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1 Introduction

This contribution is a summary of the results in A. and T. [AT18]. We consider here
a two-phase flow for incompressible fluids of different densities and different viscosities.
The two fluids are assumed to be macroscopically immiscible and to be miscible in a thin
interface region, i.e., we consider a diffuse interface model (also called phase field model)
for the two-phase flow. In contrast to sharp interface models, where the interface between
the two fluids is a sufficiently smooth hypersurface, diffuse interface model can describe
topological changes due to pinch off and droplet collision.

There are several diffuse interface models for such two-phase flows. Firstly, in the case
of matched densities, i.e., the densities of both fluids are assumed to be identical, there
is a well-known model H, cf. Hohenberg and Halperin or Gurtin et al. [HH77, GPV96].
In the case that the fluid densities do not coincide there are different models. On one
hand Lowengrub and Truskinovsky [LT98] derived a quasi-incompressible model, where
the mean velocity field of the mixture is in general not divergence free. On the other hand,
Ding et al. [DSS07] proposed a model with a divergence free mean fluid velocities. But
this model is not known to be thermodynamically consistent. In A., Garcke and Griin
[AGG11] a thermodynamically consistent diffuse interface model for two-phase flow with
different densities and a divergence free mean velocity field was derived, which we call
AGG model for short. The existence of weak solutions of the AGG model was shown in
[ADG13]. For analytic result in the case of matched densities, i.e., the model H, we refer
to [Abe09b] and the reference given there. Existence of weak and strong solutions for the
model by Lowengrub and Truskinovsky was proven in [Abe09a, Abell].

Concerning the Cahn-Hilliard equation, Giacomin and Lebowitz [GL97, GLI8] ob-
served that a physically more rigorous derivation leads to a nonlocal equation, which we
call a nonlocal Cahn-Hilliard equation. There are two types of nonlocal Cahn-Hilliard
equations. One is the equation where the second order differential operator in the equa-
tion for the chemical potential is replaced by a convolution operator with a sufficiently



smooth even function. We call it a nonlocal Cahn-Hilliard equation with a regular ker-
nel in the following. The other is one where the second order differential operator is
replaced by a regional fractional Laplacian. We call it a nonlocal Cahn-Hilliard equation
with a singular kernel, since the regional fractional Laplacian is defined by using singu-
lar kernel. The nonlocal Cahn-Hilliard equation with a regular kernel was analyzed in
[GZ03, G14, GL98, LP11a, LP11b]. On the other hand, the nonlocal Cahn-Hilliard equa-
tion with a singular kernel was first analyzed in A., Bosia and Grasselli [ABG15], where
they proved the existence and uniqueness of a weak solution of the nonlocal Cahn-Hilliard
equation, its regularity properties and the existence of a (connected) global attractor.
Concerning corresponding fractional Allen-Cahn equation, there is an earlier study by
INNGOS|.

Concerning the nonlocal model H with a regular kernel, where the convective Cahn-
Hilliard equation is replaced by the convective nonlocal Cahn-Hilliard equation with a
regular kernel, first studies were done by [CFG12, FG12a, FG12b]. More recently, the
nonlocal AGG model with a regular kernel, where the convective Cahn-Hilliard equation
is replaced by the convective nonlocal Cahn-Hilliard equation with a regular kernel, was
studied by Frigeri [F15] and he showed the existence of a weak solution for that model.
The method of the proof in [F15] is based on the Facdo-Galerkin method of a suitably
mollified system and the method of passing to the limit with two parameters tending to
zero. The method is different from [ADG13] which is based on implicit time discretization
and a Leray-Schauder fixed point argument.

In this contribution, we consider a nonlocal AGG model with a singular kernel, where a
convective Cahn-Hilliard equation in the AGG model is replaced by a convective nonlocal
Cahn-Hilliard equation with a singular kernel. Our aim is to prove the existence of a weak
solution of such a system.

We consider the existence of weak solutions of the following system, which couples a
nonhomogeneous Navier-Stokes equation system with a nonlocal Cahn-Hilliard equation:

O (pv) + div(v & (pv + J)) — div(2n()Dv) + Vp = uV in @, (1.1)
divv=0 in @, (1.2)

Op+v-Vo=div(m(p)Vu) in @, (1.3)

p=V(p)+ Lo in @, (14

where p = p(p) 1= Bt 4 L2oPLy J= — 2P () Vi, Q = 2 x (0,00). We assume that
Q CRY d=23,is a bounded domain with C?-boundary. Here and in the following v,
p, and p are the (mean) velocity, the pressure and the density of the mixture of the two
fluids, respectively. Furthermore p;, j = 1,2, are the specific densities of the unmixed
fluids, ¢ is the difference of the volume fractions of the two fluids, and p is the chemical
potential related to ¢. Moreover, Dv = (Vv 4+ Vv”), n(¢) > 0 is the viscosity of the
fluid mixture, and m(y) > 0 is a mobility coefficient.



