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Dissipative solution to the Ericksen—Leslie system
equipped with the Oseen—Frank energy

Robert Lasarzik

Abstract

We analyze the Ericksen—Leslie system equipped with the Oseen—Frank energy in three space dimensions. The new
concept of dissipative solutions is introduced. Recently, the author introduced the concept of measure-valued solutions to
the considered system and showed global existence as well as weak-strong uniqueness of these generalized solutions.
In this paper, we show that the expectation of the measure valued solution is a dissipative solution. The concept of a
dissipative solution itself relies on an inequality instead of an equality, but is described by functions instead of parametrized
measures. These solutions exist globally and fulfill the weak-strong uniqueness property. Additionally, we generalize the
relative energy inequality to solutions fulfilling different nonhomogeneous Dirichlet boundary conditions and incorporate
the influence of a temporarily constant electromagnetic field. Relying on this generalized energy inequality, we investigate
the long-time behavior and show that all solutions converge for the large time limit to a certain steady state.
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R. Lasarzik 2

1 Introduction

Nonlinear partial differential equations require generalized solution concepts. In a recent series of articles, we introduced
the concept of measure-valued solutions to the Ericksen—Leslie system equipped with the Oseen—Frank energy, showed
their global existence [26] and weak-strong uniqueness [27]. To show the weak-strong uniqueness, the relative energy
approach was generalized to nonconvex functionals (see [27] and [10]). In the article at hand, we take another path
towards generalized solution concepts. Instead of generalizing the solution concept by going from functions to parametrized
measures (so-called generalized Young measures), we require that the solution fulfills an inequality instead of an equality.
Therewith, one ends up with so-called dissipative solutions.

The concept of dissipative solutions was first introduced by Pierre Louis Lions in the context of the Euler equations [35,
Sec. 4.4] with ideas originating from the Boltzmann equation [34]. It is also applied in the context of incompressible viscous
electro-magneto-hydrodynamics (see Arsénio and Saint-Raymond [2])), the two-component Camassa—Holm system [18],
and equations of viscoelastic diffusion in polymers [44]. The term dissipative solutions is also used for solutions to the
Navier—Stokes—Fourier system (see Feireisl [13])), whereas this concept is a little different from the dissipative solutions in
this paper or in [35] (see Remark[3:4).

All these solution concepts rely on the appropriate estimate of an associated relative entropy. In our context, the main
quantities of interest are (free) energies rather than entropies. We therefore refer henceforth to a "relative energy". In the
context of thermodynamics, the idea of a relative energy to compare two solutions goes back to Dafermos [5]. For a convex
Gateaux differentiable energy function 17 : V — R for a Banach space V, the relative energy of two solutions u and i is
given by (see Ref. [6, Sec. 5.3])

& =n(u)—n(@) —n'(@),u—i. (1.1)
The convexity of 1 guarantees that & is nonnegative (see [17] Kapitel Ill,Lemma 4.10]). One novelty of the case presented
in this paper is that the considered energy functional is nonconvex. For nonconvex functionals, the quantity given in
is not necessarily positive anymore. In [27], we provided a remedy by introducing a relative energy for the nonconvex
case of the Oseen—Frank energy. In the article at hand, this relative energy is adapted in order to introduce the concept
of dissipative solutions to the Ericksen—Leslie system equipped with the Oseen—Frank energy describing nematic liquid
crystal flow.

Nematic liquid crystals are anisotropic fluids. The rod- or disk-like molecules build, or are dispersed in, a fluid and are
directionally ordered. This ordering and its direction heavily influences the properties of the material such as light scattering
or rheology. This gives rise to many applications, where liquid crystal displays are only the most prominent ones.

Due to its simplicity and its good agreement with experiments, the Ericksen—Leslie model is the most common model to
describe nematic liquid crystals. In nematic liquid crystals, the molecules tend to be aligned in a common direction, at
least in equilibrium situations. This predominant direction is described by a unit vector, the so-called director, henceforth
denoted by d. The director can be seen as the local average of the directions over a set of molecules. Since the rod-like
molecules show a head-to-tail symmetry, the directions d and —d are not distinguishable.

In the mathematics community, there has been quit some work on the existence of strong and weak solutions to several
simplifications of the Ericksen—Leslie model. The first mathematical analysis of a simplified Ericksen—Leslie model is done
by Lin and Liu [30]. They show global existence of weak solutions and local existence of strong solutions. Additionally,
they manage to generalise these results to a more realistic model [32]. They also show partial regularity of weak solutions
to the considered system [31]. Following this work, there have been many articles considering slightly more complicated
models, see [3], [4], or [15] for example. To the best of the author’s knowledge, the only generalization with respect to the
free energy potential is performed by Emmrich and the author in [11]. There are also results on local existence of solutions
to realistic models (see for instance [21], [45] or [20]). Especially, local strong solutions are known to exists to different
simplifications of the system considered in this article. The full (thermodynamically consistent) Ericksen—Leslie system
with the one constant approximation of the Oseen—Frank energy is considered in [20]. Whereas, the simplified Ericksen—
Leslie system with the full Oseen—Frank energy is studied in [21]. For more on liquid crystals, we refer to Emmrich, Klapp
and Lasarzik [10].

In the physics community, it is well-known that the nematic order can be destroyed during the evolution of the material.
The uniaxial nematic liquid crystal can become biaxial, i.e., exhibiting two predominant directions [38]. Therefore, it is
not surprising that a global solution concept relies on generalized Young measures, where a possible biaxiality can be
described by a strongly oscillating Gradient resulting in a Young measure. From a naive point of view, it is possible that
in the evolution of the liquid crystal, a jump from the initialization d happens to —d since both cannot be distinguished
(see [1]). The generalized Young measures describes possible concentration effects in the gradient implying jumps in the
function itself.
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Dissipative solution to the Ericksen—Leslie system equipped with the Oseen—Frank energy 3

From the modeling point of view, one is not interested in these jumps from d to —d. Also, the director was initially modeling
the local average of the directions of the molecules. So it seems that the interesting part of the measure-valued solution is
the expectation of the Young measure, since it provides the local averaged direction. In the paper at hand, we argue that
the expectation of the Young measure is indeed a dissipative solution. As we explained above, this is in accordance with
the modeling.

Additionally, we show in a future article that dissipative solutions are more suitable for numerical approximations than
measure-valued solutions (see [28]).

By the introduction of dissipative solutions (see Definition[3.1), we show that the relative energy inequality is an effective
comparing tool for different solutions and as such provides a new meaningful solvability concept (existence and weak-
strong uniqueness are fulfilled, compare to Lions [35, Sec. 4.4]). In the case of convex energy functionals, the relative
energy was also used to consider the long-time behavior of solutions (see [12]). In the paper at hand, we generalize this
to the nonconvex case and discuss implications of the relative energy inequality on the long-time behavior. Therefore, we
present a generalized relative energy inequality, which holds for solutions (or test functions) with different boundary values
and incorporates the influence of an electromagnetic field. The electromagnetic fields as well as the boundary values are
assumed to be constant in time.

The adapted relative energy allows us to show, that all solutions (measure-valued or dissipative) converge for large times
to a steady state consisting of a vanishing velocity field and a director field that fulfills the Euler—Lagrange equations of the
Oseen-Frank energy in a measure-valued sense (see Theorem[6.2).

The paper is organised as follows: In Section[T.] we collect some notation. Section[2|contains the model and Section[3]the
definition of dissipative as well as measure-valued solutions and the main result. The proof of the main result is carried out
in Section |4} In Section |5} we derive the generalized relative energy inequality for functions with different boundary values
and incorporating the influence of an electromagnetic field. Finally in Section [6] we comment on necessary optimality
conditions for the Oseen—Frank energy and investigate the long-time behavior of solutions.

1.1 Notation

Vectors of R? are denoted by bold small Latin letters. Matrices of R*>*3 are denoted by bold capital Latin letters. We also
use tensors of higher order, which are denoted by bold capital Greek letters. Moreover, numbers are denoted be small
Latin or Greek letters, and capital Latin letters are reserved for potentials. The euclidean scalar product in RR? is denoted
byadota-b:=a’b= Z?:l a;b;, for a,b € R? and the Frobenius product in R*** by a double point A : B := tr(A”B) =
Z?.j:lAijBij’ forA,B € R3>*3. Additionally, the scalar product in the space of Tensors of order three is denoted by three
dots

3
Z rjklrjkl , T€R3X3X3,FGR3X3X3.

JkI=1

T:T:=

The associated norms are all denoted by | - |, where also the norms of tensors of higher order are denoted in the same
way

3 3
4 6
AP:= Y A}y, forAcR’ and [@:= Y 0}, fr@cR’
i,j.k, =1 i, k.l m,n=1
respectively. Similar, we define the products of tensors of different order. The product of a tensor of third order with a matrix
is defined by
3
71- c R3X3X3,A c R3X3 )
i,j,l=1

3
Y TijiAu

3
3
I':A:= [ Z I"ijkAjk] ,FA =
k=1

Jk=1 i=1

The product of a tensor of fourth order with a matrix is defined by

3 3
A:A=|Y AjuAu JACRY AcR»S,
k=1 ij=l
The product of a tensor of fourth order and a matrix or a tensor of third order is defined via
3 3 3 3
A:0:= ) Aij®ijk1mn] ,0:T:= l Y Ojkimlimn @R’ AcRI3 T e R
hj=1 k,l,m,n=1 l,mn=1 i.j k=1
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R. Lasarzik 4

The product of a vector and a tensor of fourth order is defined differently. The definition is adjusted to the cases of this
work:
3

a-0:.= ,®€R36,a€R3.

3
Y a®ijuimn
k=1

i,j,l,mn=1
The standard matrix and matrix-vector multiplication is written without an extra sign for brevity,

3 3
, AcR¥3 BeR¥3 acR.

i=1

3
Y Aija;

J=1

3
ZAiijk
j=1

AB = , Aa=

ik=1

The outer vector product is given by a @ b := ab’ = [a,-bj]3 for two vectors a,b € R and by A ® a := Aa” =

ij=1
[Aijak}?j_k:l for a matrix A € R**3 and a vector @ € R>. The symmetric and skew-symmetric parts of a matrix are given

by Asym := 3 (A+A”) and Ay := 3 (A —AT), respectively (A € R¥).

We use the Nabla symbol V for real-valued functions f : R® — R, vector-valued functions f : R> — R? as well as
matrix-valued functions A : R? — R**3 denoting

3 3 3
orn[g] o e[

i=1 ox; ij=1 oxi |; k=1

The divergence of a vector-valued and a matrix-valued function is defined by

3

3 .
V-f:= Z 3){; =tr(Vf), V-A:=

3
)
j=1

aA,'j
0x;

i=1 =1
For a given tensor of fourth order, we abbreviate the associated second order operator by Axd := V(A : Vd) acting on
functions d € €°(Q x [0,T];R?).

