensions, concerns the question of uniqueness.
Though a uniqueness result is in general not available, we can instead prove a partial
result concerning the uniqueness of strong solutions in the class of weak solutions.
This is known as a weak-strong uniqueness, and ensures that the class of weak
solutions is somehow not too big. In this chapter we establish a relative entropy
inequality for the compressible NSS system on moving domains. The relative entropy

is then used to deduce the weak-strong uniqueness result.

4.1 Definitions of relative entropies

We define the energy contributions of the fluid and particle by

and



respectively.

Suppose that (p,n,u) is a weak solution of the NSS system over moving do-
mains in the sense of Definition 2, and suppose that (r, s, U) are arbitrary smooth
functions, with regularity to be made precise later. The relative entropy contribution

of the fluid potential energy is defined by

Er(plr) == Hy(p) — Hy(r)(p — 1) — Hy(r), (4.1)

and the relative entropy contribution of the particles is defined by

Ep(nls) == Hy(n) — Hy(s)(n — s) — Hy(s). (4.2)

The total relative entropy £ (p, n,u|r,s, U> is defined by

& (p,n,u

1
raU) = [ Solu-UP+E o) + &l (43

Having defined, but not yet motivated the definitions of relative entropy, we can

now state the theorem to be proved in Section 4.2.

Theorem 4. Let (p,n,u) be a weak solution of the NSS system (3.3) in the sense of
Definition 2. Let (r,s,U) be a triple of smooth functions such that U € D([0,T] x
Qi R3), and r,s € D([0,T) x Q). Both u and U are required to agree with V. on the

boundary T, for any T > 0. Then the relative entropy (4.3) satisfies the inequality

g (p, n, u‘r, s, U) - /OT /Qt (S(Veu) = 5(V,U)) : (Vou = V,U) dadt (4.4)

S 6 <p077707u0 r07307U0> +R(p7 r,n, s, U)a
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for a.a. 7 > 0. The remainder term R appearing in (4.4) is defined as

R(p7 T? 777 s? u? U)

:_/OT/Qt(n+,8p)Vx<I>-(u—U)dmdt

B /OT /Q (p = 71)0H}(r) + (pu —7U) - V. Hy(r) + (p(p) — p(r))div, U dadt

- /OT/Q (n — s)0uH,,(s) + (nu — sU) - V. H (s) + (n — s)div, U dad?

+/ / S(V,U):V,(U=-u)+p(U—-1u) -0,U+pu® (U —u): V,Udzxdt
o Jo

+ /OT /Qt (V2B + V1) - V., (H.(s) — H'(n)) dadLt.

(4.5)

The proof of Theorem 4 will be given in Section 4.2. Let us next motivate the

definitions of the relative entropy. Following the notation of [9] (see also [20]), the

relative entropy is defined by

E(VIV)=E(V) = &(V) = VEV)-(V=V),

where V denotes the gradient (0,, 0y, 0,), £ is functional

1 a
EWV) = §P|u|2 + o

p’ +nlogn,

and V,V are the vectors

V=(pun), V=(1Us).

(4.6)

(4.7)

Therefore, the relative entropy essentially characterizes the quadratic correction to

the Taylor expansion of £(V') about the state V. Using the inequalities 1 — 1/z <

logz and 1+ v(x — 1) < 27, it is easy to check that £(V) is strictly convex and
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vanishes precisely when V = V. This quantity therefore provides a measure of
the ‘distance’ between two solutions. The definition (4.3) is then a straightforward

consequence of substituting (4.7) into (4.6).

4.2 Relative entropy inequality

In this section we prove Theorem 4. The derivation of the relative entropy
inequality consists of choosing appropriate test functions in the weak formulations
of Definition 2 and combining with the energy inequality (3.10). We proceed in
several steps.

Using 3|UJ? as a test function in the weak formulation (2.64) yields

1 1
- [ plUPde == [ SmlU0. )P da
Qr Qo

? (4.8)
—/ / pU - U+ pu® U : V,Udzxdt.
o Jau

Next, use U — V as a test function in the momentum equation (3.9), which is valid

since U=V on I,

—/ pu-U(r, ) dz :—/ Polg - dx—/ / pu - 0, U dxdt
Q, o)

//pu@u V.U + (p(p) + n)div,U — S : V, U dzdt
O

+ / / (n+ Bp)V,® - Udazdt — / pu-V(r,-)dz
o Jo, Q.

