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Pressure reconstruction for weak solutions of the
two-phase incompressible Navier—Stokes equations with
surface tension

Helmut Abels, Johannes Daube, Christiane Kraus

Abstract

For the two-phase incompressible Navier—Stokes equations with surface tension, we
derive an appropriate weak formulation incorporating a variational formulation using
divergence-free test functions. We prove a consistency result to justify our definition and,
under reasonable regularity assumptions, we reconstruct the pressure function from the
weak formulation.

1 Introduction

We consider a two-phase flow of two incompressible Newtonian fluids. The isothermal flow
in a bounded domain 2 C R", n = 2,3, and on a finite time interval [0, 7] is described in
Eulerian coordinates by a velocity field v: © x [0,7] — R™ and a scalar pressure function
p: Q x [0,T] — R. For each time ¢ € [0, 7], a hypersurface I'(t) separates 2 into two disjoint
subsets 27 () and Q7 (t) of €, i.e., we have Q = Q~(t)UT'(¢) UQT(¢) and I'(t) = 9Q~ () N 2.
The regions Q7 (t) and Q7 (¢) are referred to as bulk phases, and correspond to different
phases of the fluid. Physically they are characterised by (constant) densities 0 < 31 < (5 and
corresponding viscosities 1(/3;) > 0, ¢ = 1,2. For convenience, throughout this paper we will
require that the interface is compactly contained in the fluid domain, that is, I'(t) CC . In
particular, the interface does not intersect the domain boundary, i.e., T'(t) N 92 = (. This, in
turn, means that Q= (¢t) CC Q and T'(t) = 90 (t) = 9Q (t) N ONT(1).

Assuming the interface I to be sufficiently regular, and the velocity v and the pressure p to be
sufficiently smooth functions on Q \ T'(t) = Q~(¢) U Q7" (¢), such that the one-sided limits on
['(t) from Q*(t) exist, the flow is described by the following free-boundary problem

B0 + f1(v - V)v — p(f1)Av+Vp =0 in Q7 (1), (1.1)
B201v + Ba(v - Vv — (o) Av + Vp =0 in QF(t), (1.2)
div(v) =0 in Q\ T'(2), (1.3)

[v] =0 on I'(¢), (1.4)

V=v-v" on I'(¢), (1.5)

[T|v™ = —204kv~ on I'(¢), (1.6)

v(-,t) =0 on 09, (1.7)

v(-,0) = v® in (1.8)

for every t € [0, T]. The initial phases Q~(0) = Q=@ cc Q, QF(0) = Q\ Q~® and the initial
position I'™ = J(Q @) of the interface, as well as the initial velocity v(¥: Q — R™, are given.
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H. Abels, J. Daube, C. Kraus 2

The unknowns are the velocity v(-,t): Q\ I'(f) — R™, the pressure p(-,¢): Q\ I'(t) — R and
the interface (free-boundary) I'(¢). Here and in the sequel, | -] stands for the jump across the
interface I'(t) in the direction of the exterior unit-normal field v~ (-, ) of 9~ (¢). For a given
quantity f and z € T'(t), this is, explicitly,

], t) = i (f (2 + €07 (2,0),8) = f (2 = &7 (2,0),1).

By V. =V(.,t) and K = k(-,t), we denote the normal velocity and the mean curvature of
['(t), for fixed ¢, both taken with respect to v~ (+,t). Moreover, in (1.6, oy > 0 denotes the
surface-tension constant, and the stress tensor 7' = T'(v, p) is defined by

2u(B1)Du(t) —p(t) I in Q7 (),
2u(B2) Du(t) — p(t) I in QF(2).

The partial differential equations (L.1))-(1.3) are the incompressible Navier-Stokes equations.
Equations and model the conservation of linear momentum and the incompressibility
condition corresponds to conservation of mass in each bulk phase. These partial differential
equations in the bulk phases are coupled by the interface conditions ([1.4)—(1.6)): the velocity
field is continuous across the interface I'(t) by (1.4). Due to (1.5]), the interface I'(¢) is
transported purely by the bulk fluid flow. The interface condition is (a dynamic version
of ) the Young-Laplace law relating the jump of the normal stress [T'] v~ to the mean curvature
k. The velocity boundary condition is the no-slip condition at the boundary 0f) of the
fluid domain 2. With (L.8]), we prescribe initial values v : Q2 — R™ for the velocity.

The question of (unique) solvability of the free-boundary problem (L.1)-(L.8) and related
systems has been studied by many authors: in the framework of Holder spaces, Denisova and
Solonnikov first studied the corresponding two-phase Stokes problem [I]]. Later they proved
well-posedness of ([1.1)—(1.8)) for appropriate initial data [2]. Existence results in the context
of maximal L"-regularity (so-called strong solutions), which are even real analytic for positive
times, are due to Priss and Simonett [3] and Kéhne, Priss and Wilke [4], and in a varifold
context due to Plotnikov [5, [6] and the first author [7]. In general, the existence of weak

solutions to ([1.1))—(1.8)) is an open problem, cf. [8, Section 2.2].

This paper summarizes the result of [9, Chapter 4] and is organised as follows: In Section [2] we
will introduce our notation and provide some preliminary results. In Section [3] we will derive a
weak notion of solutions which uses divergence-free test functions. This will lead to a weak
formulation that does not incorporate the pressure function.

T(v(t),p(t)) = {

In the remainder of the paper we shall justify our approach and reconstruct a pressure function
from the weak formulation: In Section [4] we shall provide the functional-analytic background
and introduce Sobolev spaces on time-dependent domains. In Section [B], under reasonable
regularity assumptions, we will reconstruct the pressure function from the weak formulation.

2 Notation and Preliminaries

Let U C RY, d € N, be open. The space of smooth and compactly supported functions in
U is denoted by C3°(U) and Cg5, (U) is the subspace of C3°(U) of divergence-free functions.
Moreover, for Q C R, we define

Co @) ={u:Q@ =R :u=Ul|,, Ue Ce°(RY), supp(u) C Q}.
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For a Banach space X, its dual is designated by X*. For a measurable set M C R? and
r € [1,00], L"(M) and L"(M; X) denote the standard Lebesgue spaces of scalar and X-
valued functions, respectively. If M = (a,b), we simply write L"(a,b; X). W*T(U) is the
Sobolev space of order k € N and integrability exponent r. By Wé”(U), we denote the
closure of C3°(U) in W*(U), and we set H¥(U) = W*2(U) and HE(U) = WE?(U). The
corresponding dual spaces we abbreviate as W~14(U) = (Wol’q/(U))*, where ¢’ = %7, and
H='(U) = W=Y*(U). Furthermore, L2(U) and H;,(U) denote the closure of C§% (U) in
L*(U) and H'(U), respectively. For r € [1,00), we define

LI (U) = W”'Hmmd and WI(U) = Wu-uwl,rw)d.

Furthermore, for 7 = 2, we use the notation H; ,(U) = Wolf(U) The space WOIUT(U) has the
following useful characterisation; see [10, Lemma 11.2.2.3].

Lemma 2.1 (Characterisation of W&;(Q)) Ford > 2 and r € (1,00), let Q C R? be a
bounded domain with Lipschitz boundary. Then there holds

Wor (@) = {u € We" (@) : div(u) = 0}.
It is convenient to introduce the spaces
Ce((0,7); C35, () = {w € C32(2 x (0,T))* : div(y) =0}

and
Co([0,T);:C55 () = { Ylaupory * ¥ € CF(Q x (—1,T))%, div(y) = 0}.

2.1 Functions of Bounded Variation and Sets of Finite Perimeter

For N € N and a finite R"-valued Radon measure 1 and a Borel set £ C U, the total-variation
measure of E is defined by

() = sup 3 [,

where the supremum is taken over all pairwise disjoint partitions (E,,)men C X of measurable
sets E,,, m € N, such that £ = |J°°_, E,,,. A function u € L*(U) is said to be of bounded
variation if its distributional gradient Vu is a finite R%valued Radon measure. The set of
all functions of bounded variation is denoted by BV (U), and the set BV (U, M) contains all
functions u € BV(U), such that u(z) € M for a.e. x € U. A measurable set £ C U has
finite perimeter in U if its characteristic function x g belongs to BV (U). By the structure
theorem of sets of finite perimeter, there holds |Vxg| (U) = H¥ (U NO*E), where He ! is
the (d — 1)-dimensional Hausdorff measure and 0*E'is the so-called reduced boundary of E,
and, moreover, for all ¢ € C5°(U)Y,

/E div(y) de = /6 Ve dH (@),

where vg(z) = —limg % is the generalized outer unit normal; cf. e.g. [11 Theo-

rem 3.36]. Note that, if F' has C'-boundary, then 9*E = OF and vy coincides with the usual
outer unit normal.
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2.2 Hypersurfaces

We briefly recall some facts from differential geometry. For a more complete treatment, cf. for
instance [12, Section 2], [13, Section 16.1] and [14]. We call T' C R¢, d > 2, a C*-hypersurface,
k € N, if, for each 2o € T, there exist an open neighbourhood U C R? of z, and a function
u € C*(U) with

UNT={z €U : ulx) =0} and Vu(z) #0 forallz € UNT.

In the case k = 2, we briefly call ' a hypersurface. For a hypersurface T', the space C'(I)
consists of all functions f: I' — R such that there exist a neighbourhood U C R? of I and a
function g € C'(U) with f = g|,;. The tangent space T,I" of a hypersurface I' C R?, at a
point x € I, is defined by

T,I' = {r ¢ R* : 7-Vu(z) = 0}.