Throughout this paper, let Q C R3 be a bounded domain of class €. We rely on the usual notation for spaces of
continuous functions, Lebesgue and Sobolev spaces. Spaces of vector-valued or matrix-valued functions are emphasized
by bold letters, for example L (Q) := L?(Q;R?), Wr? (Q) := Wk? (Q;R?). The standard inner product in L>(Q;R?) is
just denoted by (-, -), in L*(Q;R>*3) by (;-), and in L?(Q; R3>*¥*3) by (- ).

The space of smooth solenoidal functions with compact support is denoted by %TU(Q;R3). By L5 (Q), H(l)yc(Q), and
th)_’f,(Q), we denote the closure of ‘é‘,’:’a(Q;RS) with respect to the norm of L (Q), H'(Q), and W7 (Q), respectively.

The dual space of a Banach space V is always denoted by V* and equipped with the standard norm; the duality pairing
is denoted by (-, -). The duality pairing between L”(Q) and L7(Q) (with 1/p+ 1/g = 1), however, is denoted by (-, -),

(.; .), or ( : )
The unit ball in d dimensions is denoted by By := {x € R?;|x| < 1} and the sphere in d-dimensions by .7~ := {x €
RY;|d| = 1}.

For O C RY, the Radon measures are denoted by A (Q), the positive Radon measures by . (Q), and probability
measures by &?(Q). We recall that the Radon measures equipped with the total variation are a Banach space and for
compact sets Q , it can be characterized by .Z (Q) = (¢'(Q))* (see [9, Theorem 4.10.1]). The integration of a function
1 € €(Q) with respect to a measure i € .#(Q) is denoted by [, f(h)i(dh). In case of the Lebesgue measure we just
write [, f(h)dh.

The cross product of two vectors is denoted by x. We introduce the notation [-]x, which is defined via

0 —hy h
[x: Rd—ﬂRdXd, [hlx == | hs 0 —h; | . (1.2)
—h, h 0

The i-th component of the vector h € R? is denoted by h;. The mapping HX has some nice properties, for instance

lalxb=axb, [a]ib]x = (a-b)[-b®a,
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Dissipative solution to the Ericksen—Leslie system equipped with the Oseen—Frank energy 5

for alla, b € R>, where I denotes the identity matrix in R or
1
[alx : Vb =lalx : (Vb)sw =a-Vxb, V-alx=-Vxa, 5[V><a]x = (Va)sw,

foralla,b € %! (5) Displaying the cross product by this matrix makes the operation associative.

Additionally, we define [-]_x : R¥*3 =R, itis the left inverse of []x and given by

Asp
A x:=[A13]|, forallAcR>3.
A

For this mapping holds [[a]x]_x = a and, thus 2[(Va)sw] x = Vxa, foralla € €' (Q;R?).

We also use the Levi—Civita tensor Y € R3*33 et G35 be the symmetric group of all permutations of (1,2,3). The sign
of a given permutation o € &3 is denoted by sgnc. The Tensor Y is defined via

sgno, (i,j,k) =0(1,2,3) with 0 € &3,
Y=
0, else.
This tensor allows it two write the cross product as
axb=Y:(a®b)=";ab;, forala,bc R?
and the curl via
Vxd=Y:(Vd)" =Y,;9,d;, foraldec €' (Q).

For a given Banach space V, Bochner-Lebesgue spaces are denoted by LP(0,7T; V). Moreover, WI’IT’(O7 T;V) denotes
the Banach space of abstract functions in L? (0, T'; V') whose weak time derivative exists and is again in LP(0,T;V) (see
also Diestel and Uhl [8, Section I11.2] or Roubitek [41] Section 1.5] for more details). By €' ([0,T];V), and €,,([0,T];V),
we denote the spaces of abstract functions mapping [0, T] into V' that are continuous and continuous with respect to the

weak topology in V, respectively. We often omit the time interval (0, T') and the domain Q and just write, e.g., LP (W)
for brevity.

Finally by ¢ > 0, we denote a generic positive constant.

2 Model

2.1 Governing equations

Let Q be of class €>'!. We consider the Ericksen—Leslie model as introduced in |26]. The governing equations read as

ov+v-VIv+Vp+V.TE —v.TE =g, (2.1a)

dx (9d+v-V)d— (V)xwd + A(V¥)symd +q) =0, (2.1b)
Vv=0, (2.1c)

ld|=1. (2.1d)

We recall that v : Q x [0, 7] —R> denotes the velocity of the fluid, d : Q x [0,T] —R? represents the orientation of
the rod-like molecules, and p : Q x [0,T] — R denotes the pressure. The Helmholtz free energy potential F', which is
described rigorously in the next section, is assumed to depend only on the director and its gradient, F = F(d, Vd). The
free energy functional .% is defined by

F . H' SR, F(d) = / F(d,Vd)dx,
Q

and g is its variational derivative (see Furihata and Matsuo [16] Section 2.1]),

_8F . OF OF
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R. Lasarzik 6

The Ericksen stress tensor TF is given by
JoF

The Leslie stress tensor is given by

TE =y (d - (V)symd)d @d + [14(VV)ym + (s + o) (d @ (VV)symd)

sym

(2.2¢c)
+ (e +3) [d@e) gy, +A (@@ (VW)synd) ., +d®e)g,,
where
e:=0dd+(v-V)d—(Vv)xuwd . (2.2d)
We emphasis that Parodi’s law is always assumed
A=+ Us. (2.2e)

It follows from Onsager’s reciprocal relation and is essential to prove the energy inequality (3.14).

Remark 2.1. In our previous work [27], we did not assume Parosi’s relation. We rather assumed the energy inequal-
ity to hold even in the absence of Parodi’s relation, which we cannot prove. The same strategy could be used in this
paper, but for the sake of simplicity, we concentrate on the case of Parodi’s relation. In addition, this seems appropriate
since the energy inequality is essential for our analysis

To ensure the dissipative character of the system, we assume that
Hs>0, (us+pe)—2A>>0, py>0. (2.2f)
Finally, we impose boundary and initial conditions as follows:

v(x,0) =vo(x) forxeQ, v(x,1)=0 for (t,x) € [0,T] x 9Q, (2.33)
d(x,0) =dy(x) forxeQ, d(x,t)=d;(x) for (t,x) € [0,T] x 9Q. (2.3p)

We always assume thatd; = d on dQ, which is a compatibility condition providing regularity.

2.2 The general Oseen—-Frank energy

The Oseen—Frank energy is given by (see Leslie [29])

K K K
F(d,Vd) = %(V~d)2+72(d-de)2+73\d x Vxd|?,

where K1, K>, K3 > 0. This energy can be reformulated using the norm restriction, |d| = 1, to

F(d,Vd) = %‘(V-d)2+ %|wd\2+ %|d\2(V-d)2+ %(d-de)z + %ﬂd < Vxd|. (2.4)

where k; = ks = K /2, k, = min{K,,K3} /2, ka = K, — ky, and ks = K3 — ky are again positive constants. We remark
that [d|2|Vxd|? = (d-Vxd)*+|d x Vxd|* foralld € €' (Q;R?).

We introduce short notations for the derivatives of the free energy with respect to Vd and d. The free energy
can be seen as a function F : R? x R¥*3 — R, where we replace d in definition by h € R? and Vd by S € R¥*3. By
an easy vector calculation, we find

2F (h,S) = ki tr(S)? + k2| () skw|” + k3 || tr(8)? + ks ([Rlx = (S)skw)> + 4ks|(S)skowh|?

see Section[1.1|for the definition of the matrix [-x.

We abbreviate the derivative of F with respect to h by F}, and the derivative with respect to S by Fg, where

Fs :R¥x RV SRS and F i RP xRV R

DOI 10.20347/WIAS.PREPRINT.2508 Berlin 2018



Dissipative solution to the Ericksen—Leslie system equipped with the Oseen—Frank energy 7

These derivatives are given by

Fs(h,8) = ky tr(S)T + kn (8 )siew + k3 tr(S) 1|21 + ke [R]x ([hx : (S)siow) + 45 ((8)stowh @ B)si -

Fi(h,S) = ks 5(8)h -+ 2ks (Il * (8)sc)[(S)] x -+ 4ks(S) o (S)th, =
see Section[1.1|for the definition of [ _x
To abbreviate, we define the tensor of order 4, A € R3* and a tensor of order 6, ® € R via
Aiji = k1001 + k2 (848 jy — 86 j1.) (2.6)
and
O jimn = k388,16 1n + ks (81168 j — 8:1i01,8 jk — 816,k + 8 161, 8ix)
+ky (5kn5jm5iz + 60 j10in + 6118 jn8im — 8410 j10im — 816 jnbis — 5k15jm5in) ) (2.7)
respectively. The free energy can be written as
2F(d,Vd)=Vd:A:Vd+Vd2d:0:Vd2d. (2.8)

The partial derivatives (2.5) inserted in definition (2.2a) provides the variational derivative in the case of the Oseen—Frank
energy via

g= —kiVV-d+kVxVxd—kV(V-d|d|*) — ks V- ([d]x (d -V xd)) — dks V- ((Vd)gnd @),
+k3(V-d)’d +ky(d - Vxd)Vxd+4ks(Vd) ], (Vd) gnd (2.9)
= —A\d—V-(d-O:Vd®d)+Vd :0:Vdxd.

The Tensor A is strongly elliptic, i.e. there is an > 0 such thata @b : A :a®b > nlal?|b|? for alla,b € R®. Indeed, it
holds

a®b:A:a®b=k(a-b)*+k(la’b* - (a-b)*) > min{k,k}|a|*|b|*. (2.10)

The second order differential operator — A, introduced by a strongly elliptic tensor is coercive on H(l), i.e., there exists a
constant k > 0 such that

1
k|[Vd|?, < 5 (Vd:A:Vd) 2.11)

holds for alld € H'.

3 Generalized solvability concepts and main result

3.1 Dissipative solutions
The concept of dissipative solutions heavily relies on the formulation of an appropriate relative energy for the Oseen—Frank

energy. This relative energy serves as a natural comparing tool for two different solutions (v,d) and (17,3). The relative
energy is defined by

£(0) 1= 3 Iv(0)~3(0) B2 + 5 (VA(r) ~ V(1) - A (Vd(r) V(1))
+ % (Vd(t) ®@d(t) —Vd(t)2d(1):®: (Vd(t) d(t) — Vd(t) ®3(;)))

and the relative dissipation by

W (1) = (+A2) [l () - (V1) )symd (1) —d (1) - (V1)) symd (1) | 2

(3.1)

Sym
+ (s + Ho — A7) |(V¥(1) )symd (1) — (V¥(1) ) symd (1) |72 (32)
+ Ha | (V¥(1))sym — (V9(2))syml|2 + 14 (1) x (2) —d (1) x q(1)]| - -

DOI 10.20347/WIAS.PREPRINT.2508 Berlin 2018
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Inserting the definitions of the tensors A and @, the relative energy can be expressed via

£(0) = + () -0 2 ol (VA (1) — (VAD) s 2
+ 50— (Va0 + L 1d0) - <d(0) - v<aw)

g , 1 }
+ 2ks | (VA (1) sond (1) = (VA (1) )i (1) | 72 + 5 [w(1) = 9(0) |2 -

We always assume that (v,d) and (v,d) fulfill the regularity requirements below such that and are well

defined. In the following (¥,d) are even assumed to fulfill below.