+/ PolUg - dx+/ / pu -0,V dxdt
Q

// pu®u: V.,V +(p(p) +n)div,V dzdt
Q¢

- / S:V.,V+(n+Bp) VP -V dadt.
o Jo,
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Using that H}(r)r — Hy(r) = p(r) for any time 7 > 0, and the equality

/ p(r)(r, ) dz = / p(r)(0, ) dz + / ' [ auptr) + divs(p(r)U) dc
= /T/ r0 H (1) + p(r)div, U + U - V, H(r) dadt,
0 Qy

we deduce that

/Q HY (r)r — Hy(r)(r, ) da = / (H () — Hy(m)(0, ) dedt

Qo

+ / / rOH (1) + p(r)div, U +7U - V Hj(r).
0 Q
(4.10)

By a similar computation, using instead the equality H,(s)s — Hp(s) = s (valid for

any 7 > 0) we get that

/ [H,(s)s — H,(s)](T,-) dx :/ [H,(s)s — H,(s)](0,-) dadt
Q4

Qo

+ / / sﬁtH;(s) + sdiv, U + sU - V;pH}/y(S)
0 J
(4.11)

Using H)(s) as a test function in equation (3.8) and combining with (4.11) yields

- [ 0= 9 + Bl do

=- H;(SO)(TZO — 50) + Hp(s0) do
o (4.12)
- / / (n — 8)0H,(s) + (nu— sU) - V. H)(s) dxdt
o Ja,
- / / (V2 ® + Van) - Vo H(s) — sdiv, U dadt.
o Ja,

Next, test equation (3.8) against ® to get

_/ n(r, ) dr = —/ MNP dr — / / n-Ve® — (nV,® + V1) - V,® dadt
Q- Q0 0o Jo,

(4.13)
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Let us now put together the energy inequality (3.10), and the equalities (4.8)-(4.13),

to deduce

E(p,n,u

r s, U) + /0 ' /Q (S(7) —S(V.U)): (Vou = V. U) dads

+// 12V /1 + V@ dodt
0 e (4.14)

<& (o wafrso Un) = [ [ (V.0 + V) VaHy(s) dade
0 J

+/ / n|vzq)|2+vx77Vx@dxdt‘i‘ﬁ(P’TaU,S’u’U)
0 J

The remainder term R appearing in (4.14) is defined by

R(ﬂ? r,n,s,u, U)

= —/OT/Q (n+ Bp)Vy® - (u—U)dadt

- /oT /Q (p =)0 H}(r) + (pu —rU) - Vo Hy(r) + (p(p) — p(r))div, U dzdt
N /O/Q (n = $)0cH,(s) + (na — sU) - Vo H (s) + (n — s)div, U dadt

+ / S(V,U) : Vo(U=1u) + p(U—1)-0,U+pu® (U—u) : V,Udzdt
0 Q4
(4.15)

To deal with the remaining terms in (4.14), we proceed by adding and subtracting

the terms

:I:/ / 4\VI\/ﬁ|2dxdt:|:/ V.n - V,®dzdt (4.16)
0 Qt 0 Qt

on the right hand side of (4.14). This allows us to create the term

—/ / AV /M|? + Ven - V, @ dadt = —/ / (Vo + 0V, @) -V, H) () dzdt
0 J 0 J

(4.17)

which when combined with the similar term on the right hand side of (4.14) yields

! /0 /Q (1V2® + Van) - Vo (H(s) — H () dadt. (4.18)
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Finally, the remaining terms in (4.16) combined with the remaining terms in (4.14)

become

//4|VI\/ﬁ|2+2Vxn-VzCI>+77|de>|2dxdt:// 2V, 71+ VD2 dadt.
0 Qt 0 Qt

(4.19)
This term cancels with the same term also appearing on the left hand side of (4.14).

Combining (4.15) and (4.18), we define

R(p,r,m,5,u,U) =R(p,7,n,s,1u,U)
(4.20)

+ / / (VP + V1) - Vm(HI',(S) — H[',(n)) dxdt.
0o Jo
Finally, we put together the results from (4.14)-(4.20) and deduce that the relative

entropy inequality (4.4) is satisfied.

