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Preface

This volume consists of six contributions based on the minicourses delivered
by Chérif Amrouche (Pau, France), David E. Edmunds (Sussex, United King-
dom), Enrique Ferndndez-Cara (Seville, Spain), Ron Kerman (St. Catharines,
Canada), Maria Lukdcova-Medvidova! (Mainz, Germany) and Arghir Zarnescu
(Oxford, United Kingdom) during their visits of the Jindfich Necas Center for
Mathematical Modeling in the years 2010 and 2011.

The topics presented in their contributions document broad extent of research
activities of the Necas Center; particular themes range from real analysis and func-
tion spaces on one end to modeling of anisotropic liquids on the other end, whereas
the central topic—the development of the mathematical theory for classes of non-
linear partial differential equations—is a common feature to all of them.

Understanding optimal properties of function spaces and their role in the anal-
ysis of elliptic PDEs are the shared characteristics of the contributions Weighted
Sobolev spaces and elliptic problems in half-space by Ch. Amrouche and Analysis in
Orlicz spaces by R. Kerman. A generalization of classical and powerful spectral the-
ory in the Hilbert spaces setting to the setting given by reflexive Banach spaces with
strictly convex duals and a link of such a generalized framework to the eigenvalue
problem for p-Laplacian is the central theme of the paper Generalised trigonometric
functions, compact operators and the p-Laplacian by D. E. Edmunds. The other
two papers—The control of PDEs: some basic concepts, recent results and open
problems by E. Ferndandez-Cara and Fluid-structure interaction for shear-dependent
non-Newtonian fluids by A. Hundertmark-Zauskova, M. Lukdcova-Medvidova and
G. Rusndkovda—focus on two important areas: control theory and fluid-solid in-
teractions. The analysis of problems generated in these fields is connected with
tremendous amount of challenging questions. Finally, in the paper Topics in the
Q-tensor theory of liquid crystals, A. Zarnescu concentrates on those aspects of
the mathematical theory for flows of anisotropic fluids in which tensorial features
considered in the model are significant and physically relevant.

We would like to use this opportunity and thank all contributors for their
enthusiasm both in delivering the lectures and in the preparation of lecture notes
that nicely survey the current state of knowledge in their research fields and are
plentiful sources of challenging open problems.

Since this is the last of seven volumes whose production was funded by the
project LC06052 Jindrich Necas Center for Mathematical Modeling, we wish to
summarize main accomplishments achieved within the Center.

IM4ria Lukacova-Medvidové wrote her paper jointly with Anna Hundertmark-Zauskova and
Gabriela Rusndkova.
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viii PREFACE

The project LC06052, financed by the Ministry of Education, Youth and Sports,
started its activities in March 2006 and ended in December 2011. During this almost
six years long period, the program of the Center has brought several innovative
manners to the mathematical culture in the Czech Republic. Let us recall that
after the massive emigration of mathematicians and other scientists during the last
decade of the 20th century (emigration is meant in the generalized sense and include
those researchers in mathematics who worked abroad regularly for a significant
period of the year or for several years in length) and after the leave of plenty of
high-level mathematicians-septuagenarians at the beginning of the 21th century, the
Necas Center came with a so far rare program of inviting internationally recognized
scholars for month stays at our institutions and for delivering the series of lecturers
on topics that have not been well developed in the Czech mathematical community.
In addition, the Center opened six positions for young researchers that has been
filled either by gifted postdocs from abroad (selected by the Steering Committee)
or by the best Ph.D. graduates from domestic institutions. The main advantage of
this kind of position in contrast to the position of Assistant Professor consists in
the reduced amount of teaching duties and more time for doing research.

During its six years of existence, the Necas Center has been internationally rec-
ognized as a quickly developing and cultivating research medium, setting up three
to five specialized lectures or seminars weekly, completing classical as well as recent
textbooks and monographs to the libraries shells, developing and administrating
computer cluster, publishing its own Lecture Notes, organizing periodically inter-
national scientific schools (Mathematical Theory in Fluid Mechanics, EVEQ), Spring
schools on Function spaces, Czech—Japanese Seminars on Applied Mathematics),
specialized workshops (such as Workshop on Geomaterials, Workshops on Scien-
tific Computing, Workshop On Fluid Structure Interaction Problems, Workshop
On Analysis of Evolutionary PDEs in Fluids, Workshop Spaces Between Us, Work-
shop Optimization with PDE Constraints, Colloquium Praha—Bratislava, Workshop
Analysis of Multiphase Problems, Workshop Multicomponent and Multiphase Ma-
terials, etc.) and many miniworkshops and minisymposia. The Center regularly
and spontaneously organized many research meetings involving appropriate visiting
scholars, researchers of the Center and Ph.D. and M.S. students.

To be more specific, the list of the Necas Center visitors invited to the po-
sition of Senior Lecturer includes Herbert Amann (University of Zurich), Chérif
Amrouche (Pau University), Dorin Bucur (Université de Savoie), Andrea Cianchi
(Universita di Firenze), David E. Edmunds (Sussex University), Reinhardt Farwig
(Technische Universitat Darmstadt), Enrique Ferndndez-Cara (Sevilla University),
Jens Frehse (Universitét Bonn), Maurizio Grasselli (Politecnico di Milano), Martin
Hairer (University of Warwick), Matthias Hieber (Technische Universitét Darm-
stadt), Hishida Toshiaki (Nagoya University), Robert Holub (Colorado School of
Mines, Golden), Willi Jéger (Heidelberg University), Ron Kerman (Brook Uni-
versity), Masato Kimura (Kyushu University Fukuoka), Dietmar Kroner (Albert-
Ludwigs-Universitét Freiburg), Philippe Laurengot (Université Paul Sabatier, Tou-
louse), Roger Lewandowski (Université De Rennes), Gert Lube (Universitat Gottin-
gen), Maria Lukacova-Medvidova (Universitdt Mainz), Gerard Meurant (Paris),
Alexander Mielke (Weierstrass Institute for Applied Analysis and Stochastics Ber-
lin), Karol Mikula (Slovenskd technickd univerzita Bratislava), Tetsuro Myiakawa




“volume-vii” — 2012/3/8 — 12:25 — page ix — #9

PREFACE ix

(Kanazawa University), Antonin Novotny (University of Toulon), Patrick Rabier
(University of Pittsburg), Hans-Gorg Roos (Dresden University), Roman Shvydkoy
(University of Illinois, Chicago), Endre Siili (Oxford Univerzity), Daniel Sevéovic
(Univerzita Komenského Bratislava), Peter Taka¢ (Rostock University), Werner
Varnhorn (Universitiat Kassel), Wolfgang Wendland (Universitat Stuttgart), Jorg
Wolf (Humboldt Universitdt Berlin), Shigetoshi Yazaki (University of Miyazaki)
and Ping Zhang (Chinese Academy of Sciences).

The list of foreign postdocs who took the position of Junior Researchers in
the Center include, among many others, Helmut Abels (currently full professor
at University of Regensburg), Tomasz Cieslak, Lars Diening (currently full pro-
fessor in Miinchen), Luisa Consiglieri, Pierre-Etienne Druet, Jan Schneider, Yu-
taka Terasawa, Guiseppe Tomasetti, Riccarda Rossi, Vladislav Manti¢, Soren Bar-
tels, Adrian Muntean, Mathieu Hillaret, Mark Steinhauer (currrently professor
in Koblenz), Yongzhong Sun, Timofei Silkhin, Julia Namlyeyeva, Trygve Karper,
Marita Thomas, Daniel Wachsmut, among others. At least for the period of sev-
eral months these positions were gradually occupied by Jaroslav Hron, Miroslav
Bulicek, Iveta Hnétynkova, Vaclav Kucera, Jiii Mikyska, Tomas Oberhuber, Jan
Stebel, Vit Prusa, Martin Lanzendorfer, Miloslav Vlasdk and Ondiej Soucek.

The activities of the Necas Center have been in particular an inspiration for a
young generation of Polish mathematicians (P. Gwiazda, P. Mucha and
A. Swierczewska—Gwiazda), the Center has strengthened the scientific as well as
educational cooperation between Prague mathematical school and schools in Hei-
delberg and Darmstadt, the own existence of the Center further enhanced joint
research programs with colleagues in Berlin, Regensburg, Paris, Toulon, Toulouse,
Rome, Firenze, etc., and with members of Japanese and Chinese mathematical and
engineering circles. Just to illustrate the atmosphere, after spending a month in
the Necas Center, Endré Siili writes: “I have been hugely impressed by the very
high standard of scientific life in the Necas Center. The existence of this center is
vital for the future of Applied Mathematics in the Czech Republic and in particular
in training future generations of excellent M.Sc. and Ph.D. students. Given the
importance of the field of Applied Mathematics in a wide range of application areas,
including industry, economics, the life sciences, physical, chemical and engineering
sciences, and the Necas Center’s clear commitment to the understanding of dif-
ficult mathematical problems with direct relevance to applications, the continued
existence of the Necas Center seems paramount to me.”

We wish to thank all visitors, to the members of the Steering Committee as well
as particular members of research teams who contributed to whatever activities of
the Center. In particular, we wish to underline the names of those who help us,
in an extraordinary way, in advertising the Center abroad and in forming research
directions. These are Willi Jager, Antonin Novotny, K. R. Rajagopal, Zdenék
Strakos and Daniel Sevéovié.

The Necas Center, center for fundamental research, was focused on six followed-
up, nevertheless different main goals that share a common feature, namely, a goal-
oriented mergence of modern theoretical, numerical and computer approaches to-
wards a solution of problems in particular thematic topics. The first goal was
focused on problems describing mechanical processes in a single continuum, the
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second and third goals consisted of solving problems involving in addition both
thermal and chemical processes. The fourth goal concentrated on the theory of
interacting continua (mixture theory, multiphase and multicomponent materials,
role of boundary conditions). The fifth goal was to investigate the links between
full models and their approximations (based on nondimensional analysis and model
reduction). The last goal then integrated all the previous goals in a synthetic man-
ner and culminated, in particular, by the preparation of several multidisciplinary
projects based on these broad grounds. The output of the research is formed mostly
by scientific papers and developed software. More than 200 papers supported by the
project LC06052 were written in cooperation between members of various research
units or in cooperation with visiting foreign guests.

Tremendous amount of activities and scientific results obtained in the Center,
and its fundamental role in the growth of a new promising generation of young
researchers suggest to evaluate this project as very successful. How successful the
project of the Necas Center was will be however fully evident much later. We still
hope that we will be capable of establishing the Necas Center as a research unit
connecting groups in the Academy of Sciences, Czech Technical University, Charles
University and others with similar visions and complementary expertise. In such a
center—that may exist independently of any particular project—we wish to carry on
and further enhance our experience built in the Center following the aim to establish
a multidisciplinary mathematical environment opened towards cooperation with
researchers in the areas of natural and life sciences.

Prague, 31 January 2012
Michal Benes

Eduard Feireisl

Josef Malek
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Part 1

Weighted Sobolev spaces and
elliptic problems in the half-space

Chérif Amrouche
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76D03, 76D0O7

Key words and phrases. Laplace equation, biharmonic problem, Stokes problem,
weighted Sobolev spaces, traces, reflection principle, half-space

ABSTRACT. In this paper, we study the Laplace equation in the whole space
and we give some properties concerning the functions which belong to weighted
Sobolev spaces and their traces. We prove in LP theory, with 1 < p < oo
some existence and uniqueness results concerning the Laplace equation, the
biharmonic problem and the Stokes problem in the half-space Rﬁ, with N > 2
and with Dirichlet boundary conditions or with Navier boundary conditions
in the case of Stokes problem. Finally, we investigate the case of data in L.
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CHAPTER 1

Weighted Sobolev spaces and elliptic problems in
the half-space

1. Introduction

We will study here the following elliptic problems: the Laplace equation with
Dirichlet or Neumann boundary condition:

(L) —Au=f in RY = {z € RY; zy > 0},
u=gp or Jdyu=g3 onl=RN"1x/{0},

the biharmonic problem with Dirichlet boundary condition:
2, _ N
(B) Afu=f in RY,

u=¢gp and OJyu=g¢g; onl,

the Stokes system with Dirichlet or Navier boundary condtion

() —Au+Vr=f and divu=nh ian,
u=g or uy=gyand JIyu' =g onl.

We are also interested in Laplace’s system with right hand side in L'

Ay — i RN
(L) Au=f inRY,
u=g or Jdyu=g onl.

Question 1 : What is the functional setting to use Lax-Milgram Lemma for the
problem:

fAu:fian, u=g¢g onl 7
Considering the case g = 0, it is then clear that the solution must satisfy:
Vu € L*(RY).

We observe that the solution does not belong to LQ(Rf ), hence the classical Sobolev
space H'(RY') is not suited. Also, the trace of function such that Vu € L2(RY) is
not in H/2(RN-1).

Question 2 : What about the case f € L*(RY) or g € LY(I')?

The Stokes problem in the half-space was studied by [4, 8, 10, 14, 16, 17, 19,
20, 21]. More recently, Laplace’s equation, with estimates for L! vector fields was
studied by [5, 11, 12, 13].
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6 1. WEIGHTED SOBOLEV SPACES AND ELLIPTIC PROBLEMS IN THE HALF-SPACE

2. Laplace equation in RY
We will consider the following Laplace equation (see [2] for more details):
~Au=f inR"Y. (1.1)

Variational Formulation: Find v € V' such that

Yo eV, / Vu-Vv=< fv>,

RN

where

V ={veD®RY); Vvec L2(RM)}.
But we must bring V' with an Hilbertian space structure.

LEMMA 1.1. Let 1< p < oo andv € D'(RY) such that Vv € LP(RY).
(i) If p < N, then there exists a unique constant K such that *& ¢ LP(RN),

Eq]

with the estimate
|| v+ K
2|

(ii) If p > N, then Ty € LP(RYN), with the estimate

HLP(]RN) < CHVU”LT’(RN)

. +
infyer | T o) < CIVO o)

(iii) If p= N, then e € LP(RYN), with the estimate

. v+ p
el a4 o v < OVl
where C' > 0 is a constant depending only on p and N.

PROOF. Because, we are interested here mainly in the behavior at the infinity,
we will replace |z| = r by 1+ r. We set

WoP(®Y) = {u e D'(RY), — € LP(R"), Vu € L’ (RY)},
0
where
wo= 1+7r ifp#*N, wo= (1+r) In(2+r) ifp=N.
We use then the Hardy inequalities: for any v € VVO1 P(RN),

HinHLP(]RN) SCHVU”LP(RN) if p<]\[7

and
vt .
InfMeRHw—OHLp(RN) < O|Volpp@ny if p> N.
We deduce that the range of the gradient operator:
grad : Wy P(RY) — LP(RY) L H, (RY),
with
H, (RY) = {cp e LY (RY); divep = 0} ,
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is a closed subspace of L” (RY). Here, LP(RY) L H, (RY) denotes the subspace
of functions f in LP(RY) which satisfy < f, v >= 0 for any v € H, (RY). Let
v € D'(RY) such that Vv € LP(RY). By the density of

VRY) = {¢ e DRY); dive=0}
in the space H, (RY), we deduce that Vv € LP(RY) L H,/ (RY) and then there

exists w € Wy P(RN) such that Vw = Vo and then there exists a unique constant
K such that w =v + K. O

Return to the variational formulation of the Laplace equation. The good choice
of the space V is given by the space WO1 ’Q(RN ). We denote by

—1,p 1,
W 7 (RY) = Wy P(RY)]'.
For the general case 1 < p < oo, we have then
THEOREM 1.2. Let f € Wofl"p(RN), with 1 < p < oo, satisfying the compati-
bility condition

< f,1>=0 if p< N_ T
Then, there exists a unique u € Wol’p(RN), up to a constant if p > N, satisfying
(1.1) and the corresponding estimate. Moreover, if p < N, then u = E % f, where
E is the fundamental solution of the Laplacian.

(1.2)

PROOF. Thanks to Hardy inequality, we write f = div v, with v € L?(R").
Let v,, € DRY) such that v,, — v in LP(RY). Setting f,, = div v,, and
Y = E % fr,. We have for any p € D(RY),

<O, o> =—< Ex fm, 0ip > = < vy, VO (E*p)>.
According to Calderon-Zygmund inequality, we obtain:
| < Oithm, & > | < [[vmllr@y) [VO(E % )| Lo (m)
< Cllvm |l e @) IAE * @)l o @y
< Cllfllwgrr@myllell Lo @y,

so that V,, is bounded inL? (RY) and there exists a sequence ¢, such that 9, +c,,
converges weakly to some function u in Wy?(RY) and —Au = f. O

To study some regularity results, we need to define the following weighted
spaces:

W2P(Q) = {u e D'(Q), wi € LP(Q), Vu € LP(Q), wo D?u € LP(Q)},
0

where
wo= 1+r ifp#N, wo= (1+7r) m(2+7r) ifp=N, we= 1+r
and
WP (RYN) = {u € D'(RY), (1+r)ue LP(RV)}.
Note that W (€) < Wy P (RY) and
WIPRY) = WePRY) & N#p
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8 1. WEIGHTED SOBOLEV SPACES AND ELLIPTIC PROBLEMS IN THE HALF-SPACE

COROLLARY 1.3. Let
FEWPPRYN) iN#p or feW, "PRY)NWPPRY) if N =yp
and satisfy the compatibility condition (1.2). Then, the solutions given by the pre-
vious theorem belong to Wf"p(RN) and we have the following weighted Calderon-
Zygmund inequality: for any ¢ € D(RY)
0%
[[(1+ |x|)m”LP(RN) < (1 + [z)) Al Lo @)

if and only if N #p'.

To find another strong solutions, with another behavior at the infinity, we set
W2P(RY) = {u € D/(Q), — € LP(Q), Vu L?(Q), D*u € LP(Q)},
wo w1
where

N
wop= (L+7)? ifpé¢ {;,N}7 wo = (1+7)? In(2+7) otherwise,

wy=14+r ifp#N, wi= (1+7r) In(2+r) ifp=N.

THEOREM 1.4.
(i) Let f € LP(RN). Then, there exists a unique u € WOQ’p(RN), up to a poly-
nomial of degre less or equal 1 if p > N, up to a constant if % <p<N,

satisfying (1.1). Moreover, if p < %, then uw = E x f, where E is the funda-
mental solution of the Laplacian.

(ii) Let f € W072’p(RN) and satisfy the compatibility condition

N N
1>= i >=0if p< d < f1>=0if <
< fil>=<fx; > if p< F—7an < f,1> 1N—1<p—N—2
Then, there exists a unique solution u € LP(RY) satisfying (1.1).

3. Functional spaces

More generally, we define the following weighted Sobolev spaces (see [2] for
more details). Let m € N, o, 8 € R, p €]1,00[, Q any open set of RV,

Wrr@) ={u e D@ 0< A < b, =W (g 0P 10w € ()
k+1<|A <m, o™ (1g 0)% 0*u € LP(Q)},

where o= (1+ |z[?)Y/2, lgo=In(1+0%), &NV,

—1 it &+ad{l,...5m}
and k= N .
m— - if ;—l—ae{l,...,m}.
If 8 = 0, we simply denote this space by W/ ?(Q) and we set

° — N llm o o, /
Q) = D) W@ and W () = (WQV’E(Q)) ,
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ExXAMPLE 1.5 (Examples of Weighted Sobolev Spaces).
Wo (@) = {u € D'(Q), - € L7(), Vu € LA ()},
0

where
ifp#N, wo= (1+7) n(2+7r) ifp=N.

wog= 147
Vu 9
e LP(Q), D*u € LP(Q)},

2.p(()) = D'(Q). L € LP(Q
WP () = {u e D(@), 2= € L7(2).

where
wo= (1+7r)° ifpé {3, N}, wo= (14+7)° In(2+7r), otherwise,

and
wr= 14+4r ifp#N, wi= (1+7) m(2+7r) ifp=N.
W2P(Q) = {u e D'(Q), = € LP(Q), Vu € LP(Q), wsD*u € LP(Q)},
Wo
where
wo= 14+r ifp#N, wo= (L+7) n(2+r) ifp=N,
wo = 147

4. Spaces of traces and inequalities
In this section, we give some properties concerning the functions which belong
to weighted Sobolev spaces and their traces (see [1, 3]).

4.1. Case W&Q(Rf) We consider the space:
1/2,2 /N — _ u _
WL22RN L) = {u e DRV ; —i75 € LRV,
AN N2
mv-1x gv-1 |2 =y |V

with W' = ¢ = (1 + |2/|>)/2 if N > 3 and ' = ¢'(1g¢')? if N = 2. Tt is a reflexive

Banach for the norm:
ju(z)P ) WP 1)

_ Lt Sl !
||u||W01/2’2(RN*1) = (/RN?I o dx +/RN71>< BN 1 |$/ 7y/|N

Its semi-norm:
(/ |u($l) B u(y/)|2dx/dy/) 1/2.
RN-1x RN-1

|u|W01/2’2(RN—1) |$/ *y/|N

LEMMA 1.6. For any N > 2 and u € D(RN™1), we have the relation
|u(1:’) — u(yl)|2 ’g / T N2 gt

) = WP Gvay = ¢ p
/]RN—IX RN-1 |2/ — y'|V ray N S 1€ [u(&")|"dg

On D(RN=1Y), the semi-norms | - |W01/2,2(RN,1) and | - |gi/2@nv-1y are equivalent,
where Hl/Q(RN’l) is the classical Sobolev space which corresponds to the traces of
functions in H*(RY).

By Fourier’s transform, it is easy to prove the following lemma:
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LEMMA 1.7. For any N > 2 and u € D(@), we have the inequality
[ 1elaeop a <c [ Vi,
RN -1 RY
that means that
Yu € D(Rf), | ’YO('U/) |W1/2 2(RN -1y < C|U|W1 Q(RN)

Recall now the Pitt’s Inequality. For any N > 3 and v € D(RV~1), we have :
U E/ 2 R
[ M a<c [ e .
BT -

If N =2, we can prove the following lemma:

LeEmMMA 1.8. For any u € D(]O oo[), we have :

/ _u®I” // [u®) —u(@P 4o
o tln? 2—|—t lt—T|2

As consequence of the previous lemmas, we can prove

THEOREM 1.9.
1) If N > 3, for any u € wh2(RY , we have:
0 +

You(z')|?
/]RN?1 del S Cl‘ You |W01/2,2(RN71)

||

< Colulyy2 @y

i) If N =2, for any u € We2(R2), we have:
0 +

: [vou(z1) + K[?
inf - dr1 <C u 1/2,2 _
KER/R |x1|ln2(2 + |21]) t= 1‘ o ‘Wo/ (RN=1)

< Oofulyyz gy
(iii) If N > 2, the mapping o : u € D(@) — You € D(RV~1) can be extended to a
linear continuous mapping denoted by ~yo from Wol’Q(Rf) into W01/2’2(RN71).

The lifting operator in Wl/ 2 2(]RN 1) is given by the following lemma.

LEMMA 1.10. Let N > 2 and g € WOI/QVQ(RN_I). Then, there exists u = Rg €
W01,2(R-|J\—[) SU/Ch that u=g on RN—l a/nd

||u||W01’2(Rf) < C|g|W01/2’2(RN*1) if N >3,
;?gﬁ”u + K||W01’2(R2+) < C|g|W01/2’2(RN*1) if N =2.
A variant of the last inequality:

LEMMA 1.11. For any g € VVI/2 2(R) such that

[}mﬁm
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there exists u = Rg € W&Q(Ri) such that w =g on R and
lullyzgy < Cllgllyaraage.
We can now summarize:
THEOREM 1.12. Let N > 2. The mapping
Yo i u€ W&Q(Rf) — You € Wol/2’2(RN71)

012
is continuous, surjective and Keryy =W, (RY).
4.2. Case W, ”(RY). We consider the space:

u
w'l=1/p

N N|p
RN-1x N1 [T/ —y/| NP2

Wol_l/p7p(RN71) — {u c D/(RNfl) : c Lp(IRNfl)7

with
W=09=0Q+2)? i N#p and o = (Igd)?® if N=np.
It is a reflexive Banach with the norm ||u||W0171/p,p(RN,1):

(D", u(@) —u@” o P
(/RNfl w'P—1 v+ R /| N+p-2 du dy) '

N-1y RN-1 |:L'/ —vY

Its semi-norm is defined by

] —( M)”p
L BN A

LEMMA 1.13. Let N > 2 and 1 < p < oo. Then for any u € D(RY), we have
the inequality

/ _ / P
/ |u(1: 70) u(y a0)| dw'dy' < C/ |vu|iﬂd$,
RN—-1x RN-1 ]Rﬂ\r’

|:L'/ _ y/|N+p72
that means that the semi-norm in RN =1 is controlled by the semi-norm in the whole
space.

Recall now the Pitt’s Inequality. For any N > 3,1 < p < N and u € D(RV 1),
we have the inequality

/ |U(§’)|p dfl < C/ |§/|pN72N+1 |a(§-/)|p df/
R RN-1

s g

COROLLARY 1.14. For any N > 2, u € D(@) and 1 < p < 2, we have the

inequalities:
[ e, f [u(a’,0) — u(y/, 0)P
ry-1 [§PT = fevec gy [ —y (N2

SCQ/ |Vu|Pde,
R

N
+
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that means that
|’YOU|W10/'271(]RN*1) < Cl|’you|Wg*1/PyP(RN—1) < CQ'”lW&”(]Rf)

What is the analogue of this result when 2 < p < N? We will use an interpo-
lation argument.

PROPOSITION 1.15. For any 1 < p < N and any u € Wolfl/p’p(IRN_l)7 we
have the estimates

u(z)[P
/ | ( )| dIL' S C|U|W1—1/p,p(RN71)-
R 0

Nt |z[pl
REMARK 1.16. See [18] for an another proof.

COROLLARY 1.17. Let 1 < p < N. Then for any u € Wol’p(Rf), we have the
estimates:

|'YOU|W10/,271(RN71) < Cll'YOu'WUl*l/P,P(RNfg < CQ'“lWOI’p(Rf)
When the exponent p is greater or equal to the dimension N, we have:

LEMMA 1.18.
(i) Let p> N. Then for any u € Wol’p(Rf), we have the estimates:

Il(Ig]iQ |")/0u =+ K|W10/,1;71(RN—1) S C|U|W01’p(Ri7)'
(i) If p= N and u € Wol’N(Rf), we have the estimates:

[ o R
KeR Jpn-1 |;L'/|N71 IHN(Q + |£L'/|)

As for the Hilbertian case, we have:

/
X S C|U|W01’N(Rf)

THEOREM 1.19. Let N > 2. The following mapping
Yo 1 u€ D(@) — you € DRV
can be extended to a linear continuous mapping denoted also ~yy from Wol’p(Rf)
into Wolfl/p’p(RN_l). Moreover vy is onto and Ker~yy = I/f/(l)’p RY).
4.3. General Case. We consider the following spaces of traces.

Foranyo € ]0, 1],

W PRY) = {u eD'(RY); w* 7u e LP(RY),

0% () u(x) — 0°(y) uly) P
/RNXRN |$7y|N+0'p dxdy<00}7

where w = pif N/p+a#o and w= (g o)/ if N/p+a=o0.
Foranys € RT,
WoPRY) = {u eD'®RY); 0< A<k, oM (lg o) 9w e LP(RY) ;

E+1< A\ <[s]—1, o5t e LPRN) ;[N = [s], OPue ngp(RN)},
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where k=s—N/p—aif N/p+a€{o,...,0+[s]}, witho =s—[s] and k = —1
otherwise.
We have the following general result (see [3]):

LEMMA 1.20. The mapping ¥ = (Y0, V15 - -+ Ym—1) : D(@) — D(RN-1)™,
can be extended by continuity to a linear and continuous mapping:
m—1
v W;?LP(Rf) N H Wg@—a—l/pm(RN—l).
j=0

Moreover, ~y is onto and Kery = WP (RY).

Let us now introduce the following spaces of polynomials. For q¢ € Z, P, is
the space of polynomials of degree < g, PqA the subspace of harmonic polynomials
of Py, Pqu the subspace of biharmonic polynomials of Py, .AqA is the subspace of
polynomials PqA, odd with respect xn, ./\/'qA is the subspace of polynomials PqA,
even with respect zy. Observe that ¢ € A2 < ¢(2/,0) = 0 and ¢ € N &

Onp(2',0) = 0. For all s € R, [s] denotes a real part of s.

5. The Dirichlet problem for the Laplacian in Rf
We consider the following Dirichlet problem for the Laplacian in the half-space
(see [3]):
(Pp) Au=f inRY wu=g onT:=R""!x{0}.
We recall that A2 is the subspace of polynomials @ of P5 satisfying Q(2’,0) = 0.

THEOREM 1.21. Let £ > 0 be an integer and g ¢ {1,...,¢} with the convention

a
this set is empty if £ = 0. For any f in W[l’p(Rf) and g in W, ’p(l") satisfying
the compatibility condition

dp
A .
Vo € A[é+1+§] <le Twtrswty' = <9 dzn o
N 1
where < -, - >p denote the duality brackets between Wep, 7p(1—‘) and erp, ,p(r); prob-

lem (Pp) has a unique solution u € W;”’(Rf) and

lullw ey < Ol ey + gl

L, )
wpo ()

PRrROOF. Note that the kernel of the operator
1
?,P

(—A70) W PRY) —» W P P(RY) < W (D)

is precisely A[A—é+1—N/p/] for any integer ¢ and A[A,gﬂ,ﬁ] = {0} if £ > 0. Let

Ug € Wel’p(Rf) be a lifting function of g:

Lo

ug =g on I' and ||“9||W,}*"(Ri’) < Cng”Wp
4

Then, (Pp) is equivalent to the problem
—Av=f+Au, in Rf, v=0 on TI.
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Let h = f 4+ Au,. For any ¢ € Wi’f/ (RN), we set

It

Moz, zy) = (2, 2n) — (@', —xy) if zn > 0.

is clear that My € W 1_’5, (RY). Then h can be extended to h, € W, "P(RN)

defined by

Lp N _
ZBS W72 (R )7 hﬂ'(@) =< h,|_|(p >W[1’p(Rf)><Wi’gp/(Ri’) .