A hypersurface I is called oriented if there exists a function v € C*(I")¢ such that, for all
x € I, there holds |v(z)| =1 and v(z) L T,T, ie., v(z)-7 =0 for any 7 € T,.I". The function
v is called unit-normal field (or, briefly, normal). On an oriented hypersurface I' C R? with
unit-normal field v, for f € C*(T"), the tangential gradient Vi f: I' — R? is defined as

Vif = (0f,--.0af) = (V= (V)| .

For u € CY(T")¢, the tangential divergence divr(u): I' — R is defined as

d
divp(u) = Z 0.
i=1

Proposition 2.2. For an oriented hypersurface I' C R with unit-normal field v, define
K= (ICij)i,jzl ..... d: I' — RdXd by

Kij(x) = —6iv(x) (2.1)

fori,j=1,...,d and x € I'. Then, for every x € I', the matrix K(x) is symmetric and v(x)
is an eigenvector of K(x) with corresponding eigenvalue 0.

Proof. See [12, Section 2.3] or [14, Theorem 2.10]. O

The foregoing proposition allows one to define the mean curvature of an oriented hypersurface.

Definition 2.3 (Mean curvature). For an oriented hypersurface I' C R? with unit-normal field
v, let x € I" and let KC be defined as in ([2.1]).

1 The principal curvatures of I' in = are the eigenvalues k1 (), ..., Kkq4—1(x) of K(x) belonging
to eigenvectors orthogonal to v(z).

2 The mean curvature k: I' — R is the trace of IC, i.e.,

d

d—1
K= Z Kii = Z K.
i=1 i=1

DOI 10.20347/WIAS.PREPRINT.2662 Berlin 2019
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Note that, in view of the above definitions, there holds xk = — divr(v). Moreover, for f € C*(T)
and i = 1,...,d, there holds the integration-by-parts formula

/F(Sif dH" (z) = —/Ff/wi dH* (z); (2.2)

see [13| Lemma 16.1].

For the treatment of time-dependent interfaces, we need the notion of evolving hypersurface,
and have to define its normal velocity.

Definition 2.4 (Evolving hypersurfaces). Let I C R be an interval. For a family (T'(t));e; C R?
of oriented hypersurfaces, define

r={(re x {t). (2.3)

tel

1 (T(t))tes is called a C*'-family of evolving oriented hypersurfaces, or, briefly, a family
of evolving hypersurfaces, if I' is a C'-hypersurface in R*! and there exists a function
v € CHT)? such that T'(t) is oriented by v(-,t) for every t € I.

2 The normal velocity V€ C°(T') of (T'(t))er at a point (zo,ty) € T is given by
V(wo,to) = 1/ (to) - v(x0, to),

where n € C'(1y)?, for some subinterval Iy C I with ty € Iy, such that n(ty) = x¢ and
n(t) € T'(¢t) for all t € I.

Remark 2.5. The definition of the normal velocity V' does not depend on the choice of the
function 1. Moreover, for any t € I, there holds V (-,t) € CY(T'(t)); see [14, Theorem 5.5].

Finally, we provide some transport identities for integrals, which allow one to calculate time
derivatives of integrals over time-dependent domains and hypersurfaces.

Theorem 2.6 (Transport theorem). For some interval I C R, let (I'(t));e; be a family of
evolving hypersurfaces in the sense of Definition[2.4, In addition, for every t € I, assume that
['(t) = 0Q(t) for some open, bounded set )(t) C R?. Denote by v = v/(t) the unit-normal field
of I'(t) pointing outward to €)(t), by k = k(t) the mean curvature of I'(t) and by V = V (t)
the normal velocity of (I'(t))icr, respectively, with respect to v(t).

1 IfU Cc R js an open set such that

U (20 = 1) cu.

tel

then, for every f € C'(U), there holds

d
a4 dr — o, fd VAH ().
dt/ﬂ(t)f x /Q(t) i f :L’+/F(t)f H (x)

2 LetT beasin (2.3). If f € CY(T), then, for and t € I, there holds

d d-1
dt /F(t) AR ()

_ d— _ de . W
= /F(t)atde 1($) /F(t)fHVde 1(x)—|—/r(t)(Vf V)Vd'H 1(1’)

DOI 10.20347/WIAS.PREPRINT.2662 Berlin 2019
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In particular,

d d—1 _ d—1
U (F(t))——/r(t)/d/d% ().

Proof. See [12, Appendix] or [14, Theorems 6.1 and 6.4]. O

3 The Notion of Weak Solutions

The free-boundary problem ([1.1))—(1.8]) incorporates two disjoint subregions Q~(¢) and Q7 ()
of the domain €2, where the fluid is of constant density 3; and [3,, respectively. This means
that the associated density function is given by

p(t) = Bixa-@) + BaXa+@ in S (3.1)

Note that p(t) = (81 — B2)Xa-@) + B2 in 2\ I'(t). Moreover, the nature of p(t) is encoded in
the characteristic function
pt) = Bs

X(t) = xo-0) = 55— 55, (3.2)

and vice versa. In many situations, it is convenient to use that (|1.1) and (1.2)) are equivalent
to
poyw + p(v - Vv —2u(p) div(Dv) + Vp = 0in Q\ T'(¢). (3.3)

To motivate a weak formulation, we consider sufficiently smooth solution triplets (v, p,T")
of (1.I)—(1.8)); see Assumptions below. More precisely, for the pair (p,v), we derive a
variational formulation for ([3.3]) incorporating divergence-free test functions, an energy equality
and a weak formulation of the pure transport of the interface in terms of a transport
equation for x.

Assumptions 3.1 (Existence of smooth solutions). Let the following conditions be satisfied.

1 Regularity of initial interface. I'") is a C*-hypersurface, inducing a disjoint partition
Q=0-0ur®uyQt®, such that

I =90"0 cc Qand Q9 =Q\ Q=0 =\ (O uTr®).
Define the initial associated density function p: Q — R by

P (x) = Bixa—o (x) + Baxarw (z) forz € Q
and define Y : Q1 — R by

X(z) = xg-.0 (z) for z € Q. (3.4)

2 Regularity of initial veloc:ty v@: Q — R™ belongs to C°(Q)". Additionally, the restric-

(@) +(
tions v g tO OB satisfy

p® e CH(QF)" and div(v™) =0.

[eEH O]

[eEHO)]
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3 Existence of smooth solutions. (v,p,T") is a solution triplet satisfying equations (|1.1))—
(1.8) with the following regularity properties.

3.1 Regularity of velocity and pressure. There exist open sets U~, Ut C R"* with

U (Qi(t)x {t}) cU*

te[0,T

as well as functions v= € C*(U*)" and p* € CY(U#) such that

v=v"andp=p-on (J (Qi(t)x{t}>

te[0,7)

3.2 Regularity of interface. (I'(t)).cjo,r is a family of evolving hypersurfaces in the sense
of Definition|2.4 such that Q= (t) UT(¢t) UQ™(t) is a pairwise disjoint partition of () and
['(t) = 00~ (t) CcC Q for all t € [0, T]. Additionally, for I' = Uyejo 1 (F(t) X {t}) let
v= € C°T)" be such that v~ (-,t) is the unit-normal field pointing outward to 2~ (t)
for all t € [0,T].

3.1 Variational Formulation

In the spirit of the theory of the incompressible Navier—Stokes equations; see for example [15],10],
we will use divergence-free test functions in the weak formulation. This choice leads to a weak
formulation lacking the pressure function. In order to justify this approach, one has to reconstruct
the pressure from the weak formulation.

For the treatment of time derivatives in (1.1)) and (1.2) and for later use, we provide the
following consequences of the transport theorem (Theorem [2.6)).

Lemma 3.2 (Transport identities). Suppose that Assumptions (3.1 are valid. Then, for every
t € (0,T) and every ¢ € CF (2 x [0,T))", the following statements hold true.

1 % Jopv-dz = o pO(v - ) dz + (81 — f2) Jre V(v-1)dH ().

2 & Joplol® dz = fo\rg p0c [0I* dz + (B — Ba) Jogy V [of* dH" ().

Proof. In view of (1.4)), we simply write v(t) = vt (t) = v~ (¢) on I'(t), where
vt(z,t) = ?{‘I(l)?}(l‘ +&v (x,t),t) and v (x,t) = %i{%v(x —&v (x,t),1).

Let ¢ € C(C’(?)(Q x [0,7))™. To prove the first statement, we apply Theorem to obtain

d - . . n—1
dt/g(t)v.wdx—/ﬂ(t)@t(v V) da + F(t)V(v ) dH" (z)

and, likewise,

O(v-1)de — / V(v-y)dH" (z).

(1)
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Recalling the definition of p from ({3.1)), we infer that

d
&/QPU cdr = /Q\F(t) pO(v - ) dx + (81 — Pa) /F(t) V(v-1) del(x»

The second claim now follows analogously, with v taking the role of 1. O

Proposition 3.3 (Weak differentiability of v). Let t € (0,T). If Assumptions[3.]] are satisfied,
then v(t) is weakly differentiable in ().