Definition 3.1 (Dissipative solution). The triple (v,d,q) consisting of the velocity field v, the director field d and the
variational derivative g is said to be a dissipative solution to 2.1)—(2.4) if

vEL,(0,T;LE)NL*(0,T:Hjy ) , (3.3a)
dc%,(0,T;:H") with |d(x,1)] = 1a.e.in Qx (0,T), (3.3b)
dxqel*0,T;L?) (3.3¢)

and if

%g(t)Jr%./o‘lW(S)exp (/Sl%(f)df)ds

2 t
< (600)+ S IVaB - so) |40~ dO)3: oo ([ #(5)as)

B 3 3 N ¢ (3.4)
+ ((Vd(o) —Vd(0))® (d(0) —d(0));:®:Vd(0) ®d(0)) exp (/0 %(s)ds)
t vV—v t
+/o (”Q{(S)’ <d % (G—q)+ 2 |Va 0|2 4o\d x a)) exp (/ ﬂ”‘”) ds
for all test functions (¥,d) with
€ L7(0,T;L3) NL*(0,T5L°) N L2(0,T;Wo > ) N LY (0, T; W) nW2(0, T3 (H) 5)") as
deL>0,T;W")nL*0,T; W N L0, T;W S nwhH 0, 7; W' NL™) with |d| = 1 a.e.in Q x (0,T). (@9
as well as
./O'T (d(t) x (9d(t) + (v(r) - V)d(t) — (V¥(1))skwd (t) + A (V¥(1))sym +4(1)) ,& (1)) dr = 0 (3.6)

for § € L?(0,T;L?) and d fulfilling inhomogeneous boundary conditions such that tr(d) = d on 0Q.
The potential #" is given by

H() = C(I75) [+ 1705) s + V23 +19205) [ + 1106l + 10 (5) 1)
+C (199(8))oym 1= + VA 9 g | (5) ¥ ) 35 1)

where C is a possible large constant depending on the norms ||d|| = (z=), ||‘~1HL°°(L°°)s which are just 1 and the norm
HV&HLDQ(Lz). The constant k is given in (2.117). It is obvious that %" is bounded in L' (0, T) due to the regularity assump-
tions (3.5).

The operator .o/ incorporates the classical formulation evaluated at the test functions (\7,3)

Iv(t) + (9(t) - VIo(t) +V-TF (1) = V-T" (1) — g (1) > (3.7)

#) = <&<r> < (9(0) + (50)- V)A0) — (VA1) ) 1) + A (VA ymdd 1) + (1))

Remark 3.2 (Weak-strong uniqueness). The weak-strong uniqueness of dissipative solutions immediately follows from the
definition. Indeed, if there exists a classical solution (\7,;1) fulfilling the initial conditions and equations in a strong sense
and admitting the regularity (3.5), then it must be the unique solution. Since .2 vanishes for a strong solution, the right-
hand side of vanishes for all functions fulfilling the same initial conditions. Note that it is sufficient if (1773) is a weak
solution of such that the equations and are fulfilled in L*(0,T; (Hj ;)*) and L*(0, T;L?), respectively.
Then the formulation of the relative energy inequality especially is already well defined.
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Dissipative solution to the Ericksen—Leslie system equipped with the Oseen—Frank energy 9

Remark 3.3 (Stability of the relative energy inequality). The inequality is stable under the convergence in the
spaces (3.3). Indeed, consider a sequence of functions {(v,,d,,d, x g,)} converging to (v,d,d x q), with

vV, —V in €,,(0,T;L2%) Vv, =V in L2(0, T;H(l)’g) (3.8a)

d,—d in €,,(0,T;:H") d,xq,—dxgq in L2(0,T;L?) (3.8b)
and |d,(x,t)| = 1 for a.e. (x,7) € Q x (0,T). Due to the weakly-lower semi-continuity of the appearing norms, we may
infer [[v(¢)]|7, < liminf,ex |[va(7)|7, as well as (Vd(1); A : Vd (1)) < liminf,cr (Vd,(1);A 2 Vd,(1)). With d,, —d in
cKW(O,T;HI) and the compact embedding in three dimensions, there exists a strongly converging subsequence such
that d,, —d in €([0,T];L>) implying that ®:Vd, ®d,—®:Vd @d in <KW([O,T];L“W) with the boundedness in
L*(0,T;L?) one obtains with [33, Page 297] even the convergence in €, ([0, T];L?). Together we observe that & is

weakly-lower semi-continuous with respect to the convergence in (3.3). Due to the boundedness of the director and the
weak convergences on the right-hand side of (3.8), the realtive dissipation is also weakly-lower semi-continuous.

Remark 3.4 (Other dissipative solutions). The concept of dissipative solutions for the Navier—Stokes—Fourier system
introduced by Feireisl [13] differs from the solution concept of Definition To get formulation (3.4), we already applied
Gronwall’'s estimate, where in the case of the relative energy inequality for the Navier—Stokes—Fourier system, the right-
hand side remains untouched and Gronwall’s argument is applied during the proof of the weak-strong uniqueness [14].

In the case of the Ericksne—Leslie system equipped with the Oseen—Frank energy, this would still lead to a measure-valued
formulation.

Note that a solvability concept relying on an inequality is well known in the context of Gradient flows (see for instance [43]
Proposition 23.1]). For a vanishing velocity field, the Gradient flow of the Oseen—Frank energy can be formulated by
an upper energy dissipation estimates (see [37, Theorem 3.2]) which corresponds to the dissipative formulation(3-7) for
v =9 =d = 0. Indeed, with v = 0, we may infer from thatd x d,d +d x g = 0. The relative energy inequality
simplifies to

t /1 1
Fa)+ [ (3laxadl.+ Jlaxaly: ) as - #(ao) 9)

where we used that 1/2||d x q||i2 = 1/2]|d x 8,d||i2. The inequality corresponds to the upper energy dissipation
estimate (see [37, Theorem 3.2]).

In the next section, we introduce the concept of measure-valued solutions. The proof of global existence of measure-valued
solutions to the Ericksen—Leslie model equipped with the Oseen—Frank energy is executed by the author in [26] and the
weak-strong uniqueness of these solutions is proven in [27]. We also refer to [26] for a more extensive introduction into the
concept of generalized gradient Young measures.

3.2 Measure-valued solutions

Definition 3.5 (measure-valued solutions). The tupel ((v,d), (v, m,v>), (i, v*)) consisting of the pair (v,d) of velocity
field v and director field d, the generalized gradient Young measure (v°,m,v*) and the defect measure (i, v*) (see
below) is said to be a measure-valued solution to if

v e L2(0.T5Ly) NL2(0.T:Hj o) "W 2(0.T: (W),
410, TsH) W20 T,
{V((;,t)} Cc Z2(R¥3), ae.inQx(0,T),
(m} C 4 (@), ae.in (0,T), 10
{Vizn} € Z(B3 x YN m-a.e.inQanda.e.in (0,T),
{wyC AT (Q),aein(0,T),
{V&,)} C 9(«5‘337]), W-a.e.inQanda.e.in (0,7)

nd if
) T T T
| @008+ [ (00 Ve o@)dr— [ (v.8T(h.S): Vo(r))dr
0 0 0
T . T I . B T
2 [T @ Vo)) dr+ [ (TH0): Vo)ar = [ (g(r). @) ar.

(3.11a)
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as well as with

[ ($CEsth8))T) - wioyyar + / i< Fa(h,) w0 o

T
+ [ (s, vao) vwoyar = [ @ <a).w0)r,

(3.11b)

holds for all @ € €=(Q x (0,T);R?)) with V-9 =0, £ € L>(0,T;L?) and y € €°(Q x (0,T);R?)), respectively.

Additionally, the norm restriction of the director holds, i.e. |d(x,#)| = 1 fora.e. (x,¢) € Q x (0,T), the oscillation measure
of a linear function is the gradient of the director

SV(e)(dS) =Vd(x,1) forae. (x,1) € Qx(0,T), (3.12)

JR3x3

and the initial conditions (vo,do) € L2 x H? with dg € H'/*(9Q) shall be fulfilled in the weak sense and the boundary
conditions in the sense of the trace. We remark that the trace is well defined for the function d € L=(0,T;H"), which is
the expected value of the oscillation measure v°.

The dual pairings are defined as
(oo f / //32 flet D)VE (@) (o)
for f € %(Y33_1;R) and

(vi,f / R3X3fx,t,d(x 1),8)V( ) (dS)dx+ /5/(73271 5 Fx.1,h,8)v(, , (dS,dh)m; (dx)
for f € Z (see below).

We refer to the section for the definition of the tensor Y and to (3-13) for the definition of the transformed function f

Remark 3.6. We often abuse the notation by writing ((vhf(h,S)». Thereby, we mean the generalized Young measure
applied to the continuous function (k,S) — f(h,S).

The transformed function f : Q x [0, T] x B3 x B33 — R, the so-called recession function is given by

Fx,t,h,8) = flx,1, ))(1—[A]*)(1-8]%). (3.13)
wf\mz ¢1—|S|2

The class of functions for which the above representation is valid are those functions, f € €' (Q x R3 x R3X3) such that
f admits a continuous extension on the closure of its domain

= {fE FQx[0,T] xR*xR>3)|3g € €(Q x [0,T] x B3 X B3x3: f =g on Q x [0,T] x By Xded}-
In comparison to weak solutions (see [11]) the Ericksen stress TE and the variational derivative d x q are in this measure-

valued formulation represented by generalized Young measures. A generalized Young measure on Q x [0, T] with values
in R? x R"? is a triple (V° ey ™5 Vi, )) consisting of

B a parametrized family of probability measures {v(”xj)} c 2R fora.e. (x,1) € Qx (0,T),
B a positive measure {m;} C .Z*(Q), fora.e.t € (0,T) and
B a parametrized family of probability measures {Vv[; , } C & (By x 5”‘12’1), formi-a.e.x € Qanda.e.t € (0,7T).

As in [25, page 552] we call v oscillation measure, m, concentration measure and V* the concentration angle measure.

In the case of the Ericksen stress, an additional defect measure is of need to describe the limit of the regularised system
we considered in [11]. A defect measure on Q x [0, T with values in RY*4*? is a pair (,, v*) consisting of
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Dissipative solution to the Ericksen—Leslie system equipped with the Oseen—Frank energy 11

B a positive measure i, € .# T (Q), fora.e.t € (0,T) and
B a parametrized family of probability measures {v}‘f}yeé € 9(?‘13*1), for y-a.e.x € Qanda.e.t € (0,7).

We refer again to [26] for more details on the convergence in the sense of generalized Young measures.