Moreover,

||h7r||W[1’P(RN) = ||h||W[1’p(Rf)'

A
Let q € P[é+1—N/p/]' Then,

g=r+s, 1€ A@+17N/p,] and s € N[%+17N/p].

So,

<hmyq>= < f ot Dug, 7 >po1p@ny wid @)

and applying the Green formula:

<Aug,r>:f/. Vug~Vrdz:f<g,ﬁ> 1,
W,

N
R

(note that Ar =0 in RY and 7 = 0 on T'). Then, h, € W, "P(RY) and

Vg € P[?+17N/p/]v < hp,q>=0.

Recall that the operator

A W PRY) —» W, P LPY

Sy 021

and

A W P(RN) /Py ny = Wy "PRY)LPy i L=0

are isomorphisms. Then, there exists v € Wél’p (RN such that

—AU = hy.

Now, remark that the function w = $M7v € WP (RY) and

i.e. w is solution of our problem.

—Aw=~h in Rf and w=0 on T,

REMARK 1.22.
(i) The kernel A[A—l+1—N/p] is reduced to {0} if £ >0 and to Py_nyp if £ =0.

(i) With similar arguments, we can show an analogous result if £ <0 :

1
7

_ 5P
few, "PRY), gew,/ T (I),

then
ue WrPRY)/AR 11y njp-
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6. The biharmonic problem in Rf
We are interested here by the biharmonic problem (see [6, 7, 8, 10, 15]):
A2y = f in Rf,
(B) Su=go on I,
Ovu=g¢g; onl.
As for Problem (Pp), we have the following theorem.
THEOREM 1.23 (Generalized solutions). Let ¢ € Z be such that g ¢{1,...,¢}
and % ¢ {1,...,—C}. There exists C > 0 such that for all f € W[Q’p(Rf),
go € W6271/p’p(1") and g1 € Welfl/p’p(l") satisfying the compatibility condition

Vo € Bioye—nyp: (fr0) 91, A@) — (90, ONA) = 0,

W@y ®Y) T <
there exists a unique u € Wf’p(Rf)/B[g,e,N/p] solution to (B), with the estimate

ot a0 flwone +19olyzims + lgalyr-oes).

PROOF. First, we recall the reflection principle for A2, If u € D’(Rf) is such
that A%u = 0, then u € C=(RY).

Let u be a biharmonic function in Rf with uw = dyu = 0 on I'. Then, by the
Schwarz reflection principle, u can be extended uniquely by

., u(z', xn) if xay >0,
(e’ en) = 9 .
(—u — 2zN0nNu — x5, Au) (2, —zN)  if oy < 0.
to a biharmonic function on RY (see [15]). Now, if u € WZQ’p(Rf), we show that
@ € 8'(RY) and then u € PA%. Consequently,
Ker(A?, 70,71) = Ba—t—nyp) = {u € P[%ig_;v/p] ; u=0nu=0on F}
with
(A% 50, m) s WP PRY) — W PRY) < WETVPP(I) < wy = rn (),

To prove the existence of solutions, we first consider the homogeneous problem
corresponding to f = 0:

A%2u =0 in Rf,
(P°) Qu=go  onT,
Onu=g¢g; onl.
We solve successively (see Amrouche-Necasovd (2001) and Amrouche (2002))
Ay = in RY Al = in RY
(R) 0 inRY, and (S (=0 in Ry,
Y=gp onl, OnC=g¢g1 onl.
Then
— LpmN
u=ayON(C—V)+9d €W, (R))

satisfies (P°) and we can show that u € WZQ’p(Rf).




“volume-vii” — 2012/3/8 — 12:25 — page 16 — #30

16 1. WEIGHTED SOBOLEV SPACES AND ELLIPTIC PROBLEMS IN THE HALF-SPACE

For the complete problem, we use lifting of the boundary conditions:
Jug € W P(RY),  (ug, Onug) = (g0, 1) onT.

If we put h = f—A%u, € W[Q’I’(Rf) and v = u—ug, the problem (P) is equivalent
to the following problem:

A2 =h in Rf,
(P*) v=0 on I,
Onv=0 onT,

with h L Bjay¢—n/p]- To solve the problem (P*), we will prove that

A2 WEPRY)/Basionyy) — Wi (RY) L Biyoonyp)
is an isomorphism.
Step 1. Case 2 +/— N/p’ < 0. Let h L Bja4¢y—n/py- Then h = divdivH with
H e Wf’p(Rf)Aﬂ. We extend H by zero and set h = div divH. We know that there
exists 2 € W/ P(RN) satisfying A22 = h in RN, Setting 2 = Zlry € WP (RY),
there exists w € W P(RY) satisfying

A%UinﬂRf, w=zand Oyw = dyz on I.

Then v = z — w answers to (P*).

Step 2. Case 2—/¢— N/p < 0. We deduce the result by duality from the previous
case, because A? is selfadjoint.

Step 3. We finish by the case 2+¢— N/p’ > 0 and 2—{¢— N/p > 0 which implies
that ¢ € {—1,0,1}. O
In the next theorem, we obtain strong solutions which are regular when the

data are also regular.

THEOREM 1.24. Let £ € Z, m € N be such that

N N

? ¢ {1,...,0+min{m, 2}} and E ¢ {1,...,—0—m}.
There exists C > 0 such that for all f € W;ln_:;’p(Rf), go € W:;:f_l/p’p(F) and
g1 € W;I:elfl/p’p(l") satisfying the compatibility condition

Vo € Bigye—nyp: (fr0) (91, Ap)p — (90, ONAp) = 0,

. 5 bt +
W, PRY)xw? P (RY)

there erists a unique u € WnTLQ"p(Rf)/B[Q,g,N/p], solution of (P), with the esti-
mate

inf mt2, <
qu[;?EfN/p] st qHWmiez PRY) S

CUlF ey + lgollymsz-1ro.0 gy + lgnllymea-r/mrp))-

We can now give a panorama of basic cases:
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e For /=0
A2 V*Vg,p(M) =5 Wo PPRY).
AT WPPRY) S WrNPRY), N/ #1L
A2 WyPRY) 2% wPRY), if N/ ¢ {1,2}.
e For /= —1

if N/p#1.

WEPRY)/Bigwyp = WP (RY),
A% WoPRY)/ By = Wo P(RY).
A WEPRY)/Byonyy o WiPRY), i N/p'# 1.

e For/= -2
A2 WEIRY) /By 2% WIITRY), if N/p ¢ {1,2}.
Y “LPRY),  if N/p # 1.

N
—2 Ry
A% Iyif(Rf)/B[ll—N/p] —
A2 W%’p(Rf)/BM,N/p] ﬂ) LP(RQ\_[)

*
The space W 7 P(RY’) denotes the subspace of functions u in W2 ?(RY) satisfying

u:Oand%:OOHF.
We will now consider the case of very weak solutions of the homogeneous bi-
harmonic problem:

(PY) A*u=0 ian, u=go, ONu=g¢g; onl.

THEOREM 1.25. Let ¢ € Z be such that

N N
L2} and g {142}, (1.3)

There ezists C > 0 such that for any gy € W[_12/p’p(F) and g1 € W[_12_1/p’p(F)

satisfying the compatibility condition
Vo € Bioje—nyp) (91, A¢)r — (90, ONAp) = 0,

there exists a unique u € Wf;g (Rf)/B[Q,g,N/p], solution of (P), with the estimate

inf

€Biart flu+ Q||W£;Q(Rf) < C (||90||W;12/"*P(r) + ||91HW€:1;1/P’P(F)) :

PRrOOF. The existence of solution u € Wf;g (RY) of (P°) is obtained thanks
to a duality argument. Let us introduce the following space:
2 (RY) = {v e WRHRY); A% e Wi ®Y)}.
Under hypothesis (1.3), we show that the space D(@) is dense in Y} (Rf ). Next,

we deduce that

(70) ’yl) . YZ)I

~1/p, —1-1/p,
(RY) — W YPP(1) x Wy /PP
is continuous and we have the following Green formula. For any v € Y, (RY) and

* ’
any p € WhIL(RY),
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<A2’U, 50>W0

2
’ — (v A ’
28 RY)x WO, (RY) (v, 90>W£;2(M>XWE*P ®Y)

+2

= <U7 aNAQD>W[712/p, p(F)XWi/gi;/ T <8N’U, A‘P>W[1271/p, ?(1) Xwitiép, p’ T "

Finally, Problem (P°) is equivalent to the variational formulation: Find u €
Y/, (RY) such that for any v € I/f/i’g_Q(Rf),

(u, AQ@W?LZ(RQ’)XWO’?/ ®Y) = (g1, Av)p — (90, ONAV) .

—42

To solve this last problem, we note that for any f € WEQiQ(Rf) L Bpa_¢—nyp), the
problem
A2v:fian, v=0nyv=0onT,

admits a unique solution v € Wf’éi2(Rf)/B[2+g_N/p/]. Because T : [
(91, Av)p — (9o, ONAv)p is a linear continuous mapping, there exists a unique

0,p N _ ,
u € W25 (RY)/Bja—y—nyp) such that T'f = <u’f>W?LZ(Rf)XWE’eiz(Rf)' O

7. Stokes problem with Dirichlet or Navier boundary conditions
We will now study Stokes system with Dirichlet or Navier boundary conditions

(see [4, 8, 10]). We begin with the case of Dirichlet boundary conditions:

—Au+Vr =f inRY,
(Sp) divu =h inRY,
u =g on .

The following theorem gives the existence and uniqueness of generalized solu-
tions with weight 0.

THEOREM 1.26. For any f € Wy "P(RY), h € LP(RY) and g € WP,
there exists a unique (u, ) € Wé’p(Rf) x LP(RY) solution to (Sp), with the
estimate

g ey + Iloceyy < O (L Flwmsrgayy + 1Rl o + 1l 27mn ),
where C' > 0 is a constant depending only on p and N.
ProOOF. Sketch of the proof. We start by the homogeneous problem:
(S%) —~Au+Vr=0 and divu=0 inRY, w=g onl.

Step 1. We induce the following problems:

(P) A?uy =0 in Rf, uy =gy and Oyun = —div'g’ onT,

(Q) Ar=0 inRY, Oym=Auy onT,

(R) Au'=V'mr nRY, 4 =g onT.

Step 2. Because of the regularity of the data, there exist a unique very weak
solution uy € VVO1 P (Rf ), a unique very weak solution 7 € LP(RY), and a unique
generalized solution u’ € Wé’p(Rf) to Problem (P), (@) and (R) respectively.
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Step 3. From (P), (Q), (R), we deduce that A(Auy — dym) = 0in RY and
Auny —Onym =0 on I'. Because Auy —Onm € Wo_l’p(Rf), then —Auy +0nym =0
in RY. For the condition of the divergence, we have div 'u’ = div ‘g’ on I, where

div v’ = Z;V:_ll g%j. Since Adive = 0 in RY and div w € LP(RY), we deduce that
divu =0 in Rﬁ .
Step 4. For the uniqueness, we use the uniqueness result of the Laplace’s equation
with Dirichlet or Neumann boundary condition.

To study the nonhomogeneous problem (Sp), we extend to the whole space the
data f and h and the problem is again reduced to the homogeneous case. O

We can also prove existence of strong solutions and some regularity results.
More precisely, we have:

THEOREM 1.27. Assume that g # 1. For any

FeWPPRY), he WPP(RY) and ge Wi VPP(D),

there exists a unique (u, w) € W%’p(Rf) X Wll’p(Rf), solution to (Sp), with the
estimate
l[ullwz @y HImllwer@yy < CUFllwer @y + 10w e @) Flgly2-1/e0 1),
where C' > 0 is a constant depending only on p and N.

COROLLARY 1.28. Let m € N and assume that p—]\f #14fm>1. For any

fewpn bP®Y), he WiP(RY)) and ge Wit Vrr(D),

there erists a unique (u, ) € WintHP(RY) x W P(RY), solution to (Sp), satis-
fying the estimate
l[ullymer Flmlwer < CUFlwm-rr @y FlAllwg @3 Flgllymo-mem),
where C' > 0 is a constant depending only on p,m and N.

Using duality argument and the existence and uniqueness results of strong
solutions, we prove the following theorem concerning the very weak solutions:

THEOREM 1.29. Assume that % # 1. Forall g € W:}/p"p(l"), there exists a
unique (u, m) € Wo_’lp(Rf) X W__ll’p(Rf), solution to (S%), with the estimate
||“||W‘§1P(R¢’) + ||7T||Wj11’P(Rf) < C|‘9ij/p,p(r),
where C' > 0 is a constant depending only on p and N.
For the other behaviour at infinity with various weights, we have:

THEOREM 1.30 (Generalized solutions). Let ¢ € Z be such that

E/¢{1,...,E} and E@Z{l,...,—f}. (1.4)
p p
For any

FeWBP®RY), he WXPRY) and ge W, /PP(I),
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satisfying the compatibility condition
A
Vo € AL, —Vh
¥ {14+£—N/p']> (f ) ¢>Wzl’p(Rf)xIX/E;‘/(Rf)

+{(div £, p div' @' + Tyven) + (g, Onp)p =0,

-2, P(RY) ><V%/2’ p’ (RY)
[ + —¢ +

there exists a unique (u, ) € W%"p(Rf) X Wéo’p(Rf)/S[?_é_N/p] solution to (Sp),
with the estimate

inf (e My + 17+ sl o) )
A WESE | ||w[ RY) | M||W;? ®RY)
< CON oy + oy + 1ly1-27mn ey
where C' > 0 is a constant depending only on p,¢ and N.

The operators IIp and Il are defined as follows:
1 [*
VTEsszA, HDr:§ / tr(d t)dt,
0
1 TN
VSGJVkA, Mys = §$N/ s(a',t) dt,
0

and under hypothesis (1.4) we have the following characterization:

Bo-1-n/p) = Up A2y @ UNAE - (1.5)
Moreover, a direct calculation with these operators yields the following formulas:
Allpr=r in RY,
Vr € @, Onllpr = %JCNT in RY, (1.6)
IIpr=0NIIpr=0 onl,
and
Allys = s in Rf,
Vs € NP, OnIlys = % <st + /OIN s(x',t) dt) in RY, (1.7)
IInys =0nIIns =0 on .

In the following lemma, we give the reflection principle for the Stokes system:
LEMMA 1.31. Let £ € Z satisfy
N/p'¢{1,....4—1} and N/p¢{l,...,—L+1}, (1.8)
and (u, 7) € WP (RY) x W, L P(RY) satisfy
—Au+Vr=0 and divu=0 in]Rf, u=0 onl.
There exists a unique extension (@, 7) € D' (RY) x D'(RYN) of (u, ) satisfying

~Au+Vi=0 and diva=0 inR"Y, (1.9)
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which is given for all (p, 1) € D(RY) x D(RYN) by

(@ o) = [l (= @) = 2un g + 2un oy (Wive)] do
RY (1.10)
* 2 . *
+ <7T5 2:I"N YN — TN (leC‘D) >W€ill,p(R£)><Vf/17,€pil(Rif)
and

(7, ¥) =(m, ¢ — 1/1*2$N3N¢>

L PRY) < WhE, ®Y)
(1.11)
+4/ (9 aN’l/)* d:L',
RY

where ¢* (z) = p(x', —xn). Moreover, we have (a1, ©) € W, 3P (RN ) x W, 5P (RY)
with the estimate

6@ Dl 2, @y cwgr@yy S CNW Dllwor @yycwyrey:  (112)

Let us consider now the case of Navier boundary conditions:

() —Au+Vr=f and divu=h inRY,
N uy =gy and Jyu' =g onl.

THEOREM 1.32 (Generalized solutions). Assume that & # 1. For any f €
W?"p(Rf), h € Wll"p(RN) gN € VV1 Up.p P(T) and g’ € Wo_l/p’ ("), satisfying
the compatibility condition:

Vie{l,..., Ht/fﬂx (Gis Vyyrimn oy easo s’ oy N <9y (1.13)

there exists a unique solution (u, 7) € W P(RY) x LP(RY) )/ Pansp b x {0}
to (Sn), with the estimate

L T Rl L PO

OIS lws.r sy + 1l rgaey + 198l ya-s7mney + 19 gy 1/mm ).
where C' > 0 is a constant depending only on p and N.
Concerning the existence and uniqueness of very weak solutions, we consider

here only the homogeneous case:

—Au+Vr=0 and divu=0 ian,
uy =gy and Oyu' =g onl.

s {

THEOREM 1.33. Assume that N # 1. For any g € W_ 1 L/p, "P(T) such that

g L RV N < p and gn € W_l/p’ ("), there exists a unique (u, ®) €
WOPRY) x W__ll’p(Rf)/(P[l,N/p])N 1 x {0}? solution to (S), with the esti-

mate

. /
XERJ\}I}fJX{O} Hu+XHW{i’1P+H7THW:11'P < C(”QNHW:ll/p,p(F)WL”g HWZ}*UPW(F)),

where C' > 0 is a constant depending only on p and N.
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REMARK 1.34. A generalized Stokes system was studied by [9]
(5%) { —vAu—pVdivu+Vr=Ff and An+divu=nh ian,
N

UN = gN and Oyu' =g’ on T,
where the constants v, p and X\ satisfy v >0, A >0 and p+ v > 0.
8. Elliptic systems with data in L'(RY)

The purpose of this section is to give some estimates for div-curl-grad operators
and elliptic problems with L!-data in the half-space. We know that if f € LV (Rﬂ ),
there exists

S 1,N /N .
u €Wy (RY) such that divu = f
But does N
u e WV (RY) N L2 (RY)
hold?

THEOREM 1.35. Let f € LN (RY). Then there exists u € \;)Vé’N(Rf)ﬂL"O (RY)
such that divu = f with the following estimate (see [11, 12])

||U||Loo(1R¢’) + ||U||W5YN(R1) < C||f||LN(Rf)- (1.14)
Thanks to the above theorem, we have the following estimate.

COROLLARY 1.36. There exists C > 0 such that for all u € LN/ (N=D(RY), we
have the following estimate

lullpv/av-n@y) < Cf+gigva(||f||L1(M) +lgllwivongyy) o (1.15)
with f € LY(RY) and g € Wofl’N/(Nfl)(Rf).
THEOREM 1.37. Let ¢ € W é’N(Rf). Then there exist @ € \0% (I)N(Rf) N
L®(RY) and n e W™ (RY) such that
Moreover, we have the following estimate
bl ey + llwege) + 1l 20y < Cllelhy sy (116)

We will study now some elliptic problems with data given in Ll(Rf ). First,
we set

X(RY) = {f e L'RY), divf e Wy >N D®Y)},
which is Banach space endowed with the following norm
1l = (1 e+ ([ div £ [y -2 v/ ov-.
THEOREM 1.38. Let f € X(RY). Then for any ¢ € D(RY),
| <fie>|< Clflx|[ Vel

By density of D(RY)) in \;)V(l)’N(Rf), we have f € WO_LN/(N_I)(Rf) and the

following estimate holds

1 Fllwyrmvrovn gy < CllFllxey)-
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COROLLARY 1.39. Let f € X(Rf). Then the following problem
~Au=f inRY and u=0 onl' = RN, (1.17)

1,N/(N71)(R-i1\_f)

has a unique solution u € Wy and we have the following estimate

lullwxra-n gy < CllfllxeEy):
THEOREM 1.40.
(i) Let f € L*(R3%) such that divf = 0 in R3 and f3 = 0 on I'. Then there
exists eW é’g(Ri) N L>®(R3) such that f = curlYy and we have the

following estimate
||¢||Wé’3(Ri) T Iy < Cl fllue@s)-
(ii) Let f € L3(R%). Then there exist @ cewW o (RE) NLX(RY) and 7 €
W01’3(Ri) unique up to an additive constant and satisfying
f=curly + V.
Moreover, we have the following estimate

||90||W(1)’3(Ri) + ||‘P||L°°(Ri) + ||V7T||L3(Ri) < Cf f||L3(Ri)-

COROLLARY 1.41. Let fe L*(RY) such that div f= 0. For all ¢ eVOVé’3(Ri),
we have the following estimate

| <fie>] < Cllflle|lcurlel|ps.

THEOREM 1.42. Let f € L'(RY) + Wofl’N/(Nfl)(Rf) satisfy the following
compatibility condition

Yoe VoV RY)NLERY), < fiv>= 0, (1.18)
with
VINRY) = {veWLV(RY), dive = 0in RY}.
Then there exists a unique © € LN/ (N=D(RY) such that f= V.

PROPOSITION 1.43. Let f € L'(RY) such that divf = 0 in R3. Then there
exists a unique @ € L3/2(Ri) such that curl ¢ = f, divep =0 in RY and p3 = 0
on I satisfying the following estimate

||<P||L3/2(Ri) < Ol [l ge)-
We set
H,(RY) = {v € LP(RY), dive = 0inRY, vy =0onT}.
PROPOSITION 1.44. Let f€ L'(R3) + Wy "*/*(R3 ) such that div f=0. Then

there exists a unique @ € L3/2(R3_) such that curl ¢ = f and dive = 0 in Ri
satisfying the following estimate

|| P ||L3/2(Ri) < C”f ||L1(]Ri)+W071’3/2(]R1)'
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THEOREM 1.45. Let f € X(R3). Then there exists a unique ¢ € L3/2(R3)
such that div ¢ = 0 with p3 =0 on I' and a unique p € Lg/Q(Ri) satisfying

f=curlp+ Vp
and the following estimate holds
||<P||L3/2(Ri) + ||P||L3/2(Ri) < C||f||X(Ri)-
We can finally solve the following elliptic systems.
THEOREM 1.46.
(i) Let ¢ € LY(T) and gy € WJH%’%(F) satisfy the compatibility conditions
Jrd =0and <gn,1>=0.Ifdivg € W0_2+%7%(F), then the system
—Au=0 ian and wu=gonl

has a unique very weak solution w € LNV/(N=D(RY).

IR
(ii) Let f € LY(RY), ¢ € LYT) and gnv € W, 1JFN’N’I(I") satisfy the compati-
bility condition fRi’ f’JrfFJ = 0 and fRf INF<gn,1>=0.1If

, |f]RNf-V€+ng/-V’£|
[fd] = sup -

ceWEN (®Y), 640 1€z @y

< 09,

then the system

0
—Au=7f ian and a—u:gonF
TN

has a unique solution u € Wé’N/(Nfl)(Rf).

(iii) Let f€ LY(RY) such that div f € [W2N (RY)N 1w 2N (®RY))' and Jiy I = 0.
Then f € Wo_l’N/(N_l)(Rf) and the system

~Au=f inRY; o« =0 and au—N:O onT
axN
. . 1,N/(N-1
has a unique solution u € W, / )(Rf).
() Let fe LY(RY) such that [on f' =0. If
+
| ey - V€]
] = sp TR
geD(@),a%:o on T 113 ||W§'N(Rf)
holds, then the system
/
—Au=f ian, uy =0 and du =0 onl
TN

has a unique solution u € Wé’N/(Nfl)(Rf).
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erators acting between Banach spaces. There are applications to the Dirichlet
problem for the p—Laplacian.
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CHAPTER 1

Generalised trigonometric functions, compact
operators and the p—Laplacian

1. Introduction

The lectures on which these notes are based had two main components: the
theory of generalised trigonometric functions and the representation in series form
of the action of a compact linear operator acting between Banach spaces. Part of
the motivation for the study of the first topic arises from the Dirichlet problem for
the one-dimensional p—Laplacian (1 < p < co) on the unit interval (0, 1) : this asks
for the existence of v and A such that

—Apu = — (|u'|p_2 u')l = Au/’"*wu on (0,1),u(0) = u(1) = 0. (1.1)

The case p = 2 is a familiar question for the Laplace operator, with eigenvalues
(nm)? and corresponding eigenvectors sin(nnt) (n € N). For a general p € (1, 00) it
turns out (see, for example, [4]) that the problem has eigenvalues

2T
psin(r/p)’
and associated eigenfunctions sin,(nmpt) (n € N). Here the function sin,, is a gener-
alisation of the classical sine function that has properties in common with (as well
as differences from) it. However, the interest in such p—trigonometric functions is
not solely dependent upon the p—Laplacian, and we endeavour to make the case
that there are now so many remarkable formulae and identities involving them that
analysts would do well to be acquainted with them. For additional details of the
topic we refer to [3], [8] and the references given in these works.

The object of the second component is to obtain a Banach space analogue
of the Schmidt representation of compact linear operators acting between Hilbert
spaces. This is based on the recent work [6] in which a representation in series
form is obtained of the action of a compact linear map 7" : X — Y when the only
conditions imposed are that X, Y are reflexive Banach spaces with strictly convex
duals. The proof proceeds by means of a sequential procedure based on the familiar
process used when X and Y are Hilbert spaces, and results in the construction of
a decreasing sequence of subspaces X, of X with intersection contained in the
kernel of T : for each n, A, is the norm of the restriction of T to X,,, attained at
a point x, € X, with unit norm. The A, and x, correspond to an ‘eigenvalue’
and ‘eigenvector’ respectively of a nonlinear operator equation involving a duality
map that becomes the identity map in the Hilbert space case. Application of these
abstract results to the case in which T is the embedding of a Sobolev space in

An = (p—1)(nmp)?, where m, =

31
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a Lebesgue space gives the existence of a countable family of ‘eigenvalues’ of the
Dirichlet problem for the p—Laplacian. The relationship between these eigenvalues
and eigenvectors and their classical counterparts obtained via the p—trigonometric
functions mentioned above is discussed.

2. The p—trigonometric functions

Throughout we shall assume that p € (1, 00). Define F), : [0,1] — R by

xT
Fy(x) :/ (1— ) "Yrdi, z € [0,1].

0
Note that F5 = sin~'. Since F), is strictly increasing it has an inverse, denoted by
sin, to emphasise its connection with the usual sine function, and defined on the
interval [0, m,/2], where

1 1
wp/2=sin;1(1)=/ (1—tp)*1/pdt=p*1/ (1—s)" VPP s
0 0

=p 'B(1/p,1/p),
where B is the usual beta function and p’ = p/(p — 1). Use of the Euler reflection
formula for the Gamma function shows that
2m

= psin(r/p)

Clearly mo = 7 and
prp =20 (1/p")T(1/p) = p'mpr.

In addition, 7, decreases as p increases, and

;;H} Tp = 00, pli>n(>107rp =2, ;E(p - D, = ;;n} T = 2.
The function sin,, is strictly increasing on [0, 7, /2], sin,(0) = 0 and sin,(m,/2) = 1.
It may be extended to [0, 7,] by defining sin, z = sin, (7, — z) for x € [7,/2, m);
further extension to [—mp, 7] is made by oddness, and finally sin, is extended to
the whole of R by 2m,—periodicity. This extension belongs to C'*(R).

Now define cos, : R = R by

cospx = ——siny 1, x cR.

Plainly cos,, is even, 2m,—periodic and odd about 7,/2. If x € [0, 7,/2] and we put
y = sin, x, then

cosp = (1 — yP)/P = (1 — (sin, z)P) /7. (1.2)

Hence cos,, is strictly decreasing on [0, m,/2], cos,(0) = 1 and cosp(m,/2) = 0;
moreover,

|sin, z|” + |cos, z|” = 1. (1.3)

This is clear from (1.2) if z € [0,7,/2] and follows for all € R by symmetry and
periodicity. Analogues of the other trigonometric functions may be given in the
natural way: thus tan, is defined by

S1lIy, T

tan, x =
COSp T
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whenever cos, ¢ # 0; that is, for all z € R except for the points (k+1/2)m, (k € Z).
Evidently tan, is odd and m,—periodic, while tan,(0) = 0. Note that when p # 2
the extended sin, function does not have the smoothness properties of its classical
counterpart. In particular, it is not in C*°(R) : for example, its second derivative
at x is —h(sin, =), where

h(y) = (1—y?)» 'y,
and so is not continuous at m,/2 if 2 < p < co. Nevertheless, sin,, is of class C* on
[0,7,/2).
To illustrate the behaviour of the p—trigonometric functions when differenti-
ated, we give the following identities, which are immediate consequences of the
definitions and (1.3):

d
_ i p—1 2— _
%cospzf —sinp~ "z cos, P, ﬁtanp:rf 1+ tanp
I cosgf1 x=—(p—1) sing_1 T, o sing_1 x=(p—1) sing_2 xcosy T
Here x € (0,7,/2). The classical Jordan inequality has a p—analogue:

2 sin, @

— < —E= <1forall € (0,m,/2]. (1.4)
Tp x

To establish this, use a change of variable to obtain
1
sim;1 T = J:/ (1 — aPsP)~Y/Pds,
0
from which we have

1
x = (sin, J:)/ (1 — (sin, 2)PsP) ~1/Pds.
0
Since .
1< / (1 — (sin, z)PsP)~YPds < %
0

the result follows.
Connections with functions occurring in classical analysis are important. From

1
siny 'z = E/ VP (1 — 2Pt) "V Pat,
P Jo

we have the representations, valid for 0 < z < 1,

sing, ' @ = aF(1/p,1/p;1+ 1/p;aP) = 2(1 — aP)Y/P F(1,1;1 4 1/p; a?),

where F is the hypergeometric function (see [1], Theorems 2.2.1 and 2.2.5). Since

Flabicia) = Y et il + i) 2

= L(a)T () (c+n) n!’

we obtain the power series expansion of sin,; Lz as

inle =2 S I'(n+1/p)
T ET ;<np+1> T(L/p) n!