Finally, £ is defined as

Lu(e) = . [ (ule) = (), = )y (15)
Q
= lim (u(z) —u(y)k(z,y,z —y)dy  for x € Q
e—0 Q\ B (z)
for suitable u: € — R. Here the kernel k: R? x R? x (R?\ {0}) — R is assumed to be
(d + 2)-times continuously differentiable and to satisfy the conditions
k(%% Z) = k(y? €, _Z> )
1076, 0%k(x,y, 2)| < Cpslzl~07,

- k’(l’,y, Z) < CO|Z|_d_a‘

NN

colz| ™

for all 7,9,z € RY, 2 # 0 and 3,7, 6 € N¢ with || + |y| + [0| < d + 2 and some constants
Can.5,C0,Co > 0. Here « is the order of the operator, cf. [AKOT7]). We restrict ourselves
to the case a € (1,2). If w € CFT2(RY x R?) is symmetric, then k(x,y, 2) = w(x,y)|z| 74
is an example of a kernel satisfying the previous assumptions.

We add to our system the boundary and initial conditions

Vg =0 on 99 x (0, 00), (1.9)
Onltloo =0 on 09 x (0, 00), (1.10)
(V,©) li=o = (vo, o) In Q2. (1.11)

Here 0, = n-V and n denotes the exterior normal at 0€2. We note that (1.9) is the usual
no-slip boundary condition for the velocity field and Onp|sq = 0 describes that there is
no mass flux of the fluid components through the boundary. Furthermore we complete
the system above by an additional boundary condition for ¢, which will be part of the
weak formulation, cf. Definition 3.2 below. If ¢ is smooth enough (e.g. ©(t) € C#(Q)
for every ¢ > 0) and k fulfills suitable assumptions, then

n,, - Ve(rg) =0 for all x5 € 00

where n,, depends on the interaction kernel k, cf. [ABG15, Theorem 6.1], and z, € 9.
The total energy of the system at time ¢ > 0 is given by

EtOt(907 V) = Ekin(gpv V) + Efree(@) (112)

where e .
Bunlo¥) = [ pg-dn, Bualy) = [ Wlp)do+ 5E(0.)

are the kinetic energy and the free energy of the mixture, respectively, and

E(u,v) = / / (ule) — u())(w() — v()k(z,y, 7 — y) dedy (1.13)



for all u,v € H?(£2) is the natural bilinear form associated to £, which will also be used
to formulate the natural boundary condition for ¢ weakly. Every sufficiently smooth
solution of the system above satisfies the energy identity

d
9 Bilpnv) = — / ()| DV[ dir / ()| Vil da
Q Q

dt
for all £ > 0. This can be shown by testing (1.1) with v, (1.3) with x and (1.4) with d;p,
where the product of Ly and 0,¢ coincides with

E(p(t), Gip(t))

under the natural boundary condition for ().

In order to guarantee that ¢(z,t) € [—1, 1] almost everywhere, we consider a class of
singular free energies, which will be specified below and which includes the homogeneous
free energy of the so-called regular solution models used by Cahn and Hilliard [CH58]:

U(p) = g (L+¢)In(1+¢) + (1 —¢)In(l —¢)) — %s@? pe[-11] (1.14)
where 0 < 0 < 0.. In order to deal with these terms we apply techniques, which were
developed in Abels and Wilke [AWO07] and extended to the present nonlocal Cahn-Hilliard
equation in [ABG15].

Our proof of existence of a weak solution of (1.1)-(1.4) together with a suitable initial
and boundary condition follows closely the proof of the main result of [ADG13]. The
following are the main differences and difficulties of our paper compared with [ADG13].
Since we do not expect H'-regularity in space for the volume fraction ¢ of a weak solution
of our system, we should eliminate V¢ from our weak formulation taking into account the
incompressibility of v. Implicit time discretization has to be constructed carefully, using
a suitable mollification of ¢ and an addition of a small Laplacian term to the chemical
potential equation taking into account of the lack of H'-regularity in space of ¢o. While the
arguments for the weak convergence of temporal interpolants of weak solutions of the time-
discrete problem are similar to [ADG13], the function space used for the order parameter
has less regularity in space since the nonlocal operator of order less than 2 is involved in
the equation for the chemical potential. For the convergence of the singular term W'(¢y),
we employ the argument in [ABG15]. The only difference is that we work in space-time
domains directly. For the validity of the energy inequality, additional arguments using
the equation of chemical potential and the fact that weak convergence together with norm
convergence in uniformly convex Banach spaces imply strong convergence are needed.

The structure of this contribution is as follows: In Section 2 we summarize preliminar-
ies, we fix notations and collect the needed results on nonlocal operator. In Section 3, we
define weak solutions of our system and state our main result concerning the existence of
weak solutions. In Section 4, we define an implicit time discretization of our system and
state an existence result of its weak solutions. In Section 5, we obtain compactness in
time of temporal interpolants of the weak solutions of time-discrete problem and obtain
weak solutions of our system as weak limits of a suitable subsequence.