Definition 3.7 (Suitable measure-valued solutions). A measure-valued solution is said to be a suitable measure-valued
solution if it fulfills Definition [3.5]and additionally the energy inequality

S WO+ (v ) + 3 (1) + [ +22)d- ()05

t
+/0 (1l (V¥)symll2 + (15 + po — A7) 1(V¥)symd |72 + [1d x g 72] ds (3.14)

< (3wl + 7@ ) + [ gvlas

Theorem 3.8. Let ((v,d),(v°,m,v™),(u,v")) be a suitable measure-valued solution to the Ericksen—Leslie model
according to Definition (3.8 Then the solutions (v,d), with Vd(x,t) = ]E(v& t)) = [gax3 Sv&t)(dS) and d x q given
in (3.11b) is a dissipative solution to the Ericksen—Leslie model according to Definition '

a.e.in (0,7).

Remark 3.9. The theorem grants the global existence of dissipative solutions, since the global existence of measure-
valued solutions was proven in [26] for g € L>(0,T’; (H(l)_a)*). The weak-strong uniqueness of dissipative solutions is
intrinsically fulfilled (see Remark 3.2).

The proof of this main result is very similar to the weak-strong uniqueness proof in [27]. In comparison to the proof
in [27], we do not assume that (¥,d) is a strong solution. These are only assumed to be appropriate test functions (see
Definition [3.1).

4 Proof of the main result

Proposition 4.1 (Shifted energy equality). Let (9,&) be a test function fulfilling the regularity requirements (3.5). Then it
fulfills the following shifted energy equality

%IIV( Dl + 7 +/ [(11+22)[[d(s) - (VF(5))symd (5) 172 + 14| (VF(5))sym|l 2] s

+/0 [(u1s + 6 = 22) | (V9(5))symd (5) 17> + d(s) % 4(s)|72] ds

= (31503 2@00) + [ e300+ (60 (3,0 ) ) a5

for all 7 € [0,T], where <7 is given in (3.7).

Proof. The proof is similar to the proof of Proposition 3.1 in [11] despite the fact that we assume that (f),;i) are test
functions and not solutions of (2:1). Equation and equation evaluated at (v,d) are tested with # and d x g,
respectively. Then both equations are summed up. This gives the last term on the right hand side. On the left hand side,
we use the same manipulations as in [27, Proposition 3.1]. Remark that the identities dfdx =1-d=d, dd?=0as
well as (- V)|d|? = 0 hold for the unit vector d. For the Leslie-stress T tested with (V¥)sym, we use [27, Corollary 3.1]
stating that & = — [d]} [d]x (A (V¥)symd +§). This leads to

(T (V9)sym) — (@ X (V9)sioud,d X @) + A (d X (V9)symd,d X §)
_lil‘d (V9)symd |* + 1| (V9)sym > + (115 + 116 )| (V9)symd|* + A (&, (V) symd)
+A((V9)symd, (V9)skwd) + (&, (V9)skwd) — (d X (V9)siwd,d X @) + A (d X (VP)symd, d % §)
= (1 +2%) |3 (V9)symd|* + 1ta| (V%) sym|* + (15 + s — A7) | (V%) symd|*
—A(d x g,d x (V9)symd) +A(d x (V9)symd,d x §) + (d x (V¥)swd,d x §) — (d x (VP)gnd,d x §)
— (4 22)[d- (V9) P+ 1a] (V9 syl + (s + g — A7) (V) ymd
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Summing up both tested equations and integrating in time gives the desired shifted energy equality.

4.1 Relative measure-valued energy

The relative measure-valued energy is defined by

M) = 3 (3t 1)+ 5 10 = 900) B+ 3 (v (8~ VA(0) : A (8- Va(0) o
+ %((v,,(S@h—V;l(t) ®d(1)):@: (S©h—Vd(t)2d(1))). |

Inserting the definitions of the tensors A and @, the relative measure-valued energy can be expressed as

/u, (dx) + v,,kl (tr (S) — tr (Vd(1)))? + 2k2| (8)skw — (VA (1)) skow|*)

+2<<v,7k3|tr<> — (V-AO)OP +Ka((S)y By — (V) : A1)
2k (v | (S) st — (VA (D) + 5 [W(0) ~ (1)

We remark that due to the regularity shown in [28], it holds & € L=(0,T).

Proposition 4.2. Let ((v,d),(v°,m,v*™), (i, v*)) be a measure valued solution and (¥,d) fuffiling (3.5). Then
&(r) < &Mr)
forae.t € (0,T) with Vd (x,1) = E(V(, ) = [ps-3 SV(, ,(dS).

Proof. The main idea to prove the assertion is to apply Jensen’s inequality on the probability measure v°.

First, we observe that U is a positive measure such that {,, 1)) > 0. Similarly, the defect measure v* can be estimated
by zero. Indeed, using the definition of the generalized gradient Young measure, we observe that

(ve,(8—Vd(1)): A: (S—Vd(t / /RdXd —vd(t :(vaa(t))v(oxﬁr)(dS)dx
//dz 1 501 — [RP)vi2, (a8, dh)m, (dx)
>, /Rdxd(S—VdO)) A (S Va(0)VE, @S)ax

since v* and m; are positive measures and the integrand is also positive. We observe thatS — S : A : S is a quasi-convex
function (see [23]). A function f : R>3 5 Ris called quasi-convex, if

A) < ﬁ/f(A—i—V&(y))dy forall & € €7°(D;R?) and A € R¥3 . (4.2)
D

For the function f(A) =A : A : A it holds

[A+VED) A (A+VEG)ay— [ A:A:Ady=2 [ V(A:A)EG)dy+ [ VEG): A:VEG)dy > 0.
D D D D

The first term on the right-hand side vanishes with the divergence theorem and & € %‘:’(D;R3) and the last term on
the right-hand side is positive. The definition is fulfilled and with Jensen’s inequality for quasi-convex functions [24],
Theorem 1.1], we find

/Rdxd(S* Vd(x,1)) 1 A: (S —Vd(x,1))V(, ,(dS) > (Vd(x,t) = Vd(x,1)) : A: (Vd(x,1) — Vd(x,1)).

Note that the equality (3.72) holds.

DOI 10.20347/WIAS.PREPRINT.2508 Berlin 2018



Dissipative solution to the Ericksen—Leslie system equipped with the Oseen—Frank energy 13

The same argumentation is applied to the term in the second line of (4.1). The defect-measure v is a positive measure
such that

(Vi (S2h— V(1) 0d(1)):0: (Soh—Va(r) 2d(1))
- /Q/Rdxd(S@d(x,t) —Va(x,1) @d(x,1)):0: (S2d(x,1) — VA(x.1) 2d(x,1) V], (dS) dx

+ /ﬁ /ﬂzf1 _ 3@hi@:30hv,) (a3 abm ()
> / / (Sod(x.1)—Vd(x,1) ©d(x,1)) 10 (Sd(x,1) — Va(x,1) ©d(x.1)) VS, (dS) dx.
Q Rdxd 3
The function f(A) =A®d:©®:A ®d is again quasi-convex
/D(A+V§(y))®ds®;(A+V§(y))®ddy—/DA®ds@;A®ddy
:z/ V-((d~®sA®d)-§(y))dy+/V§(y)®ds®sV§(y)®ddy20.
D D

Note that the first term on the right-hand side of the equality-sign is zero since & € %f(D;H@) and the last term is non-
negative. We investigated the quasiconvexity in every point (x,t) such that d is a constant vector. The linearity of.’,‘ in the
second term on the right-hand side is essential. Jensen’s inequality for quasi-convex functions [24], Theorem 1.1] yields

/HW(S@?"("J) —Vd(x,1) @d(x,1)):0: (S@d(x,1) — Vd(x,1) @d(x,1))V(, , (dS)
> (Vd(x,t) @d(x,t) — Vd(x,t) @d(x,1)) :©: (Vd(x,t) @d(x,1) — Vd(x,t) @d(x,1)) .

O

Remark 4.3 (Variance of the measure-valued solution ). Similar to the expectation, which is the first moment of the proba-
bility measure, the centered second moment or variance can be calculated. The variance of a measure v° € W(Q;Rd”)
with expectation Vd, measured in the semi-norm v/~ : A : - on R?*? s given by

G(v°) = /ﬂ%dxd(s—w) {A:(S— V)W), (dS) :/Ié

The second equality can be verified by (3.12). The inequality of Proposition can be seen as a gab induced by the
lack of regularity. If this inequality becomes an equality, this would imply that the defect measure m; vanishes and that the
variation G(VO) vanishes. This would further imply that the oscilation measure is just a point measure, i.e., v& n= Sde).

S:A:Svgm (dS)— /

Rd xd

" Vd:A:Vdv),,(dS).

Lemma 4.1. Let d be a measure-valued solution according to Definitionand d an appropriate test function admitting
the regularity aswellasa € L' (0,T,L3). For every § > 0 there exists a C5 > 0 such that

./0" (a(s) X 8,;1(s) —d(s) X a,d(s), (d(s) —;l(s)) xa(s))ds
= /0 [ (5)8(5) + 87 (s)]ds + /0 ((s),(d(s) —d(s)) xa(s)) -

Here 1 is given by " = Cy ([Bl= + 915311 + 1l ) (1) |1 o) I VAR 1) +1)- By 5, we denote
the second component of (3.7), given by

ah(s) =d(s) x (Ad(s) + (#(s) - V)d(s) — (V9(s))skwd (s) + A(VP(5))symd (s) +§(s5)) - (4.3)

Proof. First, we insert equation for the measure-valued solution and add and subtract simultaneously for the
test function. This gives

/Ot (ld —dl ([dlxad — [d]xId) .a) ds
_ /[ (([d]x —[dlx)" ([d)x (% V)d — [d]x (v- V)d + [d]x (V) sicwd — [d)x (V9)gnd) ,a) ds (4.42)

t (([dIx — @lx)" (Ad]x (V9)symd — Ald]x (V¥)symd + [d]xq ~ [d1xq) .a) s (4.40)
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The dependence on s is not written out to remain the lucidity. The terms in the lines and can be estimated in
the same way as in [27, Lemma 4.2]. This gives the assertion.