™ o<a<1) (1.5)
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From this an expansion of sin, x may be obtained, the first three terms being

2_2p—-1)
Pt — (p P P (0<x <7,/2).
pp+1) 2p%(p+1)(2p +1) !
The later terms have very complicated coeflicients, with no obvious regular pattern.
Turning next to integration, it is elementary to show that for all k,1 > 0,

/2 k+1 . 1-1

/ sm];accos xdxr = —B ( i 1+—) . (1.6)
0 p p p

At a slightly more sophisticated level we have, as a consequence of (1.5),

1 i np
zfsmpxz L(n+1/p) (siny o) , 0§x<@,
(mp+1I'(1/p)  nl 2

and so, with the aid of (1.6)

/77’)/2 77sz I(n+1/p) 1
0 sin, x n!T(1/p) np+1°

Since it is known that (see [10], 1.7.4)

w/2
/ 'x dr = 2G,
o sinz

where G is the Catalan constant defined by
(D"
G= T ———t
2 @7
this gives a representation of GG in the form

2
1
G = 42(71'222") on+1°

Another entertaining result is that

[ (),

where v is Euler’s constant.
Now we turn to the basis properties of the sin, functions, beginning with the
Fourier sine coefficients of sin,(nm,t). Given n € N we write

smpx:xf

frp(t) = siny(nmpt), en = fr 2,
so that e, (t) = sin(n7t). Each f, , belongs to C* ([0,1]) and so is continuous with
bounded variation on [0, 1] : thus it has a Fourier sine expansion:

fnp(t) Z Fop(k)sin(krt), fop(k) = 2/ Jnp(t) sin(kmt)dt.

The symmetry of fi , about t = 1/2 implies that flyp(k) = 0 when k is even and
that
i (k) = { f17p( ), if mn =k for some odd m,
p otherwise.

’
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For economy of expression put 7, (p) = ﬁ;(m). Since all the Fourier sine coeffi-
cients of the f, , may be expressed in terms of the 7,,(p), we concentrate on the
behaviour of these terms. For even m, 7,,,(p) = 0. When m is odd, say m = 2k + 1,
integration by parts plus change of variable gives

1/2
Tok+1(p) = 4/ sing, (mpt) sin((2k + 1)wt)dt
0

4T Yoo @k+ )
= m /0 sin (777 cos, "t z> dx. (1.7)
2

From (1.7) it is immediate that

ks 0] < ¢ M (keN). (1.8)

2k +1)2x72
With slightly more effort and using an estimate of van der Corput type to deal with
the oscillatory integral, it can be shown that if 1 < p < 2, then the To41(p) decay
faster as k increases:

1672

|Tor+1(p)| < W%—fl)gﬂg (k € N), (1.9)

where m, = {(2—p)~ P (p— 1)_(p_1)}1/p.

It is well known that (exp(inmz)),en is a (Schauder) basis in L,(—1,1) for
every ¢ € (1,00) : see, for example, [9], 12.10.1. Given any element of L,(0,1), its
odd extension to L,(—1,1) has a unique representation in terms of the functions
sin(nmz), which means that (sin(nmz)) is a basis of Lg(0,1). Here we discuss a
recent paper [2], the object of which was to show that if p is not too close to 1, then
the functions sin, (nm,z) have the same basis property. The analysis presented here
is based on [3] and [2].

Given any function f on [0, 1), extend it to a function fvon [0,00) by setting
ft) = —f(2k —t) for t € [k,k+1), k € N; define M,, : Ly(0,1) — Ly(0,1) by
Myng(t) = gimt) (m € N, 1 < ¢ < o0) and note that M,,e, = emy. In [2] it
is shown that M, is a linear isometry and that the map T defined by Tg(t) =
> Tm(p)Mpg(t) is a bounded linear map of Ly(0, 1) to itself with the property
that for all n € N, T'e,, = f,, ;. If it can be shown that 7" is a homeomorphism, then
it will follow from standard results (see [16], p. 75) that the f, , form a basis in
L4(0,1) for every g € (1,00). A sufficient condition for T' to be a homeomorphism is
that it is not too far from the identity map. More precisely, since M; is the identity
map id and each M,, is a linear isometry,

IT —7i(p)id] < resa ()]
k=1

from which it follows from the classical Neumann theorem that 7' is invertible if

Y e )] < Inp)]- (1.10)
k=1
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It is in trying to satisfy this inequality that restrictions on p appear. In view of
(1.8) we have

- 4, (72
; Im2er1(P)] < — (g - 1> : (1.11)
and it remains to estimate |71 (p)| from below. By the p—Jordan inequality (1.4),
sin, (mpt) > 2t if 0 <t < 1/2,
and hence
1/2 1/2
Ti(p) =4 f1.p(t)sin(mt)dt > 4 / 2t sin(7t)dt = 8/7>. (1.12)
0 0

Together with (1.10), (1.11) and the fact that 7, decreases as p increases, this shows
that if 2 < p < oo, the map T : L,(0,1) — L4(0,1) is a homeomorphism for every
q € (1,00). When p < 2 the argument is more delicate, a key step being the next
result.

PROPOSITION 1.1. Suppose that 1 < p < q < co. Then the function f defined

by
f(z) sin,;l:z:
T) =
sin];1 T
is strictly decreasing on (0,1).
PRrROOF. Let Y
(1— )"

and observe that for all ¢ € (0,1), ¢’(¢) > 0. Now put
=1 o—1
G(t) =sin, " (t) — g(t) sin, " (t).
Since

G'(t) = — (sin, '(t)) ¢'(t) < 0in (0,1),

it follows that G(t) < 0 in (0,1), so that

/ G(t)
i) = 2 1
(sing 1())” (1 — ta)*/*

< 0in (0,1).

From this it is easy to see that if 1 < p < ¢ < oo, then
sin, (m,x) > sing(myx) when x € [0,1/2].

This implies that if 1 < p < 2, then

1/2 1/2

71(p) = 4/ sin, (mpt) sin(wt)dt > 4/ sin?(mt)dt = 1.

0 0
With (1.10) and (1.11) this shows that if py < p < oo, where pg is defined by the
equation

272
Tpo = 7T2 . 85 (113)

then T is a homeomorphism for every ¢ € (1, c0).
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We now need the standard result concerning preservation of bases mentioned
earlier.

LEMMA 1.2. Let (x,,) be a basis of a Banach space X, let T be a linear homeo-
morphism of X onto itself and for each n € N put y,, = Ta,. Then (yy) is a basis
of X.

PROOF. Let z € X and let the biorthogonal functionals associated to the given
basis be denoted by z}. Then x = T'y for some unique y € X. Hence

Z Yo Th) Yk T<y—z<y,w§;>xk>

k=1
as n — oo. Thus each z € X is representable in the form z = Y ;- | (y,2}) yx. To
show that this representation is unique, suppose that z = >";7 | axys. Then

n n
Z ap — yaxk <Z ak - yaxk yk)
k=1 k=1

n

- Z <y7 172) T

k=1

<7 —0

< |l Z —{y2i) g =0
k=
as n — 00. Since (z,,) is a basis, ar = (y, z}) for all k. O

The basis properties of the sin, functions now follow immediately.

THEOREM 1.3. The functions sin,(nmpx) form a basis in Ly(0,1) for every

q € (1,00) if po < p < 0o, where poy is defined by equation (1.13),
272
Tpo = ﬂ_Q . 8'

Numerical solution of (1.13) shows that pg is approximately equal to 1.05. Some
improvement of this result can be obtained by use of the faster decay properties
of the 74 (p) given in (1.9), but the improvement is very modest. Indeed, it can be
shown (see [3]) that Theorem 1.3 is close to the limit of what can be established by
the method represented by satisfaction of (1.10): this proof technique cannot work
for p < 1.0439898. Whether or not the basis property holds for all p € (1, 00) does
not appear to be known. For basis properties of functions closely related to sin,
see [7].

3. Representation of compact linear operators

3.1. Abstract theory. The spectral theory of compact linear operators act-
ing between Hilbert spaces is a most attractive part of functional analysis. Thus if
H is a Hilbert space and A : H — H is compact and self-adjoint, then A has the
representation

Az—ZA  On)bn (z € H),

where the )\, are eigenvalues of A, each repeated according to multiplicity and
ordered by decreasing modulus, while the ¢, are orthonormal eigenvectors of A
corresponding to the eigenvalues \,; here the inner product in H is denoted by
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(,-). The number of eigenvalues is finite if and only if the rank of A is finite; if
there are infinitely many eigenvalues they can accumulate only at 0. If the kernel
of A is trivial, then the ¢, form a complete orthonormal set in H. More generally,
if Hy, Hy are Hilbert spaces and B : Hy — Hs is compact and linear, then B has
the Schmidt representation

Bx = Z,U/n(xv(bn)lwn (.I' € H1)7

where (-, )1 denotes the inner product in H; and this time the ¢,, are orthonormal
eigenvectors of the positive square root |B| of B* B with corresponding eigenvalues
i (the p, are the singular values of B) and v, = u, ' Bé, (un # 0). Details of
these assertions are given in [5], Chapter II, for example. Here we describe recent
work aimed at the extension of these Hilbert space results to the case of a compact
linear map acting between reflexive Banach spaces with strictly convex duals.

First we recall some concepts from the geometry of Banach spaces: to avoid
complications we shall always assume that the spaces involved are infinite-dimen-
sional, real and reflexive. The modulus of convexity of such a space X (with norm
I/l x) is the map dx : [0,2] — [0, 1] defined by

2

and X is said to be uniformly convex if for all € € (0,2], dx(¢) > 0. The modulus
of smoothness of X is the function px : (0,00) — [0, 00) given by

-+ 3l + o~
sup { I 2= g — 1, = 7.

and X is called uniformly smooth if lim, o px(7)/7 = 0. Note that in the defini-
tion of dx(¢) the same quantity results if the infimum is taken over all z,y € X
with [|z| v, lyllx <1 and ||z —y||x > &; moreover, in the definition of px (7) the
supremum may be taken over all z,y € X with ||z, < 1 and ||y| < 7 with-
out affecting the outcome. Every Hilbert space H is both uniformly convex and
uniformly smooth, for from the parallelogram identity it follows that

5H(€> =1- (1 752/4)1/2 and pH(T> _ (1 +7_2)1/2 1.

Similarly, from the Clarkson inequalities (see [15], pp. 225-227) it can be shown that
every L, space with 1 < p < oo is both uniformly convex and uniformly smooth.
In fact, Hilbert spaces are the ‘most’ uniformly convex and the ‘most’ uniformly
smooth spaces: for every X,

0x(e) < 0u(e) and px (1) = pu (7).

These two notions are dual in the sense that X is uniformly convex if and only
if X* is uniformly smooth. We refer to [18], 1e for proofs of these claims and for
further information.

Two useful properties of any uniformly convex space X are worth mentioning:

(i) If (zx) is a sequence in X that converges weakly to z € X, with |zx||y —
el . then [z — af| — 0.

(ii) Let K be a closed, convex, non-empty subset of X. Then given any z € X
there is a unique point Pxx € K at which the distance of = from K is attained.

| o+l
5x(c) = mf{l eyl e Xl = ol = Ll - wllg =2,

px(T) =
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The map Pr : X — K thus defined is called the projection of X onto K and is
continuous.

Proofs of these assertions may be found in [8], for example.

A weaker condition than that of uniform convexity is strict convexity: X is
strictly convex if the statement ||z||x = [|lyllx = |(z +vy)/2]|x = 1 implies that
x = y. In other words, the unit sphere of X contains no line segments. This is
linked to the concept of smoothness: X is called smooth if, for every x belonging to
the unit sphere of X, there is a unique 2* € X* such that ||2*| . = (z,2*)y = 1.
Here (-, -) y corresponds to the duality pairing between X and X*. It turns out that
X is smooth if and only if the norm ||-|| y is Gateaux differentiable on X'\ {0}; given
x € X\{0}, the unique z* € X* such that for all y € X

(y,2%) x = lim (flz + tyl x — [l x) /t

is called the Gateaux derivative of ||-|| at z and is denoted by Jx(z) or grad
|lz|| y - Note that X is uniformly smooth if and only if this limit is uniform on the
set {(z,y) : ||z]|x = llyl|x = 1}. The linkage just mentioned is that X is smooth if
and only if X* is strictly convex. When X is smooth, the Gateaux derivative Jx
of |||l , has the property that for each 2 € X\{0}, Jx () is the unique element of
X* such that

HJX(:C)HX* — 1 and <:C,JX(J:)>X = lzllx -
We define
(x,h)x = [|z||x (h,grad ||z]| ) for z,h € X,z # 0,

and set (0,h) =0forall h € X : (z,h) is called the semi-inner product of z and
h. It depends linearly on h and (z,z) = |z||?, while in general, (z, h)y # (h,2)y .

The property of being strictly convex can be transmitted. In fact, if M is a
closed linear subspace of X, then if X is strictly convex so are M and X/M; while
if X* is strictly convex, so are (X/M)* and M := {z* € X* : (z,2*) = 0 for
all € M}, the polar of M. For future use we remark here that if N is a linear
subspace of X*, then we shall write °N for {z € X : (z,2*),, =0 for all z* € N}.

Related to Jx are the duality maps. To explain this, let u be a gauge function;
that is, a continuous, strictly increasing function p : [0,00) — [0,00) such that
1(0) = 0, limy_,o p(t) = co. Then the duality map with gauge function p is the
map Jx : X — X* defined by

Ix(x) = n(lall ) Tx (@) if @ # 0, Jx(0) =0.
It has the properties that for all x € X,

(@, Ix (@) x = [Tx (@) x- 2l x 5 1x @) x- = plllx) -

Again we refer to [8] for further details and proofs of the statements made above.

From now on we shall assume that X and Y are real, reflexive spaces with
strictly convex duals X* and Y*. Under these conditions, given any gauge function
1, the corresponding duality map Jx : X — X* is strictly monotone (that is,
(x—y,JJxz—Jxy)y > 01if 2,y € X,z # y) and weakly continuous (that is, if
xp — x in X, then Jxxj converges in the weak* sense to Jxx). If, in addition,
X is strictly convex, then Jx is surjective and its inverse (Jx)f1 X" = Xisa
duality map of X* onto X with gauge function p (see [19]). Henceforth the only
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duality maps Jx on X that we shall consider correspond to gauge functions px that
are normalised by jux (1) = 1. Moreover, when X is a Hilbert space, Jx (z) = z/
llz||y (z # 0) and we shall identify Jx (with gauge function pu(t) = t) with the
identity map of X to itself.

After these preliminaries we can begin the promised analysis of compact linear
maps T: X — Y, T # 0. The first step is the following familiar result.

PROPOSITION 1.4. There exists x1 € X, with |z1]|y = 1, such that |T| =
|Tx1|ly . Also, x = x1 satisfies
T*JyTz = vixz, (1.14)
with v = ||T||; in terms of duality maps this equation has the form
T*JyTe = wnJxz, vi = [T py (IT).
If x € X\{0} satisfies (1.14) for some v, then 0 <v < ||T| and | Tz|y = v|z| y .
PRrROOF. First let (wy,) be a sequence in the unit sphere of X such that
|Twy|ly — [|IT]|. As X is reflexive we may suppose that (w,) converges weakly,

to w, say. By the compactness of T', Tw, — Tw. Thus ||[Twl|l,, = ||T||, so that
[lw|lx = 1. The existence of ;1 follows. To see that it satisfies (1.14), note that

[Ty

T| =|Tz1|ly = ma ’
1Tl = 1Tl = e S

and that consequently, for all x € X,

d (T2, + ¢Ta),
dt lz1 + tx|

In terms of duality pairings this gives

<T$,ij:L‘1> = ||Tz1|ly <$,jxll'1> ,
% X

= 0.
t=0

which amounts to B B

T*JyTwl = )\Jxml
with A = ||T||. For the remaining part, suppose that z € X\ {0} satisfies (1.14) for
some v. Then

Tzl = <T:L', ij:L'> = <z,T*ijx> =v <x, jxiL'> =vlz|y.
Y b's X
Hence 0 < v < ||T|. O

Equation (1.14) can be thought of as the Euler equation for maximising ||7'z||,-
subject to the condition ||z, = 1.

To proceed further a usable adaptation of the procedure followed in the Hilbert
space case is desirable. We recall how this goes for a compact self-adjoint map
S of a Hilbert space H into itself. First it is shown that S has an eigenvalue A\
with corresponding eigenvector e;; then, denoting the orthogonal complement of
the span of e; by Hs, this argument is applied to the restriction Sy of S to Ha,
giving another pair As, e9; and so on. Such an adaptation was provided in [6] and
is as follows. With sp W denoting the span of W we set X1 = X, M7 = sp {Jxx1},
Xo =My, Ny =sp {JyTz1}, Yo = "Ny and \; = ||T|| . Since X5 and Y3 are closed
subspaces of reflexive spaces they are reflexive. As Xj = (°M;)* is isometrically
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isomorphic to X; /M, it follows that X3 is strictly convex; the same argument
applies to Y5". By Proposition 1.4,

(Tx, JyTx1)y = v (x,Jxx1)y forall z € X;

hence T maps Xo to Y. The restriction 75 of T to X5 is compact, and if it is not
the zero map, we may apply Proposition 1.4 again and conclude that there exists
x2 € X2\ {0} such that, with obvious notation,

(Thz, JYQT.Z'2>Y2 =y (x, JX2x2>X2 for all x € Xo,

where vo = Ay (A2), A2 = ||[Tz2|ly = ||T2||. Plainly A2 < Ay and v5 < 4. In
this way we obtain elements x1, s, ..., x, of X, each with unit norm, subspaces
My, ..., M, of X* and Ny,..., N, of Y*, where

My, = sp {Jxx1, ..., Jxxr} and Ny = sp {JyTxq,...,JyTa},

and decreasing families X, ..., X,, and Y7, ..., Y, of subspaces of X and Y respec-
tively given by

Xp= "My 1, Y= "Ny (E=2,..,n).

For each k € {1,...,n}, T maps Xy, into Yy, zx € X and, with T standing for the
restriction of T to X, A\p = ||Tk|| = |Txklly » vk = Aepiy (Ax), we have

(Tyw, Jy, Thar)y, = v (x, Jx, k) i, forall z € Xy, (1.15)
and so
Ti Iy, Thwr = viJx, k.
It turns out that (1.15) is equivalent to
(Tx, JyTxy)y = v (z, Jxxr)  for all z € X,
Since Ty, € Yy, = ONj,_1, we see that
(Tag, JyTx)y =0if I < k. (1.16)

The process stops with A, x,, and X, if and only if the restriction of T to X, 41
is the zero operator. In that case, the range of T' is the linear space spanned by
Txy,...,Tx,.

Some fundamental properties of the quantities arising in the above scheme are
given next.

PROPOSITION 1.5. (i) The sequence (xy) is semi-orthogonal in the sense that
(x1,2k)y =0 4fl < k.
(i) If rank T = oo, the sequence (\i) is infinite and converges to zero. Moreover,
kerT' D N2 Xi = Xeo.

PRrROOF. (i) This is an immediate consequence of (1.16).
(ii) From (1.16),

<T:rn, ijxm>Y —0ifm < n.
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Thus if m < n,

limsupA, < [Tz, = <Tacm, ijxm> = <Txm — Tz, ijacm>
k—o0 Y Y

< |\ Tzm — Ty ijszH = |T2m — Ty -
Y*

As {x,} is bounded and T is compact, some subsequence of {T'x,} must converge,
The proof is complete. O

Now we introduce the family of maps
Sp: X = M) = sp{x1,...,x11}, k> 2,

determined by the condition that x — Spx € Xj for all z € X. By induction it
follows that Sy is uniquely given by

k—1
Skx = Z &i(x)zy,
j=1
where

j—1

&i(x) = <1: — Zfi(x)xi,JXxj> if 7 >1,
1=1 X

&i(x) = (@, Ixx1) i -

Thus each Sy is linear; moreover, in view of the uniqueness, it follows that S2 = Sy,
and Sy, is a linear projection of X onto Mj._,. It can be shown that for each k > 2,
the spaces X and X™* have the direct sum decompositions

X =X @M;c—lv X" = M1 @ (M;C—l)o'

The map S} is a linear projection of X* onto Mj,_.
Now let Py, P+ be the projections of X onto the subspaces X, X respectively.

PROPOSITION 1.6. Let X be uniformly convex. Then for allx € X, Prx — Pyox
as k — oo.

Proor. Since ||z — Pyzllx = [[z]llx/x, < llzllx, we see that [[Pyzfy <

2jz|| x . Thus {Pyx} has a subsequence that converges weakly, to y € X, say.
We claim that y = Psx. If this were not so, then

lz = yllx > llo = Pzl x = [ll]llx/x., -

Hence
le = Puallx = (2= P, Tx(@ =) = (2 =y, Tx(@—y))

= llz = ylix > lllelll x/x.. -
It follows that for some k € N, ||z — Ppx|y > |[|[#]]lx/x_ , which means that
Il x,x, > ll[z]llx,x. and contradicts the fact that Xoo C Xj. Thus every weakly
convergent subsequence of { Py} has weak limit P, from which it follows from a
standard contradiction argument that the whole sequence { Py} converges weakly
to Pyx. However, it is not difficult to see that ||z — Prz||y — ||z — Pxz|  .The
result now follows from the uniform convexity of X. O
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THEOREM 1.7. Let X be uniformly convexr. Then for all x € X,
x = lim (id — Py) Spx + Paox, where id: X — X s the identity. (1.17)

k— o0
If ker (T') = {0}, then
x = lim (id — Py) Sz, Tax = klim (T — TPy) Six.
c—00

k—o0

If, in addition, limy_,~, Spx exists, then
x =028 (@)x; and Te = Y772 N&j(x)yz, yj = T/ || Tl -

PROOF. For any closed linear subspace L of X and any v € X, Ppu is the
unique element w € L for which ||u — w|| y is minimal. Hence if v — v € L we have
Pr(u—v) =u—v, and as

[u—(u—v+ Pro)|x = llv—Profx,
we also have Ppu =u — v + Ppv, so that
Pru— Prv=u—v=Pr(u—v).
Put s = sk(x) := Skz. Then
(s — Prsg) — (x — Pyx) = s — x — Pr(sg — ) = 0.

Now (1.17) follows with the aid of Proposition 1.6. The rest is clear; in particular,
if ker (T') = {0} and limg_,oo Sk exists, then limy_,~ Pysy exists and is 0, since
X = {0}. O

COROLLARY 1.8. If X s a Hilbert space, then for all x € X,
=372 (2,2)xx; + Paot,
so that if ker T = {0},
x =302 (x,x5)xa; and Te = 377 Nj(@, 25) x ;.
PROOF. In this case, Syz € Mj_, = X,CL, and so P, Sz = 0. O
Results corresponding to those in the theorem can be obtained if the hypothesis
of uniform convexity is made about Y rather than X. Under this assumption, put

Yoo = N7, Y% and let Qr, Qo be the projections of Y onto the subspaces Yz, Yo
respectively. Then it turns out that for all z € X,

Ty = klim (I —Qr)TSkx + QuTux,
— 00

where
k-1 k-1
TSpx =328 @) Ty =322 A&(2)y;
If Y is a Hilbert space, then for all x € X,
Tx = Z;i1>‘j§j (@)y; + QocTx.

Finally, we observe that when both X and Y are Hilbert spaces, the A, are
eigenvalues of the positive square root of 7*7T. The privileged role of eigenvalues
is absent in the general situations we have been discussing, in which each A, is

simply the norm of the restriction of T' to the subspace X,,. Note also that there
is a relation between the ), and the Gelfand numbers of T. We recall that for
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each n € N, the n** Gelfand number of any bounded linear map S : X — Y is the
quantity

en(S) = inf [|S [v]],
where the infimum is taken over all those linear subspaces V' of X with codimension
less than n. These numbers form a sequence that converges to zero if and only if S
is compact; they form one of several sequences (the so-called s—numbers-see [20])
that are used to give an idea of ‘how compact’ a map is. Since

codim X = dim sp {Jxx1, ..., JxTp_1},
it follows immediately that
en(T) < Ay (n €N).
3.2. Application: the p—Laplacian. Let Q be a bounded open subset of
R™, let p € (1,00), D; = 0/0z; and write
W, (Q) ={u € Ly(Q) : Dju € Ly(Q) for j =1,...,n};
this is the familiar first-order Sobolev space and is endowed with the norm

n 1/p
[ul? + |Djul? 3 dx
JRZED M

J=1

0
Put X = W (), the closure in W, (2) of the C*° functions with compact support
in Q. The norm of v € X is defined to be
1/p

full = { [ 32 1Dsu do
Qi

The Friedrichs inequality shows that this norm is equivalent to that inherited by
X from W)(Q). Let Y = L,(Q) and T = id: X — Y. Both X and Y are reflexive
and strictly convex, with strictly convex duals. Direct verification shows that

7 —(p—1 —2
Ty =l PV [uP P,

while
—1)

Jxu=— Hu||;((p Apu in the sense of distributions,

where .
Apu=3"D; (IDjul’™ Dyu),
j=1
corresponding to a version of the p—Laplacian. This follows since

(=l 7 ) = = ull X7 (w, Apu)

—(p—1 —2
= Jul 37 ﬂ S (Dju) [DyulP ™ Djuds
j=1

= [lully -
With px (t) = py (t) = tP~1, the associated duality maps Jx,.Jy are given by

Ix (u) = —Apu, Jy(u) = |u|p_2 u.




“volume-vii” — 2012/3/8 — 12:25 — page 45 — #59

3. REPRESENTATION OF COMPACT LINEAR OPERATORS 45

The basic eigenvalue equation (1.14) then gives the existence of u; € X7 = X such
that

<’U7 jy’u,1> =\ <’U, qu1> for all v € X.
Y X

Since [Ju1|ly- = [|id|| = A1, this implies that

/ vlugP " upde = )\f/ Z(Djv) |Dju1|7%2 Djudz,
Q 2t

so that uq is a weak solution of the Dirichlet eigenvalue problem
—Apuy = A7 |u1|p_2 wy in ©, u; = 0 on 91

As in the general theory of 3.1, denote the restriction of id to X} by idy. Since rank
idy, = oo for each k, our general procedure ensures that for each k& € N, there are
an “eigenvector” uy and a corresponding “eigenvalue” A\, ¥ that satisfy

—Apup =N\ " lug|P " up in Q, up = 0 on 99, (1.18)

in the sense that for all v € X,
/ v lug|P "2 upda = )\g/ Z(Djv) |Djur|"~? Djupdz.
Q Qf
j=1

The function uy, is called a k—weak solution of (1.18): note that when k& = 1 all
functions in X; = X are allowed as test functions, so that u; is a weak solution of
the Dirichlet problem in the conventional sense. However, when k > 1 the only test
functions allowed are the elements of X, which is a proper subset of X, and so the
uy need not be weak solutions in the classical sense. Information about the growth
of the A\, ” as k — oo can be obtained without difficulty from s—number estimates.
For from the definition of Gelfand numbers together with [17], Theorem 3.c.5 and
Remark 3.¢.7 (1), we see that

Ak > ep(idg) > e (id) > k=",

where ¢ is a positive constant independent of k. Thus the eigenvalues A\, ” of (1.18)
are O(kp/ ™). This upper estimate of the growth of the eigenvalues is exactly that
obtained in [11], [12], [13] (together with lower bounds of the same order) for the
Lyusternik-Schnirel’mann eigenvalues, which correspond to classical weak solutions.
We recall that the m!* such eigenvalue, denoted here by 5\m, is given by

Am = inf —P
m = inf 522”“”’) :

0
where A,, is the family of all compact, symmetric subsets K of {u € W;(Q) :
[Vul[, = 1} with genus y(K) > m, the genus being defined as

v(K) = inf{k € N : there is a continuous odd map h : K — R¥\{0}}.

The corresponding quantities A ? obtained by the method presented here are ex-
pressible as
[Vull,

P = in .
wEX, \{0} HUHZ
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The relationship between these two sets of eigenvalues remains unclear, and the
question as to whether there are eigenvalues not found by either method remains
unanswered.

As remarked in Section 2, the classical solutions of the Dirichlet problem (1.1)
for the p—Laplacian on the unit interval (0,1) are exactly the functions sin, (nm,t)
(n € N). However, the ‘k—weak’ solutions of this problem that are generated by
our procedure appear to be different from these p—trigonometric functions, for
numerical computations indicate that the sin,(nm,t) functions do not have the
semi-orthogonality properties possessed by these weak solutions.

Higher-order problems may be tackled in the same way. Thus let  and p be

0
as above, but now take Y = L,(Q) and let X = W2(Q), the completion of C§°(2)
with respect to the norm
ullx = [[Au | Ly(Q)]] -

This norm is equivalent to the more usual norm

(Z\a\gz | D% | LP(Q)Hp) 1/p

(standard notation being employed) in view of [14], remarks following Corollary
7.11, together with Corollary 9.10. As before it can be checked that X and Y have
the properties required for application of the abstract theory, and that

Jxu = u] 7V A (|Au|”*2 Au) .

The operator A (|Au|p - Au) is often referred to as the p—biharmonic operator.

Thus T :=1id : X — Y is compact and we obtain the existence of a countable family
of ‘weak’ eigenvectors and eigenvalues of the Dirichlet problem

A (|Au|p_2 Au) =AufP?uin Q, u=|Vu| =0 on 99,

with the k™" eigenvalue being O (k**/™).
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ABSTRACT. These Notes deal with the control of systems governed by some
PDEs. I will mainly consider time-dependent problems. The aim is to present
some fundamental results, some applications and some open problems related
to the optimal control and the controllability properties of these systems.