2 Preliminaries

For a,b € R* we denote a ® b = (a;b;)¢,_; and Agm = 5(A + AT) for A € R, The
duality product of a Banach space X and its dual X’ is denoted by

(f,9)={f,9)xx=Fflg), feX ,geX

We write X —<— Y if X is compactly embedded into Y. Moreover, if H is a Hilbert
space, (-,-)g denotes its inner product. Furthermore, we use the abbreviation (.,.)y =
(- )2

Lebesgue and Sobolev spaces: Let M C R? be measurable. As usual LI(M), 1 <
q < oo, denotes the Lebesgue space, ||.||, its norm and L?(M; X) denotes the set of all
strongly measurable g-integrable functions/essentially bounded functions, where X is a
Banach space. If M = (a,b), we denote these spaces for simplicity by L%(a,b; X) and
L%(a,b). Recall that f € L] _([0,00); X) if and only if f € L%(0,T; X) for every T' > 0.
Furthermore, L% ([0, 00); X) is the uniformly local variant of L7(0,00; X) consisting of

uloc

all strongly measurable f: [0,00) — X such that
1f12s,

uloc

([0,00);X) = SUup Hf||LQ(t,t+1;X) < o0.
>0
If ' < oo, we define LY, ([0,7T); X) := L%(0,T; X).

In the following let Q C R? be a domain. Then W), m € Ny, 1 < ¢ < o0,
denotes the usual L?-Sobolev space, W (€2) the closure of C§°(Q2) in W(€2), W, (Q2) =
(W (Q)), and W, *(€2) = (W7(€2))'. The L*-Bessel potential spaces are denoted by
H*(Q), s > 0.

Let fo = g Jo f(2) dz denote the mean value of f € L'(Q2). For m € R we define

| <

L,y (Q) = {f € LQ) : fo =m}, 1<q< o

Then the orthogonal projection onto L?O)(Q) is given by

Dof ::f—fQ:f—|—é|/Qf(x)dx for all f € L2(<).

For the following we denote
Higy = Hgy(Q) = H'(Q) N Ly (), (e )y, () = (Ve Vd) 20

Note that H (10)(Q) is a Hilbert space because of Poincaré’s inequality. More generally, we
define for s > 0

H{y) = H{)(Q) = H*(Q) N Lip)(Q),  H () = (Hy(Q)',
Hy*(Q2) = (H™*(Q)), H™*() = (Hg())"

Finally, f € Hj () if and only if flor € H*(Y') for every open and bounded subset ('
with ' C Q.



We denote by L2(€) is the closure of C5%.(Q) in L*(Q)¢, where C§%, () is the set of
all divergence free vector fields in Cg°(€2)?. The corresponding Helmholtz projection, i.e.,
the L*-orthogonal projection onto LZ(f2), is denoted by P,, cf. e.g. Sohr [Soh01].

Spaces of continuous vector-fields: For the following we assume that I = [0, 7] with
0<T <ooorl=][0,00)if T =00 and that X is a Banach space. The Banach space of
all bounded and continuous f: I — X is denoted by BC(I; X). It is equipped with the
supremum norm. Moreover, BUC(I; X) is defined as the subspace of all bounded and
uniformly continuous functions. Furthermore, we define BC,(I; X) as the topological
vector space of all bounded and weakly continuous functions f: I — X. C§°(0,7;X)
denotes the vector space of all smooth functions f: (0,7) — X with suppf CC (0,7).
By definition f € W, (0,7;X), 1 < p < oo, if and only if ﬂj—’: € LP(0,T; X), where Z—’;

denotes the vector-valued distributional derivative of f. Furthermore, W ,,.([0,00); X) is

defined by replacing L?(0,T; X) by L?,. ([0, 00); X') and we set H*(0,T; X) = W3 (0,T; X)
and H}),([0,00); X) := Wy ;,.([0,00); X). Finally, we note:

Lemma 2.1. Let X,Y be two Banach spaces such that Y — X and X' — Y’ densely.
Then L°(I;Y) N BUC(I; X) < BCy(I;Y).

For a proof see e.g. Abels [Abe09a].

2.1 Results on the Nonlocal Operator L

In the following let £ be defined as in (1.13). Assumptions (1.6)—(1.8) yield that there
are positive constants ¢ and C' such that

cllul] < Im(u)]? + E(u,u) < CHUHZ%(Q) for allu € H?(Q).

2
H%(Q)
This implies that the following norm equivalences hold:

o
2

for allu € H (), (2.15)
for allu € H2 (Q), (2.16)

g(uv U) ~ ||U||Z%(Q)

2 2
E(u,u) + [m()? ~ ull g
cf. [ABG15, Lemma 2.4 and Corollary 2.5].

In the following we will use a variational extension of the nonlocal linear operator £

(see (1.5)) by defining £: H3 (Q) — H(;%(Q) as
(Lu, @) _o = E(u, ) forall p € H2(Q).

Hy 2,H%

In particular we have

(Lu,1) =E(u,1) =0

by definition. We note that £ agrees with (1.5) as soon as u € HZ () N H2(Q) and
p € CF(Q), cf. [AKO7, Lemma 4.2]. But this weak formulation also includes a natural
boundary condition for u, cf. [ABG15, Theorem 6.1] for a discussion.

We will also need the following regularity result, which essentially states that the
operator L is of lower order with respect to the usual Laplace operator. This result is

from [ABG15, Lemma 2.6].