Proof. Let t € (0,T). In view of Assumptions [3.1] there holds
v(t)lg- ) € CHQ(1)" and v(t)lgiy € CHQF (D)™

For any i = 1,...,n and any ¢ € C§°(€2)", integration by parts yields

/Q vs(t) div() dz = /Q w@) div)dz + [ v(t) div(e) dz

—@®) Q* (1)

= — [ V) vde = [ (@) v i @),

Q\I'(¢) I(t)

Since, by (|1.4)), there holds [v;(t)] = 0, the claim follows. O

The following weak concept of mean curvature will be useful for obtaining a variational

formulation of (1.6)).

Lemma 3.4 (Weak-mean-curvature functional). Let t € (0,T") and suppose that Assump-
tions[3.1] are satisfied. For every ¢» € C*(Q)" with div(¢)) = 0 in Q, there holds

/F | PV dH ) = /F oV DO (@) VA ), (3.5)

Proof. Lett € (0,T) and ¢ € C1(Q)™ with div(¢)) = 0 be arbitrary. We apply the integration-

by-parts formula (2.2)) to f = ¢; and sum over i = 1,...,n. Denoting k = k(t), v~ = v~ (t)
and I' =T'(t), as ¢ is divergence free, this implies

/F/w_ S dH " (z) = —/Fdivlﬂ(zﬁ) dH" H(x) = /FV_ @v~ : Ve dH" H(z).
[

Note that the right-hand side of ([3.5)) is well-defined if I" is merely the reduced or the essential
boundary of a set of finite perimeter. Then one has to interpret v~ as generalised inner (or
outer) normal to T.

Lemma 3.5 (Weak form of linear-momentum balance). Let Assumptions[3.1] hold true. For
every ¢ € Cg°([0,T); Cg5,(R2)), there holds

T
/0 /va~8t1/z—l—pv®v : Vi — 2u(p)Dv : Dyp dz dt

T (3.6)
/Qp v h(0) de 20’St/0 /F(t) v- v Vi dH"  (z) dt.

DOI 10.20347/WIAS.PREPRINT.2662 Berlin 2019
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Proof. Multiplying (3.3) by v € Cg°([0,T); Cg5,(€2)) and integrating with respect to space
and time leads to

T
/0 /Q\F(t) (00w + p(v - V)v = 241(p) div(Dv) + Vp) - ¢ dadt = 0. (3.7)

Applying the first statement of Lemma to deal with the time derivative leads to
/ /Q\ pdw - dzdt + (B1 — B) / / b) dH () dt

- —/0 /va-atwdde/O ((ﬂfslpv-@bdx) dt (3.8)
= —/OT/va'ﬁtl/JdJJdt—/Qp(i)U(')

To each of the remaining terms in , we shall apply the integration-by-parts formula on the
spatial domains Q7 (¢) and QT (¢ By . ) and ([1.4)), we infer

[ ol V) e

\r(

s /Q_(t) div(v ® v) - dz + B /m(t) div(v @ v) - ¢ do (3.9)
= — /va ®@uv:Vipdr + (1 — PBa) /F(t)(v v - dHY ().

Using Proposition and Dv : V¢ = Dv : D1, we analogously obtain that

/Q - p(p) div(Dv) - ¢ d

(3.10)
= — [ wp)pv: DYz | ) D - )
In view of div(¢)) = 0, we have
_ - . n—1
/Q\F(t) Vp-yder = /F(t)[p]y YdH" (x). (3.11)

Now combining (3.7)—(3.11)) leads to

/T/ pv - O + pv @v : Vb —2u(p)Dv : Dy dx dt + /S)p(i)v(i) -1)(0) dx
= — (61— B2) / / —v-v v dH (2) dt

+/0 /F(t) 2u(p)Dov™ —pzf} S dH T (z) dt
= - 2ast ATA(t) KV - ¢dHn_1(x) dta

where the last identity follows by (1.5)) and (1.6)). Finally, Lemma [3.4] yields (3.6). O

DOI 10.20347/WIAS.PREPRINT.2662 Berlin 2019
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3.2 Energy Equality

In an analogous manner to Lemma [3.5] we may derive the following energy identity.

Lemma 3.6 (Energy equality and a priori bounds). Let Assumpt/'ons hold true. For all
11,72 € [0,T] such that 7 < 75, the following energy equality is satisfied.

20 H" 1 (T(m)) + / (1) [o(m)|? da + 2 / / p) |Duf? dzdt

(3.12)
= 20, (T(m) + 1 [ plr) [o(m) da.
Moreover, if the initial energy
E© = 20, 1" / P de (3.13)

is finite, then there holds

v e L®0,T; L2(Q)) N L*(0,T; Hy(Q)™) and p € L=(0,T; BV (Q, {B1, 52})).

Proof. Let 71,75 € [0,T] be such that 71 < 75. We multiply (3.3) by v and integrate with
respect to space and time. This leads to

/ ’ /Q\F( ) (00w + p(v - Vv = 2u(p) div(Dv) + Vp) - v da dt = 0. (3.14)
1 t

We shall evaluate the integral expression successively. For the treatment of the time derivative,
we apply Lemma [3.2] to obtain

Q/T1 /Q\F pow - vdrdt = / / p@t]U dz dt
— [ oln) rvm)r de— [ plm) p(r)f dz (3.15)
o o m 2 n—1
(B 52)/71 /F(t)V|v| dH" ™ (x) dt.

For the treatment of the remaining terms in (3.14)), we shall repeatedly integrate by parts with
respect to the spatial variable for fixed ¢ € (71, 72): for the computation of the second term
in (3.14)), we use that, in view of ([1.3)), there holds ((v-V)v)-v = div(v®v)-v = %div(!vﬁv)
in Q\ IT'(¢), which implies

2 [ pl(w- V) -vde = (B~ >/ o2 v - v~ dH (). (3.16)

Q\I()

Proceeding as in ([3.10) and using Dv : Vo = |Dvl|? leads to
/ p(p) div(Dv) - vdx
T (3.17)
= —/ p) |Dv|? dax — /( )[p,(,o)Dv]y_ v dH" ().
It

To treat the pressure term in (3.14]), we may again use (|1.3)). Using calculations as in ([3.11)),
we infer that

X — - . n—1
/Q\I‘(t) Vp-vdx /F(t) [plv™ - vdH" " (x). (3.18)
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Now we may combine ([3.14)—(3.18). Altogether, by (1.5)) and (1.6]), we obtain

2/ ) [o(m)? dz — = / ) [o(m)[? dx+2/ / ) [Dof? dzdt
= — — oy n—1

2(51 2) /n /F(t) ]v| (V—v-v7)dH" " (z)dt

— /T2/ [2u(p)Dov™ — pr~] - vdH " (z) dt

T1 F(t)
= QO'St/ 2/ kv - v dH"(z) dt
T1 - F(t)

— 20, / i / KV AH" () dt
71 JI(t)
Now ([3.12)) follows by observing that, in view of Theorem [2.6] there holds

/ b /F AV A @) dr = / R N
=H"H(T(m1)) = H" (T (7).

Suppose that the initial energy £V, defined by (3.13), is finite and let ¢ € [0, T]. Recall from

(B.1) that there holds p(t) € {ﬁl,ﬁg} a.e.in Q. Makmg in (3.12) the choice 7y =0 and 7, = ¢
implies

86 [ (@) do < BV
Q
Hence v € L°°(0, T'; L*(Q)™). Similarly, we obtain that
min{u(f1), 1(B2) }/ /|Dv| dxdt</ / p) |Dv|? dzdt < IE(Z)

Due to the boundary condition ([1.7)), and using Korn's inequality [16, Theorem 1.33], we infer
that v € L2(0,T; H{ (2)™).

In the remainder of the proof we fix ¢ € (0,7'). In view of (1.3) and Lemma 2.1} v belongs
to L°°(0,T; L%(Q)). To explore the regularity of p, we recall that, in view of (3.1)), for
every t € (0,7), there holds p(t) € {f1,02} a.e. in Q and, in particular, p belongs to
L>(0,T; L>=(Q)). Additionally, for any ¢ € C§°(Q)", we have
(Vo(t), oy = = [ p(t) div() da
~(Bi=8) [ div()da
Q- (1)

= (B ) [ ¥ov (A a),
Consequently, Vp(t) is a finite Radon measure and there holds
I90(8) ey = sup { [ plt) div()da s ¥ € CHQY", [0 < 1
= (fBa — (1) sup {/Q(t) div(y)dz = ¥ € C3(D)", [¥leo < 1}

= (B2 — BOH"HOQ () N Q).
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Due to Assumptions 3.1, Q~(¢) has a Lipschitz boundary and Q= (¢) CC . Then, we get

IVp(®)llm) = (B2 = BHHT(2)). (3.19)
Finally, from the energy equality (3.12)), it follows that ||V p(t)|| s« is uniformly bounded in ¢.
Altogether, we have proven that p € L>°(0,7; BV (2,{/1, f2})). O

3.3 Transport Equation

The interface condition ((1.5) can be expressed by the following transport equation for x in
distributional form, cf. [7, Section 2.5].