In Chapter 1, I will review part of the existing theory for the optimal
control of partial differential systems. This is a very broad subject and there
have been so many contributions in this field over the last years that we will
have to limit considerably the scope. In fact, I will only analyze a few questions
concerning some very particular PDEs. We shall focus on the Laplace, the
stationary Navier-Stokes and the heat equations. Of course, the existing theory
allows to handle much more complex situations.

Chapter 2 is devoted to the controllability of some systems governed by
linear time-dependent PDEs. I will consider the heat and the wave equations.
I will try to explain which is the meaning of controllability and which kind
of controllability properties can be expected to be satisfied by each of these
PDEs. The main related results, together with the main ideas in their proofs,
will be recalled.

Finally, Chapter 3 is devoted to present some controllability results for
other time-dependent, mainly nonlinear, parabolic systems of PDEs. First, we
will revisit the heat equation and some extensions. Then, some controllability
results will be presented for systems governed by stochastic PDEs. Finally, I
will consider several nonlinear systems from fluid mechanics: Burgers, Navier—
Stokes, Boussinesq, micropolar, etc.

Along these Notes, a set of questions (some of them easy, some of them
more intrincate or even difficult) will be stated. Also, several open problems
will be mentioned. I hope that all this will help to understand the underlying
basic concepts and results and to motivate research on the subject.

ACKNOWLEDGEMENT. I want to thank very deeply the Necas Center and very
particularly Prof. Josef Mdlek for their kind invitation to come to Prague and
participate and collaborate in the programmed activities. I also want to thank
Prof. Petr Kaplicky for his invitation to write these Notes. This work has been
partially supported by Grant MTM2010-15992, DGES-MICINN (Spain).




“volume-vii” — 2012/3/8 — 12:25 — page 51 — #65

Contents
Chapter 1. Optimal control of systems governed by PDEs 53
1. Some examples 53
2. Existence, uniqueness and optimality results 56
3. Control on the coefficients, nonexistence and relaxation 61
4. Optimal design and domain variations 63
5. Optimal control for a system modelling tumor growth 67
Chapter 2. Controllability of the linear heat and wave PDEs 69
1. Introduction 69
2. Basic results for the linear heat equation 70
3. Basic results for the linear wave equation 78
Chapter 3. Controllability results for other time-dependent PDEs 83
1. Introduction. Recalling general ideas 83
2. The heat equation. Observability and Carleman estimates 84
3. Some remarks on the controllability of stochastic PDEs 88
3.1. Some basic results from probability calculus 88
3.2.  The controllability results 90
4. Positive and negative results for the Burgers equation 93
5. The Navier-Stokes and Boussinesq systems 94
6. Some other nonlinear systems from mechanics 97
Bibliography 101

51




“volume-vii” — 2012/3/8 — 12:25 — page 52 — #66




“volume-vii” — 2012/3/8 — 12:25 — page 53 — #67

CHAPTER 1

Optimal control of systems governed by PDEs

In this Lecture, I will review part of the existing theory for the optimal control
of partial differential systems. This is a very broad subject and there have been
so many contributions in this field over the last years that we will have to limit
considerably the scope. In fact, I will only analyze a few questions concerning some
very particular PDEs. We shall focus on the Laplace, the stationary Navier-Stokes
and the heat equations. Of course, the existing theory allows to handle much more
complex situations. The optimal control of (elliptic, parabolic and hyperbolic)
partial differential systems was addressed in [76]. Many other details can be found
for instance in [32, 59, 72, 75] and the references therein. Along the text, several
questions have been stated. They are of different nature and level of difficulty and
it is highly recommended to the interested reader to try to answer them.

1. Some examples

It will be assumed that  C RY is a bounded, regular and connected open set,
with boundary I' = 99).

The first example concerns the optimal control of a capacitor.

Let w CC Q be a non-empty open set. For each u € L?(w), we consider the
state system

—Ay=1,u in Q,
{ y=20 on T, (1.1)
where 1., is the characteristic function of w.

The solution y = y(z) to (1.1) can be interpreted as the electric potential of a
capacitor to which a density of charge 1,v is applied; E = —Vy is the associated
electric field.

In practice, it may be important to know how to choose v in a subset Uyq C
L?(w) in order to obtain a potential y as close as possible to a prescribed function
ya without too much effort. For instance, Usq can be a ball in L?(w). It can also
be a set of the form

Upg ={uc L*(w):u<u(zr) <u ae.}, (1.2)

where u,u € R.
Thus, let us fix yq € L?(2) and let us introduce the cost functional J, with

a b
1@ =5 [ ly-uilae+ ] [ jupas (13)
2 Q 2 w
where a,b > 0. The optimal control problem we want to solve is then:

53
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PROBLEM P1: To find @ € Uaq such that J(a) < J(u) for all
w € Una , where J is given by (1.3).

We will see below that this problem can be solved. We will also see the way the
solution (the optimal control) can be characterized by an appropriate optimality
system. Additionally, we will present some generalizations and variants.

In our second problem, the control is performed through the coefficients of the
system.

Assume that ) is composed of two dielectric materials whose properties and
prices are different. We want to build a nonhomogeneous plate with these two
materials in such an optimal way. Here, the word optimal means that, under an
applied density of charge (fixed and known), the associated potential is as close as
possible to a prescribed state yg .

Let o and 3 be the permeability coefficients of the first and the second material,
respectively. We assume that 0 < o < 8. Let {G1, G2} be a partition of Q (G; and
G9 are measurable sets) and set

_J o ifzeGy,
a(@) _{ B ifzeGs. (14)

Then the electrostatic potential y = y(z) corresponding to this distribution of the
materials is the solution of the system

{ y—z -O(a(w)Vy) = f(x) g; ? (1.5)

where f € H=1(Q) (for instance) is given. In this example, the coefficient a = a(z)
is the control and y is the state.

Let us put
j@ =5 [y vae A, (1.6
where y4 € L?(Q) and, by definition, we have
Asa ={a € L>®(Q): a(z) =aor a(x) =0 a.e.} (1.7)

The second problem we want to consider in this Section is then:

PROBLEM P2: To find a € A,q such that j(a) < j(a) for all
a € Aaa, where j is given by (1.6).

It is well known that, in general, this problem has no solution and a “general-
ized” or “relaxed” version has to be introduced in order to describe the limitting
behavior of the minimizing sequences. This is in fact typical in control problems
where the control enters in the system through its coefficients and, specially, in
the principal part of the operator. Phenomena of this kind have led to a very rich
development of the theory. We will see later what can be done and which is the
physical interpretation of the “generalized” or “relaxed solution”.

The third example is an optimal design problem.

We will assume that €2 is filled with a viscous incompressible fluid and we
will try to find the optimal shape of a body travelling at constant velocity in €.
Thus, assume that B C € is a non-empty closed subset whose shape is in principle
unknown. We will assume that B is the closure of a connected open set and 0B is
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piecewise Lipschitz-continuous. Let us choose a reference system fixed with respect
to B. We will consider the following Navier-Stokes system in Q \ B:

—vAy+(y-V)y+Vr=0, V-y=0 in Q\B,
Y= Yo on T, (1.8)
y=0 on OB.

Here, (y,m) is the state (the velocity field and the pressure of the fluid). The
positive coefficient v is the viscosity of the fluid. We have assumed that the velocity
of the fluid particles on the ezterior boundary I', that is, far from the body, is Yoo (a
constant vector). We have also imposed the usual no-slip condition on 9B. These
boundary conditions in mean that the body travels with velocity —y., and the fluid
particles on OB adhere to the body.

For each B in a family Baq of admissible bodies, the state system (1.8) possesses
at least one weak solution (y, ), with y € H'(Q;R?) and 7 € L?(2). Now, we can
associate to each solution the quantity

7(8.y) =2 [ Dyl da, (1.9)
Q

where
1
Dy = 5(Vy+Vy')

is the symmetric part of the gradient Vy. It can be seen that T'(B,y) is in fact the
hydrodynamical drag of the fluid, that is

T(B,y) = Yoo - /5\13 (—7I+vD(y)) nds

(the projection in the direction of the velocity of the body of the force exerted by
the fluid particles).
Our third problem is the following:

PROBLEM P3: To find B € Baq such that the corresponding sys-
tem (1.8) possesses a solution (§,7) satisfying T(B, ) < T(B,y)
whenever (y, ) is a solution to (1.8) and B € Baq.

We will see below that, unless the family B,q satisfies particular and in some
sense artificial conditions, it is not possible to prove an existence result for Problem
P3.

Besides existence, another interesting question is to analyze the way T'(B,y)
depends on B. In fact, we will show that, at least when y, is small, the mapping
B — T(B,y) is well-defined and in some sense of class C*°. We will also indicate
how to compute its “derivative”.

We will now consider an optimal control problem for a parabolic system with
origin in biomedical science. As shown below, the control is oriented to the deter-
mination of cancer therapy strategies.
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The state system is nonlinear and reads:

¢t — V- (D@)Ve)=fle)—F(e,5) in Q=Qx(0,T),

Bi— pAB = —h(B) ~ H(c,B) +vls in  Q=Qx(0,T),

c=0 on X =00x(0,T), (1.10)
8=0 on X =089 x(0,T), '
c(x,0) = co(x) in Q

B(,0) = fo(x) i o

We assume that §2 is an organ, where we find a population of cancer cells
with density ¢ = ¢(x,t) and a distribution of inhibitors (or antibodies), of density
B = B(x,t). The antibodies are generated through a therapy process, determined by
the control v and localized in a small open set w C 2. This can be used to model the
evolution of a glioblastoma, i.e. a brain tumor, under radiotherapy, see [103, 104].

The functions f and h define the proliferation and death rates of ¢ and S,
respectively. On the other hand, F' and H determine the way ¢ and /3 interact. In
the simplest cases we just take

f(e)=pc, h(B)=-mp, F(c,pB)=Rep, H(c,B)=Mcp, (1.11)

for some positive constants p, m, R and M.

For a large family of functions f, h, F and H, for any v € L?(w x (0,T)) there
exists at least one solution (¢, 8) to (1.10).

Obviously, in order to make the problem realistic, we have to impose constraints
on v. Thus, we will assume that v € V,q, where V.4 is a bounded, closed and convex
set of L?(w x (0,7T)). A natural choice is the following:

T
Vaa ={v € L*(wx(0,T):0<v< A, / vdt < B, v=0 for t¢7T},
0

where 7 is a (small) closed set of times where the therapy is applied.
There are different possible choices for the cost function. A reasonable (but
maybe nor the best) choice is the following:

b
K(c,B,v) = 9/ le(z, T)|? dz + —/ v|? dz dt. (1.12)
2 Q 2 wx(0,T)
The fourth considered problem is then:

PROBLEM P4: To find © € Vaq such that the corresponding
system (1.10) possesses a solution (&, 3) satisfying K(¢é,B,0) <
K(c, B,v) whenever (c, ) is a solution to (1.10) and v € Vaq.

Under very general conditions, we will give below an existence result for Prob-
lem P4. We will also find the optimality system for this problem.
2. Existence, uniqueness and optimality results
Our first result is the following:

THEOREM 1.1. Assume that Uaq is a non-empty closed convex set of L*(w).
Then, Problem P1 possesses exactly one solution.
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PROOF. For the proof we only have to check that u — J(u) is a strictly convex,
coercive and weakly lower semicontinuous function on L?(w).
But this is very easy to verify. In fact, u — J(u) can be written in the form

1
J(u) = iao(u,u)—l—al(u)—i—ag Yu € Una , (1.13)

where ag(-,-) is a continuous and coercive bilinear form on L?(w), a1(-) is a con-
tinuous linear form on L?(w) and ay € R.
The forms ag(-,-) and a1(-) are given as follows:

ao(u,v):a/yzdx—l—b/uvdx
Q w

a(u) = —a/ yay dx,
Q

where y (resp. z) is the solution to (1.1) (resp. (1.1) with u replaced by v). On the

other hand,
a
az = 5/ |yd|2 dx.
Q

Hence, the usual arguments of the direct method of the Calculus of Variations
lead to the existence and uniqueness of solution, as assserted. 0

and

QUESTION 1. What can be said if, in (1.3), we assume that b = 07 Which
interpretation can be given to the corresponding optimal control problem?

We will now be concerned with the computation of J'(u) and the obtention of
an optimality system. Our result is the following:

THEOREM 1.2. Assume that Usqa C L*(w) is a non-empty closed convex set
and let u be the solution to Problem P1. Then there exists y and p such that the
following optimality system is satisfied:

“Aj=al, in O
{ =0 on T (1.14)
—“Ap=g—ya in Q,
{ p=20 on T, (1.15)
/(aﬁ—l—bﬁ)(u—&)daz >0 Yu € Uaq- (1.16)

PROOF. For the proof, we argue as follows. Since @ is the solution to Problem
P1, we must have

(J'(0),u—10) >0 Yu€E€Una, UEUnq. (1.17)

Here, (-,-) denotes the scalar product in L?(w). Taking into account (1.13), this
can be written as follows:

ap(t, v —4) +ar(u—1a) >0
that is to say,

a/(g)—yd)(y—@)dac—i—b/ﬁ(u—&)deO (1.18)
Q

w
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for all u € Uaq. Of course, in (1.18) y is the solution to (1.1) and ¢ is the solution
to (1.1) with u replaced by 4.
Let p be the solution to (1.15), the adjoint system. It is then clear that

/Q(?)—yd)(y—z?)dwZ/QVﬁ-V(y—g))dx:/wﬁ(u—a)d:c.

Consequently, (1.18) is equivalent to (1.16). This proves that the optimality system
(1.14) — (1.16) must hold. O

REMARK 1.3. In this particular case, we also have the reciprocal or theorem 1.2:
If & € Uaq and there exist § and p such that (1.14) — (1.16) holds, then 4 is the
unique solution to Problem P1. O

It is usual to say that p is the adjoint state associate to the optimal control .
In fact, in view of the previous argument, for each u € U,q , we have

(J'(u),v) = /(ap—i—bu)vdx Vo € Una , (1.19)
where p is the adjoint state associate to u, i.e. the solution to
—Ap=y—ya in Q,
{ p=20 on I (1.20)

This provides a very useful technique to compute the derivative J'(u) for a
given u. From the practical viewpoint this is very important, since a method to
compute J'(u) permits the use of descent methods in order to determine the optimal
control .

QUESTION 2. The optimality system in theorem 1.2 suggests the following it-
erative method for the computation of u:

Ay =u""11, in Q,
{ =0 on T (1.21)
—Ap" =y"—ya in Q,
{ =0 on T (1.22)
/(ap” +ou")(u—u")dr >0 Yu € Uag. (1.23)

What can be said on the convergence of these iterates?

QUESTION 3. In view of (1.19) — (1.20), how can we apply (for instance) the
fized-step gradient method to produce a sequence {u™} of controls converging to the
optimal control u? What about the optimal-step gradient method? What about the
fized-step and optimal-step conjugate gradient methods?

The previous ideas can be generalized in several directions. We will present
a generalization involving nonlinear elliptic state systems and nonquadratic cost
functionals.

Thus, let us introduce the system

Ay+ f(y) =1lpu in
{ - oL (1.24)
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where A is a linear second order partial differential operator given by
2 2
d dy dy
==Y o (a2 ) + bt veay (2)
7,j=1 j=1
and f: R~ R is (for instance) a nondecreasing C! function satisfying
|f(s)| < C(1+]s]) VseR, (1.26)
We will assume that the coefficients a;; , b; and c satisfy:
aij,bi,CELOO(Q), CZO7
2
> ai(2)&é > alé]’ VEER® ae.inQ, a>0.

ij=1

(1.27)

For each u € L*(w), the corresponding system (1.24) possesses exactly one
solution y € H(2). Let Unpg C L?(w) be a family of admissible controls. We will
now set

J(u) = /QF(x,y(x),u(x)) dr  Yu € Uaa , (1.28)

where F' = F(x, s,v) is assumed to be a Carathéodory function, defined for (z, s,v) €
Q2 xR x R. We consider the following generalization of Problem P1:

PROBLEM P1: To find @ € Uyaq such that J(4) < J(u) for all
u € Una , where J is given by (1.24),(1.28).
Among all possible results that can be established in this context, let us indicate
the following, that has been taken from [16]:

THEOREM 1.4. Assume that Unq is a closed convex subset of L?*(w). Also,
assume that F' is of the form

F(x,s,v) = Fy(z,s) + Fi(z,v) 1,(x),
where Fy and Fy are Carathéodory functions satisfying:
Fo(,5)] < C(1L+[s?) ¥(,5) € D xR,
alv|* < Fi(z,v) < C(1+ [v]?) V(z,v) Ew xR, a>0, (1.29)
Fi(x,-) is convex for each x € w.

Then Problem P1’ possesses at least one solution .

The proof relies on arguments similar to those above but technically more
involved. Tt will not be given here; see [16] for the details.

QUESTION 4. What can be said if, in (1.29), we have a = 0%
Notice that, in the previous result, the convexity hypothesis on Fj(z,-) is es-
sential. Indeed, let us consider the particular case in which the state system is

{ —Ay=u in Q,

V= on T, (1.30)

the set Uy,q is
Ug={u e L*Q) :|ul <1 ae. inQ} (1.31)
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and the cost functional is given by

1
J(u) = / (Jul® — 1)2 dx + 5/ ly2de  Yu € Uaqg - (1.32)
Q Q

Then, it can be shown that
inf J(u)=0

UEULq
and however
J(u) >0 Vu € Uy,

whence the optimal control problem associate to (1.30), (1.31) and (1.32) has no
solution.
To end this Subsection, let us recall a result concerning the optimality system
for Problem P1’. We will need the adjoint operator A*, which is given as follows:
2
y 0 Jp
Then, one has:

THEOREM 1.5. Assume that F is as above, that Fy and Fy possess bounded
partial derivatives and, also, that (1.29) is satisfied. Let t be a solution to Problem
P1’. Then there exist § and p such that the following optimality system is satisfied:

Aj+ f@) =il in O,
{ o T (1.34)
OFy A
* A oD — —— 1
A+ [0 = 5 (@g) in O, (1.35)
p=0 on I,
/ <ﬁ+ %(wﬂ) (u—t)de >0 V€ Uu. (1.36)

As before, the method of proof of this result provides an expression for the
derivative J'(u) of J at each u. More precisely, one finds that

OF:
(J'(u),v) = / (p + a—vl(ac,u)) vdr Yv € Uaq, (1.37)
where p is the adjoint state associate to u, i.e. the solution to
JdF,
* / _ Y0 .
p=20 on T

and y is the state, i.e. the solution to (1.24).
For other similar results, see for instance [14] and [17].

QUESTION 5. Is there a way to use the optimality system in theorem 1.5 to
prove a uniqueness result?

QUESTION 6. The optimality system in theorem 1.5 also suggests a “natural”
iterative method for the computation of 4. Which one? What can be said on the
convergence of the iterates?
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QUESTION 7. In view of (1.37) — (1.38), how can we apply gradient and conju-
gate gradient method to produce a sequence of controls that converge to an optimal
control?

3. Control on the coefficients, nonexistence and relaxation

In this Section we assume for simplicity that N = 2 and we consider Prob-
lem P2.

We will try to show the complexity of the problems in which the control is
applied through coefficients in the principal part of the operator. We will first see
that, in general, there exists no solution to this problem.

The following notation is needed. For given o and 8 with «, 8 > 0, let us
denote by A(a, 8) the family of 2 x 2 matrices A with components A;; € L>(12)
such that

A@)E-€>alé)?, (Ax))re-¢> %|§|2 Vé €R? =z ae. in Q. (1.39)

It will be useful to recall the concept of H-convergence, which was introduced by
F. Murat in 1978 (see [84],[85] and [88]):

DEFINITION 1.6. Assume that A™ € A(a, B) for each n > 1 and that A° €
Ala, B). It will be said that A™ H-converges to A° in Q if, for any non-empty open
set O C Q and any g € H=(O), the solution y™ of the elliptic problem

V- (A"@)Vy) =g in O,
{ y=20 on 900, (1.40)
satisfies
y" —y°  weakly in H}(O)
and
A"y — AOVyY  weakly in L?(O),
where ¥ is the unique solution of the problem
=V (A%2)Vy) =g in O,
{ y=20 on 00. (1.41)

It can be seen that the family A(«, ) is closed for the H-convergence. The
following is also true:

THEOREM 1.7. The family A(a, B) is compact for the H-convergence. In other
words, any sequence in A(q, 3) possesses subsequences that H-converge in A(a, 3).

A key point is that we can have all the A" of the form
A" =a"l VYn>1,

while the H-limit A° can have extra-diagonal terms. In fact, explicit examples can
be constructed and, in particular, we can find A° € A(a, 8) and f° € H~1(Q) with
the following two properties:

(a) AY is the H-limit of a sequence of the form a"I, with a"(z) = «a or
a™(z) =0 a.e.
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(b) Let y° be the solution to (1.41) with g replaced by f°. Then there is no
function a with a(z) = a or a(x) = B a.e. such that y° solves (1.5) with
f replaced by £°.

We are now ready to prove that Problem P2 has no solution in general. Let us
take f = f° and yq = y°, where ° is the solution of (1.41) with g replaced by f°.
In view of the properties of A°, it is clear that

ERCEL
(recall that A,q is given by (1.7)). However, in view of the properties of f°, we also
have
j(a) >0 Vae Ayq.

As a consequence, we must modify the definition of optimal material. Note
that minimizing sequences do exist and that, in fact, they “describe” the optimal
behavior. Consequently, it seems natural to adopt a new formulation in which
the limits of minimizing sequences are distinguished material configurations. A
satisfactory strategy consists of introducing a relazed problem.

Relaxation is a useful tool in Optimization. Roughly speaking, to relax an
extremal problem, say (P), is to introduce a second one, denoted by (Q), satisfying
the following three conditions:

(a) (Q) possesses at least one solution.

(b) Any solution to (Q) can be written as the limit (in some sense) of a
minimizing sequence for (P).

(¢) Conversely, any minimizing sequence for (P) contains a subsequence that
converges (in the same sense) to a solution of (Q).

For an overview on the role of the notion of relaxation in control problems,
see [67] and [93]. We will only present here an intuitive and very simple argument
which leads to a relaxed problem for P2.

The main point is to determine the “closure” in A(q, 8) of the family formed
by the matrices of the form al, with a € A,q. The answer is given by the following
result:

THEOREM 1.8. Let Aaq be the family of all A € A(a, B) with the following two
properties:
(a) A(x) is symmetric for x a.e. in Q.
(b) For almost all x, the eigenvalues Ai(x) and Xo(x) of the matriz A(x)
satisfy:
B
a+ B —Aa(x) —
Then, if A is given in A(a, B), one has A € Aaq if and only if A can be written
as the H-limit of a sequence of matrices of the form a™I, with a™ € A.q for all n.

a < A (z) < Ao (z) < B, A1 (). (1.42)

This is proved in [106] (see also [88]). At this respect, it is worth mentioning
that, in a similar N-dimensional situation with NV > 3, the determination of the
set of H-limits of the matrices of the form al with a € A,q is an open problem.

The previous result permits to introduce a new control problem which is nothing
but the relaxation of Problem P2.




“volume-vii” — 2012/3/8 — 12:25 — page 63 — #77

4. OPTIMAL DESIGN AND DOMAIN VARIATIONS 63

Namely, for each A € A,q, let us consider the (relaxed) state system

-V - (A@)VY)=f(z) in Q
{ Y =0 on T (1.43)
and let us set .
k(A) = 5/ Y —yal’dz VA€ Auq. (1.44)
Q

The relaxed problem is then:
PROBLEM P2": To find A e Aug such that k(A) < k(A) for all
A € Auq, where j is given by (1.44).
Indeed, the following can be proved:

THEOREM 1.9. Assume that f € H-Y(Q) and yq € L*(Q) are given. Then,
there exists at least one solution A to Problem P2'. This can be written as the
H-limit of a minimizing sequence for Problem P2. Furthermore, any minimizing

sequence for Problem P2 contains a subsequence that H-converges to a solution of
Problem P2’.

The proof of this result is not difficult, taking into account the definition of
H-convergence and the fact that Aaq is the H-closure of Ay .

From a physical viewpoint, we see that the “generalized” solution to the original
problem is a composite material. In general, it is anisotropic, i.e. /L-j (z) may be

# 0 for i # j.

QUESTION 8. Is it possible to deduce an optimality system for the solutions
to Problem P2'? Which one? Does this optimality system lead to convergent iter-
ates?

QUESTION 9. Is it possible to compute k'(A) easily and use this computation to
apply gradient and/or conjugate gradient methods in the context of Problem P2'?

The reader is referred to [82] and the references therein for more details on
the control of coefficients, the generation of composite materials and other related
topics.

4. Optimal design and domain variations

We will now consider Problem P3.

This is an optimal design problem. The feature is that, now, the control is a
geometric datum in (1.8) (the set B). Accordingly, we have to minimize a function
over a set B,q where there is no vector structure at our disposal. It is thus reasonable
to expect a higher level of difficulty than for other optimal control problems.

As mentioned above, the existence of a solution to Problem P3 is not clear at
all. To simplify our arguments, let us introduce two non-empty open sets Dy and
D1 y with

Dy Ccc Dy CC Q

and let us first assume that B,q is the family of the non-empty closed sets B with
piecewise Lipschitz-continuous boundary that satisfy

DyCc BCDs. (1.45)
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Also, assume that |yoo| is small enough (depending on v and Q). Then, for each
B € B4, the state system (1.8) possesses exactly one solution (y, ) (the pressure
7 is unique up to an additive constant). Consequently, we can assign to B a drag
D(B) =T(B,y), given by (1.9).

In other words, in this case the function B — D(B) is well-defined and Problem
P3 reads:

To find B € Baq such that D(E) < D(B) for all B € Baq -

Let {B"} be a minimizing sequence. For each n > 1, let us denote by y"
the velocity field associated to B™ by (1.8). Then, it is clear that y™ is uniformly
bounded in the H!-norm. More precisely, the extensions-by-zero of 4™ to the whole
domain €, that we denote by 7", are uniformly bounded in H'(Q;R?). We can
thus assume that ™ converges weakly in H!'(Q;R?), strongly in L?(2;R?) and
a.e. to a function §°. This is a consequence of the compactness of the embedding
HY(Q) — L*(Q); see for instance [1].

On the other hand, since {B™} is a sequence of closed sets of 2, we can also
assume that B™ converges in the sense of the Haussdorf distance dg to a closed
set BY. This is a consequence of the fact that the family of closed subsets of € is
compact for dp ; see [25].

At this respect, recall that, when B and B’ closed sets in R?, the Haussdorf
distance dy (B, B’) is given by

du (B, B') = max{p(B, B'), p(B', B)},
where

p(B,B’") =supd(z,B’') and d(z,B’)= inf |z —2a'| forall B and B’
B z'E€B
and a similar definition holds for p(B’, B).

The set B satisfies (1.45). However, the uniform bound in the H! norm does
not give enough regularity for B and it is not clear whether the restriction of §° to
the limit set Q\ BY is, together with some 7%, the solution of (1.8) with B replaced
by B°.

We can overcome this difficulty by introducing a more restrictive family B,gq .

For instance, let us now assume that B,q is the family of the non-empty closed
sets B satisfying (1.45) whose boundaries are uniformly Lipschitz-continuous with
constant L > 0. By this we mean that the boundary 0B of any B € B,q can be
written in the form

OB = {z(0): 0 [0,1]}, (1.46)

where the function 6 — x(0) satisfies 2(0) = 2(1) and is Lipschitz-continuous on
[0, 1] with Lipschitz constant L. Obviously, Baq is non-empty if L is large enough.

It is clear that we can argue as before and find a limit set B® and a vector field
79, defined in . In this particular case, the set B belongs to Ba.q, that is, its
boundary is also of the form (1.46), see [21]. In view of this regularity property for
B, it can also be proved that the restriction of 7° to Q\ B is, together with an
appropriate 7°, the solution of (1.8) with B = BY.

QUESTION 10. How can this be proved?
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Unfortunately, this new definition of the admissible set 5,4 can be too restric-
tive.

Actually, this is a common fact for optimal design problems: either we choose
the apparently natural definition of B.q (and then existence is not known) or we
make it more restrictive (and then the problem can become unrealistic). For more
details on these and other similar results, see [60, 95, 96].

We will now study the behavior of the function B — D(B). Let B be a reference
shape for the body (arbitrary in Baq but fixed). The body variations are described
by a field u = u(z) and we search for a formula of the kind

D(B +u) = D(B) + D'(B;u) + o(u), (1.47)
where the modified fluid domain is
Q\B)+u=Q\(B+u)={zcR*:z=(T+u)(&), E€cQ\ B}

and

o(w)[ullhe =0 as [ufwie — 0.

We are thus led to an analysis of the differentiability of the function u — D(B+u).

A lot of work has been made for the definition and computation of the variations
with respect to a domain of functionals defined through the solutions to boundary
value problems. The reader is referred to [102] and the references therein.

We will recall briefly a variant of a general method introduced by F. Murat
and J. Simon in [86] and [87]!. This is taken from [10]. Notice that some formal
computations of the derivative were previously carried out by O. Pironneau in [94]
(see also [96]), using “normal” variations.

We will choose fields u € W1°°(R?;R?) such that « = 0 on I'. This includes
many interesting situations in which 9(Q \ (B + u)) possesses “corner” points.
Furthermore, the equality v = 0 on I' expresses the fact that the outer boundary
limiting the fluid is fixed.