Lemma 2.2. Let g € L, () and 0 > 0. Then the unique solution w € H, () for the
problem

—9/ Vu-Vo+E(u,p)=(g,0)  foralype Hp () (2.17)
Q

belongs to HE () and satisfies the estimate

loc
0| Vull72(q) + llull? < Cllgll7e
L2(Q) He/2(Q) 9l Q)
where C' 1s independent of 8 > 0 and g.

For the following let ¢: [a,b] — R be a continuous function and set ¢(x) = +oo for
x ¢ [a,b]. As in [ABG15, Section 3] we fix # > 0 and consider the functional

Fy(e) = g/ |Ve|* do + %5(@ c) + / o(c(x)) dx (2.18)
Q Q
where

domFy = {ce H*(Q)NL;,(Q) :¢(c) € L'(Q)},
dom Fy = H'(Q)Ndom F, if >0

for a fixed m € (a,b). Moreover, we define
Ep(u,v) = «9/ Vu - Vodr + E(u,v)
Q

for all u,v € H'(Q) if @ > 0 and u,v € H*?(Q) if § = 0.
We denote by 0Fy(c): L{,, (2) — P(L{,(€)) the subgradient of Fy at ¢ € dom F' in
the sense that w € 0Fy(c) if and only if

(w, ¢ —¢)p2 < Fp(c) — Fy(c) for all ¢ € L7, ().
The following characterization of dFp(c) is an important tool for the existence proof.

Theorem 2.3. Let ¢: [a,b] — R be a convex function that is twice continuously differ-
entiable in (a,b) and satisfies lim,_,, ¢'(z) = —o0, lim,,;, ¢'(x) = +o0. Moreover, we
set p(x) = +oo for x & (a,b) and let Fy be defined as in (2.18). Then 0Fy: D(0Fy) C
L?m)(Q) — L?O)(Q) is a single valued, maximal monotone operator with

D(OF,) = {c € Hp(Q) N H(Q) N L2,(Q) : ¢/(c) € L2(9),3f € L*(Q) :
8(c,¢)+/Q<b’(c)c,0da::/ﬂfgodx Vg@GH“/Q(Q)}
if 0 =0 and

loc

flee)+ [ d@pdn= [ foi voem@)

D(OF,) = {c € H2.(Q) NHY(Q) NI2,(Q) : ¢(c) € L3(Q),3f € LX(Q) ;
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if @ > 0 as well as
IFp(c) = —0Ac+ L+ Pyd'(¢) in D'() for 8 > 0.
Moreover, the following estimates hold
Ollclzn + llellzar + l¢' ()2 < C (10F(0)I2 + llellz + 1) (2.19)
| [[@teta)) = o etu)eto) = cto)kta e =) dady
< C([10Fp(e)z + llellz + 1)
9/9¢”(C)|VC|26117 < C([loF(o)llz + llellz + 1)

for some constant C' > 0 independent of ¢ € D(0Fy) and 6 > 0.
The result follows from [ABG15, Corollary 3.2 and Theorem 3.3].

3 Existence of Weak Solutions

In this section we define weak solutions for the system (1.1)-(1.4), (1.9)-(1.11) together
with a natural boundary condition for ¢ given by the bilinear form £, summarize the
assumptions and state the main result.

Assumption 3.1. Let Q C R?, d = 2,3, be a bounded domain with C*-boundary. The
following conditions hold true:

(1) p(p) = 5(p1 + p2) + 5(P2 — P1) for all ¢ € [-1,1].

(ii) m € CY(R), n € C°(R) and there are constants mg, K > 0 such that 0 < my <
a(s),m(s),n(s) < K for all s € R.

(it7) U e O([-1,1]) N C?*((—1,1)) and
lim W'(s) =400, W'(s)>—k for somer € R. (3.20)

A standard example for a homogeneous free energy density ¥ satisfying the previous
conditions is given by (1.14). Since for solutions we will have p(z,t) € [—1, 1] almost
everywhere, we only need the functions a,m,n on this interval. But for simplicity we
assume a, m,n to be defined on R.

Definition 3.2. Let vy € L2(Q) and oo € H*(Q) with |o| < 1 almost everywhere in
Q and let Assumption 3.1 be satisfied. Then (v, @, p) such that

v € BC, ([0, 00); L2(Q)) N L(0, 00; HL(Q)Y)
o € BO,([0,00); HY2()) N L2,0([0, 00): H (), () € L2,0(10.00); L*()).

uloc uloc

pe L, ([0,00); HY(Q)) with Vu € L*(0,00; L*(Q))

uloc



is called a weak solution of (1.1)-(1.4), (1.4)-(1.9) if the following conditions hold true:

~(pv. 0% + (divipv © V). %) + (20(9) DV, DY)y — ((v 2 3. Ve)

— (Vi) (3.21)
for all ¢ € C5°(Q x (0,00))? with divp = 0,
— (0, Oh) g + (V- Vi, ¥0) g = — (m(p) Vi, V’I/))Q (3.22)

//ud)dxdt // z/;dxdt+/ E(o(t), (1)) dt (3.23)

for all ¢ € C3°((0,00); C1(2)) and

(Vv Sp)lt:() = (V07 300) . (324)

Finally, the energy inequality

Eioi(p //277 |Dv|2da:d7'+//m V| do dr

< Eioi(p(s),v(s)) (3.25)

holds true for all t € [s,00) and almost all s € [0,00) (including s =0). Here Eyy is as
n (1.12).