O

4.2 Integration-by-parts formulae

Proposition 4.4 (Integration-by-parts fomula). Let (v,d) be a measure-valued solution according to Definition and
(¥,d) an appropriate test function admitting the regularity (3:5). Then the integration-by-parts formulae

(1), 9(2)) — (v(0),9(0)) = /O t (v(s),0¥(s)) + (v (s),¥(s))ds, (4.5a)
%Hd(t) —d(t)|7. - %Hd(o) —d(0)|3 = /O ' (d(s) x dd(s) —d(s) x dd(s),d(s) xd(s)) ds, (4.5b)

(Vd(1); A: Vd(r)) — (Vd(0); A : Vd(0))
> [ 1S A5 (X (@x0d 98))) + (VA dE9(@x0d) - (e Ad. dxad)] ds

- -/; H Eds+ /ot ((d]x —[dIx)" ({d]x9d — [d]x9,d), — And) ds

(4.5¢)
and
(Vd(t)2d(1);©: Vd(r) ®d(t)) — (Vd(0) ©d(0) ; ®: Vd(0) ®d(0))
—((Vd(t) - Vd(t)) @ (d(t) —d (1)) :©: Vd(r) @d(t))
+ ((Vd(0) — Vd(0)) ® (d(0) —d(0)) : ®: Vd(0) ©d(0))
> A[([d]xa,d, dlx (—V-(d-0:Vd2d)+Vd:0:Vdod))ds
+ [ vesehio: (1 (@kades) ks «59)

+ [ (Vdedi0: v (dx0d) od)ds
+/0t <<VT,S®hs®zS®[h],T([a]xa,J))ds—c/Ot%gds
+/0t ([dIxdd —d)xod, ([d)x — d]x) (V- (d-©:Vd ®d) +Vd :©:Vd @d))ds

hold for a.e. t € (0, 7). In the formulas and (4.5d), the dependence on s under the time integral is not written out to
remain the lucidity.

Proof. The proof is similar to the one of [27} Proposition 5.1]. Formula is already proven there. To get formula (4.5b),
we observe for ¢ € €7 (0,T) that

1 /T, ~12 T ~ ~ T T S - N
/o ||d—dHL2dt:/ ¢(a,d—a,d,d—d)dt=/0 o (1 [dlxod — A% dxdd.d —d)di

_/ dlxod.d —d)x(d—a)) dt+/ d)xad — [dxdd, (d)x — [d)x)d) dr
(4.6)

The first equality is an integration-by-parts as well as the chain rule, the second equation is valid due to [27, Lemma 3.2],
and the last equation follows from a rearrangement. The first term on the right-hand side of the above equality chain
vanishes, since [a|xa = 0 for any vector a € IR3. From the definition of the weak-derivative, we infer that the left-hand side
of the equality chain is the weak derivative of the right-hand side. Thus, it is absolutely continuous and formula (4.5b)
holds. For the proofs of the integration-by-parts formulae and ([@.5d), we refer again to [27, Proposition 5.1]. Note
the last terms on the right-hand side of inequality and depending on the difference of the time derivatives of
d andd are in comparison to [27), Proposition 5.1] not estimated by [27, Lemma 4.2], but kept on the right hand side. O
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Corollary 4.5. Let (v,d) be a measure-valued solution and (¥,d) be a test function admitting the regularity (8.5). Then it
holds

— (Vd(1);A:Vd(t)) — (Vd(t) @d(1);©: Vd(t) d(1))
< —/Ot ((dxdd.dxg)+(dxq.dxdd)]ds

— (Vd(O)'A :Vd(0)) — (Vd(0) ®d(0);@®: Vd(0) ®d(0)) @)
+= @ﬁM +/1/ )EM (s ds+/< d)xdd — [d)xd.d,[d — d]xq+|2||Vd®d||LwLwd><d>

|®|2

+ ((Vd(0) — Vd(0)) ® (d(0) —d(0)) :®: Vd(0) ©d(0)) + ||Vd ©d||f~ ) [|d(0)

d0)]|;

fora.e.t € (0,7).

Proof. We add the two integration by parts formulae and (@.5d). Recall the definitions of g and g in (3.770) and (2.9),
respectively. For the term in the second line of (4.5d), we observe similar to [27, Corollary 5.1] with (3:72) and Young’s
inequality that

((Vd(r) ~Vd(1)) @ (d(r) ~d(1)):©: Vd(r) 2d(1))
_//Rm ((§—Vd(x,1) @ (d(x,1) —d(1)):@: Vd(x,1) ®d(x,1)) v, (dS) dx
2 ~ ~
= 2 / NI JeS)ax+ B8 [vawdl}. . [ 1) -aPax

K vils—va)| >>+'fHVd®d||Lm 1 @) =a)||z.

(4.8)

[\

Remark that the defect measure m; is a positive measure, m; € M (ﬁ) The constant k is chosen small enough, such

that (compare (2.11))

k(v [S = VAW) < 2 (i, (S — VA1) : A (S— V(D)) < EM(r).

[\

Applying formula (4.5b) gives now the assertion. O

4.3 Relative energy inequality
Proof of Theorem[3.8 Considering the relative measure-valued energy, we observe
M 1 2 , 1ooovn2
(0 = (e )+ (v, F) + S ()2 + F (@) + S [9(0) [ 2
— (v(1),9(t)) — (Vd(t); A: Vd(t)) — (Vd(t) 2d(1);©: Vd(t) 2d(1)) . (4.9)
Inserting the integration-by-parts formula and Corollary [4.5] we find
1 ~ |
EM(6) < (e 1)+ (vi, F) + 5 )iz +Fd(2)) + EIIV(I)IIZz

_ /Ot [(v,0%) + (8tv7fz)]ds—./0 [(dxdd.dxg)+(dxq,dxdd)|ds
- (5(0).5(0)) ~ (Vd(0):A: Va(0)) ~ (V(0) d(0)$©:Va(0) 9 (0))

~ 2012 . . ~
4o @@M +/;{ )EM (s ds+/< Ixdd []xz?td,[d—d]y}—k'k||Vd®d||%m(Lw)d><d)ds

2
+ ((vd(0) — Vd(0)) ® (d(0) —d(0)) ; ®: Vd(0) ©d(0)) + %Hv&@mmm |d(0) )|l -
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Inserting the energy inequality (3.14) for the measure-valued solution, the shifted energy equality (see Proposition [4.1),
and adding the relative dissipation on the left-hand side, yields

)+ [ #(5)as < Fdo)+ 5 Il + T o)+ 5 ol
— 2w +2?) /0 ' (d- (VW)synd.d - (V9)oymd) ds
205+ 6= 22) [ (W)nd, (V9)ynd) 0
—2u4/0t((Vv)Sym;(sz)sym)ds—Z/Ot(dxq,&xq)ds—k/ot(g,v—i—f))ds

_ /0’ [(v,99) + (3v,5)]ds — /0, [(d % 9,d,d % §) + (d x q.d x d)]ds
— (v(0),%(0)) — (Vd(0);A : Vd(0)) — (Vd(0) ®d(0);©: Vd(0) ®d(0))
+ ((Vd(0) — Vd(0)) ® (d(0) —d(0)) ; ®: Vd(0) ®d(0)) + %o@M(r) + /Ot%(s)g’”(s) ds

0P -~ - <
+/< xdd — [d|xd.d,|d — ]~+||||Vd®d||iw(Lm)d><d>ds

OF | viei
+ S IVa©d ey [d0) -dO) 3+ [ (e (50 ,) ) o5

Regarding the terms incorporating the initial values, we observe

(4.10)

F(do) + 5 voll 3+ do) + 5 ¥l — (+(0),(0)) — (Vd(0); A Vd(0))
—(vd(0) ®d(0);©:Vd(0) ®d(0)) = £(0).

In the next step, we use that (v,d) is a measure-valued solution. We consider equation (3.71a) tested with ¥ and the
equation tested with d x § added up:

- /Ot [(3v.9) + (d x 3d,d % ) + o (VW)sym: (V)sym) + (d x 0.d x §)] ds

- / (v V)9, 5) + 11 (d- (V)symod - (V9)eymd) + (115 + 116) (V¥)symd, (VP)symd) ] d5
+ / (V9)symdse) + A (V%) symds (V9)sidd) + (e, (V) gnd)] ds
7/0 [(vi,S" Fs(h,S) : V) + 2. T': (T~ V9))] ds

‘|‘/0.[ [([d]x(V-V)d, [&]XQ) — ([d]x(Vv)skwd, [&]XQ) —|—2, ([d]X(Vv)symd, [(NI]XZ])] ds

Due to [27, Corollary 3.1], it holds that e = —[d]} [d]x (A (V¥)symd +q). Replacing e in the above equation and using
[d)}[d]x =1—d&d yields

_/Ot [(9v,9) +(d x od,d x §) + pla ((V9)sym3 (V#)sym) + (d x q.d x 7)]ds

- /0, [(©-V)w.9) + (11 +27) (d - (VW)sym,d - (VP)symd) + (15 + 6 = A7) (V9)symd, (VP)symd) | ds (4.11)
/t (2 (d x (V9)symd.d x q) + (d x g,d x (V9)gqwd) + (v;,S" Fs(h,S) : V¥) +2((u,, T (T- V)] ds

+/ ), [d]xq) — ([d]x (V)skwd, [d]x) + A ([d]x (VV)synd, [d]xq)] ds

Remark thatd - (V¥)swd = 0. The main difference to the weak-strong uniqueness proof in [27] is, that we now add a zero
to the right hand side by simultaneously adding and subtracting equation and equation evaluated at (v,d)
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Dissipative solution to the Ericksen—Leslie system equipped with the Oseen—Frank energy 17

and tested with v and d x g, respectively. Replacing again & by —(I —d @ d) (A (V¥)symd +§) leads to
t N . -
_/0 [(39,v) + (d x Ad,d x q) + s (V9)sym; (VW)sym) + (d x ,d x q)] ds

((#-V)9,v)+ (1 +A2) (d- (V) symd,d - (V%) oymd) + (115 + 1t — A2) (V%) symd; (VV)symd) ] d's

Il
o\_‘
—

- /0 ’ [ (d % §,d x (V¥)oymd) + (d x §,d x (VW)gewd) + ([d]x ((%- V)d — (V9)goud + A (V9)symd) , [d]xq)] d's

,/Ot [(VaTFs(fl,Vé);Vv) + <427(s)7 <d:q>>} ds.

Remark thatd - (Vv)skw[l = 0. Inserting the equations (#.17) and #.72) in (@.70) and using Lemma yields

Mt)+/t7/(s)ds

+6/7/ ds+/% )& (5) ds+/ V)o,v) + ((v- V)w,9)] ds

(4.12)

+ (w424 )/Ot (@ (V¥)symd, (V)ym : (d@d —d®@d)) + (d - (VV)symd, (V¥)sym : (d @d —d @d))]ds
ot = 22) [ [((F9hgnd (V) (@ —d)) + () (VP)ym(d — )]

+ / (V9)gewd —d % (V) geudd % g) + (d X (V)geud —d X (VW)geud,d % §)] dis

—;L/O [(@ % (V%)sym — (V9)sym)dod % §) + (d X (V5)sym — (V¥)sym)dd % )] ds

+/0' (@ (7-V)d.d xq)+ (d x (v-V)d.d x§)] ds

—/’ (V2" Fs(@,va):vv) + (v..S" Fs(h.8) : V)] ds—2/t<<us7l"s (T-V9))ds

0
I(")I2

+((Vd(0) — Vd(0)) @ (d(0) —d(0)) :©: VA(0) 2d(0)) + = VA @[} ;- [|d(0) ~d(0)

vV—v
+/< (dxq dxq-+ld—dxg+ 23" |w®d|2wdxd>>ds

The terms on the right-hand side independant of the initial values and .27 can be estimated by integrals over EMand ¥ .
This is done explicitly in [27, Proposition 6.1]. Inserting these estimates, yields

1o 1
36 (r)+./0 W (s)ds

2
< £(0) + ((VA(0) ~ V(0)) @ (d(0) ~(0)); ©: VA(0) 2d(0)) + O VA @3- - | (0)

t t t V—v
+6 [ w)as+ [ (08 (5)as+ (%@), (dx@_q) 208 Vi 2. . dxd))

(4.13)

0|z

We choose & = 1/2 and absorb the relative dissipation % on the left-hand side. A version of Gronwall’s inequality
implies for the relative measure-valued energy &Y instead of &. Proposition [4.2|implies the assertion.