Lemma 3.7 (Transport equation). Let Assumptions hold true. Then, for all ¢ € Cf5(Q x
[0,T)), there holds

/OT/Q X(Owp +v - Vo) dedt + /Q Y (2)(0) dz = 0. (3.20)

Proof. Let ¢ € C(y (Q x [0,7)). Applying Theorem to ¢ and integrating with respect to
time yields

/ /F(t Ve dH ' (z)dt = / / @tgpdxdt—/ﬂ 0 ©(0) dex. (3.21)

Since div(v(t)) = 0 in Q7 (¢) by (1.3), we conclude that

T T
// v-l/_godH"_l(x)dt:// div(vy) dz dt
0 Jrw 0 Ja-()
T
:// v - Vpdzdt.
0 Jo-@)

Recalling ([1.5)), we use that V' =v - v~ on I'(¢) to obtain

T T
// By da dt + @(O)der// v-Vedzdt = 0.
0 Ja-() Q- (0) 0 Ja-()

As x(t) and x are the characteristic functions of Q7 (¢) and Q—® = Q~(0), respectively,
see ([3.2)) and ([3.4)), the identity ([3.20)) follows. This finishes the proof. O

The previous result motivates the following definition.

Definition 3.8 (Weak solutions of the transport equation). For prescribed functions v €
L2(0,T; L2(2)) and X € L>(2), x € L=®(Q x (0,T)) is called a weak solution of the
transport equation

Ox+v-Vx=0 inQx(0,T),

x(0) = x inQ
provided that for every ¢ € C (2 x [0,T)), (8.20) holds true.

(3.22)
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3.4 The Weak Formulation

We seek to introduce a weak formulation for . To this end, we restrict the class
of weak solutions to pairs (p,v) satisfying the energy mequallty - For well-prepared
initial data (p®,v(®), this suggests the regularity classes p € L>(0,T; BV (2, {81, B2})) and
v e L>(0,T; LE(Q)) N L*(0,T; HY(Q)"). For a.e. t € (0,T), there exist a measurable set
Q7 (t) € © and an induced characteristic function x(¢) € BV (£, {0, 1}) of p(t) such that, a.e.
in Q, there holds

Xo-) = p(t) — 52'

B — B2

Here and subsequently, we refer 2~ (¢) to as measure-theoretic representative set of p(t). This,
in turn, leads to the representation

x(t) =

p(t) = (B1 — B2)xa-@) + B2 = (B1 — B2)x(t) + Ba.

Notice that this procedure makes the identity Q(¢) = {x € Q : p(t) = (1} well-defined in a
measure-theoretic sense. As ()~ (¢) is of bounded variation, we may define the interface I'(¢) by
[(t) = 0" (2 (t)) N Q, where 0*(2~(t)) denotes the reduced boundary of 27 (¢). Hence the
variational formulation remains meaningful if we understand the outer unit normal v~ in
the (measure-theoretic) sense of the generalised outer unit normal given by

_ . Vxa-u(Bs(x))
v (x,t) = —lim for x € I'(t).
0= Vxa- (| (Bs(x)) Ho

Additionally, we require y to solve the corresponding transport equation in the sense of
Definition [3.8] and we maintain the assumption that Q™ (¢) is compactly contained in 2. Finally,
the results of the Lemmas motivate the following weak formulation of ((1.1)—(1.8])).

Definition 3.9 (Weak formulation). Let (p(i), v(i)) € BV (Q,{B1, f2}) x Hj () be prescribed

initial data, such that the measure-theoretic representative set Q~(0) of p®¥) is compactly
contained in Q, i.e., Q7(0) CC Q, and p' has the representation

ﬂ(l) = (61 = B2)xa-() + B2 = (b1 — BQ)X(i) + o,

where x%) is the induced characteristic function of p¥) that is given by

W _ P =P

X T = B,

€ BV(Q,{0,1}).

Then (p,v) is called a weak solution of (1.1)—~(L.8)) with prescribed initial data (p®,v®) if
the following conditions are fulfilled.

1 Regularity of associated density. p € L>(0,T7; BV (Q,{51,02})), and the measure-
theoretic representative set ()~ (t) of p(t) is compactly contained in (), that is, for a.e.
€ (0,T), there holds Q~(t) CC Q.

2 Regularity of velocity. v € L*°(0,T; L2(2)) N L*(0, T; H} (Q2)™).
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3 Weak form of linear-momentum balance. For each ¢ € C§°([0,T); Cg%,(52)), there
holds

/T/ pv -0 + pv @ v : Vb — 2u(p)Dv : D dx dt

- / R 0)de — 204, / / — L Ve dH (2) dt,

where I'(t) = 0*(27(t)) is the reduced boundary of 2~ (t), and v~ (t) denotes the corre-
sponding generalised outer unit normal.

(3.23)

4 Energy inequality. For a.e. 71 € [0,T), including 1 = 0, there holds

204 H" (D (72)) + / p(12) [v(12)] dx+2/ / p) |Dvl? da dt

(3.24)
< 20, H D) + 3 | plm) fo(m) da

for all 5 € [1,T).
5 Transport equation. The induced characteristic function x given by x = xq-(.), that is,

_ P~ B2
Br— B
is a weak solution of the transport equation (3.22)) with velocity v and prescribed initial data
x® in the sense of Definition (3.8

From now on, we will always consider weak solutions in the sense of the foregoing definition.
For convenience, for any weak solution (p,v), we will use the notation

Qr(t) =\ (Q (1) UT()),

where, as in the previous definition, 27 () denotes the measure-theoretic representative set
of p(t) and T'(¢t) = 0*(2~(¢)). This means that, via Q = Q= (¢) UT'(¢) U Q" (¢), this notation
leads to a pairwise disjoint partition of 2. Note that if the set Q~(¢) is sufficiently smooth,
its topological and reduced boundary coincide, i.e., I'(t) = 0*(2~(¢)) = 9(Q(t)). This is
consistent with Assumptions [3.1]

Remark 3.10 (Energy inequality). The energy inequality restricts the class of weak
solutions in Definition [3.9. This approach is in the spirit of the theory of weak solutions for
the incompressible Navier-Stokes equations: in this case, for n = 2, weak solutions are unique,
whereas, forn = 3, it can be shown that weak solutions are unique if one weak solution satisfies
an additional regularity assumption, referred to as Serrin’s condition, cf. [10, Theorem V.1.5.1].

4 Lebesgue and Sobolev Spaces on Time-Dependent Do-
mains

We are interested in functions that take values in Lebesgue or Sobolev spaces on time-depend-
ent domains (§2(t)):c(o,77, cf. also [17, [18, [19, 20]. We require the family (£2(¢)):cjo,r) to be
parametrised in the following way, cf. [20, Assumption 1.1].
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Assumptions 4.1 (Time evolution). Let 2 C R", n = 2,3, be a bounded domain with
boundary S of class C*. Assume that the time evolution of the family ((t)):cjor) C 2
is described via a time-dependent C3-diffeomorphism ®(-;t): Q(0) — Q(t), i.e., for every
t € [0,T), there holds

Q(t) = {@(&:1) : £ €Q0)} and OF) = {®(&;t) = € € O0)}.

Denote by v = v(-,t) the corresponding outer unit normal and by V- = V (-,t) the normal
velocity of (O€U(t))seqo,r] with respect to v. For Q@ C R™ x [0,T], CP(Q) denotes the set of all
bounded, continuous real-valued functions on Q and C'(Q) is given by

{u €C(Q) : 070%u e CQ), 1<2s+|al, <3, s€ENy, ac Ng},

where |a|, = a1 + as + - - - + a,.

1 Regularity of initial domain. The initial domain Q(0) C R" is a bounded domain with
C3-boundary 9(Q(0)) and let Qo = Q(0) x (0,T).

2 Regularity of ®. ® € C>'(Q,)".

3 Preservation of volume. det(V®(&;t)) =1 for all (€,t) € Qo.

Corollary 4.2 (Space-time domain). Let ® be as in Assumptions (4.1, Then the function
A: Qo — R™1L: (€,1) = (B(E;1),1) belongs to CP (Qy)"!. Moreover, A is invertible with
inverse function A=' € C2'(Qp)"t1, where

Q= {J (@) x{t}) crR".

te(0,T)

In particular, ' € C' Q7)™ and Qp has a Lipschitz boundary.

Proof. As ® € C{'(Qy)" by Assumptions , it follows that A € C'(Qo)™*'. Moreover,
Ais invertible and A~'(z,t) = (®~(x;t),t). Hence, A~' € CP'(Qr)", and thus &'
O (Qr)™. Observing that 9(Qy) is Lipschitz and that Q7 = A(Q,) finishes the proof. [

Proposition 4.3 (Normal velocity). Suppose that Assumptions hold true. Then, for every
(zo,t0) € Urepo.1y (89(1&) X {t}) there holds

V(z0,t0) = (0,®) (@ wo;t0); o) - v(z0, o).
Proof. For ty € [0,T], fix g € 9Q(ty). By Assumptions [4.1] restriction to the respec-
tive boundaries yields diffeomorphisms ®~1(-;¢0): 9Q(tg) — 9Q(0) and, for ¢ € [0,T],
D(;t): 9Q0) — 09(t). Therefore, t — n(t) = ®(P 1 (xg;tg);t) € IN(t) defines a C1-
mapping n: [0, 7] — R™ with n(tg) = ®(® ! (zo;t0); to) = zo. Thus 1 is an admissible choice
in Definition [2.4] which yields

V(zo,to) = 1 (to) - v(xo, to) = (0,®) (D (0;t0); to) - v(x0, to).

Consequently, V' has the stated representation in terms of . n
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By means of the transformation ®(-;¢): ©Q(0) — €(¢), we may transform Lebesgue and Sobolev
functions defined on €(t) to functions on ©(0). For this purpose, for ¢ € [0, 7], we introduce
the transformation @, (t) defined by

(@.()F)(§) = (V)1 (D(&:1); 1) f(R(&:1)) (4.1)

for € € Q(0) and f: Q(t) — R"; see [20, equation (10)]. The main properties of the
transformation (4.1)) are collected in the next lemma; see also [20, Section 3]. In particular, it
turns out that @, () defines a divergence-preserving operator.