4.2.1 Regularity of smooth solutions

The smooth solutions (7, s, U) can be extended to a larger class of less regular
solutions by means of a density argument on the relative entropy inequality (4.4).
Indeed, with known regularity of weak solutions (p,n,u), we need only check what

regularity of (r, s, U) is necessary to make each term integrable. It is not difficult
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to check that (r, s, U) can be extended to the following class:

(

re L>0,T; L7 (%))

O HY(r) € LM0,T; LY/O71(Q,))

Vo Hi(r) € LY0,T; L*/0=Y 1 L*(0, T; L9/ 71=9(Q,; R?))

U € L'(0,T; LY/ 0=D(Q; R?)) N L=(0, T; L2/ 0-D(Q; R?)) N L2(0, T; WH2(Qy; R?))
div,U € L'(0,T; L>(Q)) N L2 (0, T; L¥*(Q)), Ul = V],

U € LY0,T; L2/0=D(Qy; R?)) N L2(0, T; LS/ G7=0 (0, R?))

V.U € L*(0,T; L* N L/®=3(Q,; R¥3))

s € L>®(0,T: Llog L(€%)) N L*(0, T; L3(£)))

OH)(s) € L*(0,T; L3?())

V. H)(s) € L0, T; L}(QR%)).
\ (4.21)

This regularity can potentially be further weakened with a more careful analysis but

this suffices for our purposes.

4.3 Weak-strong uniqueness

In order to obtain the weak-strong uniqueness result, we let the triple (r, s, U)
be a solution of the NSS system (3.3), originating from the same initial data. It will

be shown that the relative entropy £ <p, n,u

r, s, U) vanishes for almost every time

7 > 0. We assume furthermore that the densities r, s are bounded strictly away
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from zero,

r(t,-),s(t,-) >0, foranyt>0.

First, we can rewrite the momentum equation for (r, s, U) on condition that r is

strictly positive to get
1 1
OU+U-V,U = ~div,S(V,U) = (B+2) V@ = V. Hy(r) = ~Vos.  (4.22)
T T r

Next we manipulate the remainder term R(p,r,n, s,u, U) in (4.4) in order to put it

in a form suitable for the Gronwall inequality. We proceed in several steps.

1. By appropriately adding and subtracting the term U - V,U, we deduce
/ / S(V,U) : V. (U—-u)+p(0U+u-V,U): (U-u)dedt
0o Jo
:/ / S(V,U) : V(U — u) dzdt
0o Jo
+ / / p(8,U+ U -V,U) - (U —u)dadt (4.23)
o Jo
+/ / p(u—U) -V, U- (U —u)dedt
o Jo
=0+ L+ I.
2. Using the identity (4.22) we deduce that
L+ 1, =— / / pV Hi(r) - (U — u) dzdt
o Jo
T 1
+ / / —(p —r)div,S(V,U) - (U — u) dzdt (4.24)
o Ja, T
- / / [(Bo+02) Vo0 + 9,5 - (U = w) deat
0 Q T T

3. Next, the first integral in (4.24) combines with the fluid pressure terms in
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R(p,r,n,s,u,U) to yield
_ /0 ' /Q (o= )OH(r) + (= 1) - VL Hy(r) + () — plr))div. U
- /0 ' /Q V() (U — ) dd
_ /0 ' /Q (= BH) + U Vo HG )] = (plp) = plr))div, U dd

—(1-7) /0 /Q Er(p|r)div, U dadt, .

where in the last step we made use of the equality

O H} (1) + U - V Hj(r) = —p/(r)div,U.

4. To simplify things, let us combine the steps in (4.23)-(4.25) to write the re-

mainder term as
R(p;r,n,s,u,U)
= / / p(u—1U) -V, U-(U—-u)dedt + (1 — v)/ / Er(p|r)div, U dadt
0 Qt 0 Qt
T 1
+ / / —(p —r)div,S(V,U) - (U — u) dzdt
o Jo, T
+/ / [—p—vr@ - —Vms] (U —u)dzdt —i—/ / NV, ® - (U —u)dzdt
0o Jou r r 0 J
+ / / (1Y, + Vo) - Vo (H.(s) — H.(n)) ddt
o Jou

- / / (n—s)0H,(s) 4+ (nu — sU) - V. H, (s) + (n — s)div, U dadt
0 Qy
7

= Z Jna
n=1

(4.26)

where J,, denotes the nth integral in the remainder.
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5. By appropriately adding and subtracting the term nU, we deduce that

Jr=— /T/ (n—8)[0.H,(s) + U -V, H,(s)] drdt
0 (4.27)

+ /0 ' /Q H(S) (U ) = (g~ s)div.U

Then, the equality
/ / 1 : L.
Ol (s) +U -V, H(s) = =Ays — div,U + —div,(sV, ),
s s
the condition that (Vs + sV,®) - i vanishes on the boundary, and equation
(4.27) imply that

Jy+ Js+Js + Jr = / / (V@ + Vo) + Vo (H,(s) — H)(n)) dadt
0 Qy
- / / [pfvzcb v, + Pv,s — Iv.s| (U - a) dedt
0 Jo r T S

_// D divy (Vs + sV, ) dadt.
o Ja, S
(4.28)

Notice in writing (4.28) that we require the densities to be bounded away from

Zero.