O

Remark 4.6. With the preceding proof, we especially showed that the regularized system in [26] converges for vanishing
regularization to a dissipative solution. The numerical approximation of a solution via this regularization technique seems
tedious. One needs a higher order scheme to discretize the 4™ order differential operator of the regularization. Additionally,
one has to consider three different limits: The discretization limit as well as the vanishing regularization and penalization
limit. The interchange or simultaneous convergence of this limits is not clear. Therefore, we propose in a future article [28]
a semi-discrete approximation that fulfills the norm-restriction in every step and converges to a dissipative solution (see
Definition[3.7]and [28]).

DOI 10.20347/WIAS.PREPRINT.2508 Berlin 2018



R. Lasarzik 18

Remark 4.7. In view of the existence proof of measure-valued solutions [26], the existence of dissipative solutions (see
Definition[3.1) can also be proven via the regularization technique used in [26]. Proving the relative energy inequality
for the regularized system, one obtains dissipative solutions for vanishing regularization.

5 Relative energy inequality for different boundary values and with electro-
magnetic field effects

In this section, we want to argue that the relative energy inequality even holds for solutions to different boundary values.

For the velocity field v, we always assume homogeneous Dirichlet boundary conditions, i.e., tr(v) = 0. For the director

field constant boundary values in time of a certain regularity and of unit length are assumed for the existence theory, i.e.,
tr(d) =d, with |d,| = 1 andd; € H/*(9Q).

5.1 Estimates for different boundary values

In the proof of the relative-energy inequality in [27], the only argument, which relies on the fact that the measure-valued
solution d and the strong solution or test function d fulfill the same boundary conditions is the assertion of Lemma [27],
Lemma 4.1]. There, we applied [26} Proposition 5.1] to the difference d —d, which fulfills homogeneous Dirichlet boundary
conditions, if d and d fulfill the same boundary conditions. This can be generalized to non-equal boundary conditions,
which is the assertion of the following Proposition that essentially states that an adapted version of Lemma 4.1 in [27]
remains true if d and d do not fulfill the same boundary condition.

Lemma 5.1. Letd be a measure-valued solution (see Definition , (v,m,v>) the associated generalized Young mea-
sure, and d a function fulfilling as well as | tr(d)| = 1. Let the associated relative energy be given as above (see(@.9)).
Then there exists a constant ¢ > 0 such that

/O-t||d(s)—&(s)||i6ds+'/0.t<<vs,|S—V;i(s)‘z>>dsSc/ot (M (s)+ [|d(s) —d(s)||;2] ds,  (5.1a)

t . . . 2 e
/0<<vs,|®: (Sod - Vi(s)2d(s))] ))dsgc/o &M (s)ds, (5.1b)

ot

[ 015 = Vaw) Plh—a(s)Phas < c(1-+ VAR g5, + 1) [ [¥06)+ 1) —a06) ] as, 10

t - - - 1 ~
/0 ld(s) —d(s)llf12ds < (14 Va2 g5, + 1] ) /0 [6M(s)+ d(s) —d(s)|2:] ds.  (5.1d)

Proof. The proof is similar to the proof of [27, Lemma 4.1]. We only focus on the points that change in comparison to the
previous result. First, we observe that for a strongly elliptic tensor the associated Norm is coercive on H('), i.e., there exists
a constant ¢ > 0 such that the estimate

1
;kuiz <(Vd:A:Vd)+|d|;

holds for alld € H' (see McLean [36], Theorem 4.6]). For the estimate (5.7a), we conclude in the same way as in the proof
of [27, Lemma 4.1]. Approximating the generalized Young measure V; by a sequence {d,,},,eN CH! yields

|Vd, —Vd|;, < c(Vd,—Vd:A: (Vd, —Vd)) +c|d, —d|}..

Going to the limit n — oo in the above inequality using the convergence in the sense of generalized gradient Young mea-
sures and the strong convergence of d,, in L? gives

./Ot«vs, S —Vd(s)[*) ds < c/ot (M (s)+ [|d(s) —d(s)]|72] ds. (5.2)
Jensens’s inequality implies in the same way as in the proof of [27, Lemma 4.1] that
IVd(s) —Va(s)|[3 < (vs.|S — Vd(s)]). (5.9
The embedding in three space dimensions H!' — L implies

ld(s) —d(s) 76 < ¢ (IIVd(s) = Vd(s) |7 + [ld(s) —d(s)lIF) - (5.4)
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Dissipative solution to the Ericksen—Leslie system equipped with the Oseen—Frank energy 19

The three inequalities (5.2), (5.3), and yield the conclusion (6.1a).

Inequality remains valid even for different boundary values since it relies on a purely algebraic relation (see [27,
Proposition A.1]).

To get inequality (5-1¢), we use the integration by parts formula derived in [26] Propostion 5.1]. For functions a € H?, it
holds

/|a|2|Va|2dx:/((V-a)z\a|2+\a|2|an|2+(tr(Va2)—(V-a)2)|a\2)dx
Q Q
- /Q((V-a)z\a|2—|—(a-V><a)2+|a><an|2)dx
—|—/QV-((Vaa—(V-a)a)|a|2)dx
+/Q|a><V><a\2—|Vaa|2—|(Va)Ta\2dx
+/Q(V-a)a-Vaa+(V-a)a-(Va)Tadx.

Young’s inequality and the divergence theorem imply
3
/ la?|Va|?dx < / <2(v.a)2a|2 +(a-Vxa)®+2lax vXa|2> dx
Q Q

+ [ n-((Vaa—(V-a)a)|a*)dSs.
2Q

For any functiona € H?, we observe

'/Q aP|Val*dx < 4(Va®©a;®: Va®a) + (Ya(Va). Yo(@laP))y 1250 #1250

+ <'Yn(a|a|2)770(V'a)>yl/2(ag) H'2(00)
<4(Va©a:0:Va©a)+[Valy 120 18P g0 + 1 V-0l 12 00 lala gz oo,

As long as |a| < c for a constant ¢ > 0, we observe ||a|a|2||H1/2(aQ) < 302”“”1{‘/2(39)' The continuous embeddings
H' — H'*(0Q) and L> — H '/*(9Q) (see [36] Theorem 3.37]) guarantee that

/ la)?|Va|*dx < 4(Va®a:®:Va®a) +c||Va||iz +c||a||12q. .
Q

Approximating again the generalized Young measure V; by a sequence {dn(t)}neN C H? (compare to [27, Definition 2]),
we find

|Vd, —Vvd|d, _a\uiz <c((Vd,—Vd)® (d,—d);0:(Vd,—Vd)® (d,—d))
+c|Vd, —Vd|Z +c|d, —d||2, .

Note that the boundary values are regular enough such that the approximating sequence can be chosen in a way that
its elements fulfill the same boundary conditions tr(d,,) = d; in H'/2(9Q). Going to the limit in the approximation of the
generalized Gradient Young measure implies

(vi. |~ VdP|h—d*) < c(vi,(S—Vd) @ (h—d):©: (S~ Vd) @ (h—d))
+c(vi, 8= Vdl*) +cld —d|,.
The same rearrangements as in the proof of [27, Lemma 4.1] lead to (5.1¢).

Finally, we observe with the embedding H' — L? in three space dimensions that

~ 112 ~ ~
lld—ap |, <c([Vid—aP +|a—ap|;)- (5.5)

Taking the derivative of the absolute value, we observe for the first term on the right-hand side that

|V1d ~aP |2 <|[2(Vd - Va)" (d ~d) |2 < 4|Vd ~ Vdld ~d ..
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The positivity of the defect measure and Jensen’s inequality yields

|Va —Vdid -a||;, < (vi.|S— V| -a]*).

To estimate the second term on the right-hand side of (5.5), we adopt the Gagliardo-Nirenberg inequality
4/3 2/3 2112 2112 12 3112
ld—d|3, < clld—d|ly; [d—d|;2 <c(IVd—a|}+ld—d|}) < c((vi,S—Va2) +d—d|}) .
The second inequality is an application of Young’s inequality and for the third one we employ (5.3). O
Corollary 5.1. Let Q C R? be of class €"!. Then there exists a constant ¢ > 0 such that

ld —d||f, < c||Vd — V|, +c||tr(d — )| 5, -

foralld,d e H'.

Proof. We employ a result on extension operators similar to the one in [26, Theorem 4.1]. First, we note that the trace is
continuous as a mapping between H' and H'/2(9Q). It is even surjective.

Conversely, there exists a linear continuous operator E : H'/2(9Q) — H'(Q), where Q is of class ©'*!. This operator is
the right-inverse of the trace operator, i.e. for all g € H'/Z(QQ), it holds Eg = g on dQ in the sense of the trace operator.
Therewith, we can estimate with Poincaré’s inequality

ld —d|> < ||d —E(te(d)) — (d — E(tr(d)) | > + | E(tr(d)) — E(tr(d)) [ 2
<¢|V(d~E(u(d)) ~ V(d ~E(t(d)) |2 + | E(tr(d)) — E(tr(d))| >
< c||Vd —Vd| > + | E(tr(d)) — E(tr(d)) |
< || Vd —Vd| 2 +c|| tr(d) — te(d) | 112 5 -

O

Remark 5.2. ltis also possible to prove the dependence on the difference of the boundary values in the HI/Z(QQ)- norm
instead of the difference of the function in the L-norm immediately in Lemma We exemplify the calculations for the
inequality (5.12). Indeed, similar to the proof of [26] Proposition 5.1], we observe that

IVd —Vd| 7 < ||V-(d—d)| >+ | Vx(d—a)|7 + (¥a(Vd — Vd), Yo(d — Vd)) H-'2(00) H'2(30)
+ (Yu(d —d),yo(V-d — Ved)) 90 1 1200)

The boundary terms can be estimated by (compare [36} p.96 ff.] for the definition of the Sobolev spaces on the boundary
and the dual pairings)

<7n(Vd— Va)vYO(d_V;l» 1/2(39)H1/2 99Q) <Yn(d d) 70(V d-V. d)>H1/2(¢9Q),H71/2(¢9Q)

< la- A2 00

The above inequality provides the assertion of this remark.