Lemma 4.4 (Properties of ®,(t)). Suppose that (X(t))cjo,r) is as in Assumptions|4.1, Let
k=0,1,2,1=1,2, g€ [l,00] and t € [0, T]. Then the operator ®.(t) defined by (4.1) has
the following properties.

1 The mapping ®.(t): Wh1(Q(t))" — WHr4(2(0))™ is an isomorphism. Its inverse operator
O-L(t) is given by (P71 (t)h)(x) = (V®)(z;t)h(P~(z;t)) for h € WE(Q(0))".

2 There are constants C,Cy > 0, which do not depend on t, such that

C1|@s () fllwraonr < 1 fllwra@ayr < Col|@ul(t) fllwraqoyn- (4.2)

3 The mapping ®.(t): Wt (Q(t))" — WEQ(0))" is an isomorphism.

4 For any f € W14(Q(t))", there holds div(f) o ®(-;t) € LI(Q(0)) and div(P.(t)f) =
div(f) o ®(-;t). Moreover, ®,(t): LL(2(t)) — LL((0)) is an isomorphism.

Proof. The proof is straightforward. See [9, Lemma 4.4.6] for details. ]

We are interested in functions of the form ¢ — f(t) € LI(Q(t)) or t = f(t) € WH(Q(t)). To
define these function spaces, we will always suppose that (€2(t)).c(o,1] satisfies the regularity
conditions gathered together in Assumptions . For functions f € Li..(Q27), the distributional
derivatives 0802 f with (k, o) € Ny x N7 are well-defined. This allows us to define the following
Bochner-type function spaces.

Definition 4.5 (Lebesgue and Sobolev spaces on time-dependent domains). Suppose that

(Qt))ecio,r) satisfies Assumptions[4.1] Let s,r € [1,00] and q € No.

1 The space L5(0,T; L"(Q(t))) consists of all f € Li..(Q7) such that f(t) € L"(Q(t)) for a.e.
LE(0,T), and (t — |f(!)]| o) € L(0,T).

2 The space L*(0,T; W (2(t))) consists of all f € L*(0,T; L"(€2(t))) such that, for all
a € Ny with aq + g + -+ + ay, < g, there holds 03 f € L*(0,T; L™(€2(t))).

3 The space W#(0, T; W (Q(t))) consists of all f € L*(0,T; W% (Q(t))) such that 0,f €
L0, T, W (Q(1)).

4 The vector-valued versions of the above spaces are given by

L0, T War(Q(#)") = L2(0, T W (Q(1))",
W20, T; W (Q(t)") = WH(0, T W™ (Q(t)))".
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5 Let X(t) stand for either W4T (Q)(t)) or W (€)(t))". The space L*(0,T; X (t)) is equipped
with the norm

1

S .f < ’

1l = {(fo F Ol dt)’ s < oo

€SS SUDye(o 1) ||f( Mx@w ifs=o0

The space W15(0,T; X (t)) is equipped with the norm

[ I

Ls (0,T:X (¢ )))

1wz = (1F12

Remark 4.6. We want to point out that, in the foregoing Definition we crucially used the
fact that all defined function spaces are subspaces of L'(Q7).

Leorxw) T 0f

We may use @, () to transform functions from the previous definitions to functions taking
values in time-independent Lebesgue or Sobolev spaces, i.e., functions belonging to the usual
Bochner spaces. To this end, we define ®, f by

tis OL(8) (-, 1). (4.3)

Owing to the time-independent bounds on ®,(t) and its inverse ®,!(¢) from Lemma [4.4] the
transformation properties carry over to ®,, as we now show. The function spaces introduced in
Definition [4.5] are transformed as follows.

Proposition 4.7 (Properties of ®,). Suppose that Assumptions[4.1] hold true. Let s € [1, 00|,
q € [1,0) and k = 0,1,2. Denote by X(7), 7 € [0,T], either of the spaces W*4(Q(1))",
WEUQT))™ or LL(QT)). Then ®,, given by (4.3), is a diffeomorphism between the spaces
L#(0,T;X(t)) and L*(0,7; X(0)) as well as between the spaces

W0, T; L9(Q(1)") N L° (0, T WH((1)")

and
W2 (0, T; L4(Q(0)") N L*(0,T5 WH1(Q(0))").

Proof. By Lemma [4.4] @, is an isomorphism between spaces of the form L*(0,T; X(t))
and L*°(0,7; X(0)). For the proof of the remaining claim, we study the transformation
of time derivatives. Let f € WY*(0,T; L9(Q(t))") N L*(0, T; Wh4(Q(t))"). Hence ®.f €
L0, T; Whe(Q(0))™). By the definition of W5(0,T; L1(Q(t))"), there holds that 0,f €
L#(0,T; LY(82(t))™). To prove that 0;(®. f) belongs to L*(0,T"; L(€2(0))™), we use the map-
ping A: (€,t) — (®(&;1),1), which belongs to C'(Q(0) x (0, 7)), by Corollary , and
that we may write

@.9= (V@) o A)(go A) (4.4)

for any g € L*(0,7"; L%(€2(0))™). Using the product and the chain rule, we see

0(®.f) = 0, (V@)™ 0 A)(f 0 A))

=1
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Recalling (|4.4)), it follows that

(D) = 0,((V®) ™ 0 A) (VB0 A)D,f + (znj .(0:£)0,0:) + (0, f)-

i=1

Since ® and A belong to C' (Qg)™ and C' (Q)™ !, respectively, the functions 8t((V<I>)‘1oA),
V® o A and 0;® are continuous and bounded on @y = Q(0) x (0,7"). Moreover, P, f,
. (0;f), i =1,...,n, and ®,(0,f) belong to L*(0, T; WH(Q(0))"). This implies 9;(®. f) €
L5(0,T; L9(2(0))™), and thus @, f € W'#(0,T; L9(£2(0))"). The remaining claim follows by
similar arguments, as in the proof of Lemma |4.4] O

In the spirit of Theorem [2.6] we obtain the following integration-by-parts formula for Sobolev
spaces on time-dependent domains.

Lemma 4.8 (Integration by parts). Suppose that Assumptions[4.1] hold true. For r € [1,00),
let f € Wh(Qr) and ¢ € C3°(Q2 x (0,T)). Then there holds

T p .
dzdt = — dz dt — i .
/0 /Q(t) e dr /0 /ﬂ(t) foup da /o o9(t) ViedH™ () (4.5)

Proof. By Corollary [4.2] the space-time domain Q7 has a Lipschitz boundary. By density of
COO(QT) N Wl’T(QT) in

W (Qr) = W (0,75 L7 (Q(t))) N L7(0, T3 WH(Q(1))),

see [21), p. 127, Theorem 3], there exists an approximating sequence (f,)men C C°°(Q7) N
W (Qr) such that f,, — f in WL (Qr) as m — oo. Using Theorem [2.6] we obtain

0 td drd
= — - ¢
/0 dt/n(t)f@ “

_ /O ! /Q o OlFnp) dodt + /O ! /8 oV Im# AR (z) dt.

Hence

T
/ Oy fpdxdt
0o Jaw)

T T
_ _/ / fmﬁtgodxdt—/ / V foo dH (2) .
0 JO() 0 Jo(t)

In view of Corollary [4.2] and Proposition [4.3] the normal velocity V' is bounded. By standard
properties of the trace operator [21], p. 133, Theorem 3], we obtain (4.5)) by letting m — oo in
the final equation. O

5 Consistency of the Weak Formulation

The notion of weak solutions for the sharp-interface model incorporates the variational formu-
lation (3.23)), using test functions from the space Cg°([0,T'); Cg5%,(€2)). Just as in the theory of
the incompressible Navier—Stokes equations, this choice removes the pressure function from
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the weak formulation, cf. [10, Definition V.1.1.1]. Thus it is not clear that the test space
C5°([0,T); Cg%,.(2)) is appropriate. To justify this choice, we will prove that, under additional
regularity assumptions given below, it is possible to reconstruct a pressure function from the
weak formulation. To this end, we will basically proceed in two steps. Firstly, we will reconstruct
an associated pressure function in the whole space-time domain €2 x (0,7"). Secondly, we shall
readjust the associated pressure function separately in the space-time domains

O = | (@ @) x{t)and Qt = |J Q@) x {t})

te(0,T) te(0,T)
to satisfy the dynamical Young—Laplace law ((1.6]) in an appropriate trace sense.

Assumptions 5.1. Assume that () C R" is a bounded domain with boundary 0f) of class
C3. Let (p,v) be a weak solution of the free—boundary problem (1.1)—~(1.8)) in the sense of
Defm/t/on E with respect to prescribed initial data ( @) @) e BV(Q, {51, B2}) x Hg ,(Q),
such that the measure-theoretic representative set ) = Q~(0) of p') is compactly contained
in Q and has a C3-boundary. Moreover, let the fol/owing regularity properties hold true.

1 Regularity of interface. For any t € [0,T], ®~(-;t): Q=(0) — Q~(¢t) is a diffeomorphism
as in Assumptions (4.1 such that the time evolution of the measure-theoretic representative
set Q~(t) of p(t) is described by ®~(-;t), i.e., for every t € [0,T], there holds

Q () = {®(&t) : £€Q(0)} and O (1) = {®(&1) - €€ A (0)}.