6. By a simple computation (cf. Ballew et al. [9]), the first and third terms in

equation (4.28) together are equal to

T 1
[ 2w
o Jo, S S n

Since this term has the correct sign, it can subsequently be ignored from the

2
dzdt < 0. (4.29)

relative entropy inequality (4.4).

Finally, we rewrite the second term in equation (4.28) as

- /0 /Q (p—1) [;VxCD + %vzs] (U — u) dadt .

_/O/Q (s—n) {vxchrévzs} (U — u) dadt.
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As a result of the previous computations, we can rewrite the remainder R in the

relative entropy inequality (4.4) as

R(pa rn,s,u, U) = / / p(u — U) . VxU . (U — Ll) dzdt
Q

(1—» //5f (p|r)div, U dzdt
Q

/ /Q ~(p = 1)div,S(VU) - (U — u) dzdt

: (4.31)
- / / —(p—1)[sVy® + Vys] - (U —u)dadt
o Jao, T
T 1
- / / —(s—=n)[sV,P® + V,s]- (U —u)dedt
o Ja, 5
5
=> K,
n=1
The relative entropy inequality (4.4) can be reformulated as
& <p,77, u|r, s, U / / U)|? dzdt
o (4.32)
< g (p07 To, Uo|T05 S0, UO) + R(p: r,n,s,u, U>7
on account of the following computation
/ Vou—U)Pdz < C [ plVa(u—U)P + (u+ N|diva(u — U)[2 dz
e e (4.33)

— | S(V.(u-"U)):V,(u—U)dz.

This is convenient, as the following Poincaré-type inequality for the velocity terms
holds,
= UllZo,m) < ClIVe(u = U)|I72 0, m05), (4.34)
on account that u — U € W, ?(€; R?). We can therefore eventually absorb velocity
gradient terms to the left hand side of (4.32) using a Cauchy inequality with e.
The following lemma concerning growth properties of the relative entropy will
be used in the remaining computations.

84



Lemma 9. Let p,r,n,s > 0 and let the relative entropies £ and &, be defined as

in (4.1) and (4.2). Assume vy > 3/2. Then
1. If n < 2s, then |n — s|* < s&,(n ] s),
2 1fn> s, then |n— sP S nE,(n]5),
3. Ifr/2<p<2r, then |p—r* < Eplr),
4. It p<r/2 orp>2r, then (14 |p|7) < C(r)&(p|r).

Remark. The requirement on v in Lemma 9 can be weakened. At the least it should

be strictly greater than 1 to keep H strictly convex to avoid a trivial relative entropy.

Proof. The first two inequalities are proved in [47], Lemma 2. In particular, the

second follows by writing

Tn—=z
&l = [ T

z

and using that 7 dominates s. Statement 3 follows from &; being strongly convex
over the set /2 < p < 2r. To prove statement 4, note E¢(p|r) = Hy(r)h () where

h(z):= 2" — (2 — 1) — 1. Define

It suffices to show F'(z) is bounded below by some positive constant C, after which
setting z = p/r completes the proof. On the interval 0 < z < 1/2, it is easy to
check F'is decreasing, with F'(1/2) =14 (7/2 —1)27. On the interval z > 2, F'is

also decreasing with limit 1 as z — oo. Therefore we can choose

C <min{1,[1+27(y/2 — 1)](2" + 1)}
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Going back to (4.31), we easily bound K7, K3 by

K1+K2§/ a1(7'>/ pla — U + & (p|r) dedt
0 Q

< [ ae (o
0

where a1(7) is in L*(0,7). Next, following the approach of [35], the terms Ky

(4.35)

r,s,U) dt,

and K3 will be split over the sets {r/2 < p < 2r}, {p < r/2}, and {p > 2r}.
First considering K5, using Holder and Cauchy’s inequalities, along with (4.34) and

Lemma 9, we have

/ (p — r)(r~'div,S(V,U)) - (U — 1) da
(r/2<p<2r)

1/2
S ||r—1divIS(VxU)||L3(Q“R3) (/ |p — 7“|2 dq}) ||U — u”LG(Qt;RS)
{

r/2<p<2r}

(4.36)
L.
< 4—€||7‘ ldlvxS(va)||%3(Qt;R3)/Q Er(plr)de +¢el|U - u”%ﬁ(ﬂt;R?’)