We will also assume that ||ully1.0 < 7, with 7 being small enough to ensure
that the boundary of Q\ (B + u) is Lipschitz-continuous and also that B + u is
included in a fixed open set D satisfying

Bcc DyccQ

(such a constant 7 > 0 exists, see [10] for a proof).
For the sequel, we introduce

W= {uecWHR*:R?) : |ullwi~<n, u=0o0ndQ}.
Now, we choose g satisfying
V-9g=0, ¢g=ys in a neighborhood of 92, ¢ =0 in a neighborhood of Dy

(such a function g always exists; see for instance [51]). If w € W, one has g = 0 in
a neighborhood of 9B + u. After normalization of the pressure, the Navier-Stokes

IThe general method in [86] and [87] cannot be directly applied to the Stokes and Navier-
Stokes cases. This is due to the incompressibility condition.
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problem in Q\ (B + u) can be written as follows:

—vAy(u) + (y(u) - V)y(u) +au)=0, V-yu)=0 inQ\ (B+u),
y(u) —g € Hy(Q\ (B +u);R?),

m(u) € L2\ (B +u)), /Q\B m(u) o (I +u)dr = 0.

(1.48)
The drag associated to B 4+ u can be defined and is given by
D(B+4u) =T(B +u,y(u)) = 21// |Dy(u)|? d, (1.49)
Q\(B+u)

where Dy(u) = 2 (Vy(u) + Vy(u)?).
Under these conditions, it is proved in [10] that the equality (1.47) is satisfied,
with the first order term D’(B;u) given by

D'(B;u) = 4v Dy- (Dy(u) — E(u,y) + %(V : u)Dy) dx.
Q\B
Here, we have introduced the following notation:

(a) (y(u),7(u)) is the unique solution to the linear problem
—vAG(u)+(y-V)g(u) + (§(u)-V)y + 7 (u) = Glu,y,7), V-j(u) =0 in Q\ B,
§(u) € Hy(2\ B;R?),

7(u) € L2\ B), / r(u) dw = 0,
Q\B
where
G(u,y,m) = —vA((u-V)y) + (((u- V)y) - V)y + (y- V)((u- V)y) + V(u- V).
(b) E(u,y) is the 2 x 2 tensor whose (i, j)-th component is given by
1 Ouy, Oy;  Ouy Oy,
Eij(u,y)—z< £V p b Y )

2 - Ox; Ox),  Ox; Oxy,

(¢) y =y(0) and 7 = 7(0), i.e. (y,7) is the solution to (1.48) for u = 0.
It can also be proved that, if B and 2 are W?2° domains and u € W2 (R?; R?),
then y € H?(Q;R?), 7 € HY(Q) and
- ow Oy dy
D'(B;u) = ).y n)d 1.50
= [ (Ge- ) S mas, (1.50)
with (w, q) being the unique solution to the “adjoint” problem
—I/AwiJij 0iy; wj—zjyj(?jwiJraiq:—Ql/Ayi (1<i<2), V-w=0,
w e HY(Q\ B;R?) N H2(Q\ B;R?),
ge H(Q\ B), / qdx =0,
O\B
(1.51)

Notice that, in order to compute the derivative of the drag in several direc-
tions u, it is interesting to use the identity (1.50). Indeed, it suffices to solve (1.8)
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and (1.51) only once. Then, to determine D’(B; u) for a given u, we will only have
to compute one integral on 0B.

QUESTION 11. Assume that Baq is the family of the non-empty closed sets B
satisfying (1.45) whose boundaries are uniformly Lipschitz-continuous with Lips-
chitz constant L. How can (1.50) be used to produce a sequence {B™} “converging”
to a solution to Problem P3?

To end this Section, let us state another result from [10]:

THEOREM 1.10. There exists a > 0 such that, if |yso| < av, then v — D(B+u)
is a C°° mapping in the set W.

One can also obtain expressions for the derivatives of higher orders. This
must be made with caution; indeed, D”(B;-,-) (i.e. the second derivative at 0 of
u— D(B +u)) does not coincide with (D’(B;-)’;-) (i.e. the derivative at 0 of the

mapping u — D' (B + u;-)), see [101].

5. Optimal control for a system modelling tumor growth

This Section deals with Problem P4. For simplicity, we will assume that the
functions f, h, F and H are given by (1.11), where p, m, R and M are positive
constants. We will also assume that the initial data in (1.10) satisfy:

co, o € L=(Q) N Hy(Q), o, B0 20,
For each v € L?(w x (0,T)) with v > 0, there exists at least one solution (c, 3)
to (1.10), with
dc  d%c

cel (Q)a Ctva_wiaaxiaxj

€ L*(Q)
and the same properties for [.
QUESTION 12. Why is this true? What about uniqueness?
Then the following results can be proved:

THEOREM 1.11. Assume that Vaq is a non-empty closed convex set of L*(w)
and all v € Vaq satisfy v > 0. Then Problem P4 possesses at least one solution.

THEOREM 1.12. Let the assumptions of theorem 1.11 be satisfied and let u be
a solution to Problem P4. Then there exists (¢,[5) and (p,7) such that

& — V- (D@)Ve) =pé—Ref in Q=0x(0,T),
By —puAB =—mpB—MéeB+vl, i Q=Qx(0,T),

c=0 on X =00x(0,T),

. (1.52)
p=0 on X =00x(0,T),

é(x,0) = co(x) in  Q,

Bz, 0) = Bo(x) m €,
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—pe — V- (D(x)Vp) = pp — RBp— MBiy in Q=9 x(0,7),
—0e — pAH) = —mn — Rép — Mén in  Q=Qx(0,T),
13:0 on X =00x(0,T), (1.53)
=20 on Y =00x(0,T),
B, T) = (a2, T) in o
(2, T) = in  Q,
// (ap 4+ b)) (u — @) dxdt >0 Yu € Vaq. (1.54)
wx(0,T)

For the proofs, the arguments are not too different from those in Section 2.
Again, it is common to say that (p,7) is the adjoint state associate to the
optimal control 4. Also,

(J'(u),v) = // o T)(ap—i— bu)vdedt Yo € Vaq, (1.55)
wx (0,

where (p,n) is the adjoint state associate to w, i.e. the solution to

—pt =V (D(@)Vp) =pp— RBp—MpBn in Q=Qx(0,T),
—ny — pAn = —mn — Rep — Mcen in Q@=Qx(0,7),
p=0 on X =00x(0,T),
n=20 on X =00x(0,T),
p(z,T) = c(x,T) in  Q
n(x,T) =0 in Q.

Once more, this provides very useful techniques to compute, for any control u,
the associate J'(u).

QUESTION 13. Can the optimality system in theorem 1.12 be used to prove a
uniqueness result for Problem P47

QUESTION 14. Again, a “natural” iterative method for the computation of 4 is
suggested by the optimality system in theorem 1.12. Which is this method? What
can be said on the convergence of the iterates?

QUESTION 15. How can we apply gradient and conjugate gradient method to
produce a sequence of controls that converge to an optimal control in he context
of Problem P4°¢

This optimal control problem has been solved numerically in [28]; more results
will be given in a forthcoming paper.
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CHAPTER 2

Controllability of the linear heat and wave PDEs

This Lecture is devoted to the controllability of some systems governed by linear
time-dependent PDEs. I will consider the heat and the wave equations. I will try
to explain which is the meaning of controllability and which kind of controllability
properties can be expected to be satisfied by each of these PDEs. The main related
results, together with the main ideas in their proofs, will be recalled.

1. Introduction

Let us first make some very general considerations on the following abstract

problem:
{ yr — Ay = Bv, te(0,T),
y(0) =1,

where A and B are linear operators, v = v(t) is the control and y = y(t) is the
state.

For fixed T' > 0, we choose 3° and y! in the space of states (the space where y
“lives”) and we try to answer the following question:

(2.1)

QUESTION 1. Can one find a control v such that the solution y associated to v
and y° takes the value y* att =T ?

This is an ezact controllability problem. The control requirement y(7) = y!

can be relaxed in various ways, leading to other notions of controllability.

Of course, the solvability of problems of this kind depends very much on the
nature of the system under consideration; in particular, the following features may
play a crucial role: time reversibility, regularity of the state, structure of the set of
admissible controls, etc.

The controllability of partial differential equations has been the object of in-
tensive research since more than 30 years. However, the subject is older than that.
In 1978, D.L. Russell [99] made a rather complete survey of the most relevant re-
sults that were available in the literature at that time. In that paper, the author
described a number of different tools that were developed to address controllability
problems, often inspired and related to other subjects concerning partial differential
equations: multipliers, moment problems, nonharmonic Fourier series, etc. More
recently, J.-L. Lions introduced the so called Hilbert Uniqueness Method (H.U.M.;
see [77, 78]). That was the starting point of a fruitful period for this subject.

It would be impossible to present here all the important results that have been
proved in this area. I will thus only consider some model examples where the most
interesting difficulties are found.

69
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Several important related topics, like numerical computation and simulation in
controllability problems, stabilizability, connections with finite dimensional control-
lability theory, etc. have been left out. However, some useful references for these
issues have been included; see [23, 24, 57, 58, 59, 111].

2. Basic results for the linear heat equation

Let @ C RY be a bounded domain (N > 1), with boundary I' of class C2.
Let w be an open and non-empty subset of 2. Let T > 0 and consider the linear
controlled heat equation in the cylinder @ = Q x (0,7):

ye—Ay=vl, in Q,
y=0 on X, (2.2)
y(z,0) =¢y°(x) in Q.

In (2.2), ¥ = T x (0,7) is the lateral boundary of @, 1, is the characteristic
function of the set w, y = y(x,t) is the state and v = v(x,t) is the control. Since v
is multiplied by 1,,, the action of the control is limitted to w x (0,T).

We assume that y° € L?(Q) and v € L?(w x (0,7)), so that (2.2) admits a
unique solution

y € C°([0, T; L*(Q)) N L*(0, T Hy (2)).
We will set R(T;9°) = {y(-,T) :v € L*(w x (0,7)) }. Then:
(a) It is said that system (2.2) is approxzimately controllable (at time T') if
R(T;y°) is dense in L2(2) for all 4° € L?(Q).
(b) It is said that (2.2) is ezactly controllable if R(T;y°) = L?*(Q) for all
y° € L*(Q).
(c) Finally, it is said that (2.2) is null controllable if 0 € R(T;y°) for all
Y0 € L2(Q).

It will be seen below that approximate and null controllability hold for every
non-empty open set w C ) and every T > 0.

On the other hand, it is clear that exact controllability cannot hold, except
possibly in the case in which w = €. Indeed, due to the regularizing effect of the
heat equation, the solutions of (2.2) at time ¢ = T are smooth in Q \ @. Therefore,
if w# Q, R(T;y°) is strictly contained in L?(Q2) for all y° € L?(1).

Our first remark is that null controllability implies that the whole range of
the semigroup generated by the heat equation is reachable too. Let us make this
statement more precise.

Let us denote by S(t) the semigroup generated by the heat equation (2.2)
without control, i.e. with v = 0. Then, if null controllability holds, it follows that
for any y° € L?(Q2) and any y' € S(T)(L*(Q)) there exists v € L?(w x (0,T)) such
that the solution of (2.2) satisfies y(z,T) = y'(x). In other words,

S(T)(L*(Q) € R(T3y°) Wy° € L*(Q).
QUESTION 2. Why is this true?

The space S(T)(L?(€2)) is dense in L?(Q). Therefore, null controllability implies
approximate controllability. Observe however that the reachable states we obtain
by this argument are smooth, due to the regularizing effect of the heat equation.
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Notice that proving that null controllability implies approximate controllability
requires the use of the density of S(T)(L?(Q2)) in L?(Q2). In the case of the linear
heat equation this is easy to check developing solutions in Fourier series. However,
if the equation contains time or space-time dependent coefficients, this is true but
not so immediate. In those cases, the density of the range of the “semigroup”, can
be reduced by duality to a backward uniqueness property, in the spirit of J.-L. Lions
and B. Malgrange [81].

Our first main result is the following:

THEOREM 2.1. System (2.2) is approzimately controllable for any non-empty
open set w C Q and any T > 0.

PRrROOF. This is an easy consequence of Hahn-Banach theorem. For complete-
ness, we will reproduce the argument here.

Let us fix w and T' > 0. Then, it is clear that (2.2) is approximately controllable
if and only if R(T’;0) is dense in L?(2). But this is true if and only if any ¢° in the
orthogonal complement R(T;0)* is necessarily zero.

Let ¢° € L%(Q) be given and assume that it belongs to R(T;0):. Let us
introduce the following backwards in time system:

—Pt — ASD =0 in Q7
=0 on X, (2.3)
oz, T)=¢(x) in Q.

Then, if v € L?(w x (0,7T)) is given and y is the solution to (2.2) with y° = 0, we

have
// pvdrdt = / 2 (x)y(x, T) dx = 0.
wx(0,T) Q

Consequently, approximate controllability holds if and only if the following unique-
ness property is true:
If ¢ solves (2.3) and ¢ = 0 in w X (0,T"), then necessarily ¢ =0,
: 0 _
t.e. ¢ = 0.
But this is a well known uniqueness property for the heat equation, a conse-
quence of the fact that the solutions to (2.3) are analytic in space.
This proves that approximate controllability holds for (2.2). (]

Following the variational approach in [80], we can also determine the way the
“good” control can be constructed. First of all, observe that it is sufficient to
consider the particular case y° = 0. Then, let us fix y* € L?(Q) and ¢ > 0 and let
us introduce the following functional on L?(Q):

1
L) =5 [ lePdsdireltln - [ Ptdn 4
wx(0,T) Q

where for each ¢ we have denoted by ¢ the solution to the corresponding prob-
lem (2.3).

The functional J. is continuous and strictly convex in L?*(Q). On the other
hand, in view of the unique continuation property above, it can be proved that

JS(‘PO)
1mi 0
0l 2—o0 [0 L2

(2.5)
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Hence, J. admits a unique minimizer ¢° in L*(2). The control u = @]y, (0,7) ;
where ¢ solves (2.3) with ¢¥ as final data is such that the solution of (2.2) (with
y? = 0) satisfies

ly(.T) = y'llze <e. (2.6)

QUESTION 3. Why is (2.5) true? How can we prove (2.6) for this control?

With a slight change in the definition of J. , we are also able to build bang-bang
controls. Indeed, it suffices to consider the new functional

2

~ 1

Ja(gpo) =5 <// |<p|d1:dt> +€H<p0||L2 —/ Oyt da. (2.7)
wx(0,T) Q

Then J. is continuous and convex in L2(2) and satisfies the coercivity property
(2.5) too.
Let ¢° be a minimizer of J. in L?(Q2) and let ¢ be the corresponding solution

of (2.3). Let us set
u= < I el dt) 18 o 0.1 (2.8)
wx(0,T)

where sgn is the multivalued sign function: sgn(s) = 1 if s > 0, sgn(0) = [—1,1]
and sgn(s) = —1 when s < 0. Again, the control u given by (2.8) is such that the
solution to (2.2) with zero initial data satisfies (2.6).

Due to the regularizing effect of the heat equation, the zero set of nontrivial
solutions of (2.3) is of zero (n + 1)—dimensional Lebesgue measure. Thus, the
control u in (2.8) belongs to L°°(Q) and is of bang-bang form, i.e. u = £\ a.e. in

w x (0,T), where
A= // 16| da dt.
wx(0,T)

In fact, it can be proved that « minimizes the L°°-norm in the set of all controls
such that (2.6) is satisfied (we refer to [31] for a proof of this assertion).

Following [110], we can improve the previous argument and show that, for
any w, any T > 0 and any finite-dimensional subspace E C L?(Q2), (2.2) is E-
approximate controllable. This means that, for arbitrary 4%, y' € L?(Q) and any
£ > 0, there exists a control v € L?(w x (0,T)) such that the corresponding solution
to (2.2) satisfies:

ly(.T) = y'llee <&, 7r(y(-T)) =7e(y"). (2.9)
Here, 7 : L2(2) — E stands for the usual orthogonal projector on E.
Indeed, it suffices to modify J. (or J.) and use instead the functional JZ | where

1
JE(0) = 1 / / (9[ dz dt + | (I — 7)¢° 12 — / Lylde.  (2.10)
2 ) Juxo,1) Q

As before, JE is continuous, strictly convex and coercive in L%(Q). Once again,
let us denote by ¢ its unique minimizer and let us set u = @lwx(o,ry - Then the
associate state satisfies (2.9).

QUESTION 4. Which is in this case the argument leading to (2.9)¢ Is the
hypothesis “E is finite-dimensional” essential?
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Let us now analyze the null controllability of (2.2).

The null controllability property for system (2.2), together with a L2- estimate
of the control, is equivalent to the following observability inequality for the adjoint
system (2.3):

(-, 0)]2: < C// o lp|?dedt V' € L3(Q). (2.11)
wXx (0,

QUESTION 5. Which is the proof of this assertion?

Due to the regularizing effect of the heat equation, the norm in the left hand
side of (2.11) is very weak. However, the irreversibility of the system makes (2.11)
difficult to prove. For instance, multiplier methods do not apply in this context.

Thus, we see that the approximate (resp. null) controllability of (2.2) is related
to the unique continuation property (resp. the observability) of (2.3).

Historically, it seems that the first null controllability results established for
the heat equation involved boundary controls. They were given in [99] in the
one-dimensional case, using moment problems and classical results on the linear
independence in L?(0,7") of families of real exponentials. Later, in [100], a deep
general result was proved. Roughly speaking, the following was shown:

If the wave equation is controllable for some T' > 0 with controls
supported in w, then the heat equation (2.2) is null controllable
for every T > 0 with controls supported in w.

In view of the controllability results in Section 3, according to this principle,
it follows that the heat equation (2.2) is null controllable for all T' > 0 provided w
satisfies a specific geometric control condition. However, this geometric condition
does not seem to be natural in the context of the heat equation and, therefore, this
result is not completely satisfactory.

More recently, the following was shown by G. Lebeau and L. Robbiano [70]:

THEOREM 2.2. System (2.2) is null controllable for any non-empty open set
w CQ and any T > 0.

SKETCH OF THE PROOF. A slightly simplified proof of this result was given
in [74]. The main ingredient is an observability estimate for the eigenfunctions of
the Dirichlet-Laplace operator:

{ 7ij = )\jwj in Q

w; =0 on Of. (212)

Recall that the eigenvalues {);} form a nondecreasing sequence of positive
numbers such that A\; — oo as j — oo and the associated eigenfunctions {w,} form
an orthonormal basis in L2((2).

The following holds:

Let Q € RY be a bounded smooth domain. For any open set
w C , there exist positive constants C1,Cy > 0 such that

2
Z la;|? < CreC2vE / ‘ Z ajwj(x)‘ dx (2.13)
AjSp “oN<n

whenever {a;} € €* and p > 0.
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This result was implicitly used in [70] and is proved in [74]. A consequence is
that the observability inequality (2.11) holds for the solutions to (2.3) with initial
data in

E, =span{g;: \j <pu},
the constant being of the order of exp (C \/ﬁ)

This shows that the projection on E,, of the solution of (2.3) can be controlled
to zero with a control of size exp (C\/ﬁ) Thus, when controlling the frequencies
A; < p, one increases the L?-norm of the high frequencies A; > p by a multiplicative
factor of the order of exp (C \/ﬁ)

However, it was observed in [70] that any solution of the heat equation (2.2)
with v = 0 such that the projection on E,, of y(-,0) vanishes decays in L?(f2) at a
rate of the order of exp(—put).

Consequently, if we divide the time interval [0,7] in two parts [0,7'/2] and
[T'/2,T], we control to zero the frequencies A\; < p in the interval [0,7/2] and then
allow the equation to evolve without control in the interval [T'/2,T1, it follows that,
at time ¢t = T, the projection of the solution y over F, vanishes and the norm of
the high frequencies does not exceed the norm of the initial data.

This argument allows to control to zero the projection over £, for any p > 0,
but not the whole solution. To do that, an iterative argument is needed. Thus,
we decompose the interval [0,7) in disjoint subintervals of the form [T}, Tj41) for
j € N, with a suitable choice of the sequence {7};}. In each interval [T}, T} 1], we
control to zero the frequencies Ay < 2j. By letting j — oo, we obtain a control
v € L*(w x (0,7T)) such that the solution of (2.2) satisfies

y(@,T) = 0. (2.14)
O

Once it is known that (2.2) is null controllable, one can obtain the control with
minimal L2-norm satisfying (2.14). It suffices to minimize the functional

//MX(OT)dedH/( 0)° () dx

H = { " : the solution ¢ of (2.3) satisfies // o lo|* do dt < oo}

over the Hilbert space

As a consequence of this theorem, we also have the null boundary controlla-
bility of the heat equation, with controls in an arbitrarily small open subset of the
boundary. See [70] for more details.

QUESTION 6. Why does theorem 2.2 imply null boundary controllability?

The previous controllability results also hold for linear parabolic equations with
lower order terms depending on time and space.
For instance, the following system can be considered:

— Ay +alz,t)y=vl, in Q,
y=0 on X, (2.15)
y(z,0) = y°(z) in Q.
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Here, we assume that a € L*°(Q). In this case, the adjoint system is

—pr —Ap+a(z,t)p=0 in Q,
=0 on X, (2.16)
o2, T) = () n o

Again, the null controllability of (2.15), together with a L?- estimate of the
control, is equivalent to an observability inequality. Hence, in order to obtain a null
controllability result for (2.15), what we have to do is to prove the estimate (2.11)
for the solutions to (2.16).

The controllability properties of systems of this kind have been analyzed by sev-
eral authors. Among them, let us mention the work of A.V. Fursikov and O.Yu. Ima-
nuvilov (for instance, see [19, 45, 46, 47, 48, 64]; more complicate linear heat
equations involving first-order terms of the form B(x,t) - Vy have recently been
considered in [66]). Their approach to the controllability problem is different and
more general than the previous one and relies on appropriate (global) Carleman
inequalities.

A general global Carleman inequality is an estimate of the form

// p 2 p|* drdt < C// 02 |p|? dx dt, (2.17)
Qx(0,T) wx(0,T")

where p = p(z,t) is continuous, strictly positive and bounded from below. For an
appropriate p that depends on 2, w, T"and ||a|[ (¢ , it is possible to deduce (2.17)
and, consequently, also estimates of the form

// |p|? ddt < C// |p|? duz dt. (2.18)
Qx(T/4,3T/4) wx (0,T)

This, together with the properties of the solutions of (2.16), leads to (2.11) and,
therefore, implies the null controllability property for (2.15); see also [26, 43, 66]
for some improved estimates.

QUESTION 7. How can (2.11) be proved from (2.18)¢

Thus, at present we can affirm that, as in the case of the classical heat equation,
(2.15) is both approximately and null controllable for any w and any 7' > 0. Once
more, null controllability implies approximate controllability for (2.15); this has
been shown in [43].

An interesting question analyzed in [43] deals with explicit estimates of the cost
in L?(Q) of the approximate, E-approximate (E is a finite-dimensional space) and
null controllability of (2.15).

For instance, let us recall the results concerning the costs of approximate and
null controllability. In the remainder of this Section, it will be assumed that C' is a
generic positive constant that only depends on 2 and w.

Let us consider the linear state equation (2.15), where a € L*°(Q). For each
y? € L2(Q), y' € L?(Q) and € > 0, let us introduce the corresponding set of
admissible controls

Uasa(y°,y'5e) := {v € L*(Q) : the solution of (2.15) satisfies (2.6) } (2.19)
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and the following quantity, which measures the cost of approzimate controllability
or, more precisely, the cost of achieving (2.6):

C(yO, yl; 5) = vel,{adi(r;f‘;,yl;s) H’UHLQ(Q) . (2.20)

Then, the question is: can we obtain “explicit” upper bounds for C(y°, y';)?
Taking into account that system (2.15) is linear, one can assume, without loss
of generality, that 3 = 0. Indeed,
Cy’,y'e) =C(0,2%¢), (2.21)
where z! = y' — 2(-,T) and z is the solution of (2.15) with v = 0.
Let us denote by ||+||oo the usual norm in L°(Q). Then the following is satisfied:

THEOREM 2.3. For any y' € H>(Q) N H}(Q), e > 0,T >0 and a € L>(Q),
one has:

1 al|sollyt | 2+ Ayt 2
0.5%se)<exp|C| o 7 + Tl a4 L=l el S e .
(2.22)
Notice that (2.22) is only of interest when
[Ay!] L2
—_— > ,
N ©

with A; being the first eigenvalue of the Dirichlet Laplacian —A. Otherwise, we
would have |[yt||z> < € and then, taking v = 0 in (2.15) for 4° = 0, we would
trivially obtain y = 0 and
ly(T) =yl <e.

In other words,
Ayt L2

A1

Furthermore, if instead of assuming y' € D(—A) = H} () N H?(Q2) we assume
that y' € D((—A)"/2) with 0 < v < 2, other estimates similar to (2.22) can be
established. See [43] for the details.

For the proof of (2.22), we first have to obtain sharp bounds on the cost of
controlling to zero. Recall that (2.16) is the adjoint system of (2.15). Then we have
the following explicit observability estimate:

C(0,y'e) =0 if <e

LEMMA 2.4. For any solution of (2.16) and for any a € L>(Q), one has
1
o 03 < oo (€ (1 2+ Thall + 10122)) [[ ol aar. 229
T wx(0,T)

The proof of (2.23) relies on global Carleman inequalities as in [47], but paying
special attention to the constants arising in the integrations by parts. Once (2.23)
is known, (2.22) can be proved easily.

QUESTION 8. How can (2.22) be proved from (2.23)¢

As we have already seen, (2.23) implies the null controllability of (2.15). But it
also provides an estimate for the associated cost C(y°,0). More precisely, one has:
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THEOREM 2.5. For each y° € L?(Q), the set Uaq(y",0) is non-empty. More-
over, the associated cost C(y°,0) satisifes:

1
.0 < exp (€ (14 3+ Tl + 12 ) ) 1501z (220)

QUESTION 9. How can (2.24) be proved from (2.23)¢

In the particular case in which a = Const, (2.22) can be improved. More
precisely, we can obtain a bound of the cost of approximate controllability of the
order of exp(1/+/€). Furthermore, it can be proved that this estimate is optimal in
an appropriate sense; see [43] for the details.

REMARK 2.6. We can be more explicit on the way the constants C' in (2.22)
and (2.24) depend on Q and w: there exist “universal” constants Cp > 0 and m > 1
such that C' can be taken of the form

C = exp(Col[¢lle2)

where 1) € C?(Q) is any function satisfying 1 > 0 in , ¢ = 0 on 9 and Vi # 0
in 2\ w. All this is a consequence of the particular form that must have p in order
to ensure (2.17). O

The results of this Section can be extended to more general equations of the
form
yr — Ay + V- (yB(z,t)) + a(z, t)y =vl, in Q,
y=0 on X, (2.25)
y(@,0) =y°() i Q
where a € L>(Q) and B € L>=(Q;RY).
To do that, it is sufficient to obtain suitable observability estimates for the
solutions of adjoint systems of the form
—pr — Ap — B(z,t) - Vo+alz,t)p =0 in @,
=0 on X, (2.26)
o(x,T) = ¢°(x) in Q.

More precisely, we can deduce that

1
it 0) s <exp (€ (14 7+ el lal 20+ 721BI)) [ ol o
T wx(0,T)

(2.27)
for any solution of (2.26) and for all a € L*°(Q), B € L>=(Q;RY). Then, arguments
similar to those above lead to an estimate of the cost of approximate controllability.

The situation is more complicate when the state equation is of the form
ye — Ay + B(z,t) - Vy+alz,t)y=0 in Q
y=0 on X (2.28)
y(z,0) = % () in Q.

Indeed, if B is only assumed to be in L>(Q;R"), the adjoint systems take the form

—pt = Ap =V (pB(x,1)) +a(z, t)p=0 in Q
=0 on X, (2.29)
oz, T) = °(z) in 0
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and, therefore, the usual Carleman inequalities do not suffice. These questions have
been considered and solved in [26], using some ideas from [66]. We omit the details.

To end this Section, let us make some comments on the convergence rate of
algorithms devised to construct “good” controls.

It is rather natural to build approximate controls by penalizing a suitable opti-
mal control problem. This has been done systematically, for instance, in the works
by R. Glowinski [55] and R. Glowinski et al. [56]. This method has also been used to
prove the approximate controllability for some linear and semilinear heat equations
in [79] and [33], respectively.

Let us briefly describe the procedure in the case of the linear heat equation.
First of all, without loss of generality, we set y° = 0. Given y' € L?*(Q), we
introduce the functional Fj , with

1 k
Fr(v) = 5 // lo|dedt + =|ly(-,T) —y'||2. Vo e L*(w x (0,7)), (2.30)
2 ) Juxo,1) 2

where y is the solution of (2.2) with y° = 0.
It was proved in [79] that F), has a unique minimizer v, € L*(w x (0,7T)) for
all k > 0 and that the associated states y;, satisfy

yr(-,T) — y* in L2(Q) as k — oo. (2.31)

In view of (2.31), in order to compute a control satisfying (2.6), it suffices to
take v = vy, for a sufficiently large k = k().

Using the results above, it is easy to get explicit estimates of the rate of con-
vergence in (2.31) (we refer to [43] for the details of the proof):

THEOREM 2.7. Under the previous conditions, there exists C > 0 such that

LT — 4t < 2.32
lye (-, T) yH_logk (2.32)
and
OVEk
Al 72 < 2.
lvkllz2(@) < Tog k (2.33)
as k — oo.

QUESTION 10. How can (2.32) and (2.33) be proved?

Notice that (2.32) provides logarithmic (and therefore very slow) convergence
rates. This fact agrees with the extremely high cost (exponentially depending on
1/¢) of approximate controllability.

The methods of this Section can also be applied to obtain estimates on the cost
of controllability when the control acts on a non-empty open subset of ).

3. Basic results for the linear wave equation

Let us now consider the linear controlled wave equation

Yt — Ay = vl in @,
y=0 on X, (2.34)
y(z,0) =y°(x), wi(2,0)=y'(x) n Q.
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In (2.34), we have used the same notation as in Section 2. Again, y = y(x,t) is
the state and v = v(x,t) is the control. For any (y°,y') € H}(Q) x L?(Q2) and any
v € L*(w x (0,7)), (2.34) possesses exactly one solution y € C°([0,T]; Hi(Q)) N
CH([0,T; L2(%).