Additionally, for all t € [0,T], the interface I'(t) = 0(2~(t)) N Q is compactly contained
in 2, that is, T'(t) = 9(Q2(t)) CC Q. Denote by v~ = v~ (-, t) the unit normal to I'(t)
pointing outward to ™ (t) and by V' = V/(-,t) the normal velocity of (I'(t)):cjo,r] with
respect to v~. Similarly, let the time evolution of Q(t) = Q\ (2~ (¢t) UT(t)) be described
by a diffeomorphism ®*(-;t): Q+(0) — Q+(t) satisfying Assumptions .

2 Regularity of velocity.

vlge € L2(0, T, W22(Q5(1)") N WH2(0, T5 L*(Q*(1)").

5.1 The Mean-Curvature Functional for Smooth Interfaces

Due to Assumptions , the family of interfaces (I'(t))¢cjo,r] has additional regularity properties.

This allows us to extend the mean-curvature function to the space-time domain €2 x (0,7).

For the proof, we study the transformation of the trace spaces L*(I'(t)) = L?(9(2~(t))) and
1 1 -

H=(T(t)) = H2(9(2(1)))-

Lemma 5.2 (Transformation of trace spaces). Suppose that Assumptions hold true, and
let t € [0, T). Then the pullback operator ®—,, defined by ®_,u = uo ®~ (-, t) foru € L*(T'(t)),
induces linear homeomorphisms

®—,: L*(T'(t)) — LX(T(0)) and ®—,: HZ(T(t)) — Hz(T'(0)),
such that

Chllull 2wy < 122 ullr2e)) < Collul|L2re) (5.1)
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for every u € L*(T'(t)), and

Cillull 3 oy S MOzl 1 < Coflul]
HE (D) H3 (D(0)) HE (D)

for every u € H %(F(t)) with constants Cy, Cy > 0 independent of w and t. In particular, there
are constants Cs, Cy > 0 such that

CsH"H(I(t))) < H"H(I(0)) < CyH™ H(I(1))). (5.2)

Proof. The estimate (55.2) follows from (55.1) applied to the constant function u = 1. The
proof of the remaining claims can be found in [18] Section 5.4.1]. ]

Lemma 5.3 (Mean-curvature functional). If Assumptions|[5.1] hold true, then there exists a
function m € L>(0,T; H (2 (t))) with the following properties.

1 Lett €]0,T]. For the trace of m(t) on the boundary I'(t) = 02~ (t), there holds
m(O)lp) = r(t)- (5-3)

2 The zero extension K of Vm to 2 x (0,T) belongs to L>(0,T; L*(Q)") and, for every
Y € C5°([0,T); C5%,(2)), there holds

/OT/QK-wdxdt:/oT/m)/w-wd’Hnl(x)dt

. (5.4)
= / / v- v Vo dH" o) dt.
0 Jrw

Proof. Let t € [0, T]. We apply the pullback operator ®—,: Hz(I'(t)) — Hz(I'(0)), introduced
in Lemma , to the mean-curvature function x(t) € C(I'(t)) € Hz(I'(t)). For notational
convenience, we suppress the upper index ~ and simply write ® = &~ and &_;, = &, in
the remainder of this proof. We define &(x,t) = ®_k(x,t) = k(P(x;t),t) for x € T'(0) =

A(227(0)). Since Q7(0) has a C*-boundary, there exists a weak solution @ = @(t) € H*(Q(0))

of
Au(t) =0 in Q(0),

a(t) = &(t) on T(0) (5.5)

depending on t, which additionally satisfies the estimate

[ 1@ = CQON[E@)]]

H2 (1(0))

for some constant C'(27(0)) > 0, depending on Q(0), but independent of ¢; see [15]
Theorem I11.4.1]. By Assumptions[5.1] and the foregoing Lemma5.2] we infer that for a suitable
constant C' > 0, independent of ¢, there holds

[a()] 1@~ < CQO) O],

Therefore, the function m: Q= — R defined by m(xz,t) = @(®(z;t),t) for x € Q (1)
belongs to L>°(0,T; H'(Q~(t))) and, by construction, satisfies ((5.3)).
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Concerning the second claim, we define K: Q x (0,7) — R, for any (x,t) € Q x (0,7T), by

Vm(x,t) if x € Q (¢),

K(m):{o if 2 € Q\Q(1).

Then K belongs to L>(0,T; L*(Q)"). For every 1 € C3°([0,T); C§,(R2)), we then obtain

/OT/Q K(t)-(t)dedt = /OT/F(t) m(®)y(t) - v (t) dH" () dt.

Taking into account ([5.3), we conclude the first identity in ((5.4). Noting that the last equality
in (5.4) follows from Lemma [3.4] finishes the proof. O

For our purposes, it is important to note that, if Assumptions 5.1 are satisfied, then Lemma (5.3

allows one to replace (3.23)) by
T L
/ / pv -0 4+ pv @v : Vb —2u(p)Dv : DY dedt —l—/ PO 4p(0) da
0 Jo 9)

T
_ —zast/ /K-wdxdt
0 JQ

for all ¢ € C§°([0,T); C5%(€2)). It is also convenient to introduce G € D'(2 x (0,T))" given
by

(5.6)

T
(G, V)paxor) = /0 /va O+ pv @ Vi — 2u(p)Dv - Dip de dt

T (5.7)
+205t/ /K-wdxdt
0 Ja
for ¢ € Cg°(€2 x (0,7))". Note that, for all 1» € Cg°((0,7T); C5%,(€2)), there holds
(G, ¥)paxor) = 0. (5.8)

5.2 Existence of an Associated Pressure Function

We shall prove the existence of an associated pressure function, that is, a distribution p €
D'(Q2 x (0,T)) such that

Vp = —pdyw — div(pv @ v) — 2u(p) div(Dv) 4+ 204 K in D'(Q x (0,7T))".

The theory of the incompressible Navier—Stokes equations provides us with the following key
tool.

Theorem 5.4. Let r,s € (1,00) and let ' = . If F € L*(0,T; W~'"(Q)") satisfies
T
| F @00 1 gy At = 0 for all € CF((0, T); C, (),
then there exists a unique p € L*(0,T; L"(Q)) satisfying F = Vp in D'(Q2 x (0,T))", that is,

T T
(Fo)p@xomy = | (Yot w®)papdt == [ [ pdiv(e)deat
for all ¢ € C°(Q2 x (0,7))", and, for a.e. t € (0,T), there holds

/Qp(t) dz =0.

DOI 10.20347/WIAS.PREPRINT.2662 Berlin 2019



H. Abels, J. Daube, C. Kraus 22

Proof. See [10, Lemma IV.1.4.1]. O

Although the functional G, defined by (5.7)), vanishes on Cg°((0, T'); Cg<,(€2)) due to (5.8)), the
functional

¢H/OT/va-at¢dxdt

does not in general belong to any L*(0,T; W ~1"(Q))-space. To circumvent this problem, we
improve the properties of this functional by taking into account Assumptions [5.1]

Proposition 5.5. Suppose that Assumptions are satisfied. Then there holds

T
/ / By - da dt
O\T()

5.9
:—//pvatwdwdt—ﬁl 52// D) AH (z) dt 9
for any ¢ € C5°(Q x (0,7))™.
Proof. Since, by Assumptions 5.1, v belongs to
L0, T H (O (6)") A W0, T3 L@ (1)),
for any ¢ € C§°(Q2 x (0,T))", the integration-by-parts formula (Lemma yields
Bl/T/ 8tv-¢dxdt+52/T/ v - o da dt
:—ﬁ//i v- bz dt — 51// D) AH L (z) dt
—52/ / v GtwdxdtJrﬂg/ / b) dH" () dt.
Recalling that p = (81 — f2)x + B2 finally yields the claim. H

Remark 5.6 (Time derivatives across the interface). In (5.9)), the domain of integration is
Q\T(t) = Q (t) UQT(t) instead of the whole domain <, despite the fact that T'(t) has
Lebesgue measure zero. This is because, by Assumptions[5.1] the restrictions of v to Q* belong
to some W14(0, T; L1(Q*(t))"™)-space. However, this does not give any information about the
behaviour of O;uv on the interface I'(t). In particular, we cannot assume that O,v exists in the
sense of weak derivatives on 2 x (0,T).

We now prove some preparatory results, which incorporate the additional properties from
Assumptions [5.1], before we reconstruct the pressure function with the help of Theorem [5.4]

Proposition 5.7. If Assumptions are satisfied, then v has the following properties.

1 div(v) =0in Q x (0,7).
2 For every p € C3°(Q2 x (0,T)), there holds

/ Vo dH™ (z)dt = / / YOy dz di
r()

- /0 /r(t) (v v )pdH" (z) dt
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3 For every ¢ € C§°(2 x (0,T))", there holds

// $) dH" () dt = // v ) AN (x) dt. (5.11)

Proof. 1 By Definition[3.9, v € L>(0,T; L2(2)) N L*(0, T'; H3(2)™). In particular, this means
that v € L*(0,T; Hy ,(€2)"). Finally, Lemma implies the first claim.