< /Q as(t)E¢(p|r)da + eC||Vy(u — U)||%2(Qt;R3x3),

where ay(t) € L'(0,7) and € > 0. It is also required that
div,S(V,U) € L*(0,T; L*(; R**%)).

In a similar way, we observe that

/ (p— 1) (rLdiv,S(V,U)) - (U — u) da
{p<r/2} (437)

< / as(DE(p | ) di + O Vo — U) 22 g5,
Qy
using that p is uniformly bounded, and where a3(t) € L'(0,7). On the set {p > 2r},

and using that

€<p,17,u

T, s,U) e L>(0,7T),
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we observe that

1/~
ol S € (ponu|rs,0) " S € (pnu

1/2
T,S,U)

v/2 2
7722 S € (pomurs,U)

We now compute

/{ L, (O RSV (U da

< / ‘p — ”‘ max{p, p"/2}|div,S(V,U)||U — u| dz
.
{p>2r} P (438)

1/2
S u = Ul| s, |diveS(Ve U)|| Lanzs@.irs) (/ Er(p|r) dx)
Q

t

< /Q aa(E(p | 1) di + 2O Vo (1 — U)|Zaggmsns.

where ¢ = 67/(5y — 6) and ay(t) € L*(0,7). It is therefore required that
div,S(V,U) € L*(0,T; LY(Qy; R**?)).

The term K is treated in exactly the same way as K3 and we deduce that

/ (p—r)r [sV,® + V,s] - (U —u)de
e (4.39)
< /Q as(DE(p | 1) i + 2OV (1 — U)o
where as(t) € L'(0,7). Finally, we split K5 over the sets {n < 2s} and {n > 2s}.

First, on the set {n < 2s} we have

/{ L s = ) [sVu® + Vo8] - (U — w) da

n<2s} S
< |In = sllze | Va® + Vs /sl 3,re)l[u — Ull Lo,z
(4.40)
1
< EHvqu + VxS/SH%i‘(Qt;R?’)Hn - 5"%2(90 +ellu— UH%G(Qt;H@)

< ag(t) / E(nls)dr +eC||V,u— VIUH%;(Qt;RSXS),
Q
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with ag(t) in L'(0,7). Now over the set {n > 2s} we have

/{ 1(s —n)[sV,P+ V,s]- (U—u)dx

>2s} 9
S—
Il 00 | Va® + Vs /5] oo (g U — ] Lo )
V1 L2()
2
T il e llnll oz | Va® + Vs /]2 0 | Vo (0 = U) |2 sy
de || L2(Q0) 7 ’

<C [ &,nl9) do -+ el Va2 + Vsl 1900 = ) ooy
i (4.41)

Remark. This requires further the condition that

% e L2((0,T) x O RY),

as well as
n e L=(0,T; L*%()).
Note this estimate on 7 isn’t known a priori for the weak solutions and must be

taken as an assumption.
Now integrating (4.36)-(4.40) over the time-interval (0,7), and using (4.35),

we estimate the remainder term (4.31). Absorbing the small € terms into the left

hand side of (4.32), we deduce that the relative entropy satisfies

r, S7U) (T) S & (p077]0au0 ‘ To, SOaU0>

+ /OT a(t)E <p,7], u

where a(t) € L'(0, 7). Since the initial data are assumed the same for both classes of

& <p,n,u

(4.42)

r,s, U) (t) dt,

solution, £(0) = 0 and an application of Gronwall’s inequality allows us to conclude
that for all time, (r,s,U) = (p,n,u), after possibly modifying on a set of measure
zero. We therefore have proved the following theorem.
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Theorem 5. Let Q, CC D C R3 be a bounded domain for all t > 0 of class C*V,

0 <v <1. Assume the pressure is given by
plp) =p" v >3/2
and the stress tensor is given by
S(V,u) = u(Veu+ (Vou)") + Adiv,ull