Roughly speaking, the controllability problem for (2.34) consists on describing
the set of reachable final states

R(T;y%y") = { (y(,T), (-, T)) 1 v € L*(w % (0,7)) }.

As in the case of the heat equation, we may distinguish several degrees of
controllability:

(a) Tt is said that (2.34) is approzimately controllable at time T if R(T;y°, y')
is dense in H}(Q) x L2(Q) for every (y°,y') € H}(Q) x L*(Q).

(b) Tt is said that (2.34) is exactly controllable at time T if R(T;y" y') =
H} () x L3(Q) for every (y°,y1) € HLH(Q) x L*(Q).

(c¢) Finally, it is said that (2.34) is null controllable at time T if (0,0) €
R(T5(y%y")) for every (y°,y') € Hg(Q) x L*(Q).

The previous controllability properties can also be formulated in other function
spaces in which the wave equation is well posed.

Since we are now dealing with solutions to the wave equation, for any of these
properties to hold, the control time 7" has to be sufficiently large, due to the finite
speed of propagation. On the other hand, since (2.34) is linear and reversible in
time, null and exact controllability are equivalent notions. As we have seen, the
situation is completely different in the case of the heat equation.

QUESTION 11. Why do we need large T for any kind of controllability of the
wave equation? Why are null controllability and exact controllability equivalent
properties?

Clearly, every exactly controllable system is approximately controllable too.
However, (2.34) may be approximately but not exactly controllable.

Let us now briefly discuss the approzimate controllability problem for the wave
equation.

Again, it is easy to see that approximate controllability is equivalent to a specific
unique continuation property. More precisely, let us introduce the adjoint system

o — Ap =0 in Q,
=0 on X, (2.35)
@(zaT> = @O(z% @t(va) = @1(1') in Q.

Then, (2.34) is approximately controllable with controls that depend continously
on the data if and only if the following unique continuation property is fulfilled:

If ¢ solves (2.35) and ¢ = 0 inw x (0,T), then necessarily ¢ =0,
i.e. (09, 0') =(0,0).
In fact, that the previous uniqueness property implies approximate controlla-
bility can be checked at least in two ways:

(a) Applying the Hahn-Banach theorem; see [78].
(b) Using the variational approach developed in [80)].
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Both approaches have been considered in the context of the heat equation.
They will not be revisited here, for reasons of space.

QUESTION 12. Which are the detailed arguments?

In view of a well known consequence of Holmgren’s uniqueness theorem, it
can be easily seen that, for any non-empty open set w C €2, the previous unique
continuation property holds if T" is large enough (depending on  and w). We refer
to Chapter 1 in [78] and [18] for a discussion on this problem.

Therefore, the following result holds:

THEOREM 2.8. Let w C € be a non-empty open set. There exists T1 > 0,
only depending on Q and w, such that, for any T > Ty, the linear system (2.34) is
approximately controllable at time T .

When approximate controllability holds, the following (apparently stronger)
property is also satisfied:

Let E be a finite dimensional subspace of H(Q2) x L*(Q) and
let us denote by 7g : HE(Q) x L?(Q) — E the corresponding
orthogonal projector. Then, for any (y°,y'), (2°,21) € H} () x
L2(Q) and any € > 0, there exists v € L*(w x (0,T)) such that
the solution of (2.34) satisfies

H(y(’ T) - zO, yt('a T) - Zl)HHéXL2 <e, WE(y('a T)a yt('a T)):T‘-E(Zoa Zl)' (236)

In other words, if 7" > 0 is large enough to ensure approximate controllability,
for any finite dimensional subspace E C H(} (2) x L?(2) we also have E-approximate
controllability.

QUESTION 13. Why does approzimate controllability imply E-approzimate con-
trollability for any finite-dimensional space E C H(2) x L*(Q)?

The previous results hold for wave equations with analytic coefficients too.
However, the problem is not completely solved in the frame of the wave equation
with lower order potentials a € L*(Q) of the form

Yy — Ay + a(z, t)y = vl, in Q.

We refer to [3, 98, 105] for some deep results in this direction.

Let us now consider the exact controllability problem.

It was shown by J.-L. Lions in [78] using the so called H.U.M. that exact
controllability holds (with controls v € L?(w x (0,7T))) if and only if

o0 u O <€ [ oo (27
wx(0,T)

for any solution ¢ to the adjoint system (2.35).

This is an observability inequality, playing in this context the role played
by (2.11) in Section 2. It provides an estimate of the total energy of the solution
(2.35) by means of a measurement in the control region w x (0,7").

Notice that the energy

E(t) = (o( ), 0 )22 11
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of any solution to (2.35) is conserved. Thus, (2.37) is equivalent to the so called
inverse inequality

1, @2 s < C // o P (2.38)
wx (0,

QUESTION 14. Why is (2.37) equivalent to the exact controlability of (2.34) 7
When (2.37) holds, one can minimize the functional W, with

W =5 [[ e (00,000 610, 59)

in the space L2(2) x H~1(2). Indeed, the following result is easy to prove:

LEMMA 2.9. Assume that (2.37) holds and (y°,y') € HL(Q) x L?(2) is given.
Then W possesses a unique minimizer (@Y, @) in L2(Q) x H=*(Q)). The control
v = @l,, , where p is the solution to (2.35) corresponding to the final data (4°, $1),
is such that the associated state satisfies

y(z,T) =y (2, T) = 0. (2.40)
QUESTION 15. How can we prove lemma 2.97
As a consequence, the exact controllability problem is reduced to the analysis
of the inequality (2.38). Let us now indicate what is known about this inequality:
e Using multipliers techniques in the spirit of C. Morawetz, L.F. Ho proved
in [63] that, for any subset of I of the form
) ={zecl:(x—2°-n(x)>0}

with 2° € RY (n(x) is the outward unit normal to Q at x € I') and any
sufficiently large 7', the following boundary observability inequality holds:

100, 0) 0 Oz < © f

I(20)x(0,T)
for every couple (¢°, ¢') € HJ () x L*(Q).
This is the observability inequality that is required to solve a boundary

controllability problem similar to the one we are considering here.
Later, (2.41) was proved in [77, 78] for any

T>T (%) = 2|z — 2% 1~ . (2.42)

In fact, this is the optimal observability time that one may obtain by
means of multipliers.

Proceeding as in Vol. 1 of [78], one can easily prove that (2.41) im-

plies (2.37) when w is a neighborhood of I'(z°) in Q and T > T(x°).
Consequently, the following result holds:

Oy

2
dr dt (2.41)
n

THEOREM 2.10. Assume that 2° € RN, w is a neighborhood of T'(z")
in Q and (2.42) is satisfied. Then (2.34) is exactly controllable at time T .

More recently, A. Osses has introduced in [89] a new multiplier which
is essentially a rotation of the one in [78]. In this way, he proved that the
class of subsets of the boundary for which observability holds is consider-
ably larger.




“volume-vii” — 2012/3/8 — 12:25 — page 82 — #96

82

2. CONTROLLABILITY OF THE LINEAR HEAT AND WAVE PDES

e C. Bardos, G. Lebeau and J. Rauch [9] proved that, in the class of C'*
domains, the observability inequality (2.37) holds if and only if the couple
(w,T) satisfies the following geometric control condition in Q:

Every ray of geometric optics that begins to propagate in € at
time t = 0 and is reflected on its boundary I' enters w at a time
t<T.

This result was proved with microlocal analysis techniques. Recently,
the microlocal approach has been greatly simplified by N. Burq [15] by
using the microlocal defect measures introduced by P. Gerard [50]. In [15],
the geometric control condition was shown to be sufficient for exact con-
trollability for domains €2 of class C* and equations with C? coefficients.

Therefore, one has:

THEOREM 2.11. Let  be of class C3, let w C Q be a non-empty open
set and let us assume that the couple (w,T) satisfies the previous geometric
condition. Then (2.34) is exactly controllable at time T.

e Let us finally indicate that other methods have also been developed to
address controllability problems for wave equations: Moment problems,
the use of fundamental solutions, controllability via stabilization, Carle-
man estimates, etc. We will not present them here; for more details, we
refer to the survey paper by D.L. Russell [99] and also to the works of
J.-P. Puel [97] and X. Zhang [107].

As in the case of the heat equation, it is also natural to study the cost of the

approximate controllability of the wave equation or, in other words, the minimal
size of a control needed to reach the e-neighborhood of a final state. The same can
be said in the context of null controllability. These questions were considered by
G. Lebeau in [69], with techniques which are not the same we used in Section 2.
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CHAPTER 3

Controllability results for other time-dependent
PDEs

This Lecture is devoted to present some controllability results for several time-
dependent, mainly nonlinear, parabolic systems of PDEs. First, we will revisit
the heat equation and some extensions. Then, some controllability results will be
presented for systems governed by stochastic PDEs. Finally, we will consider sev-
eral nonlinear systems from fluid mechanics: Burgers, Navier-Stokes, Boussinesq,
micropolar, etc. Along this Lecture, several open questions will be stated.

1. Introduction. Recalling general ideas

Let us first recall some general ideas, many of them already mentioned in the
previous Lecture.
Suppose that we are considering an abstract state equation of the form

{ Yt — A(y> = va te (OvT)v
y(0) =47,

which governs the behavior of a physical system. It is assumed that

e y :[0,7] — H is the state, i.e. the variable that serves to identify the
physical properties of the system,
e v:[0,T]+ U is the control, i.e. the variable we can choose (for simplicity,
we assume that U and H are Hilbert spaces),
e A:D(A) C H+— H is a (generally nonlinear) operator with A(0) = 0,
BeL(U;H) and y° € H.
Suppose that (3.1) is well-posed in the sense that, for each y° € H and each
v € L?(0,T;U), it possesses exactly one solution. Then the null controllability
problem for (3.1) can be stated as follows:

For each y° € H, find v € L*(0,T;U) such that the correspond-
ing solution of (3.1) satisfies y(T) = 0.
More generally, the exact controllability to the trajectories problem for (3.1) is
the following:
For each free trajectory 5 : [0,T] — H and each y° € H, find
v € L%(0,T;U) such that the corresponding solution of (3.1)
satisfies y(T') =y(T).
Here, by a free or uncontrolled trajectory we mean any (sufficiently regular)
function 7 : [0, T] — H satisfying 7(t) € D(A) for all ¢ and

Y — A(?) =0, te(0,7).

(3.1)

83
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Notice that the exact controllability to the trajectories is a very useful property
from the viewpoint of applications: if we can find a control such that y(T") = g(T),
then after time T" we can switch off the control and let the system follow the “ideal”
trajectory .

For each system of the form (3.1), these problems lead to several interesting
questions. Among them, let us indicate the following;:

e First, are there controls v such that y(T") = 0 and/or y(T') =5(T)?

e Then, if this is the case, which is the cost we have to pay to drive y to
zero and/or 7(T)? In other words, which is the minimal norm of a control
v € L%(0,T;U) satisfying these properties?

e How can these controls be computed?

As indicated in Lecture 2, the controllability of differential systems is a very
relevant area of research and has been the subject of a lot of work the last years.
In particular, in the context of PDEs, the null controllability problem was first
analyzed in [64, 70, 77, 78, 99, 100]. For semilinear systems of this kind, the first
contributions have been given in [30, 47, 68, 109].

In this Lecture, I will consider several linear and nonlinear parabolic PDEs.
First, we will recall the results satisfied by the classical heat equation in a bounded
N-dimensional domain, complemented with appropriate initial and boundary-value
conditions. Secondly, we will deal with similar stochastic PDEs. We will then
consider the viscous Burgers equation. We will see that, for this PDE, the null
controllability problem (with distributed and locally supported control) is well un-
derstood.! We will also consider the Navier-Stokes and Boussinesq equations and
some other systems from mechanics.

2. The heat equation. Observability and Carleman estimates

Let us consider the following control system for the heat equation:

yt_Ayzvlw; (:Cat) €0 x (O7T)7
y(a,t) =0, (x,t) € 02 x (0,T), (3.2)
y(,0)=y°(x), azeq.

Here, we conserve the notation of Lecture 2. In particular, @ C RY is a
nonempty regular and bounded domain, w CC €2 is a (small) nonempty open subset
(1, is the characteristic function of w) and y° € L?(Q).

It is well known that, for every y° € L?(Q) and every v € L?(w x (0,T)), there
exists a unique solution y to (3.2), with y € L?(0,T; Hg(Q)) N C°([0, T]; L*(2)).

In view of the results in Lecture 2, (3.2) is approximately, F-approximately
and null controllable.

Also, if we introduce for each ¢° € L?() the adjoint system

—pr — Ap =0, (x,t) € Q% (0,T),
o(x,t) =0, (x,t) € 02 x (0,T), (3.3)
‘P(‘TaT) = 900(1;)7 T €1,

More precisely, let us denote by T*(r) the minimal time needed to drive any initial state
with L2 norm < r to zero. Then we will show that 7% (r) > 0, with explicit sharp estimates from
above and from below.
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we know that the null controllability of (3.2) is equivalent to the observability of
(3.3), that is, to the following estimate:

IOl <€ [ leldrar vt < 120 (3.4)
x (0,

(where C only depends on Q, w and T).

We have already seen that the estimates (3.4) are implied by the so called
global Carleman inequalities. These have been introduced in the context of the
controllability of PDEs by Fursikov and Imanuvilov; see [47, 64]. When they are
applied to the solutions to the adjoint system (3.3), they take the form

/z p 2 |pl* dedt < K/[ p 2 plPdrdt Ve € LA(Q), (3.5)
x(0,T) x(0,T)

where p = p(z,t) is an appropriate weight depending on , w and T and the
constant K only depends on 2 and w.? Combining (3.5) and the dissipativity of
the backwards heat equation (3.3), it is not difficult to deduce (3.4) for some C
only depending on 2, w and T'.

Since (3.2) is linear, null controllability is equivalent in this case to exact con-
trollability to the trajectories. This means that, for any uncontrolled solution 7 and
any y° € L?(), there exists v € L?(w x (0,7T)) such that the associated state y
satisfies

y(z,T) =7y(x,T) in Q.

REMARK 3.1. Notice that the null controllability of (3.2) holds for any w and T'.
This is a consequence of the fact that, in a parabolic equation, the transmission
of information is instantaneous. Recall that this was not the case for the wave
equation. Again, this is not the case for the transport equation. Thus, let us
consider the control system

Y + Yo = vlo, (2,t) € (0,L) x (0,7,
y(0,t) =0, te(0,7), (3.6)
y(z,0) =y°(z), x€(0,L),
with w = (a,b) CC (0,L). Then, if 0 < T < a, null controllability does not hold,
since the solution always satisfies

y(va) = yO(:L, - T) Vo € (Ta a)v

independently of the choice of v; see [23] for more details and similar results con-
cerning other control systems for the wave, Schrodinger and Korteweg-De Vries
equations. O

There are many generalizations and variants of the previous argument that
provide the null controllability of other similar linear (parabolic) state equations:

e Time-space dependent (and sufficiently regular) coefficients can appear in
the equation, other boundary conditions can be used, boundary control
(instead of distributed control) can be imposed, etc.; see [47]; see also [36]
for a review of related results.

2In order to prove (3.5), we have to use a weight p that blows up as ¢ — 0 and also as t — T,
for instance exponentially.
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e The null controllability of Stokes-like systems of the form
y—Ay+(a-Vy+ (y-V)b+Vp=uvl,, V- -y=0, (3.7)

where a and b are regular enough, can also be analyzed with these tech-
niques. See for instance [39]; see also [29] for other controllability proper-
ties. We will come back in Section 5 to systems of this kind.

e Other linear parabolic (non-scalar) systems can also be considered, etc.

However, there are several interesting problems related to the controllability of
linear parabolic systems that remain open. Let us mention some of them.
First, let us consider the controlled system

yr — V - (a(x)Vy) = vl,, (x,t) € Q% (0,T),

y(z,t) =0, (x,t) € 02 x (0,T), (3.8)
y(z,0) =y°(z), T €Q,

where y° and v are as before and the coefficient a is assumed to satisfy
a€L™(), 0<as<alx)<a <400 ae. (3.9)

It is natural to consider the null controllability problem for (3.8). Of course,
this is equivalent to the observability of the associated adjoint system

—pt — V- (a(z)Vyp) =0, (z,t) € 2 x (0,T),
o(z,t) =0, (z,t) € 92 x (0,T), (3.10)
ycp(x,T) - 901(1')’ x €,

that is to say, to the fact that an inequality like (3.4) holds for the solutions to (3.10).

To our knowledge, it is at present unknown whether (3.8) is null controllable.
In fact, it is also unknown whether approximate controllability holds.

Recently, some partial results have been obtained in this context.

Thus, when N = 1, the null controllability of (3.8) has been established in [2]
for general a satisfying (3.9). The techniques in the proof rely on the theory of
quasi-conformal complex mappings and can be applied only to the one-dimensional
case, with a independent of ¢. Furthermore, they only serve to apply directly the
Lebeau-Robbiano method (recall the proof of theorem 2.2 in Lecture 2), that is,
they do not lead to a Carleman estimate of the form (3.5).

When N > 2, it is known that (3.8) is null controllable under the following
assumption

3 smooth open set Qo CC Q such that a is C in Qy and Q \ Qo. (3.11)

This has been proved in [73]. A slight improvement has been performed in [13],
where €y is allowed to touch the boundary of Q. Again, the proofs use that a is
independent of ¢ in an essential way and do not clarify whether (3.5) holds.

In fact, it is an open question whether a Carleman estimate like (3.5) holds for
the solutions to (3.10) even if N =1 or (3.11) holds.

In order to have (3.5), we apparently need more regularity for a; see [12] for a
proof when N = 1, a satisfies (3.9) and

a € BV(Q); (3.12)

see also [27] for a proof when N > 2, a is piecewise C'! and satisfies (3.9) and some
additional “sign” conditions.
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At present, the following questions are open:

e Is (3.8) is null controllable when N > 2 and a satisfies (3.9) and (3.12)?
Is (3.5) satisfied in this case?
e Is (3.5) satisfied when N = 1 and a only satisfies (3.9)7

QUESTION 1. Assume that N = 1 and a is piecewise constant and satisfies (3.9).
Is (3.8) approzimately controllable?

A similar question can be asked when N > 2. Which is the rigorous question
and which is the answer?

Let us now consider the non-scalar system

Yy — DAy = My + Bvl,,, (x,t) € 2 x (0,T),
y(a,t) =0, (x,t) € 92 x (0,T), (3.13)
y(,ﬁC,O):yO(ZE), ZCEQ;

where y = (y1,...,yn) is the state, v = (v1, ..., v,,) is the control and D, M and B
are constant matrices, with D, M € L(R™;R") and B € L(R™;R"). Tt is assumed
that n > 2 and D is definite positive, that is,

D¢ - € > dolé]? VEER™, dy > 0. (3.14)

When D is diagonal (or similar to a diagonal matrix), the null controllability
problem for (3.13) is well understood. In view of the results in [4], (3.13) is null
controllable if and only if

rank [(-\;D+ M); Bl =n Vi>1, (3.15)

where the \; are the eigenvalues of the Dirichlet-Laplace operator and, for any
matrix H € L(R™;R"), [H; B] stands for the n x nm matrix

[H;B]:= [B|HB|---|H" 'B].

Therefore, it is natural to search for (algebraic) conditions on D, M and B that
ensure the null controllability of (3.13) in the general case. But, to our knowledge,
this is unknown.

The results in [4] have been extended recently to the case of any D having no
eigenvalue of geometric multiplicity > 4; see [35].

QUESTION 2. Under which conditions the system

yr — DAy = M (z,t)y + Bul,,, (x,t) € Q% (0,7T),
y(a,t) =0, (x,t) € 92 x (0,T), (3.16)
y(z,0) = y°(z), x € Q,

where D is a diagonal matriz satisfying (3.14), M € L*>°(Q; L(R™;R™)) and B €
L(R™;R™), is null controllable?

REMARK 3.2. As we have said, global Carleman estimates are the main tool we
can use to establish the observability property (3.4). These open questions can be
viewed, at least in part, as a confirmation of the limitations of Carleman estimates:
first, they need sufficiently regular coefficients; then, they are actually well-suited
only for scalar equations. O
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3. Some remarks on the controllability of stochastic PDEs

In this Section, we deal briefly with a system governed by a linear stochastic
partial differential equation:

ye— Ay =vl, +B(t)w, in Q,
y=20 on X, (3.17)
y(z,0) = y°(z) in Q.

Here, v is again the control and w; is a Gaussian random field (white noise in
time). For instance, it can be regarded as the distributional time derivative of a
Wiener process w; . The equations are required to be satisfied P—a.e., i.e. P-almost
surely, in a given probability space {A, F, P}.

In the sequel, we are going to see that, for general y°, y' and B = B(t), one
can obtain final states y(-,T) arbitrarily close to y! in quadratic mean by choosing
v appropriately (an approximate controllability result). We will also see that, if
B is not random and in some sense small, then one can also choose v such that
y(+,T) = 0 (amnull controllability result).

3.1. Some basic results from probability calculus. In order to present
the results without too much ambiguity, we will first recall some basic definitions
and results.

Thus, assume that a complete probability space {A, F, P} is given. If X is a
Banach space and f € L'(A, F; X), we will denote by Ef the expectation of f:

Bf = /A F) AP,

Assume that a separable Hilbert space K and a Wiener process w; on {A, F, P}
with values in K are given. This means that

o0
wy =y Bfex V>0,
k=1

where {ej} is an orthonormal basis in K and the ﬁtk are mutually independent real
Wiener processes satisfying

EIBFI> = pit, Y pi < 4o (3.18)
k=1

A normalized real Wiener process f3; is a measurable function (A, t) — B:())
which is defined P —a.s. in A for all t € Ry and satisfies the following:

(a) Bo =0,

(b) For each t, B; is normally distributed, with mean 0 and variance ¢, i.e.
EB: =0, E|ﬂt|2 =t.
(c) E(B:Bs) = Vity/s for all t,5 > 0.

For other equivalent definitions and basic properties of real Wiener processes,
see [6]. Recall that, in particular, the real processes 8F and the K-valued process
w; have Hélder-continuous sample paths ¢ — BF(\) and  +— wy(A).
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In the sequel, we put
Fii=o(ws, 0<s<t)

(F: is the o-algebra spanned by w, for 0 < s < ¢, completed with the negligeable
sets in F). Obviously, {F;} is an increasing family of sub o-algebras of F and,
among other things, one has:

Fi=0 <U ]-‘5> vt > 0. (3.19)
s<t
Let H be a Hilbert space. For any f € L'(A,F; H), we denote by E[f|F]
the conditional expectation of f with respect to F3, i.e. the unique element in
LY(A, Fi; H) such that

/E[f|]-‘t]dP:/fdP VAE F,.
A A

The existence and uniqueness of E[f|F;] is implied by the celebrated Radon-
Nykodim theorem. For the main properties of the conditional expectation, see
for instance [91]. In particular, recall that, if f € L*(A,F; H), then E[f|F:] €
L?(A, Fi; H) and icoincides with the orthogonal projection of f in L2(A, Fy; H).

Let X be a Banach space. We denote by I?(0,T; X) the space formed by all
stochastic processes ® € L?(A x (0,T),dP ® dt; X) which are F;-adapted a.e. in
(0,T), i.e. such that

A= ®(A,t) is Fy-measurable for almost all ¢ € (0,7)

In the case X = L(K; H), measurability will be understood in the strong sense,
i.e. the measurability of A\ — ®(\,t)w for each w € K. Then, I?(0,7;X) is a
closed subspace of L2(A x (0,7T),dP ® dt; X).

Recall that, for any b € I2(0,T;R), any real-valued Wiener process 3; and any
fixed ¢t € [0,T], we can introduce a random variable I;(f) : A — R known as the
Ito stochastic integral in [0, ¢]:

L(f) = / f(s) dB, .

The stochastic process (A, t) — I;(f)()\) again belongs to I?(0,T;R) and, among
other properties, satisfies the following:

E/o f(s)dB, =0

t
| #s)as.
0
for all t € [0,T].

Now, assume that a stochastic process B is given, with

and
2

= t 525
E /OEIf()Id

B e I*(0,T; L(K; H)) (3.20)
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(H is a Hilbert space). Then the stochastic integral of B with respect to wy is
defined by the formula

/tB(s)dws = i/tB(s)ek gt vte|o,1].
0 k=1 0

Here, the convergence of the series is understood in the sense of L2(A, Fy; H).
The stochastic integrals in the right hand side are defined by the equalities

t P t o .
(/0 B(s)ekdﬂs,h)/o (B(s)ex, h)dp, Vh € H,

where the latter are usual [to stochastic integrals with respect to the real-valued
processes 3F; see [6] for more details.

3.2. The controllability results. In the remainder of this Section, H and
V will denote the Hilbert spaces L*(Q2) and H{ (), respectively.
Assume we are given an arbitrary but fixed initial state

v’ eH, (3.21)

a Wiener process w; with values in the separable Hilbert space K and a stochastic
process B € 1?(0,T; L(K; H)). Let A= —A be the usual Laplace-Dirichlet opera-
tor in , with domain D(A) = H(Q) N H*(Q). For each control v € I?(0,T; H),
there exists exactly one solution y to the state system

y € I?(0,T; V)N L*(A; C°([0, T); H)),

y(-,t) = y0+/0 {—Ay(,,s) + lwv(~,s)}ds+/0 B(s)dws ¥t e [0,T).

(3.22)
In (0.1), the equalities have to be understood P — a.s. in V".
Notice that we choose F;-adapted controls to govern the state system. This is
a natural assumption from the stochastic viewpoint since, once w; is given, only
Fi-adapted processes can be regarded as statistically observable.
Let S(t) be the semigroup generated in H by A. Then, in accordance with the
results in [24, 90], one has:

t t
y(-, 1) = S(t)y° + / S(t—s)(1yv(-, 8))ds + / S(t — s)B(s) dws
0 0 (3.23)
Yt € 0,7
Our first result deals with approximate controllability:

THEOREM 3.3. The linear manifold Yr = {y(-,T) : v € I?(0,T; H) } is dense
in L*(A, Fr; H). In other words: for any y* € L*(A, Fr; H) and any € > 0, there
exists a control v € I2(0,T; H) such that the associated solution to (0.1) satisfies:

Ely(,T) - y*|2: <e.

Accordingly, it is said that (0.1) is approximately controllable in quadratic mean.
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PROOF. We will argue as in the deterministic case. In view of (3.23), it will
suffice to check that, if f € L?(A, Fr; H) and

E(/O S(T — s)(1,v(-,8))ds, f)r2 =0 Yo I*0,T; H), (3.24)

then necessarily f = 0.
Let f be a function in L?(A, Fr; H) satisfying (3.24) and assume that ¢ €
I2(0,T; H) is defined pathwise by

—¢r+Ap=0 in Q,
¢o=0 on X,
¢(z,T) = f(z) in €,

ie. ¢(-,t) = S(T —t)f for all t. It will be sufficient to prove that
E[o(-,t)|F:] =0 Vte (0,T). (3.25)

Indeed, this and the continuity property (3.19) of the family {F;} clearly imply
that

f=Ele(,T)|Fr] =0.

QUESTION 3. Why do (3.25) and (3.19) imply that f =07
We know that

T
E/ (v(-,8), 1wgp(+,8))2ds =0 Vv e I*0,T; H).
0

Thus, 1, E[¢(-, t)|F] is a stochastic process in I?(0,T; H) such that

T T
E / (0(+5), LoE[B(- )| Fa]) ds = / E@(s), 1,6(5))ds = 0

for all v € I%(0,T; H) and, consequently,

For each t € (0,T), E[¢(-,t)|F] = S(T — t)E[f|Fi] is real analytic in the
variable z € Q. Hence, one must necessarily have E[¢(-,t)|F] = 0 for all ¢ € (0,7)
and the result is proved. (I

A consequence of this theorem is that, for any y' € L?(A, Fr; H), ¢ > 0 and
6 > 0, a control v can be found such that

P{lly(-.T)—y'|lL2 <e}>1-0.

However, the existence of a control v € I%(0,T; H) such that P{||y(-,T) —y'(|z2 <
e} =1 is an interesting open question.

The approximate controllability in quadratic mean remains true for systems
governed by more general linear equations. More precisely, the following result is
proved in [42]:
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THEOREM 3.4. Assume that, in (0.1), A is an operator of the form

Ay = — Z a% (a ) ija + cy, (3.27)

i,j=1
where the coefficients satisfy
Qij GCl(ﬁ), bj,CGLOO(Q)
and the usual ellipticity condition
N
> ()& > olg? VAERN, VzeQ, a>0.
ij=1

Then the corresponding Yr = {y(-,T) : v € I*(0,T; H) } is dense in L*(A, Fr; H).

We will now recall a null controllability result for (0.1) from [42]. Again, this
is the analog of a deterministic result.

THEOREM 3.5. Let us set y(t) := t(T —t). Assume that B is not random,
B € CH[0,T); L(K; H)) and, also, that the support of B(t)w does not intersect w
for any t and w € K. Then there exists a positive function 8 = 5(x) such that, if

S GO 1B e 0B em) 0 e < 1o, (325)

for each y° € H there exists v € I?(0,T; H) satisfying y(z,T) =0, i.e. (0.1) is null
controllable.

As in the deterministic case, the proof relies on an observability estimate for
the solution of the adjoint system.

The situation is more complicate in the case of a multiplicative noise, that is,
for systems of the form

y € I?(0,T; V)N L3(;C°([0,T], H)),

)=y —|—/{ Ay(-,s) + 1ov(s, s }ds—i—/OtBy(-,s)dws vt € [0, T].