2 Let p € C§(Q2 x (0,T)). The first equality in (5.10]) follows from the first statement of
Theorem [2.6] For the proof of the second equality in ((5.10]), we use that x is a weak solution

of the transport equation ([3.22)). Thus, by (3.20]), we have

T T T
—/ /X@gpdxdt:/ /Xv-Vgpdxdt:/ / v-Vedrdt.
0o Jo 0o Ja 0o Jo-@)

Using integration by parts and div(v) = 0 in Q x (0,7, it follows

—/OT/Qxatgpdxdt
= — /()T/Q(t) div(v)pdzdt + /OT/F(t)(U VT )p dHn_l(@ de
= [ ] e @ ar

This proves (5.10)).
3 Due to Assumptions [5.1] there holds
v € WH(0,T; LA(Q(8)") N L2(0, T5 HY(Q(1)))") = H'(27)",

By Corollary , Q7 has a Lipschitz boundary, and therefore C'* (ST;) N H'(Q7) is dense
in H'(Q7); see [21], p. 127, Theorem 3]. This means that there exists an approximating
sequence (U, )men C C (Qi;)n N H'(Q7)™ such that v,, — v in H(Q7)" as m — .
For any ¢ € C§°(Q2 x (0,T))", for m — oo, we obtain

X0 (Vg - ) — X0y (v - 1) in L*(27) (5.12)

and
XV (U =) = xV(v- ) in L*(Q7)" (5.13)

since y € L=(Qx (0,7)) and v € L?(0,T; L*(Q)™). As x is a weak solution of the transport
equation, by (3.20]), we infer that

/OT/Qxat(vm-@/;)dxdt: —/OT/QXU'V<Um'1/))d$dt.

Now ([5.12)) and ((5.13)) allow us to pass to the limit m — oco. This yields

[, o= [ oo
:—/OT/QXU~V(U-¢)dJJdt.
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As the integration-by-parts formula (see Lemma applies to the left-hand side and as
div(v) = 0 in 7, we obtain

/ /F Vi p)an @) dt = / /Q o Qv o)z
[ ot

This justifies ([5.11]), which completes the proof.

Next, we explore the regularity of the convective term (v - V)w.

Lemma 5.8 (Regularity of convective term). Let Assumptions [5.1] be satisfied. Then (v - V)v
belongs to L*(0,T; L3(Q2%(1))").

Proof. Let @, be given by (4.3). In view of Proposition [4.7] there holds that
w = ®,v € L*(0,T; W*(Q*(0))™) nW2(0, T; L*(Q*(0))"), (5.14)

and it is sufficient to verify that w - Vw; € L?(0,T; L*(2%(0))) for i = 1,...,n. To this end,
we will use the continuous embedding

L*(0,T; HY(07(0))) n Wh2(0,T; W—2(Q27(0)))

s CO((0, T]; X(Q5(0))): (5:13)

see [22, Chapter Ill, Theorem 4.10.2] and 23| Théoreme 12.4]. As (/5.14)) implies that w, Vw; €
L0, T; HY(QE(0))")NW2(0, T; W—L2(Q%(0))"), taking into account the embedding (5.15)),
we conclude that

w e CO([0,T); H'(QF(0))") = L(0, T5 LY(Q*(0))").
Then, by Holder's inequality, we obtain
Jw - Vw; || 20,7230 0)) < l[wllzee 0,728t 00y | VWi ll 200,725 @ (0))m)
which completes the proof. O]

Using Proposition , we improve the regularity of the functional G; see (5.7)).

Proposition 5.9. Suppose that Assumptions hold true and let G be as in (5.7). For
e C3°(2 x (0, 7)), define Greg € D'(2 x (0,T))" by

<grega¢> D(Qx(0,T))™
T
= —/ /Q\F(t p@tv-ﬁ)dxdt—/ /pv-Vv-@/)da:dt (5.16)
—2/ / p)Du : D¢dxdt+205t/ /K o dz dt.
Then G, extends to a functional belonging to L*(0,T; H~'(Q)™). Moreover, there holds

(G, V)D@axr)n = (Greg, V)D(x (0,1 for all ¥ € C§°(Q x (0,T))".
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Proof. In view of Assumptions [5.1} Lemma [5.8} Definition and Lemma 5.3 G, extends to
a functional belonging to the class L?(0,7; H~'(Q)").

Let ¢ € C3°(Q2 x (0,7))™. It suffices to show that

/OT/gzp(v'Gtw—i—v@v:le)dxdt

’ T (5.17)
_/0 /Q\F(t) pOyv - Y dxdt —/0 /delV(U@U) - d dt.

To this end, we integrate by parts on Qi(t), and use Proposition , to see that

/T/ pdiv ((v @ v)y) dzdt
= (6 - 52//F(t)vl/ L) AH () dt

= (b — 52//0 V) dH"(x) dt.
Finally, applying Proposition [5.5| implies (5.17)). O
Taking into account the additional smoothness Assumptions 5.1}, we can prove the existence of
an associated pressure function.

Theorem 5.10 (Reconstruction of associated pressure). Let Assumptions [5.1] be satisfied.
Then there exists some function p € L*(0,T; L*(2)) such that its restrictions p* = p|q« to
OF belong to L*(0,T; H*(Q*(t))) and satisfy

Vp~ = —=010w + pu(Bf1)Av — fi(v- Vv — 204K a.e. in Q7

5.18
Vpt = —B20,0 + pu(Be)Av — Bo(v - Vv — 204 K a.e. in QF, ( )

where K € L?(0,T; L*(2)") denotes the extension of the mean-curvature function as in
Lemmalh.3

Proof. In view of Proposition and - for any ¥ € C§°((0,7); C5%(£2)), there holds

(Greg: V) D Q>< o) = (G, V)paxor)» = 0. Since G,y belongs to L2(O T; H1(Q)"), by
Theorem there exists a function p € L?(0,T; L*(2)) such that, for the distributional
gradient Vp, there holds

(VD, ) paxom)m = (Greg: ¥)piax 0,y for all ¢ € C7°(£2 x (0,7))".
For any ¢ € C5°(Q27)", since p = (3 in Q™ and v € L*(0,T; W2(Q~(¢))"), this leads to
(VD, ) paax(o,m)n

= —/ / p(Ow + div(v @ v)) - ¢ dadt
—2// ) D : D@Z)dxdt+2ast/ [ K

_ _/ /Q o DO+ dvw @) -y dudt

+2/ / (81 div(Dv) - ¢dxdt+205t// K - dzdt.
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As O € L*(0,T; L*(2~(t))"), due to Assumptions [5.1] this implies that p~ belongs to
L0, T; HY(Q(t))). Additionally, since v is divergence free, we conclude the first identity in
(5.18)). As the statements about p™* follow analogously, this finishes the proof. m

5.3 The Pressure Jump

The question left to answer is whether there are pressure functions p* such that the Young—
Laplace law (1.6)) holds true. That is, whether

plv™ = (" =) = 2(u(B) (Do) — p(B)(D0) )™+ 20um”  (5.19)

is satisfied on the interface I'(¢). A first step towards an affirmative answer to this question is to
understand the "jump brackets"|[-] in an appropriate sense: in Theorem we reconstructed
a pressure function p such that, for its restrictions p* to %, there holds

P = plor € L*(0, T3 H'(Q7(1))) and p~ = plg- € L*(0,T; H' (27 (1))).

In particular, for a.e. ¢ € (0,7, the traces pi(t)|r(t) are well-defined in the Sobolev sense, and
there holds

+ 1
(1)), € HA(T()).
Therefore, the statement of Theorem suggests that the pressure jump [p| on the space-time
interface
r= U (re x{#) (5.20)
te(0,T)

belongs to the space L2(0,T; Hz(I'(t))) which is given by either of the equivalent definitions
L2(0,T; H2(T(1)) = {ulp - we L*(0,T; HY(Q (1))}

and
L0, T; H2(T(t)) = {ulp : u € LX0,T; H'(Q* (1))} .

Likewise, we introduce the n-dimensional version of the latter space and define

L2(0, T3 HE(T(1))") = L*(0,T; H2(D(1))"

To give the jump condition a meaning, in the remaining part of this chapter, we will
interpret the "jump brackets"|-] in the sense of Sobolev traces without changing the notation.
More precisely, for a function f € L?(0,T; L*(2)) such that the restrictions f* = f|,. to QF
belong to L2(0,T; H'(Q%(t))), we denote

F#)] = £(t)] — f ()]

o0+ (H)NQ o0—(t)’

where f*(t)]s0+ 1 and f7(t)|pq- () denote the traces of fE(t) on the interface I'(t) =
T (t) N Q = 00 (t) taken with respect to the domains Q7 (¢) and (), respectively.
Analogously, for a function f € L*(0,7; L*(2)") such that the restrictions f* = f|,. to Q*

.....

function respecting the Young—Laplace law, we provide the following two technical lemmas.
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Lemma 5.11. Let D C Q be a bounded subdomain of 2 with Lipschitz boundary 0D and
outer normal vp. Then, for a € H2(0D)™, there holds [y, a - vp dH" (x) = 0 if and only if
there exists a function u € H' (D)™ such that

div(u) =0 in D and u = a on OD. (5.21)

Proof. Let uw € H'(D)™ satisfy (5.21]). Then there holds

/ a~de}F*%x):1/ u-uDdH"ACw::/wmvﬁddx::Q
oD oD D
The opposite direction follows by [24, Theorem IV.1.1]. O

The following variant of the fundamental lemma of the calculus of variations allows one to
deal with divergence-free test functions.