The main result of [AT18] is

Theorem 3.3 (Existence of Weak Solutions [AT18]).
Let Assumption 3.1 hold. Then for every vo € L2(Q) and ¢, € HY?(Q) such that

lpo| < 1 almost everywhere and f, podx € (—1,1) there exists a weak solution (v, ¢, 1)
of (1.1)-(1.4), (1.9)-(1.11).

4 Approximation by an Implicit Time Discretization

Let U be as in Assumption 3.1. We define ¥y: [—1,1] — R by ¥y(s) = ¥(s) + Ké for all
s € [a,b]. Then ¥y: [—-1,1] — R is convex and lim,_,1; U (s) = £oo. A basic idea for the
following is to use this decomposition to split the free energy Efp.. into a singular convex
part E and a quadratic perturbation. In the equations this yields a decomposition into
a singular monotone operator and a linear remainder. To this end we define an energy

E: L*(Q) —» RU {+o00} with domain
domE ={p € H/*(Q)| —1<¢ <1 ae}
given by

1E€(p ) + [, Uo(p)dz for ¢ € domE,
_ )3 Q
Ble) = { +00 else. (4.26)



This yields the decomposition
FEteo(p) = E(p) — chpH%g for all ¢ € dom E.

Moreover, E is convex and F = Fj if one chooses ¢ = ¥, and Fj is as in Subsection 2.1.
This is a key relation for the following analysis in order to make use of Theorem 2.3,
which in particular implies that 0F = 0F} is a maximal monotone operator.

In order to prove Theorem 3.3, we use an implicit time discretization. To this end, let
h =+ for N € Nand v, € L2(Q), ¢, € H'(Q) with ¢i(z) € [-1,1,] almost everywhere
and p, = (o1 + p2) + 5(p2 — p1)ex be given. Then U(p,) € LH(2). We also define a
smoothing operator P, on L?(Q) as follows. We choose u as the solution of the following
heat equation

Ou—Au = 0 in Qx(0,7)
U= = ¢ on Q,
Oyutlyq = 0 on 00 x (0,7,

?

where ¢’ € L*(Q), and set Py’ := uli=p. Then Py’ € H*(Q) and By’ — ¢’ in L*(Q)
as h — 0 for all ¢’ € L*(Q2). Moreover, we have |P,¢'| < 1 in Q if |¢/(2)] < 1 almost
everywhere and Py’ —;0 ' in H2(Q2) as h — 0 for all ¢’ € H? ().

Now we determine (v, ¢, 1) = (Vir1, ©rs1, es1), kK € N, successively as solution of the
following problem: Find v € H}(Q)¢N L2(Q2), p € D(OE) and

p€ HX(Q) = {u e H*(Q)| dnuly, =0 on 90},

such that
(% w) ) + (div(p(Pupr)v ® V), 1), + (20(¢r) Dv, D), + (div(v ®J), ¢)Q
= — ((Pupr) Vi, )q (4.27)
for all ¥ € Cg%,(€2),
@ —h% + v - VP = div(m(Pupr)Vi) almost everywhere in € | (4.28)

and

/(/L—i—ﬁ%)wd:c:é’(go?z/))—l—/\Ilg(go)wd:c+h/Vgp-V¢dx (4.29)
Q Q 0

for all v» € H*/?(Q), where

T =T = 20 Pyg) Vit = —252m( Py ) Vit

For the following let

[v|®

v 1 h
Eiotn(p,v) = / ,07 dx + / U(p)dr + 55(% )+ 5/ \Vol|? da. (4.30)
Q Q Q

denote the total energy of the system (4.27)-(4.29).

10



Remark 4.1. (i) As in [ADG13] we obtain the important relation
P — Pk
h
by multiplication of (4.28) with —2221 = %f). Because of div(v © J) = (divJ)v +
(J . V) v this yields that

—=v-Vp(Pupr) = diVj7

(PV _hpkvk : ¢) + (div(p(Prpr)v @ v), ) q + (20(¢r) Dv, D), (4.31)

N (<divj— bt _v.vp<pwk>) g,w)ﬂ +((3-9)v.9), =~ (Pen Vv,

for all+ € C5,(Q2) to (4.27), which will be used to derive suitable a-priori estimates.

(#) Integrating (4.28) in space one obtains [, pdx = [, ¢rdx because of div v =0 and
the boundary conditions.

The following lemma is important to control the derivative of the singular free energy
density ¥'(p). For its proof, we refer to [AT18].