(3.29)
Here, B is given by (By)(z) = b(x)y(z) for some b € W1>°(Q) and (for simplicity)
w; is a real Wiener process.

From the theory of stochastic partial differential equations, it follows in par-
ticular that, for each v € I?(0,T; H), there exists exactly one solution y to (3.29),
see [90].

The approximate controllability in quadratic mean of (3.29) is equivalent to
the unique continuation property for the following backward (adjoint) stochastic
system:

p € I?(0,T; V)N L?(Q; C°([0,T); H)), qe€ I*(0,T;H),
f+/ {A"p(-,s) + Bq(-, s }ds—/t q(-,8)dws Yt €[0,T].

In [8], a global Carleman estimate has been established for this system when
A= —Aand b € C?(Q). Of course, this implies unique continuation for (3.30)

(3.30)
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and, consequently, approximate controllability in quadratic mean for (3.29) in this
particular case.

On the other hand, an appropriate unique continuation property for (3.30) has
been proved in [34] in a more general case. As a consequence, one has approxi-
mate controllability in quadratic mean for (3.29). In fact, when b is a constant,
and I is of class C'°°, we can also prove approximate controllability in all spaces
L™ (A, Fr; L1(0O)) with 1 <7, g < 4oc.

The previous analysis can also be made for stochastic Stokes systems; see [41].

For more results concerning the approximate and null controllability of sto-
chastic PDEs, see the recent paper [108].

4. Positive and negative results for the Burgers equation

In this Section, we will be concerned with the null controllability of the following
system for the viscous Burgers equation:

Yt — Yoo T YYo = vy, (wat) € (0’1) X (OaT)a
y(0,t) =y(1,t) =0, t e (0,7), (3.31)
y(x,0) = y°(z), x € (0,1).

Recall that some controllability properties of (3.31) have been studied in [47)
(see Chapter 1, theorems 6.3 and 6.4). There, it is shown that, in general, a
stationary solution of (3.31) with large L?-norm cannot be reached (not even ap-
proximately) at any time 7. In other words, with the help of one control, the

solutions of the Burgers equation cannot go anywhere at any time.
For each y° € L?(0,1), let us introduce

T(y%) = inf{ T > 0: (3.31) is null controllable at time 7'}
Then, for each r > 0, let us define the quantity

T (r) = sup{ T(y") : 9"l < r}.

Our main purpose is to show that 7*(r) > 0, with explicit sharp estimates from
above and from below. In particular, this will imply that (global) null controllability
at any positive time does not hold for (3.31).

More precisely, let us set ¢(r) = (log2)~'. We have the following result
from [37]:

THEOREM 3.6. One has
Cog(r) <T*(r) < C1¢(r) as r—0, (3.32)
for some positive constants Cy and C1 not depending of .

REMARK 3.7. The same estimates hold when the control v acts on system
(3.31) through the boundary only at = 1 (or only at x = 0). Indeed, it is easy to
transform the boundary controlled system

Y — Yoz + YYp = 0, (z,t) € (0,1) x (0,7,
y(0,t) =0, y(1,t)=w(t), te(0,T), (3.33)
y(:L', 0) = yO(z), T e (Oa 1)
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into a system of the kind (3.31). The boundary controllability of the Burgers
equation with fwo controls (at z = 0 and = = 1) has been analyzed in [54]. There,
it is shown that even in this more favorable situation null controllability does not
hold for small time. It is also proved in that paper that exact controllability does
not hold for large time.? (]

REMARK 3.8. It is proved in [20] that the Burgers equation is globally null
controllable when we act on the system through two boundary controls and an
additional right hand side only depending on t. In other words, for any y° €
L?(0,1), there exist wy , wy and h in L?(0,T) such that the soution to

Yt — Yoz + YYz = h(t)v (‘Ta t) € (Oa 1) X (Oa T)a
y(0,t) = wi(t), y(1,t) =we(t), te(0,7T), (3.34)
y(:L', 0) = yo(x)v T € (Oa 1)

satisfies

y(x,T)=0 in (0,1).
However, it is unknown whether this global property is conserved when one of the
boundary controls wy or ws is eliminated. O

The proof of the estimate from above in (3.32) can be obtained by solving
the null controllability problem for (3.31) via a (more or less) standard fixed point
argument, using global Carleman inequalities to estimate the control and energy
inequalities to estimate the state and being very careful with the role of 7" in these
inequalities.

The proof of the estimate from below is inspired by the arguments in [5] and
is implied by the following property: there exist positive constants Cy and C{) such
that, for any sufficiently small » > 0, we can find initial data y° and associated
states y satisfying ||y°||z2 < r and

ly(z,t)] > Cir for some z € (0,1) and any ¢ satisfying 0 < t < Coo(r).

For more details, see [37].

5. The Navier-Stokes and Boussinesq systems

There is a lot of more realistic nonlinear equations and systems from mechanics
that can also be considered in this context. First, we have the well known Navier-
Stokes equations:

wt @ -Vy—Ay+Vp=vly,, V-y=0, (x,t)€Q,
y =0, (z,t) € %, (3.35)
y(z,0) =" (@), zeq.
Here and below, N =2 or N = 3 and (again) w C 2 is a nonempty open set.
In (3.35), (y, p) is the state (the velocity field and the pressure distribution) and

v is the control (a field of external forces applied to the fluid particles located at
w). To our knowledge, the best results concerning the controllability of this system

3Let us remark that the results in [54] do not allow to estimate T'(r); in fact, the proofs are
based in contradiction arguments.
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have been given in [39] and [40].* Essentially, these results establish the local exact
controllability of the solutions of (3.35) to bounded uncontrolled trajectories.

In order to be more specific, let us recall the definition of some usual spaces in
the context of Navier-Stokes equations:

V::{yEH&(Q)N:V-yZOinQ}
and
H:={yecLl?Q)":V.-y=0inQ, y-n =0 on 9Q}.

Of course, it will be said that (3.35) is ezactly controllable to the trajectories if, for
any trajectory (7,p), i.e. any solution of the uncontrolled Navier-Stokes system

{yt+(yv)y_Ay+vp:07 v§:07 (l‘,t)EQ,

7=0, (@) €% (3.36)

and any y° € H, there exist controls v € L?(w x (0,T))Y and associated solutions
(y,p) such that

y(x,T) =g(x,T) in Q. (3.37)
At present, we do not know any global result concerning exact controllability
to the trajectories for (3.35). However, the following local result holds:

THEOREM 3.9. Let (7,D) be a strong solution of (3.36), with
geL™@", y(.0eV. (3.38)

Then, there exists § > 0 such that, for any y° € H N L>N=2(Q)N satisfying ||y° —
P\l Lanv—2 < 8, we can find a control v € L*(w x (0, 7)) and an associated solution
(y,p) to (3.35) such that (3.37) holds.

In other words, the local exact controllability to the trajectories holds for (3.35)
in the space X = L2V=2(Q)Y N H Similar questions were addressed (and solved)
in [46] and [45]. The fact that we consider here Dirichlet boundary conditions and
locally supported distributed control increases a lot the mathematical difficulty of
the control problem.

REMARK 3.10. It is clear that we cannot expect exact controllability for the
Navier-Stokes equations with an arbitrary target function, because of the dissipa-
tive and irreversible properties of the system. On the other hand, approximate
controllability is still an open question for this system. Some results in this di-
rection have been obtained in [22] for different boundary conditions (Navier slip
boundary conditions) and in [29] with a different nonlinearity. However, the notion
of approximate controllability does not appear to be optimal from a practical view-
point. Indeed, even if we could reach an arbitrary neighborhood of a given target
y! at time T by the action of a control, the question of what to do afterwards to
stay in the same neighbourhood would remain open. O

The proof of theorem 3.9 can be obtained as an application of Liusternik’s
inverse mapping theorem in an appropriate framework.

4The main ideas come from [49, 65]; some similar results have been given more recently
in [52].
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A key point in the proof is a related null controllability result for the linearized
Navier-Stokes system at (7, p), that is to say:

V.y=0, (z,t) € Q,
y=0, (2,1) € %, (8:39)
y(z,0) = y°(), x e

This is implied by a global Carleman inequality of the kind (3.5) that can be
established for the solutions to the adjoint of (3.39), which is the following:

V-p=0, ,t) € Q,
@ (z,t) €Q (3.40)
p =0, (z,1) € %,
o(x,T) = (), x € .
The details can be found in [39].
Similar results have been given in [53] for the Boussinesq equations
ye+ (- V)y—Ay+Vp=vl,+bey, V-y=0 (2,1)€Q,
0, +y-V0— A= hl,, 1) € Q,
tTY (z,t) €Q (3.41)
y=0, 6=0, (z,t) € X,
y(z,0) =y (z), O(x,0) =0°x), x € Q.

Here, the state is the triplet (y,p,0) (0 is interpreted as a temperature distri-
bution) and the control is (v, h) (as before, v is a field of external forces; h is an
external heat source).

QUESTION 4. Can we deduce from theorem 3.9 a null controllability result for
(3.35) for large T ? What about (3.41)%

QUESTION 5. Does local null controllability imply local exact controllability to
the trajectories in the context of (3.35)¢ What about (3.41)7

An interesting question concerning both (3.35) and (3.41) is whether we can
still get local exact controllability to the trajectories with a reduced number of
scalar controls. This is partially answered in [40], where the following results are
proved:

THEOREM 3.11. Assume that the following property is satisfied:
32% € 0Q, Je > 0 such that wN N D B(z%;¢) NN (3.42)

Here, B(2%;¢) is the ball centered at x° of radius €. Then, for any T > 0, (3.35)
is locally exactly controllable at time T to the trajectories satisfying (3.38) with
controls v € L*(w x (0,T))N having one component identically zero.

THEOREM 3.12. Assume that w satisfies (3.42) with ng(x°) # 0 for some k <
N. Then, for any T >0, (3.41) is locally exactly controllable at time T to the

trajectories (§,p,0) satisfying (3.38) and
0eL>@Q), 0(,0)€ Hy (%), (3.43)
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with controls v € L*(w x (0,T))Y and h € L*(w x (0,T)) such that v, = vy = 0.
In particular, if N = 2, we have local exact controllability to these trajectories with
controls v =0 and h € L*(w x (0,7)).

The proofs of theorems 3.11 and 3.12 are similar to the proof of theorem 3.9.
We have again to rewrite the controllability property as a nonlinear equation in a
Hilbert space. Then, we have to check that the hypotheses of Liusternik’s theorem
are fulfilled.

Again, a crucial point is to prove the null controllability of certain linearized
systems, this time with modified controls. For instance, when dealing with (3.35),
the task is reduced to prove that, for some appropriate weights p, pg and some
K > 0, the solutions to (3.40) satisfy the following Carleman-like estimates:

/[ p~ 2l drdt < K/[ T2 12 + |pal?) dudt V© € H. (3.44)
1% (0,T)

This inequality can be proved using the assumption (3.42) and the incompress-
ibility identity V - ¢ = 0; see [40].

6. Some other nonlinear systems from mechanics

The previous arguments can be applied to other similar partial differential
systems arising in mechanics. For instance, this is done in [38] in the context of
micropolar fluids.

To fix ideas, let us assume that N = 3. The behavior of a micropolar three-
dimensional fluid is governed by a system which has the form

—Ay+(y-Viy+Vp=Vxw+uvl, V-y=0, (z,1) €q,
w+ (y - Vw—Aw —V(V-w) =V xy+ul,, (z,t) € Q, (3.45)
y=0, w=0 (x,t) € X,
y(z,0) = y°(z), w(z,0)=w’(x) x € .

Here, the state is (y, p, w) and the control is (v, u). As usual, y and p stand for
the velocity field and pressure and w is the microscopic velocity of rotation of the
fluid particles.

The following result holds:

THEOREM 3.13. Let (y,p,w) be such that
7, W< L>®(Q)NL*0,T; H*()), 7, w; € L*(Q) (3.46)
and
U — A+ G- V)y+Vp=Vxw, V-7=0, (2,¢)€Q,
w+ (Y- VYo —Aw - V(V-w) =V x7, (z,t) € Q, (3.47)
y=0, w=0 (x,t) € X.

Then, for each T > 0, (3.45) is locally exactly controllable to (y,p,w) at time T. In
other words, there exists § > 0 such that, for any initial data (y°,w°) € (H*(Q) N
V) x Hg () satisfying

15°,w®) = @(-,0),@(-,0))ll 21y <9, (3.48)
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there exist L? controls u and v and associated solutions (y,p,w) satisfying
yx,T)=9(z,T), w(xT)=w(z,T) in . (3.49)

Notice that this case involves a nontrivial difficulty. Indeed, w is a non-scalar
variable and the equations satisfied by its components w; are coupled through
the second-order terms 9;(V - w). This is a serious inconvenient. An appropriate
strategy has to be applied in order to deduce the required Carleman estimates.

Let us also mention [7, 61, 62], where the controllability of the MHD and other
related equations has been analyzed.

For all these systems, the proof of the controllability can be achieved arguing
as in the first part of the proof of theorem 3.9. This is the general structure of the
argument:

e First, rewrite the original controllability problem as a nonlinear equation
in a space of admissible “state-control” variables.

e Then, prove an appropriate global Carleman inequality and a regularity
result and deduce that the linearized equation possesses at least one solu-
tion. This provides a controllability result for a related linear problem.

e Finally, check that the hypotheses of a suitable implicit function theorem
are satisfied and deduce a local result.

REMARK 3.14. Recall that an alternative strategy was introduced in [109] in
the context of the semilinear wave equation:

e First, consider a linearized similar problem and rewrite the original con-
trollability problem in terms of a fixed point equation.

e Then, prove a global Carleman inequality and deduce an observability es-
timate for the adjoint system and a controllability result for the linearized
problem.

e Finally, prove appropriate estimates for the control and the state (this
usually needs some kind of smallness of the data), prove an appropriate
compactness property of the state and deduce that there exists at least
one fixed point.

This method has been used in [30] and [44] in the context of semilinear heat
equations and in [52] to prove a result similar to theorem 3.9. O

REMARK 3.15. Observe that all these results are positive, in the sense that they
provide local controllability properties. At present, no negative result is known to
hold for these nonlinear systems (except for the already considered one-dimensional
Burgers equation). O

To end this Section, let us mention two systems from fluid mechanics, appar-
ently not much more complex than (3.35), for which local controllability to the
trajectories is an open question.

The first system is the following;:

ye + (y-V)y =V - (v(|Dy])Dy) + Vp=vl,,  (2,1) €Q,
V.y=0, (z,t) € Q,
Y (o) c T, (3.50)

y(z,0) = y’(x), z € Q.
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Here, Dy = %(Vy + Vyt) and v : Ry — Ry is a regular function (for example, we
can take v(s) = a + bs"~! for some a,b > 0 and some r > 1). This models the
behavior of a quasi-Newtonian fluid; for a mathematical analysis, see [11, 83].

In view of the new nonlinear diffusion term V- (v(|Dy|)Dy), the control proper-
ties of (3.51) are much more difficult to analyze than for (3.35). In particular, it is
unknown whether the local approximate and the local null controllability properties
hold for (3.50).

For the second system, we suppose that N = 2. It reads:

O+ (y- V)0 — A0 =01, (z,t) € Q,

y=Vx((-A)""0), (z,1) € Q,
0 -0, (,0) €%, (3:51)
0(x,0) = 0°(x), z€Q,

where a € [1/2,1]. We are now modelling the behavior of a quasi-geostrophic fluid.
The state variables # and y may be viewed as a generalized vorticity and velocity
field, respectively (notice that, for a = 1, we find again the Navier-Stokes system
written in terms of y and V x y; see for instance [92]).

It is possible to prove a local null controllability result for (3.51). However, to
our knowledge, the local approximate controllability and the local exact controlla-
bility to the trajectories are open problems.
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ABSTRACT. We present our recent results on mathematical modelling and
numerical simulation of non-Newtonian flows in compliant two-dimensional
domains having applications in hemodynamics. Two models of the shear-
thinning non-Newtonian fluids, the power law Carreau model and the loga-
rithmic Yeleswarapu model, will be considered. For the structural model the
generalized string equation for radially symmetric tubes will be generalized to
stenosed vessels and vessel bifurcations.

The arbitrary Lagrangian-Eulerian approach is used in order to take into
account moving computational domains. To represent the fluid-structure in-
teraction we use two different methods: the global iterative approach and
the kinematical splitting. We will show that the latter method is more effi-
cient and stable without any additional subiterations. The analytical result
for the existence of a weak solution for the shear-thickening power-law fluid
is based on the global iteration with respect to the domain deformation, en-
ergy estimates, compactness arguments using the semi-continuity in time and
the theory of monotone operators. The numerical part of paper contains sev-
eral experiments for the Carreau and the Yeleswarapu model, comparisons of
the non-Newtonian and Newtonian models and the results for hemodynamical
wall parameters; the wall shear stress and the oscillatory shear index. Nu-
merical experiments confirm higher order accuracy and the reliability of new
fluid-structure interaction methods.
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CHAPTER 1

Fluid-structure interaction methods

1. Introduction

In the recent years there is a growing interest in the use of mathematical models
and numerical methods arising from other fields of computational fluid dynamics in
hemodynamics, see, e.g., [6, 8, 18, 19, 21, 27, 31, 36, 37, 39, 40, 41] just to mention
some of them.

Many numerical methods used for blood flow simulations are based on the
Newtonian model using the Navier-Stokes equations. This is efficient and useful,
especially if the flow in large arteries is modeled. However, in small vessels or
dealing with patients with a cardiovascular disease more complex models for blood
rheology should be considered [31]. In capillaries blood is even not a homogenized
continuum and more precise models, for example mixture theories need to be used.
But even in the intermediate-size vessels the non-Newtonian behavior of blood has
been demonstrated, see, e.g., [2], [43] and the references therein. In fact, blood is
a complex mixture showing several non-Newtonian properties, such as the shear-
thinning, viscoelasticity [48], [49] the yield stress or the stress relaxation [43].

The aim of this overview paper is to report on our recent results on mathe-
matical and numerical modelling of shear-dependent flow in moving vessels. The
application to hemodynamics will be pointed out. We will address the significance
of non-Newtonian models for reliable hemodynamical modelling. In particular, we
will show that the rheological properties of fluid have an influence on the wall de-
formation as well as on the hemodynamical wall parameters, such as the wall shear
stress and oscillatory shear index. Consequently these models yield a more reliable
prediction of critical vessel areas, see also our previous results [24, 28, 29].

The paper is organized as follows. In Section 2 we recall the conservation
laws for shear-dependent fluids and present typical models for non-constant blood
viscosity. The generalized string model for the vessel deformation [40] is generalized
to the case of reference radius, which is dependent on longitudinal variable. The
derivation of this model for radially symmetric domains follows in Section 3.

Section 4 is devoted to two strategies to model the coupling between a fluid
and a structure. The global iterative method with respect to the domain, presented
in Section 4.1, provides besides the numerical scheme also a strategy to prove the
existence of a weak solution. Mathematical analysis of the well-posedness of a
coupled fluid-structure model arising from the blood flow in a compliant vessel is of
great interest. In the literature there are already several results for the Newtonian
fluid flow in time-dependent domains, see, e.g., [4, 5, 6, 7, 9, 10, 11, 12, 13, 20, 22,
23, 33, 47, 51] and others. The well-posedness of non-Newtonian fluids has been
studied only in the fixed domains, see, e.g., [17, 34, 35, 50]. In these works the

113
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technique of monotone operators and the Lipschitz- or L°-truncation techniques
are applied in order to control the additional nonlinearities in the diffusion terms
arising from the non-Newtonian viscosity. In this overview paper we also present
our recent result on the existence of a weak solution for the shear-thickenning fluid
in compliant vessels, cf. [25]. The proof is based on the global iterative method
with respect to the domain deformation [13, 51], theory of monotone operators as
well as the techniques for moving domains developed in [7, Chambolle, Desjarden,
Esteban, Grandmont].

The second fluid-structure interaction approach, that will be presented in Sec-
tion 4.2, is the loosely-coupled fluid-structure interaction algorithm based on the
kinematical splitting [21]. This is a novel way how to avoid instabilities due to
the added mass effect and the additional stabilization through subiterations. Sub-
section 4.2.1 is devoted to stability analysis of the kinematical splitting method.
Further details can be found in our recent paper [28].

Results of numerical experiments are described in Section 5. We apply both
fluid-structure interaction methods and compare domain deformations as well the
hemodynamical wall indices measuring the danger of atherosclerotic plaque caused
by temporal oscillation or low values of the wall shear stress. We use two types of
data: the model data proposed by Sequeira and Nadau [31] and the physiological
data from the iliac artery and the carotid bifurcation measurements. In the hemo-
dynamical wall parameters the effects due to the fluid-structure interaction as well
as the blood rheology have been observed. Finally the experimental order of con-
vergence for a rigid as well as a moving domain for both fluid-structure interaction
methods will be investigated. In the case of kinematical splitting method second
order convergence will be confirmed.

2. Mathematical model for shear-dependent fluids

Flow of incompressible fluid is governed by the momentum and the continuity
equation

ou .

Po; +pu-V)u—div2uD(u)+Vp=f

divu = 0.

(2.1)

Here p denotes the constant density of fluid, w = (u1,us2) the velocity vector, p
the pressure, D(u) = £(Vu + VuT) the deformation tensor and 1 the viscosity of
the fluid. In the literature various non-Newtonian models for the blood flow can
be found. Here we will consider shear-dependent fluids, in particular the Carreau
model and the Yeleswarapu-viscosity model [48], see also Fig. 1. For the Car-
reau model the viscosity function depends on the shear rate |D(u)] = vVD : D =

V/tr(D?) in the following way
p—2

= p(D(w)) = proo + (0 = poo) (1 + WD) )7, g = == <0, (2.2)

where ¢, po, floo, 7 are rheological parameters. According to [48] the physiological
values for blood are pg = 0.56P, s = 0.0345P, v = 3.313, ¢ = —0.322. Note
that in the case ¢ = 0 the model reduces to the linear Newtonian model used in
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the Navier-Stokes equations. The Yeleswarapu viscosity model reads

In(1+7/D(u)|) +1
(1+7D(u)])

= p(D(u)) = pico + (ko — poo) (2.3)

The physiological measurements give g = 0.736P, po = 0.05P, v = 14.81 [48].
Time-dependent computational domain

Viscosity p [P]

| | I
04 r Carreau, cf. (2.2) ——
Yeleswarapu, cf. (2.3) ——
0.35 Moo, Carreal ——
lhoo, Yeleswarapu ——
0.3 -
0.25 -
0.2 -
0.15 -
0.1 -
0.05
0 I I I I I
0 0.5 1 1.5 2 2.5 3

Shear rate |D| [s™!]

FIGURE 1. Shear-thinning viscosity (2.2), (2.3) for physiological
blood parameters.

Qn(t)) ={(z1,22): —L<z1 <L, 0<z9 < Ro(x1) +n(z1,8)}, 0<t<T

is given by a reference radius function Rp(z1) and an unknown free boundary
function n(x1,t) describing the domain deformation. For simplicity we will also
use a shorter notation ; := Q(n(t)). We restrict ourselves to two-dimensional
domains.

In order to capture movement of a deformable computational domain and pre-
serve the rigidness of inflow and outflow parts, the conservation laws are rewritten
using the so-called ALE (Arbitrary Lagrangian-Eulerian) mapping Ay, see Fig.
3. It is a continuous bijective mapping from the reference configuration €2,..¢, e.g.
at time ¢ = 0, onto the current one = Q(n(t)), At : Qrey — Q4. Introducing the
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rsym

F1GURrE 2. Computational domain geometry.

At

T

Y1

FiGURE 3. ALE-mapping A; for a domain with moving boundary.

so-called ALE-derivative

DA t ou(Y,t 0 t
U(w’ ) = U( ’ ) = 7’“/(:37 ) +w($,t> : vu(w7t)a
Dt ot Y-A-1(x) ot T
zeQ, Y eQ (24
0AY) ox

|y A ) =S¢ for ze, Y€

;.5 we rewrite the governing equations (2.1) into a formulation that takes explicitly
into account time-dependent behaviour of the domain, i.e.

and the domain velocity w(x,t) =

DA .
Pl + ((w—w) )u| - div|2u(D(w)) Dw)| + vp = f
divu=0 on Q(n(t)).
(2.5)
Equation (2.5) is equipped with the initial and boundary conditions

u=ug with divug=0 on o, (2.6)
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1
(T(u,p) - §|’U,|QI> n = 7Pout I n, on Foutv t e (Oa T)a (28)
— =0, wuy=0, on Dgym, t € (0,7). (2.9)

Conditions (2.7) and (2.8) are called the kinematical pressure conditions. The
fluid velocity is coupled with the velocity of wall deformation by the so-called kine-
matical coupling condition

a T
w=w = (0,—77) on Tyau, t € (0,T). (2.10)

3. Generalized string model for the wall deformation

In order to model biological structure several models have been proposed in
literature. For example, to model flow in a collapsible tubes a two-dimensional thin
shell model can be used, see results of Wall et al. [16]. Recently Canic et al. [6]
developed a new one-dimensional model for arterial walls, the linearly viscoelas-
tic cylindrical Koiter shell model, that is closed and rigorously derived by energy
estimates, asymptotic analysis and homogenization techniques. The viscous fluid
dissipation imparts long-term viscoelastic memory effects represented by higher
order derivatives.

In the present work we will consider the generalized string model for vessel wall
deformation. The original generalized string model, see [40], was valid only for
radially symmetric domains with a constant reference radius Ry. In order to model
stenotic occlusions we will extend this model and assume that the reference radius
at rest Ry depends on the longitudinal variable.

Let us consider a three-dimensional radially symmetric domain. We assume
that the deformations are only in the radial direction and set 1y = z - longitudinal
direction and x5 = r - radial direction. The radial wall displacement, constant with
respect to the angle 6, is defined as

n(z,t) = R(z,t) — Ro(2), z€(-L,L), te€(0,T),

where R(z,t) is the actual radius and Ry(z) is the reference radius at rest. Since
the actual radius of the compliant tube is given by R(z,t) = Ro(z) + n(z,t), the
reference radius Ry and the actual radius R coincides for fixed solid domains and are
dependent only on the spatial variable z. The assumption of radially symmetric
geometry and radial displacement allow us to approximate the length of arc in the
reference configuration by dcy ~ Rgdf and the length of the deformed arc as dc =~
RdP, see Fig. 4 and also [40]. Further, we assume that the gradient of displacement
0.m is small, which implies the linear constitutive law (linear elasticity) of the
vessel wall. The wall thickness is assumed to be small and constant. Moreover we
approximate the infinitesimal surface S of I'yqy in the following way S ~ dcdl.
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Transversal Section
dl Referenc
Line

e
7*~dz/2 ‘ €; 7*+dz/2

dz
Longitudinal Section

FIGURE 4. Small portion of vessel wall with physical characteris-
tics [40].

The linear momentum law: Force = Mass X Acceleration is applied in the
radial direction to obtain the equation for 7.
2 2
Mass = pyhdedl, Acceleration = 0 gg’t) _9 7(79(;’”, (3.1)
where p,, is the density of the wall and £ its thickness.

Now we evaluate forces acting on the vessel wall. The tissue surrounding the
vessel wall interacts with the vessel wall by exerting a constant pressure P,. The
resulting tissue force is f; 5, = —Puwmn dc dl = —P,nR df dl.

The forces from the fluid on Iy, are represented by the normal component
of the Cauchy stress tensor f ;g = —Tndcdl, T = —pl+ 2u(D(u))D(u). By
summing the tissue and fluid forces we get the resulting external force acting on
the vessel wall along the radial direction (f,..; = fiissue + F fruia):

fewt = fext T e = (_T - P'wI)n e, dedl,

wall Cwat Cwaut
where e, is the unit vector in the radial direction and n = \/ﬁ(—@ﬁ 1)

the unit outward normal to the boundary I'y,q;;. We transform this force from the
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Eulerian to the Lagrangian coordinates, see, e.g., [24] for more details.

- Ry\/1+ (8.R)
fext = 7(T + PwI)ﬁ‘ c€p deg dly,

Fowall F?uall RO' /1 + (azRO)Q

here n(z) = n(z), v = (2,R(2,t)) € Twau,@ = (z,Ro(2)) € T ;- The term
}j\/% arrives from the transformation to the Lagranian coordinates, in
particular we have the transformation of the curve T'yau(t) = {(z, R(z,t)),z €
(=L, L)} to the curve I'% . = {(2, Ro(2)),2 € (—L, L)}.

The internal forces acting on the vessel portion are due to the circumferential
stress oy (constant with respect to the angle) and the longitudinal stress o ,. Both
stresses are directed along the normal to the surface to which they act. Let us
denote g9 = oy - n. Further the longitudinal stress o, is parallel to tangent, i.e.
o, = fo,7. The sign is positive if the versus of the normal to the surface, on
which o is acting, is the same as those chosen for 7.

We have fine = (fp + f.) - e, and

fo-er = {Ue(g-l-d—;)—l—ae(é—%g)}-e,.hdl:2|09|cos(g+d—29)ﬁdl

do
= 2og|sin (2 ) hdl ~ —|og|h db di = —E—L 1 do dl,
2 Ro
L dz . dz
f.-e = {az(z —l—?)—i—az(z —7)} -e, hdc
* dz\ _ * _ dz
_ T(Z + 2) T(Z 2) '67-h|az|d2 de

dz
~ oy {d—T(z*)} e, hdz dc

dz
9%y  O°R dRo\”
ST 0 g (2R
0z 0z 0z
Here we have used the following properties. According to the linear elasticity

assumption the stress tensor oy is proportional to the relative circumferential pro-
longation, i.e.

n - e.|o,|hdz dec.