Assume the triple (p,n,u) is a weak solution of the NSS system (3.3) in the sense

of Definition 2. Assume furthermore that
n € L=(0,T; L*%()).
Let (r,s,U) be a strong solution of the same problem, with regularity (4.21), and in
addition
0<c <s(t,x),r(t,x) <c < oo
V.H(s) € L™((0,T) x Q;R?), div,S(V,U) € L*(0,T; L* N LY(Qy; R¥*?))

where ¢ = 6v/(5y — 6) and ¢1,co > 0 are constant. Then, after possibly modifying

(p,m,u) on a set of measure zero, we have
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Appendix A: Pressure estimates

This appendix is devoted to the proof of Lemma 3 of Section 2.6. This proof,
based on the Bogovskii operator, was first established in [40] for the case of com-
pressible Navier-Stokes equations. More details can be found in [37]. The local
pressure estimates by different methods were originally established by Lions [51].

Let us recall the weak formulation of the momentum equation (2.6¢), at the

e-level. For all p € D([0,T); D(2;R?)), it holds that
T
/ / (psus - Opp + pu. @ Voo + (p(pe) +ne + 5p§‘)divx90> dzdt
o Jo
T
= / / S(Vaue) : Voo + (0 + Bpe)Ve® - 0 + eVou Vop, - odadt (A1)
0o Jo

- / (pa)os - (0, ) dz.
Q

One notices that if we formally choose a test function ¢ such that ¢ = div,'p.,
where div;1 is somehow the inverse of the divergence operator, then we obtain the
desired estimates from (A.1) as long as all terms are sufficiently bounded. This is
accomplished at a rigorous level by means of the Bogovskii operator, B ~ diva_;l.
Details on this operator can be found in Section 10.5 of [37]. We only mention that
provided g is a smooth compactly supported function with zero mean, then so is B|g]
and div,B[g] = g. In addition, B is a bounded operator from W™4(Q) to W™14(Q)
for any m > 0 and 1 < ¢ < oo, provided the domain is Lipschitz continuous.
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Following [37], we choose

gp(t, l‘) - ¢(t)¢(ta l‘),

where ¢ € C°(0,T) and ¢ = B[p. — p]. Here p denotes the average of p. over the
set 2. Basic properties of the Bogovskii operator ensure that since B is linear, we

have that

Oy = —B|[div,(p-u. — eVp.)],

where we also used that p. solves the mass conservation equation. In addition, for

a.a.t € (0,T) and 1 < p < oo, the following estimates hold:

o(t, ')HWLP(Q;RB) < C||,0<-:HLP(Q)
(A.2)
106 (t, )| zoimsy < cllpeue + eVapell oz,
By a density argument and provided o > 5, we can use p(t,z) = ¢¥(t)p(t,x) as a

test function in (A.1). Rearranging, it follows that

LA¢A@%HW®&M&:ZE, (A.3)

T
I = —/ ?,D/ peu; - 0 dadt,
0 Q

T
hz/VW/Mm+@%Mu
0 Q

T
kzi/¢/nﬂmﬁ
0 Q

T
Iy = _/ ¢/ Pl @ Ug : v:}c¢ dl‘dt,
0 Q

where
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and

T
== [ v [ paodsds
0 Q

T
I :/ w/ S(V,u.) : Vo dadt,
0 Q
T
= [0 [+ Ve o
0 Q
T
Iy :/ 1/1/ eV,u.V,p. - ¢ dadt.
0 Q
Applying Hélder’s inequality to the I; and invoking (A.2) yields
(L] < clldllegllpeucll oo 20reen || pete + EVapell ) 22,
| I2| < cllvllzge llp(pe) + 002 N sy »
151 < e I o
|I4| < ||¢||L£}° Hpsus ® ueHL%Lia/(éla%) HngL%ng/(zafg),
151 < 0 0l oo el
[Ls| < llollege lISell ez, Meellzz,
(o] < 91l 1V @l ne + Brellca s loell 2 32

| Is| < ellllee I Vauellrz MVepelrz  Mpellrsry -
Since the right hand sides are all finite given as a result of the known a priori

estimates, Lemma 3 is proved.

Remark. The argument above is valid for any finite 6 > 0, and is the result of
the integrability gains provided by the artificial pressure. In a similar way, we can

modify the proof to show that the pressure estimates
T
/ / pgw dxdt < ¢,
o Ja
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and

T
5/ / Pt dadt < c
0o Ja

hold independently of 4 > 0, for any 0 < w < min {%, %fy — 1}.
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