Lemma 4.2 ([AT18]). Let ¢ € D(OF},) and € H'(Q) be a solution of (4.29) for given
o € HY(Q) with |px(r)| < 1 almost everywhere in ) such that

|%/cpd:r:ﬁ/cpkdﬂie(—l,l).
Q Q

Then there is a constant C' = C’(fQ K, Q) > 0, independent of ¢, i, pr, such that

12(0)ll2ten + \ [ wda] < Ol + 19615+ 1) and

10FR (Pl 2(0) < C ([lpellz2 +1) -

The following lemma is about the existence of solutions to the time-discrete system.
For its proof, we could follow the line of the corresponding arguments in [ADG13]. The
main tools are Theorem 2.3 and Leray-Schauder principle. For details, we refer to [AT18].
As before we denote

HZ(Q) == {u € H*(Q2) : n - Vu|sq = 0}.

Lemma 4.3 ([AT18]). For every vy, € L2(Q), pr € HY(Q) with |pr(z)] < 1 almost
everywhere, and py = 1(p1 + p2) + (P2 — P1)ew there is some solution (v,¢,p) €
(HY ()N LE(Q)) x D(OF,) x H2() of the system (4.28)-(4.29) and (4.31). Moreover,
the solution satisfies the discrete energy estimate

Etot,h(% V) + /

v — v[? Vo — V|’ 1
Pk| . A der/wdaniS(w—%w—%)
Q Q

+ h/ 21 ()| Dv|? dz + h/ m ()| Viul? dr < B ik, Vi) - (4.32)
Q Q
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5 Proof of the Main Result

5.1 Compactness in Time

In order to prove our main result Theorem 3.3 we will pass to the limit A~ — 0 resp.
N — oo for the approximate solution, which are obtain by suitable interpolations of our

time-discrete solutions. To this end let N € N be given and let (Vii1, @rr1, tier1), £ € N,

be chosen successively as a solution of (4.27)-(4.29) with h = & and (v, ') as initial

value.

As in [ADG13] we define fV(t) for t € [—h, 00) by the relation fV(t) = f; for t € [(k—
1)h, kh), where k € Ny and f € {v, ¢, u}. Moreover, let p = (1 + p2) + 3(p2 — pr)e".
Furthermore we introduce the notation

(ML) () =+ = ), (Apf) ()= F(0) — Ft ),
O f(0) =5 (i) (1), fu= () () = fle = h).

In order to derive the weak formulation in the limit let ¥ € (C3°(Q x (0,00)))* with

divep = 0 be arbitrary and choose 1 := fk(:ﬂ)hi/)dt as test function in (4.27). By
summation with respect to k € Ny this yields

/ /8”;, ¢dldt—|—/ /le pth®vN)-1,bd:L'dt+/0 /927/(g0hN)DVN:D¢d;L'dt
—// v ®JN :D«,z;dxdt:—/ /w%;ﬁ-zpdxdt (5.33)
0 Q 0 Q

for all ¥ € (C5°(Q x (0,00)))? with divep = 0. Using a simple change of variable, one

sees
//ath ) - da dt = // ) Oy tp dur dt

for sufficiently small 2 > 0. In the same way one derives

/ /@‘,hsoNCd:cdH/ /sto{X-VCd:cdt:/ /m@ﬁ)vw-vcdxdt (5.34)
0 JQ 0 JQ 0o JQ

for all ¢ € C§°((0, 00); C’l(ﬁ)) as well as

// "Qh);wd dt/o (N zpdt+/ /qf N\p dz dt

+ h/ /ch -V dzx dt (5.35)
o Jo
for all 1 € C5°((0, 00); C*(Q)).
Let EN(t) be defined as

k+1)h—t t—kh

EN(t) = Eiot(@rs1, Vis1) for t € [kh, (k+ 1)h)

12



and define
DY (1) = / M) DV [ di + / ()| Vitess | da
Q Q

for all t € (tg,try1), & € Ng. Then the discrete energy estimate (4.32) yields

—%EN(t> _ Eiot(0r, Vi) — ftot(%H,VkH) > DV (1) (5.36)

for all t € (tg,tr41), k € Ng. Integration implies

t
Bl (05" @)+ [ [ ot DVYE + (i) IV ) o dr
< Bt (™ (s), v (5)) (5.37)
for all 0 < s <t < oo with s,t € hNy.

Because of Lemma 4.2 and since Etot(goév , Vo) is bounded, we conclude that
(vM)ven € L*(0, 00; H(Q)?) N L>(0, 00; L*()7)
(Vi) ven € L*(0, 00; L*(Q2)%),
(™) nen € L=(0,00; H2(12)), and
(h#VipN)verw € L(0, 005 L3(Q2))

(5.38)

are bounded. Moreover, there is a nondecreasing C': (0, 00) — (0, c0) such that

T
[l
0 Q

Therefore there are subsequences (denoted again by the index N € N, h > 0, respectively)
such that

dt <C(T) forall 0<T < 0.

vl —~ v in L*0,00; H'(Q)?),
v —* v in L>(0,00; L*(Q)%),
PN =" in L7(0,00; H? (),
p = poin L2(0, T HY(Q)
Vi — Vu in L*(0,00; L*()

where 1 € L2,,,(10,00); H'(%2).
In the following @ denotes the piecewise linear interpolant of o (#;) in time, where

t, = kh, k € Ny. Then 0,V = ;hgoN and therefore

18" — " lla-110) < PIOPY -1 - (5.39)