5.2 Electromagnetic field effects

In this section, we extend our model by an electromagnetic field influencing the dynamics of the liquid crystal. Therefore,
the model is adapted by adding an electromagnetic potential to the free energy. The adapted free energy potential is given
by [7}, Section 3.2]

Fu(d,Vd.H) :F(d,Vd)—%|d-H|2—%\dxHP, (5.6)

where the free energy potential F is given by (2.4). The associated variational derivative is given via the definition
by

qu =q— ) (d-H)H+x H x (H xd) (5.7)
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with g defined in (2.9). Here X|| and X denote the constants measuring the magnetic susceptibility parallel and orthorgonal
to the director, both constants are negative ¥, X1 < 0 due to the diamagnetic properties of liquid crystals (compare [7,
Section 3.2]). In usual nematic liquid crystals, it holds that | > .1, such that | ;| < [x. | which agrees with the naive per-
ception since molecules that are not aligned should experience a bigger impact. Using the calculation rules in Section|[1.1]
we observe for d with |[d| = 1 that

Xl — XL

g g X g i = Mg HP - PP — @B —
Lid-HP -2l axHP = -2l HP -2 (dPHE - @B = - F

X
@-H? -2 P,

Since H is given and X|—XL> 0, this energy part is minimized if d is parallel to H. Clearly, the molecules are then
aligned along the direction of the electromagnetic field H.

Proposition 5.3 (Integration-by-parts formula). Consider d and d fulfilling and (3.5), respectively. Let additionally
H < L° and H € L be constant in time. Then

X (d(r)- Hd() )+m( ()de() )

+ / [(d 2,1y B B)— 7, (@ e H)xd) + (% 9, 7 < H(d-H) — 1. d)x H]x H]xd)]
+/0 ld x dd||= ((x) + xL)lld x H—d x H| 2 ||d-H—d -H| 2+ x| H|| 3 ||~ | H — H|| 2 |d — || s) ds
+5'/OZst+/Of%/é"ds+/ot\\H||i3\|ﬂ||,%w||d—3\\i6%/ds

+ [ VA (<l H =3 H I~ 70 < H -3 < B ) 0s
_/0'(ﬂz,x”(dxH_&xﬁ)(aﬂ)_md-H—a-ﬁ)ﬁ a+ % Hd-d)Axd) os.

holds for every ¢ € [O, T]. The dependence on s of the terms under the integral is not written out for brevity.

Proof. The fundamental theorem of calculus grants that

2 (d() ) + 20 (d0) < H.d(0) < H)
—%H( ) d(0)-H) +x1 (d(0) x H,d(0) x H)

+/ (9, xH@ H) -y, H x (H xd)) + (3d, A (d-H) - x.H x (H xd))] ds
Since |d| = |d| = 1, we find with [27, Lemma 3.2] that
/; (9d, 3 H(@-H) -y H x (A xd)) ds = /O’ (dxdd, xyd < (H(@-H) -y, H x (H xd))) ds
and
/0’ (O, B (d-H) — x H x (H x d)) ds = /O (@xad.dx (yHd-H)— ., Hx (Hxd)))ds
Simple rearrangements show that

[(d x od,d x (yH(d-H)—y H x (H xd)))+ (dx dd,dx (yH(d -H)—x Hx (Hxd)))]ds

S—

:/ dxat ,dexH(ﬁ ) XJ_[d] [ ] [ ]Xd) ([1><&,fi,xud><H(d~H)—xL[d}X[H]X[H]Xd)]ds
/ (dx dd—d xad,x(dxH—dxH)d-H) -y, (d)x[H)x — [d)x [H]x)[H]xd)ds (5.8a)

/dxat X(dxH—dxH)d-H-d-H) -y, (d)x[H]x — [d)x[H]x)([H|xd - [H]xd))ds.  (5.8b)
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Estimating the terms in line gives
t ~ ~ ~ ~ ~ ~ ~ ~ ~ ~
/0 (dxdd,x|(dxH~dxH)d-H-d -H) -y, (|d|x[H]x — d]x[Hx)([H]xd — [H]xd)) ds
r . -~ - . ~ N ~
< /0 ld x did ||~ (2 + x1)lld < H —d x H||2||d -H —d - H| 1 + 2%, | HI|: |||~ |H — H|| 2 ||d — d|s) ds

where we used

( ﬂ) —H®d—(d-H)I+H®d)([H|xd - [H ]3)
=(d-H—d H)([H|xd — [H|xd) — HdH]xd — Hd|H)xd

and

which we find due to the skew-symmetry of [H]x and [H]x.

We use the symbol []x to write the cross-product, since it is a matrix multiplication and thus, in contrast to the cross-product
associative.

Very similar to Lemma we estimate the terms in line (5.82). We abbreviate a := x| (d x H —dxH)d H) -

x. ([d)x[H)x — [d)x [H]x)[H]xd. Adapting Lemma we find for the terms in line by inserting equation for
d that

t - - 1 - - - -
/ (dx dd—d x dd.a)ds = —/ (dx (v-V)d—d % (7-V)d—d x (V)gd —d % (V) gud,a) ds
0 0

1 o - - 1
—/ (Adx(Vv)symd—ldx(Vf:)symd—i—dxq—dxq,a)ds—/ (h(s),a)ds
0 0

Similar rearrangements and estimates as in Lemma[4.7] show

/Ol (dx(v-V)d—dx (#-V)d—dx (Vv)gwd —d x (V9)swd,a)ds

t t - ~
<5 [ Iv=vl3e0s+Colldlezmy [ (V18— VaP)IdIeomlalf + 1V ]z ) s
t - ~ ~
[ 11l g 191= (v1S = Va1 alla + d = s [3]2- |V [l 2] 05

48 [ 17— (Wl 5 +Co [ It s + 1 =l (e + 1l a2 o
as well as

t - ~ ~
/ (Ad % (V)qymd — Ad % (V¥)qynd +d x g —d x §,a) ds
0

<6 [ 1(9W)nd — (g s+ [ [Coll3uolalls + 1~ (V)2 a2
+5/0'|\dxq_axq||g2ds+ca/0’ a2, ds.
For the abbreviation a, we find with the properties of the operator [|x (see Section[1.1) that
a=ydxH-dxH)d-H)—y,(d-H—d HHxd+y (Hod-H®d)H)xd
=x(dxH-dxH)d-H)—x,(d-H—d-H)Hxd+y H(d—d)H|xd.

Due to the asserted regularity, i.e., H € L> as wellas H € L andd, d € L=(0,T;L*), we observe thata € L*(0,T;L?)
and the estimate

lall> < — 2 18|z~ 14| - @~)ld < H —d x H]| > = 2 |H ||| d|| -0 |d - H —d-H] 2
— XL H (=l o) [1H [ 3 1 — ] s

Note that )| and ¥, are negative constants. Putting everything together yields the assertion. O
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We define the relative energy for the case of different electromagnetic fields via
Al 2 fg2. XL . 77112
zg)gﬁ(t) =&M(1) - 7\\d(r) ‘H—d(t)-H|;,— 7||d(r) xH—d(t)xH|;» (5.92)
and the adapted function . g via

H g = (L B + [ H|E 1 H =) 7 (5.90)

Note that H and H are constant in time. To be precise, we remark that also .27 and # has to be adapted since we insert
everywhere gy instead of § and gy instead of g. The term gz is given by (5.7) with g, d, and H replaced by g, d,andH,
respectively.

With this, we prove an adapted relative energy inequality.

5.3 Adapted relative energy inequality

Proposition 5.4 (Generalized relative energy inequality). Let (v,d, (v?,m,v*), (i, V*)) be a measure-valued solution
(see Definition and let (v,d) be a test function fulfilling the regularity assumptions but possibly different boundary
conditions. Let H € L3 and H € L be given as constant functions in time. Then the adapted relative energy inequality

2/% exp</<}éf dr)ds+<1—exp</% (s)d )>(||d 412125 + I )
< (a0 + S0 1Va5 1 1 000 - 2O Yoo [/ H 6195

+ ((Vd(O) —Vd(0))® (d(0) —d(0));©: Vd(0) ®&(0)) exp </Ot<%§17il(s)ds>

t V—v t
+/ o (s), ~ ~O2 o~ ~ ex(/%/~fdr>ds
0 ( ) (dx(‘Iﬁ—‘IH)+d Xd(leVd@d”IZf‘(L‘”)_aHfI)) P\ na(T)

(5.10)

holds for almost all # € (0, T ), where < is given by and ay g by

ay g = )(H(d XH—& XH)(dH) _ZJ_(d'H_&'FI)HX&‘f’%LH(d_a)[H]Xa.
The potentials &y g and %y g are defined by (5.9).

Remark 5.5. This proposition immidaiately generalizes the weak-strong uniqueness result for measure-valued solu-
tions [27] and for dissipative solutions (see Remark [3.2) to a system incorporating the influence of an electromagnetic
field. Additionally, this relative energy inequality provides a result on the continuous dependence of solutions on the dif-
ference in the electromagnetic field, the boundary values and initial values, as long as a regular solution fulfilling
exists.

We incorporate this additional electromagnetic field in order to use it as a control parameter in a future article (see [28]).

Proof. The only difference of the above inequality in comparison to the relative energy inequality (4.13) in the case of
equal boundary values and electro-magnetic field effects are the additional terms in the first line and the additional term in
the last line, respectively.

Going through the proof of Theorem[3.8]and inserting every time Lemma and Corolllary[5.1]instead of [27, Lemma 3.1]
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yields together with Proposition the estimate

it
gg,,,,;,(ona/w ds—i—/% ()6, (5)ds

2
<< ~VA(0)) @ (d(0) ~d(0))0:VA(0) 2d(0) + O [V @ 10, [d0) ~2(0)
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From Gronwall’s estimate, we may infer

+%/01W(s)exp (/l%{ﬂ(r)dr> ds

< (6aa0) + CL Va0 1o a00) <o>||iz)exp(/%g<s>ds)

n ((Vd(o) —Vd(0)) @ (d(0) —d(0)) :©: Vd(0) ©d CXP (/ A )

+/ot<ﬁ(s)’<dx<qﬂ—qa>+d 2o V||Vd®d||LmLm aHH>)‘”‘p</ (519t ) os
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(5.11)

With an integration-by-parts, we observe for the term in the last line
ot t 0
[ Hnaresn ([ Hun01a7) (1@~ 0@ o + I -
! 2 22 )]
= exo ([ mae)a7) (1) ~w@ s o, + 17 - H1E )|
s s=0
t t 0 -
+ [l ([ Hua107) 5 (@) 0@z + 1 o

_ <exp (/Ot%fqﬂ(s)ds) - 1) (||tr(d) — (@) 12 5 + ||H—H||§2) :

Note that the second equality holds since the boundary conditions and the electromagnetic field effects are constant in
time. Inserting the integration-by-parts formula into (5.11) proves the assertion.