Lemma 5.12. Let Assumptions hold true. If b € L*(0,T; Hz(I'(t))") satisfies

[ o i aayae o

for all v € C§°((0,T); C5%(R2)), then the tangential projection t w P.(b(t)) = b(t) —
(b(t) - v=(t))v~(t) vanishes on I'(t), i.e., for a.e. t € (0,T), there holds P,(b(t)) = 0
on I'(t). Moreover, the normal projection t — P,-(b(t)) = (b(t) - v~ (t))v—(t) belongs to
L2(0,T; Hz (T'(t))"). Moreover, for a.e. t € (0,T), there holds

P,-(b(t)) = C(t)v(t) (5.22)

on ['(t), where the function t — C(t) belongs to L*(0,T) and is given by
C(t) = m (/I‘(t) b(t) - v (t) d'Hn_l(I)> . (5.23)

Proof. We split the proof of the lemma into several steps.

Step 1. By assumption, for a.e. t € (0,T'), the fundamental lemma of the calculus of variations
implies

(A@;xw-wd}ﬂ/%x):o

for all ¢ € C§%,(€2). Passing on to H ,(€2), for any u € Hj ,(€2), there holds

LA@b@)wuﬂf“%x):O. (5.24)

Let a € H2(I(t))" be such that Jr@y a- v (t)dH" " (x) = 0. Applying Lemma 5.11{on Q~ (¢

and Q\ Q—(t), respectively, there exist functions u; € H'(Q(¢))" and uy € H*(Q\ Q—(¢))"
such that div(u;) =0 in Q= (¢), div(uz) =0in Q\ Q= (t), uy =uz =aon I'(t) and us =0
on 99. As Hj () = {u € Hj(Q)" : div(u) = 0}, see Lemma 2.1} the composite function

u:{m in Q~(¢),

us in Q\ Q- (2)
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is an admissible test function in (5.24)), which finally yields

/F | M0 adH ) = / b(t) - udH " (z) = 0. (5.25)

I(t)

Step 2. Fora.e. t € (0,T), there holds b(t) € Hz(I'(t))" and v~ (t) € C*(I'(¢))", by assumption.
Hence, the function P, (b(t)) belongs to Hz (I'(t))" and satisfies

Pr(b(t) - v~ (t) = (b(t) — (b(t) - v~ (£))v~ (1)) - v~ (t) = 0.
In particular, P,(b(t)) is an admissible choice in (5.25]), which implies

o IPAOENE AR ) = [ 6(6) - P (b)) " (@) =0,

since | P, (b)|> = b - P,(b). This proves the first claim.

Step 3. From P.(b) = 0, we infer that P,—(b) = b € L2(0,T; Hz(I'(t))"). For the proof of
(5.22)), we consider a(t) € Hz(I(t))" given by

a(t) = P,-(b(t)) — ,Hn_ll(r(t)) ( /F o b(t) - v (t) d’H,"l(:c)> v (t)

- (b(t) V(1) ~ ey /F ROR0 d’H”l(:c)) v (1)

Since, by the definition of a(t), [ryya(t) - v~ (t) dH" "' (x) vanishes, a(t) is an admissible
function in (5.25). Thus we get

/F o PO al®) A () =0

and, by the definition of a(t), we conclude that

000 40 = ity ([ o) w0 000
and hence, we have
J l2OF @ (a)

N /rm(b(t) v () AR (@) — iy (/m) b(t) - v~ (1) dH’“W)
= 0.

Hence a(t) vanishes H" '-a.e. on T'(¢).

Step 4. We shall prove that the function ¢ — C(t), given by , is measurable. To this
end, we use the pullback operator ®~,: L?(T'(t)) — L*(T'(0)) introduced in Lemma and
define B;(t) = ®Z, 0 b;(t) € L*(T'(0))" for i = 1,2,...,n and t € [0,T]. Then, in view of
Lemma 5.2} the function B = (B, Bs, ..., B,) belongs to L2(0,T; L*(I'(0))™). In particular,
B is Bochner measurable. This means that there exists a sequence (B, )men of simple functions
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B,,: [0,T] — L*(T'(0))™ such that, for a.e. t € [0,T), there holds B,,(t) — B(t) in L*(T'(0))"
as m — oo. For t € [0,T] and A € L*(T'(0)), define

20,4) = by ([, (@A) (034 ).

where &, denotes the inverse of ®_,. Using Lemma again, we conclude that, for any
t €[0,7T], Z(t,-): L*('(0))® — R is a linear functional that, for any A € L?(T'(0))", satisfies

W) ()| = | [, @ @)

< |12y Allzzcyn 1y~ (O L2 @yn
and, consequently,
e IR
Z(t, A)| = H"H(T() 2P All 2y < DAl 2oy (5.26)

for a constant D > 0 independent of ¢t € [0,7]. Hence Z(t) = Z(t,-) defines an element
of (LQ(F(O))”)*, where the constant of continuity does not depend on ¢ € [0,7]. Then,
Cr: [0,T] — R, defined by C,,(t) = Z(t, B,(t)) for t € [0, 7], is a simple function for every
m € N. Moreover, for a.e. t € [0,T], we infer that C,,,(t) = Z(t, B,u(t)) — Z(t, B(t)) as
m — oco. Since there holds

I(t, B(t)) = sp—rrqy ( /F (t)(@;B) v (t) dH"—l(m)>

= i) </r(t) ble) () dHn_l(gj))
~ o,

(5.27)

we conclude that ¢t — C(t) is a measurable function.

Step 5. In view of (5.26]) and (5.27)), there is some constant D > 0 such that

r 2 T 2 T 2
| le®r dt= [Tz BEIF dt < D [ IBOIFey o

Hence we have ||C||2(0.r) < D||B|12(0,m:12(r(0))) and, as B € L*(0,T; L*(I'(0))"), it follows
that C' € L?(0,T). This finishes the proof. O

The existence statement of Theorem [5.10| and the preparatory Lemma [5.12 now allow us to
construct a pressure function satisfying the jump condition of the Young—Laplace law.

Theorem 5.13 (Reconstruction of pressure). Let Assumptions be satisfied. Then there
exists a unique function p € L*(0,T; L*(2)) with the following properties.

1 plgs € L*(0,T; HY(Q(1))).

2 For a.e. t € (0,T), there holds [, p(t)dx = 0.

3 Vp=—P310w+ p(B1)Av — [i(v-V)v a.e. in Q.
4 Vp = —P200 + pu(f2)Av — Bo(v - V)v a.e. in QF.
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5 [p] = 2[u(p) Dov] - v~ + 204k in L2(0, T; Hz (I(t))).

Proof. The uniqueness of p is a direct consequence of the zero-mean condition. In the remainder
we shall construct the desired function p with the help of the functions p* from Theorem [5.10|
and the function K = Vmxq- from Lemma 5.3} Consider the function

- p~ —204m in Q7
) pt in Q.

Notice that, by Lemma[5.3/ and Theorem [5.10} p|,. belongs to L*(0,7; H*(Q*(t))) and, in
the almost-everywhere sense, there holds

Vp=Vp —204Vm=—0310v+ u(f1)Av — B1(v-V)v+ 204K — 204 Vm
= — 10w + p(B1)Av — i (v - V)v

in Q~ and, likewise, Vp = Vpt = — 20,0 + p(B2)Av — Ba(v - V)v a.e. in QF. We remark
that these properties remain valid for

bl +C7 in Q7
) Bl +CT inQF

for arbitrary functions C—,C™ € L?(0,T). Therefore, it is sufficient to prove that there exists
some C € L?(0,T) such that, for a.e. t € (0,T), there holds

[p(0)] = 2[u(p())(Do(t)r= (1)) - v~ ()] = 20ar(t) + C(t) (5.28)

on I'(¢). This is because the functions C~ and C" provide two degrees of freedom: for a.e.

€ (0,T), the first may be used to remove the function C' from the previous equation. For
example, by making the choice C~ = C and C'" = 0, the function p satisfies the desired jump
condition. If p does not have the zero-mean property, the second degree of freedom may be
used to subtract its mean value.

Let ¢ € C5°((0,T); C5%,(§2)). By the definition of j, there holds

Pl =®)" =) =p" = (p—204m)” = [p] + 204k

This implies

/oT/m) plv™ - dH" " () dt
- /OT/S.)—(t) Vo drdt = /oT/m(t) VpT -y ded

T
+205t/ / Ky~ - dH T (z) dt.
0 Jrw

In view of Proposition [5.7] and Theorem [5.10] we conclude that

/ / — 204KV b dH" T (z) dt

= / / (pOv + pdiv(v @ v) — 2u(p) div(Dv) — 204 K) - ¢ dz dt.
0 Jo\re)
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Recalling that v € L?(0,T; H*(€2)") and applying integration by parts leads to

— 204 k)v" - dH T (x) dt
[N

= / / pOwv - da dt
0 Jo\re)
T
+/ / (pdiv(v @ v) 4+ 2u(p)Dv : Dip — 204, K) - b dx dt

+// T dH () dt

= — (Greg, V) D(Ox (0,1))" +/ / T dH () dt,

where G, is given by (5.16]). Since (Greg, V) D2 (0,1))» = 0, in view of Proposition [5.9] we
conclude that

/OT /m) ([pv~ = 26(p) Dvv~| = 20k07) - ¥ dH" " (z) dt = 0.

Finally, in view of Lemma [5.12} there exists a function C' € L?*(0,T) such that (5.28)) is

valid.

]
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