Using that vV and VY are bounded in L%(0, 0o; L*(22)?) and (5.34) we conclude that
oM € LZ(O, oo; H71(€2)) is bounded. Since (o) yey and therefore (V) yey are bounded
in L>(0, co; H g (Q)) the Lemma of Aubin-Lions yields

&N — ¢ in L*(0,T; L*(Q)) (5.40)

) forall 0 < T < o0,
d

)
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for all 0 < T < oo for some ¢ € L*(0,00; L*(Q)) (and a suitable subsequence). In
particular ™ (x,t) — @(z,t) almost every (z,t) € £ x (0,00). Because of (5.39),

18Y = &l 2 n,ooi=12) = 0 (5.41)
and thus @ = . Since " € H}, ([0,00); H~1(Q))NL>®([0,00); H2(Q)) < BUC(]0, o0); L*())

and @V € L>(0,00; H2(Q)) are bounded, Lemma 2.1 implies ¢ € BC,,([0,00); H2(Q)).
Moreover, (Y — M) yen € L®(—h,00; H2(Q)) is bounded since (™) yen, (3™ )nen C
L>(—h,00; H3(Q2)) are bounded. By interpolation with (5.41) we conclude

N — N = 0in L*(—h, T; L*(Q)) (5.42)
and therefore
o — pin L*(0,T; L*(Q2)) (5.43)
for all 0 < T" < co. Moreover, we have

HSOhN - <P||L2(0,T;L2(Q)) < ||90hN - S0h||L2(o,T;L2(Q)) + HSOh - 90HL2(0,T;L2(Q))
1
< hz ||S0év||L2(Q) + ™ — ol 20, r=mz2) + llon — @l 20,2 0))- (5.44)

Because of [[on — ¢|lz20,m:02(02)) —h—0 0, we obtain |l — ¢l r2(0.7:12(0) —h—0 0.

Finally using the bounds of " in H(0,7; H '(Q)) and in L>(0,T; H*(Q2)) for all
0 <T < ooaswell as @ — ¢ in L*(0,T; L*(Q)) we conclude @™ (0) — (0) in L*(Q).
Since PV (0) = ) =N 00 @0 in L*(), we derive ¢(0) = .

Since p" depends affine linearly on ", the conclusions hold true for p.

To show the convergence of (5.35), we closely follow the corresponding argument in
[ABG15]. The only difference is that work on the space-time domains directly, while they
work on the spacial domains fixing a time variable in [ABG15]. We include the argument
here for completeness. We first observe that W/ (¢") is bounded in L?(0,7%; L*(Q)) for
0 < T < oo. Using this bound, we can pass to a subsequence such that ¥} (o) converges
weakly in L*(0,7;L*(Q)) to x for all 0 < T < oo as N tends to infinity. Let ¢ €
Cs°((0,00); C*(Q2)). Thanks to the convergences listed above, we can pass to the limit
N — oo in (5.35) to find

To show (3.23), we only have to 1dent1fy the weak limit x = limy o ¥p(p™). Let T > 0.
Since (5.43) holds, passing to a subsequence, we have ¢~ — ¢ almost everywhere in
2 x (0,7). On the other hand, thanks to Egorov S theorem there exists a set Q),, C

Q x (0,T) such that |Q,] > | x (0,7)] — 5= and on which ¢ — ¢ uniformly. We now
use (uniform with respect to V) estimate ()n g7 0(e™) in L2(Q2 x (0,T). By definition, the
quantity

Msn = |{(:ct) cQx (0,7) || (z,t)| > 1—5}‘
is decreasing in ¢ for all n € N. Since ¥ (y) is unbounded for y — +1, we set

= i \\/
Cs |c|12nlf_6 |5 (c)| =50 00,
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we have by the Tschebychev inequality
| e ded > Gl
Qx(0,7)

From the uniform (with respect to N) estimate of the norm of ¥} (") in L?(Q x (0,7)),
we obtain Mj, — 0 for 6 — 0 uniformly in n € N. Therefore, we deduce

(lsin(l)‘{(x,t) e Qx(0,7) || (z,t) >1 =6} =0
—
uniformly in N € N. Thus there exists 6 = 6(m) independent of N, such that
1
{(z,t) € Q% (0,T) | |¢"(z, 1) > 1 -6} < Dy VN e N

Consider now N € N so large that by uniform convergence we have o™ (z,t) — " (z,1)| <
g for all N’ > N and all (z,t) € Q,,. Moreover, let Q'  C Q,, be defined by

Q;nN :Qmm{($,t) € x (O,T) | |@N($,t)| < 1_5}
1

By the above construction, we immediately deduce that |Q}, x| > [© x (0,7) — -~ and
that | (z,t)] < 1 =% for all N > N and for all (2,t) € Qpn. Therefore by the

regularity assumptions on the potential ¥}, we deduce that W (¢"™) — ¥/ (y) uniformly
on Q' . Since m is arbitrary, we have W} (™) — W/ (¢) almost everywhere in € x (0,7).
By a diagonal argument, passing to a subsequence, we have W((¢") — W{(p) almost
everywhere in Q x (0,00) and W} (") — W)(p) as h — 0 in LI(Q7) for every 1 < ¢ < 2
and 0 < T' < oo. Finally, the uniqueness of weak and strong limits gives y = Uy(¢) as
claimed.