O

6 Long-time behavior

In this section, we are focusing on the long time behavior of the measure-valued as well as the dissipative solutions. Again,
the relative energy inequality will be essential and we discuss its implications on the long-time behavior of solutions. For
this section, we assume again H = H =0, i.e., that there is no electromagnetic field acting on the liquid crystal. All
arguments also hold for an additional electromagnetic field (see Remark [6.5) , but we exclude this possibility to keep the
arguments accessible.

6.1 Necessary first order optimality conditions for the Oseen—Frank energy

First, we recall the Euler-Lagrange equation for the Oseen—Frank energy.
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Corollary 6.1. The Euler-Lagrange equation for a minimizer of the Oseen—Frank energy can be expressed via

0=dxq=—-V-(dx(A:Vd+d-®:Vd®d))+V[d|x:(A:Vd+d-©:Vd®d)+d x (Vd :©:Vd @d)
= —V-(dx Fs(d,Vd))+V[d|x : Fs(d,Vd)+d x F,(d,Vd)

for d regular enough, i.e.,d € H.

Proof. A minimizer of the Oseen—Frank energy is a stationary point and hence, fulfills the associated first order optimality
condition, the Euler—Lagrange equations. These are given in Hardt, Kinderlehrer and Lin [19], see also [22]. We omit
the derivation here. In our Notation, the Euler—Lagrange equation for a minimizer d of the Oseen—Frank energy can be
expressed via (compare [19] Section 1])

_v. (‘;:,(d Vd)) - d®dgs d, Vd)) 31; (d,vd)— (3:(d Vd) d)d

T
<3§(d Vd) : Vd)dVd<(3I;(d Vd)> d=0. ©.1)

Calculating the divergence of the second term on the left-hand side gives

(d®dgs(dw)> d®d< 3’;) (‘;g(dw) Vd)d+Vd(3S(dVd)>Td

Note that the second and third term on the right-hand side of the previous equation cancel with the terms in the second
line of equation (6.1). Thus, equation can be simplified to

Oz(I—d@d)(— gs(dVd) 3h(dVd)>:(I—d®d)q.

Where q is the variational derivative defined in (2.24). Since d is a unit vector, we can use the calculus for the cross product
introduced in Section[T.7land observe

I-dod=|d*I-dod=[d)k[d)x.

Due to the properties of the cross product, a simple observation holds: For a unit vectord € S? and for all vectors a € R?
it holds thatd xa =0 < d xd x a = 0. Indeed, the first implication is obvious, whereas the second implication follows
from the calculation rules for the cross product by taking the equation again in the cross product with d, i.e.,

dxdxdxa=dx (|d*I-d®d)a=|d’d xa—dxd(d-a)=dxa.

Hence, the Euler—Lagrange equation for minimizers of the Oseen—Frank energy can be expressed as stated in the asser-
tion of Corollary O

6.2 Convergence for large times

In the following we consider constant test functions (17,;1). Due to the homogeneous Dirichlet boundary conditions for the
velocity field, it is obvious that # = 0. For the director field we assume constant boundary conditions tr(d) =do € S?. For
this system the constant solution (¥,d) = (0,dp) is an obvious solution to the system (2.7).

Theorem 6.2. Consider the Ericksen—Leslie system equipped with the Oseen—Frank energy [2.1)-(2.4) with vanishing
right-hand side, i.e., g = 0.Then there exists a sequence of time steps {t, }nen With t, — oo as n— oo such that the
measure-valued solutions converge to a steady state, i.e., (V(t,),d(t,)) — (Veo,dw) in H' x H', where v.. = 0 and the
generalized gradient Young measure V.. solves the associated Euler—Lagrange equations for the Oseen—Frank energy in
a measure-valued sense, i.e.,

([doo)x F5(doo, Vdoo); VW) + (Voo X & (S(Fs(h,S))T) - W) + (Veo, (h X Fy(,S)) - y) =0 (6.2)

fory € LY(0,T;H'N%€(Q).

Additionally, there exists a sequence of time steps {tn},,eN with t, — oo for n— oo such that the dissipative solutions
converge to a steady state too, i.e., (v(t,),d(t,),d(t,) X q(t,)) —(0,d,0) in H' x H' x L?.
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Remark 6.3. The equation is the Euler-Lagrange equation for the Oseen—Frank energy derived in Corollary in
a measure-valued sense. This can be seen as the measure-valued generalization of the necessary first-order optimality
condition of the Oseen-Frank energy.

Note that for a convex energy (which the Oseen—Frank energy is not) this would immediately imply that d is a global

minimizer.

Proof. Inserting the constant solution (#,d) = (0,d) as well as H = H = 0 in the relative energy inequality (5.70) for
different boundary values gives

1oy 1
36 (r)+/0 W (s)ds

2
< £(0)+ O V2@ -, (0) - A(0) 2 + (V(0)  Va(0)) & (d(0) ~d(0)) 1 ©: Vd(0) £ (0).

Note that (V¥)sym = 0 and d;7» = 0 as well as Vd = 0 and d,d = 0 such that the potential . in proposition vanishes.

The inequality implies that the relative energy is a Lyapunov-kind function for the special equilibrium solution (\7,&) =
(0,dp). We remark that this holds for all measure-valued solutions (see Definition and dissipative solutions (see
Definition|3.1).

Inequality implies that the integral [ % (s) ds converges. The definition of the relative dissipation let us con-
clude that there exists a sequence {tn}neN with t,, — oo for n — oo such that

(Vv(ty))sym — 0in L? and  d(ty) xq(t,)—0in L? (6.4)

for n— 0. Due to the homogeneous Dirichlet boundary conditions prescribed for the velocity field, we may infer that
v(t,,) — 0 for n— oo, Additionally, we infer that the limit measure V., = limy, ;. V, fulfills the first order necessary condition
for a minimizer of the Oseen—Frank energy, i.e., the equation

([des]x Fs (oo, Vdoo; VYY) + (Vo X 2 (S(E5(h,8))") - W) + (Voo (b Fy(h,S)) - ) = 0

for all y € HYN %' (Q). The limits are naturally defined via dw = limy, _,.d(#,). Note the difference in the notation V.. is
the generalized Young measure for t,, — o0 and v denotes the defect angle measure.

To estimate the time derivative of d(z,), we employ and the identity |d|?d,d — 10;|d|’d = —d xd x 9,d

1
|9l = |a?0d~ Jajara

‘st = ||d xd x athL(,/s

< |||zl x 9| a5 < |d]i2]ld x ((v- V)d = (V¥)gewd + A (VV)symd +) || 475
< cldllp (Idllp vlizs | Vel +ld 7l (VW)skllzz + A2 | (V9)symllz2 +1ld < qll2) -

Due to (6.4), the right hand side of the previous estimate converges to zero as f,, — oo. This implies that d.. is actually a
steady state.

In regard of (5.70) and Proposition the inequality also holds for dissipative solutions, with & replaced by &.
The previous considerations also imply the assertions for the case of dissipative solutions. O

Remark 6.4 (Selectivity of Euler—Lagrange equations in the measure-valued sense). It is argued in Roubicek [39, Re-
mark 5.3.8] that measure-valued extensions of the Euler—Lagrange equation in the sense of can loose dramatically
in selectivity. This means that such generalizations can admit astonishing many solutions apparently without any physical
motivation (see also Roubi¢ek and Hoffmann [42]).

This is similar to the natural question: What is the connection between a measure fulfilling the Euler-Lagrange equa-
tion and a minimizer of the Oseen—Frank energy.

The remedy proposed in [39] and [42] relies on the strategy of first relaxing the minimization problem and then deriving first
order optimality conditions. For a general minimizing problem for a functional of the type with F: R x R¥3 SR,
this would result in the relaxed minimizing problem

i i —Vd) = e
i /Q (v Fdx),S)), with (v.S—Vd)=0 ae.inQ,
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where GY denote the generalized Young measures (see Definition[3.5). First order optimality conditions for such a problem
are derived in [39, Proposition 5.3.2] and [40] to be: There exists a A* € L? such that

V-A* = Rdxth(d,S)v”(dS) inH' (654
/ / (A*:S—F(d(x),5))v’(dS)dx = sup | (A*(x):R(x) — F(d(x),R(x)))dx nR. (6.5b)
Q JRdxd ReI2/Q

Note that the assumptions in [40] are not fulfilled for the Oseen—Frank energy (2.4). Especially the growth conditions are
violated. Nevertheless, the second conditions holds (see [40, Lemma 3.1]). This second condition can be seen as a
generalization of the classical Weierstral3 condition [46] Section 48.8]

F(d(x),R) — F(d(x),Vd(x)) > Fs(d(x),Vd(x)) : (R—Vd(x)).

which should hold for all R € R3*3.

In the following, we want to argue that, for the special case of the Oseen—Frank energy, the condition is fulfilled for
A*(x) = [gax3 Fs(d(x),8)v7 (S) = Fs(d(x), Vd(x)).

Note that the case of the Oseen—Frank energy is considerably more difficult than the energy considered in [40] due to the
additional norm restriction of the director |d| = 1 and due to the possible concentration effects.

First, we observe for the left-hand side of (6.5b) that
1
(v,Fs(h,S):S—F(h,S)) =(v,S:A:S+SRh:0:SRh— 5S:A:S+S®hs®sS®h>}
1
:7// (S:A:S+S®d(x):@:S®d(x)ve(dS)dx 6.6)
2 Q R3X3
1
%/ﬁ/ (S:A:S+Sxh:@:S©h) v (dh,dS)m(dx)
2 o JRrR3:3
For the right-hand side of (6.5b), we find for all R € L? that

| (Fsld ). vd(x)) : Rx) — Fd(x). R(x)) ax

_ /Q (Vd(x): A: R(x) + Vd(x) ©d(x) :©: R(x) ©d(x)) dx 6.7)

1
2 Ja

Subtracting from yields with (3:12)

(R(x): A:R(x) —R(x) ®d(x) :®:R(x) ®d(x)) dx.

(v.Fs(h,S):S—F(h,S)) — /Q (Fs(d(x),Vd(x)) : R(x) — F(d(x),R(x))) dx
1

:E«v,(SfR):A:(S—R)+(S—R)®hs®s(S—R)®h>> >0.

Note that the terms in the last line of (6.6)are positive. Therefore, the inequality

(v.Fs(h,S):S—F(h.S)) > /Q (Fs(d(x),Vd(x)) : R(x) — F(d(x),R(x))) dx
is valid for all R € L2(Q;R3X3). The definition (see |27, Definition 2]) of a generalized gradient Young measure implies that
there exists a sequence {d, },cn C H! such that {Vd, },en converges to Vv in the sense of generalized gradient Young
measures. Choosing now the sequence {Vd,,}neN as the function R in and passing to the limit as n — oo leads to
the assertion.

A relaxed Weierstrass-condition is thus intrinsically fulfilled for the problem at hand.

Remark 6.5 (Electromagnetic field). The assertions of Corollary|6.1|and Theorem|6.2|remain true, if a temporarily constant
electromagnetic field H € Lis present. In the case of Theorem , this can be observed, by choosing H = 0, when

applying (5.70).
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