The next step is to show strong convergence v¥ — v in L2(0,T; L*(2)?) for all 0 <

T < oo to conclude a convergence pointwise almost everywhere. As above let [/)\\//N be the
piecewise linear interpolant of (p™v) (t), where t;, = kh, h € Ny. Then it holds that

0 (P9Y) = 0 (V).
Using that
pnvY @ vY is bounded in L*(0,T; L2(9)),
Dv" is bounded in L*(0,T; L*(f2)),
vV @ VN is bounded in L7(0,T; L3 (R)),
Vi is bounded in L*(0,T; Lo-=()).
together with (5.33), we obtain that o, (IP)(,(,B\\?N)) is bounded in L7 (0, T; (W(Q))) for
all 0 < T' < co. Here we remark that the boundedness of Vu¥ € L?(0,T; L*(Q)) and
e € L=(0,T; L7 () imply that ViNod € L2(0,T; Lo== (Q)) — L*(0,T; L5(Q)) is

bounded.
Since P, (pv") € L2(0, T; H'(Q)4) is bounded, the Lemma of Aubin-Lions implies

P,(pv") = w in L*(0,T; L*(Q)%)
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forall 0 < T' < oo for some w € L>(0, oo; L*(€2)?). Since the projection P, : L?(0,T; L?(Q2)4) —
L2(0,T; L2(£)) is weakly continuous, we conclude from the weak convergence pv' — pv
in L?(0,T; L*(Q2)) that w = P,(pv). This yields

[ o= [ e — [ [rmv= [ [

because of P, (pNvY) =y PBy(pv) in L*(0,T; L*(Q)?). Since weak convergence and

convergence of the norms imply strong convergence in a Hilbert space, we conclude
(P™)zvY = (p)zv in L2(0,T; L2(2)). Because of

P — p almost everywhere in (0,00) x Q and |p"| > ¢ >0,
we derive
V= ()5 ((0)BVY) S v in L0, T3 L)),

This yields in particular that v —y_,, Vv pointwise almost everywhere in (0,00) x
(for a subsequence).

Using these convergence results together with the fact that for all divergence free 1)
the following convergence holds

T T
| [ paedt pdvit sa [ [ Vo paear
0 Q 0 Q

we can pass to the limit in the equations (5.33), (5.34) to get (3.21), (3.22). The fact
that v(0) = vg in L?(£2)? is shown in the same way as in [ADG13]. Therefore we omit
the proof.

5.2 Energy Inequality

It remains to show the energy inequality (3.25). If we show that ™ (t) — ©(t) in H(%n)

for almost every t € (0, 00) and VAV@Y — 0 in (L*(Q))¢ for almost every ¢ € (0, 00), the
rest of the proof is almost the same as in [ADG13] and we omit it. To this end it suffices

to show (¢, vVhVY) converges strongly to (¢,0) in L?(0,T; H(%m)(Q) x (L2(2))?) for
every T > 0. If we take ¢ = ¢V in (5.35), we have

/ /(u +x? 290h>gdewdt:/ S(goN,gpN)dt—l—/ /\Ifg(goN)gdewdt
0 0o Ja
+h / / V' -V dodt . (5.45)
0o Jo

Since ¢ — ¢ in LA(Qr), #¥ — pin LA(Qr) and W(¢Y) — Wh(eY) in L2(Qr) as
N — oo, we have

A}EO{/OOE(@N(O ())dt+h/ /vﬂN VgoNdet}
/ /,ug0+/@g0 d:cdt—/ / D) da dt — /Ooog(go(t),gp(t))dt (5.46)
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because of (3.23). §

Next we show " — @ in L*(0,7; H?,)) and VYN — 0in L2(0,T; L?) as N — oo for
any T > 0. Let T > 0 be arbitrarily fixed. (¢~ )yey is bounded in L>(0, T’; H(Em))’ hence
also in L*(0,7; H?, ). Then there exists some ¢ € L*(0,T; H2,)) such that ¢ — ¢’ in
L*0,T; Hg,). Since oV — ¢ in L*(Qr), ¢ = ¢'. Hence o — ¢ in L?(0,T; He,).

For any fixed ¥ € C°(Q7)?,

Vh Von -pd(x,t)=— | Vh eV divapd(z,t)
Qr Qr

tends to zero as N — oo since ¢V — ¢ in L?(Qr). Since sup ey ||\/i_LVg0N||L2(QT)d < 00

and CG°(Qr) Mazare _ L2(Qr)4, we have vVAVEN — 0 in L*(Qp)?. Hence we have
(N, VEVY) = (,0) in L2(0,T; HE, x (1)),
Because of (5.46), we also have the convergence of the norms of (¢, vVAVeY) to that

(=4
2

of (,0) in L?(0,T; HE (L?)?). Hence we have shown the claim.
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