2n(R—-R
(R — Ro) =F i, E is Young’s modulus of elasticity.
27TR() R()

To evaluate the longitudinal force we have used the following result, that is a
generalization of an analogous lemma from [40].

(2R’
0z

PROOF. Let a parametric curve ¢ be defined at each ¢ on the plane (z,7) by
iR R, 2 o> (e1(2), ea(2)) = (2 R(,8)) = (2 Ro(2,) + (2, 1)),

0'9=E

LEmMA 3.1. If % 1s small then

2 2
dT(z*)% <87}+8 Ro>

dz 9221 922
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and 7, n, k denote the tangent, the normal and the curvature of c, respectively.
Then according to the Serret-Frenet formula [40] we have

I (2 = 1% )| n(2)l2).

E( ?) = dz

Here n = £n is the normal oriented towards the center of curvature. Furthermore
since we assume g—z to be small, we have

1/2 2
14 (28 ~ |1 (2
9z - 0z

dCl d202 dCQ d201 62

dz d22  dz dz? 022

1/2
dc /

T -

and

()]

_3
@ — 2
dz

(.v

9?Rg + 0* o
022 0z
Since the sign of 6 R determines the convexity of curve, n = sign (a R) n, we
obtain the desired result. 0

Now we use the assumption of the incompressibility of material; the volume of
the infinitesimal portion remains constant under the deformation: hdedl = hdcydly.
Using this assumption the internal forces can be expressed as

n 9%n  9°Ro ORo\ >
fint RR0+(8Z+8 "\
Moreover, we use the fact that n - e, = 1//1+ (0.R)? =~ 1//1 + (0.Rp)?,
and
% ~cos(d(ey,T)) =€, -T=1/y/1+ (0.R0)?,

h dC() dlo

n-elo,

4=
dl

compare Fig. 4.
Summing up all contributions of balancing forces acting on the infinitesimal
portion of T’y we obtain from the linear momentum law (3.1) using the transfor-

mation to Fwa”

. Ry/1+ (2et)?
HT + P e, Rod6 dly = o(d0dly).

Roy/1+ (2f0)2

Thus by dividing the above equation by p,,i Ry df dly and passing to the limit
for df — 0, dly — 0 we obtain the so called wvibrating string model. Adding a
damping term —cd;,.n (or —cd;,...n)c > 0 at the left hand side we get the gen-
eralized string model for radially symmetric domains with non-constant reference
radius Ro(2)
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o (32 +52)
o pu [1+ (@Rﬂ2

En n
—c
puwRo(Ro + 1) oto?%z

(2,1)

(RO + 77)(27, t) \/1 + (aZRO + 5z77)2

(3.2)
Ro(z)puwh 14 (5ZR0)2

= [—(’i‘ + PNwI)’fL} (2, Ro(2)) - e,

The generalized string model for structure (3.2) is completed with the initial
and boundary conditions

on
n =0, Fri Uolro e on T9 .. (3.3)
n(=L,t)=m, n(L,t)=mn, for te (0,T) (3.4)

Let us point out that the coupling of fluid and structure is realized by the kine-
matical and dynamical coupling conditions. The dynamical coupling is represented
by the continuity of stresses, i.e. the fluid forces acting on the structure are due to
fluid stress tensor at the right hand side of the structure equation (3.2). The kine-
matical coupling represents the continuity of velocities at the moving boundaries,
which is the condition (2.10).

4. Fluid-structure interaction methods

In what follows we describe two numerical schemes for coupling the fluid and
the structure. The first approach, called the global iterative method, is based on the
global iterations with respect to the domain geometry. This method belongs to the
strong coupling-type methods. In the second approach, the kinematical splitting,
the structure equation (3.2) is splitted into two parts, which are solved consequently.
Using this splitting, no additional iterations between the fluid and the structure are
necessary. The second method belongs to the class of weakly coupled methods.

4.1. Strong coupling: global iterative method. Assume that the do-
main deformation n = n®*) is a given function, take 7(®) = 5(-,0). The vector
(w1 pk+1) p(k+1)) s obtained as a solution of (2.1), (3.2) for all = € Q(n(®),
x1 € (—L,L) and all t € (0,T). Instead of condition (2.10) we use

(k) *)
ug (21, 2,t) = W(M’t) = wa (w1, 22,t), ui(ri,z2,t) =0 on I', 7, (1), (4.1)
where Fifgll(t) = {(x1,22); 2 = Ro(x1)+n"¥ (z1,t), 21 € (=L, L)}, t € (0,T) and

w is the velocity of mesh movement related to smoothing the grid after moving its
boundary (we allow just movement in the x5 direction, x; direction is neglected),
see also [51].

Further we linearize the equation (3.2) replacing the non-linear term on its
left hand side by En/(pw(Ro + n*)Rp). In order to decouple (2.1) or (2.5) and
(3.2) we evaluate the forcing term at the right hand side of (3.2) at the old time
step ¢!, see also Fig 6. Convergence of this global method was verified experi-
mentally. Our extensive numerical experiments show fast convergence of domain
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deformation, two iteration of domain deformation differ about 10~*cm (for e.g.,
Ry = lem) pointwisely after few, about 5 iterations. As an example we have de-
picted in Figure 3 a deformed vessel wall after 1, 2, 3 and 9 global iterations at the
same time T' = 0.36s. It illustrates that the vessel wall converges to one curve and
does not, change significantly already after second iteration, see Fig. 5. Theoretical
proof of the convergence n(¥) — 7 can be obtained by means of the Schauder fixed
point theorem, cf. [25] and the following subsection.

0.08 .
- — - — l.teration
-7 T~ — — — 2.jteration
0.06 - P T~ —<— 3.iteration -{
¢ o~ 9.iteration
-
~
= 3 ~
5 0.04 /4 o B
= / N
0.02 i
0 1 1 1 1 1 1 1 1 1
-5 -4 -3 -2 -1 0 1 2 3 4 5
t=0.36 s

FIGURE 5. Several iterations of the wall deformation 7 at time
t = 0.36s, after a few iterations curves coincide. Computed for the
Carreau model with Re = 40, cf. (1.3).

k+1. values
@® initial condition, solve NS and deformation problem

1, n (x,t1)
% } pooT T F-lu (x,tl)

t2, — = l.deformat. problem, use(u E: n (x,t2)

| ____2flow problem, usf n (x.2 =\t
: r] (x,tn)
U xin)

tn J

@ i convergence

|

/ if not i
K+l 1

@ update domain geometry- | Q(h), h=n &,t) <---o------- !

FIGURE 6. The sketch of the global iterative method.
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4.1.1. Ezistence of a weak solution to the coupled problem. In the recent years
the well-posedness of fluid-structure interaction is being extensively studied. In
particular, the well-possedness of the mathematical model describing the Newto-
nian fluid flow in compliant vessels has been studied in [6, 7, 13, 23, 25, 47], see also
[4, 5] for related results. In [47] local existence in time of strong solutions is shown,
provided the initial data are sufficiently small. Cheng, Shkoller and Coutand [9, 11]
studied coupled problem consisting of viscous incompressible fluid and elastic solid
shell. Mathematically, the shell encloses the fluid and creates a time-dependent
boundary of viscous fluid. In [9] Cheng and Shkoller proved local (in time) ex-
istence and uniqueness of regular solutions. For three-dimensional problems in
addition some smallness of shell thickness has to be assumed. The difficulty of the
coupled model lies in a parabolic-hyperbolic coupling of viscous fluid and hyper-
bolic structure. A new idea presented in their recent works [10, 11, 12] is based
on introducing a functional framework that scales in a hyperbolic fashion and is
thus driven by the elastic structure. The problem has been reformulated in the
Lagrangian coordinates.

In contrast to these local existence and uniqueness results for regular solutions
we can find already several results on global existence of weak solutions. Recently,
Padula et al. [23] showed the global existence in time of weak solutions when initial
data are sufficiently close to equilibrium. If no restriction on initial data is assumed,
then weak solutions exist as long as the elastic wall does not touch the rigid bottom
[23]. In [22] uniqueness and continuous dependence on initial data for weak solutions
has been studied.

Similarly, in [7] Chambole et al. proved the global existence of weak solutions
until a contact of the viscoelastic and the rigid boundary, see also [20] for the exis-
tence result of stationary solution and the elastic Saint-Venant-Kirchhoff material
and [44] for related results.

In [25] we have proved the existence of a weak solution of fully coupled fluid-
structure interaction problem between the non-Newtonian shear-thickening fluid
and linear viscoelastic structure. In order to obtain enough regular n we need to
regularize the structure equation (3.2) with 7tyz., instead of 7.

Now, assuming that 1 is enough regular (see below) and taking into account
the results from [7] we can define functional spaces that give sense to the trace
of velocity from W1P(Q(n(t))) and thus define the weak solution of the problem.
We assume that Ry € CZ(0,L). Note that p is the exponent of the polynomial
viscosity function, see, e.g., (2.2). In [25] more general non-Newtonian models with
a polynomially growing potential of the stress tensor have been analyzed as well.

DEFINITION 4.1 (Weak formulation). We say that (u,n) is a weak solution of
(2.1), (3.2), (2.10) with the initial and boundary conditions (2.6), (2.7), (2.8), (2.9),
(3.3), (3.4) on [0, T) if the following conditions hold

w € LP(O, T WH(9(n(6)) 1 L (0, T; L(Q(n(1)))
-y e W0, T; L2(—L, L)) N H'(0,T; H2(—L, L))

- dive =0 a.e. on Q(n(t))

- u=(0,m) for a.e. x €T (), t € (0,T),
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2
_ ‘P % |
/ /Q(n(t)) pu- -+ 2u(|(w))D(u)D(p) +p > L o dwdt

i,j=1 !

T (Ro(L) 0
+/ / Pout——|u1|2)gpl(L,x2,t)d:r2dt (4.2)

Ro(0)
/ / Py, — |U1| )(,01( L , T2, )d$2dt

3
/ / Pypa(x1, Ro(x1) + n(xy,t),t) — 8 5 Z e dey di

Onog O 9% on 9 -
/ / ot at axfat ox? ta Oz, 011 +bn&drrdt = 0

for every test functions
p(r1,29,t) € HY(0,T; WHP(Q(n(t)))) such that
divp = 0 a.e on Q(n(t)),
2lr, ) € H'(0,T: HF(Dy ()  and
§(x17 t) = Ep 902($1a Ro(l’l) + 77(171at)7 t)a

where E is a given constant depending on the structural material properties.

THEOREM 4.2 (Existence of a weak solution [25]). Let p > 2. Assume that the
boundary data fulfill P, € L? (0,T; L2(0, Ro(0))), Pout € LP' (0,T; L%(0, Ro(L))),
P, €LV (0,T;L*(-L, L)), %—i— ﬁ = 1. Furthermore, assume that the viscous stress
tensor T has a potential U € C?(R?*2) satisfying the following conditions

Mm)
oy 75 (1) (4.3)
U(0) = ag{é?) —0 (4.4)
%%n&s > C1(1 4+ n|)P~21¢)? (4.5)
U (n)
\ S| < a1+ (46)

Then there exists a weak solution (w,n) of the problem (2.1), (3.2), (2.10) with the
ingtial and boundary conditions (2.6), (2.7), (2.8), (2.9), (3.83), (3.4) such that
(i) we LP(0,T; WHE(Q((t)))) N L0, T; L2(Q(n(1)))),
n€Whe(0,T; L*(—L, L)) N H'(0,T; Hi(~L, L)),
(i) w=(0,n:) for a.e. & € T,(t), t € (0,T),
(i11) u satisfies the condition divu =0 a.e on Q(n(t)) and (4.2) holds.

The proof of existence is realized in several steps:
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a) Approximation of the solenoidal spaces on a moving domain by the arti-
ficial compressibility approach: ¢ - approximation

£ (a;f — Ap€> +dive. =0 in Q(n®), (4.7)
P _ ) on 90(n™), 2> 0.
on '

b) Splitting the boundary conditions (2.10), (3.2) by introducing the semi-
pervious boundary: k - approximation.

et {= (2 4 20 2 4222 )p i p] @) (1)
P (UQ(x,t) o (:cl,t)) - pm(%(xl,t) —UQ(:E,t))

and

~E {% - agi;% + bn+c£§7g;11 - a%Q—fﬂ (21,1) (4.9)
- m(%(xl,t) - Ug(:z,zs)) 7 = (z1,7™ (21,1)), 21 € (=L, L)

with x> 1. For finite x the boundary I',, is partly permeable, but letting
K — o0 it becomes impervious. In fact, we can prove the existence of
solution if K — oo and thus we get the original boundary condition.

¢) Transformation of the weak formulation on a time dependent domain
Q(n(t)) to a fixed reference domain D = (—L, L) x (0,1) using a given
domain deformation n = n*): k - approximation.

The (k, €)-approximated problem is defined on a moving domain de-

pending on function h = Ry 4+ 7). We will transform it to a fixed
rectangular domain and set

def
’U(ylay27t) = u(ylah(ylvt)yQ;t)

def _
q(y1,y2,t) = p~ (Y1, by, t)ya, t) (4.10)

e (9
o) = Sy, t)

forye D={(y1,y2); — L<y1 <L, 0<ya<1},0<t<T.

d) Limiting process for ¢ = 0, K — oo and k — oo, respectively.

We firstly show the existence of weak solutions of stationary problems obtained
by time discretization. Furthermore, we derive suitable a priori estimates for piece-
wise approximations in time. By using the theory of monotone operators, the
Minty-Browder theorem and the compactness arguments due to the Lions-Aubin
lemma, we can show the convergence of time approximations to its weak unsteady
solution. Thus we obtain the existence of a weak solution to the (k, e, k) - approxi-
mate problem. The next step are the limiting processes for x and . First of all we
show the limiting process in ¢ — 0 since necessary a priori estimates obtained by
means of the energy method are independent on . In order to realize the limiting
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process in k; k — 00, we however need new a priori estimates and show the semi-
continuity in time. Thus, letting ¢ — 0 and K — oo we obtain the existence of weak
solution to the k—approximate problem depending only on the approximation of
domain deformation h(x1,t) = Ro(z1) +n*) (21,t). The final limiting process with
respect to the domain deformation, i.e. for k — oo will be realized by the Schauder
fixed point arguments for a regularized problem and consequently by passing to the
limit with the regularizing parameter. This will yield the existence of at least one
weak solution of the fully coupled unsteady fluid-structure interaction between the
non-Newtonian shear-dependent fluid and the viscoelastic string.

The existence result from [25] is the generalization of the results of Filo and
Zauskové [13] where the Newtonian fluids were considered. In [13] the generalized
string equation with a third order regularizing term was considered, but the final
limiting step for kK — oo was open.

4.2. Weak coupling: kinematical splitting algorithm. First, let us re-
write the generalized string model (3.2) in the following way

0%y 0% 0%n (T+P,I)-n-e.  0?Ry
i Ay AT N = — Twan(t) (4.11
o2 o2 TV “hiaa? ool tagz on Twa() (411)
or
2’y 0% #n  (T+P,I)-n-e R /1+(0:,R)? 9’Ry
5 —Am5 thn—c 5 == — a——
ot oxs Otoxy Pwh Ro \/1+ (04, Ro)? ox3
on TY .. (4.12)
Here the parameters are defined as follows
|02, | ORo\?| E
_lomly g (— ) b= o= (413)
Pw 81‘1 pro(Ro + 7]) pwﬁ

Recall that F is the Young modulus, 7 the thickness of the vessel wall, p,, its den-
sity, v is a positive viscoelastic constant and |o,, | magnitude of the stress tensor
component in the longitudinal direction, cf. also Subsection 1.3 for typical phys-
iological values. The kinematical splitting algorithm is based on the kinematical
coupling condition

dn
u=w:= (0,5) on T . (4.14)

and special splitting of the structure equation into the hyperbolic and parabolic
part. We define the operator A that includes the fluid solver for (2.5) and the
viscoelastic part of structure equation

fluid solver (u,p),

. §:= u2|Fwall7
A operator (hydrodynamic) (4.15)

% _ 26 | Hu,p)

c

ot o 8$12
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and the operator B for purely elastic load of the structure

on
E - 6)
B operator (elastic) o 5 (4.16)
— no_
ot aa b77 + H(RO)
where
(T+ P,I)-nn-e. (Ro+1n) \/1+ (0., R)? 0’Ry
H(u,p) = — , Ry) =a—— .
(u,p) puwh Ry 1+ (0, Ro)? (Fo) Ox
(4.17)

Here we note that the coupling condition allowed us to rewrite the hydrodynamic
part of structure equation in the terms of wall velocity . Time discretization of
our problem is done in the following way: from the fluid equation we compute
new velocities ™! and pressures p"t! for 2" € Q" (i.e. ; for t = t"). Note
that @" ™' = w0 Api1 o ALt and pPt = pt o A o ALY, where Agn
is the ALE-mapping from a reference domain €2,.r onto 2. Then we continue
with computing of the wall velocity & "3 from the hydrodynamic part of structure
equation (4.15). Further on we proceed with the operator B and compute new wall
displacement 7! and new wall velocity £”t!. Finally, knowing n"*! the geometry
is updated from Q" to Q"*! and new values of fluid velocity u”*! and pressure
p" 1 are transformed onto 271, In order to update the domain Q" we need to
define the grid velocity w. First, we set wlr,,, = £""!. In order to prescribe
the grid velocity also inside 2 we can solve an auxiliary problem, cf., e.g., [15] or
interpolate w. Consequently, we get w" ! = dz/0t, x € Q"+1.

4.2.1. Stability analysis. In what follows we will briefly describe stability analy-
sis of the semi-discrete scheme for the kinematical coupling approach. More details
on the derivation can be found in [28]. Now, let us consider the weak formulation of
the fluid equation and set for the test function u. Integrating over Q™ and approx-
imating the time derivative by the backward Euler method the operator A yields
the following equation for new intermediate velocities @™ !, 5”*5

~n+1 a"tt — yr 2 n+1 ~n+1 ~nt1
e dw +; p(ID@"H)]) D(@"™) : D(@") dw

Qn Qn

1 n+% _n
+§/ @™ 2div w" dw = —puh / % e dly

an T an

af"Jr% th ~n+1 +1 +1

—pwhe dly — i + [ a™ - de

p 0/ O 0 / 1+ (’)wlRo K !

1—\ n

wall hau

R[) RO
+/ Pin(ﬁnJrl) n+1|z1 =0 dl’g —/ Pout(ﬁnJrl) n+1|z1 L dl’g (418)
0 0
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Moreover, we have div """ = 0 in Q™. The operator B is discretized in time via
the Crank-Nicolson scheme, i.e.

M — 1 n+1 77,—|—%
A &R (4.19)
n+l _ ¢ntl b
% = g(nﬁfzﬁ +e,) = 5 (0" ") + H(Ro). (4.20)

The discrete scheme (4.19)-(4.20) is also reported in literature as the Newmark
scheme.

First we look for an energy estimate of the semi-discrete weak formulation of
the momentum equation (4.18). In order to control the energy of the operator A
we apply the Young, the trace and the Korn inequality for the individual terms
from (4.18). After some manipulations, cf. [28], we obtain

18" 22 ny + C*AH[@™ [T o)

n+i +2
+ouwh|||€ +2||2L2(F?U —[1€" ||L2(F0 )+2Atc||§cm ||L2(F )

ll
n ~n+1 At n+1 *
where k =0 for p>2and k =1 for 1 <p <2, a" := [|div w" || (),

RHS™ ! = [|P (¢ )2 +||Pout(t”“)|| o TP Gl

LY (Ty,, LY (T, Le'(rn

1
I

and C*,C' & are positive constants. The dual argument p’ > 1 satisfies 1/p +
1/p =1

In order to rewrite the term containing the norm ||’EL"+1||L2(Qn) by means of
||11”+1||L2(Qn+1) and ||u"||z2(qn) We use the so-called Geometric Conservation
Law (GCL), cf. [15, 26, 36]. It requires that a numerical scheme should reproduce
a constant solution, i.e.

tn+1

/ dw™t! / dw™ / / div w dw dt . (4.22)
Qntt Qn tn Q
Applying (4.22) to the function |@"*!|? we obtain
t
[ gy — | +1||L2(m) — / /|a|2 div w dw dt . (4.23)
oo

Taking into account the ALE-mapping, we have for ¢t € (", ")

T = Apn g ("), dw" = Jztln tn’+1| dw ,

where Ayn ynt1 := Ayntr 0 Azb denotes the ALE-mapping between two time levels,
J4 is the determinant of the Jacobian matrix of the ALE mapping. The right hand
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side of (4.23) can be further estimated in the following way

t'n.+1
|a)? div w dw dt < ﬁ”AtHu"H%z(Qn) , (4.24)
QO
where 8" =  sup {||div w - |JZ,,1n,tn+1| ||Loo(m)}. Inserting (4.24) to (4.23)

te(tn,tnt1)
we obtain the desired estimate

18" |2 ny = [ L2 anin) — B AU |72y - (4.25)
Moreover, we also obtain from (4.23)
" A" [T ony < oM ALz gniny + 0" B (AD? [ [Tz (gny. (4.26)

Using the inequalities (4.25)-(4.26) and summing up (4.21) for the first n 4 1 time
steps we obtain the following estimate for the operator A

n
[ T[22 gy + C AL Z ||ﬂz+1||€v1,p((zi)
i=0

n
o ; i+3
+puhY [Hs”z acro, ) — €1z 2ro ) + 28t €0 ||%2<r:;a”>]
i=0

n+1
< [1 + A0 + (At)2a050] ][ Z200) + ALY [51(1 +a'At) + az_l} [l l1Z2
i=1
At n+1
+ o Zl RHS! 4 2C*kT. (4.27)

In order to estimate of the operator B we firstly multiply the equation (4.19) by
b(n™ ! + ™) and the equation (4.20) by (€71 + ¢7+3), secondly sum up the mul-
tiplied equations and then integrate them over I' .. Finally, after some manipu-
lation [28], we obtain

b
allnﬁfllli%pga“) 5 ||77n+1||%2(r0wa”) + ||§n+1||i2(rgw”)

30
< a||7731||%2(rgw”) Y ||770||%2(rgw“) + ||§0||%2(r0wa”)

& i+l i aL|F'LOua |
(1B Baqr, ) — 1€ Barn, ) + 2 (428)
1=0

2

0?Rg . .
- and § is a small positive number.
021 s,
Combining the estimates for the operator A, cf. (4.27), with the operator B, cf.
(4.28), we obtain

n+tl n+1 n+1
E LAt Y G B+ QU A AL S P Aty [ﬂi(l + alAt) + i

=1 =1 =1

Here L :=

E’L

3




“volume-vii” — 2012/3/8 — 12:25 — page 130 — #144

130 1. FLUID-STRUCTURE INTERACTION METHODS
where

_ _ _ b _
E:Imﬂﬁmq+mhh%M§@LM+5Hﬁﬁﬂmw)HMW%GLM,

. i ~3
G' = C*Huz“%/l,:ﬂ(ﬂi—l) +2puh cl|&a, ||2L2(F°wau) ’

Lo
Q7 = [0 + (81008 I3 oy + i I + sl a0,
. 1 .
P' .= — RHS',
2e
and i =0,...,n+ 1. Finally, using the discrete Gronwall lemma, cf. [42], we obtain
n+1 n+1 n+1 : : P
- - 1+ a’At) + o H AL
EnJrl At G < EO 0 At Pt (ﬂ ( : : :
(4.29)
with the following condition on the time step
1
At for i=0,...,n+1. (4.30)

< — - -

~ Bl + afAl) + ot
We would like to point out that assuming a smooth grid movement the coeflicients
o' and S are sufficiently small and thus the condition (4.30) is not very restrictive.
Indeed, our estimate is more general than those obtained by Formaggia et al. [15].

The estimate (4.29) states that the kinetic and the dissipative energy E"™' +
n+1

At Z G" is bounded with the initial and boundary data as well as a small constant
i=1
arising from the smooth mesh movement.

REMARK 4.3. Applying the midpoint rule for approzimation of the convec-
tive ALE-term we can derive a corresponding enerqy estimate of the semi-discrete
scheme without any dependence on the domain velocity w. Here, we use the fact
that in two-dimensional case the integrand on the left hand side of the geometric

conservation law (4.23) can be exactly computed using the midpoint integration rule,
cf. [15, 26, 36], i.e.

tntt
/ /|ﬂ"+1|2 divw dw dt = At / la" | div w2 dw. (4.31)
o, Qnri/2

Here 4" = w0 Ajusr 0 A;}+1/2 is defined on Q" T2, As a consequence, the

ALE-term will exactly balance out the integral on right hand side of (4.31) and the
total energy at the new time step t™ 1 will be bounded only with the initial energy
and the boundary data

n+1 n+1
E™T 4 AL Y G < B+ puhb |n°)|7 +M+2C*HT+M > P
- = Pw n L2(F2}all) 5 — .

(4.32)
For more details on the derivation of energy estimates (4.29) and (4.32) the reader
is referred to [28].
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CHAPTER 2

Numerical study

1. Numerical study

1.1. Hemodynamical indices. Several hemodynamical indices have been
proposed in literature in order to measure the risk zones in a blood vessel. They
have been introduced to describe the mechanisms correlated to intimal thickening
of vessel wall. Many observations show that one reason is the blood flow oscillations
during the diastolic phase of every single heart beat. To identify the occlusion risk
zones the Oscillatory Shear Indez is usually studied in literature, see [41]

T

w dt

osr=2(1- f;; : (1.1)
2 fO |7 | dt

where (0,7) is the time interval of a single heart beat (T" ~ lsec) and 7, is the
Wall Shear Stress (WSS) defined as

WSS :=71,=-Tn-T. (1.2)

Here n and 7 are the unit outward normal and the unit tangential vector on the
arterial wall T'y,q11(t), respectively. OST index measures the temporal oscillations of
the shear stress pointwisely without taking into account the shear stress behavior
in an immediate neighborhood of a specific point.

It is known that the typical range of WSS in a normal artery is [1.0,7.0] Pa
and in the venous system it is [0.1,0.6] Pa, see [30]. The regions of artery that are
athero-prone, i.e. stimulates an atherogenic phenotype, are in the range of +0.4 Pa.
On the other hand, the WSS greater than 1.5 Pa induces an anti-proliferative and
anti-thrombotic phenotype and therefore is found to be athero-protective. In the
range of [7,10] Pa high-shear thrombosis is likely to be found.

Since the viscosity of the non-Newtonian fluid is a function of shear rate, see
Fig. 1, for comparison with Newtonian flow we introduce the Reynolds number for
non-Newtonian models using averaged viscosity

pV1
%(,U/O + Mw) 7
where p is the fluid density, V' is the characteristic velocity (e.g. maximal inflow
velocity), [ is the characteristic length (we take the diameter of a vessel). In order

to take into account also the effects of asymptotical viscosity values, we define
Reg = pV1/1p, Reoo = pV1/ oo and introduce them in the Table 1 below as well.

Re = (1.3)

1.2. Computational geometry and parameter settings. We will present
our numerical experiments for two test geometries. In the first one, Fig. 2 or Fig. 1,

131
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the two dimensional symmetric vessel with a smooth stenosed region is considered.
Due to the symmetry we can restrict our computational domain to the upper half
of the vessel. Let Ty, = {(—L,x2); 2 € (0, R(—L, 1))}, Tour = {(L,x2); 22 €
(0,R(L, )}, Tsym = {(21,0); 1 € (=L, L)} denote the inflow, outflow and sym-
metry boundary, respectively. The impermeable moving wall Iy, () is modeled
as a smooth stenosed constriction given as, see [31],

Ro(y) = 4 Fo-D) 1= 8 (Lcos (S52)) | if € [20.4L;041]

Ro(—L) if 2, € [~L; —0.4L) U (0.4L; L].

We took L =5 cm, g = 0.3 with R(—L,t) = R(L,t) =1 cm for experiments with
model data. These values give a stenosis with 30% area reduction which corresponds
to a relatively mild occlusion, leading to local small increment of the Reynolds num-
ber. When considering physiological pulses prescribed by the iliac flow rate (Fig. 3,
left) and the physiological viscosities (Tab. 1), the radius R(—L,t) = R(L,t) = 0.6
cm and the length L = 3 cm were chosen. This radius represents the physiological
radius of an iliac artery, i.e. a daughter artery of the abdominal aorta bifurcation,
cf. [46].

The bifurcation geometry shown in Fig. 2 represents the second test domain.
This is a more complex geometry with asymmetric daughter vessels and the so-
called sinus bulb area. Indeed, it is a simplified example of a realistic carotid artery
bifurcation, see [38]. The radii of the mother vessel (i.e. common carotid artery),
daughter vessels (i.e. external and internal carotid artery) and the maximal radius
of the sinus bulb area are: 7o = 0.31 cm, 1 = 0.22 cm, ro = 0.18 cm and rg = 0.33
cm. The branching angles for the bifurcation in Fig. 2 are v; = v2 = 25°.  We

Tl

rwaII
FIGURE 1. Stenotic reference geometry.

note that since the generalized string model has been derived for radially symmetric
domains we need to preserve the radial symmetry of the geometry also after the
bifurcation divider. For this purpose we rotate the original coordinate system with
respect to the bifurcation angle v; of the daughter vessel. In our simulations for
simplicity we assume that only one part of the boundary T'y,q; (this corresponds to
the boundary I'’" . in Fig. 2) is allowed to move. This is motivated by the fact that
atherogenesis occurs preferably at the outer wall of daughter vessel, in particular
in the carotid sinus, see [30]. Therefore this is the area of a special interest. Note
that we use two different reference frames. One corresponds to the mother vessel
and in the second reference frame the z;-axis coincides with the axis of symmetry
of the daughter vessel.
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internal CA

sinus bulb

common CA

external CA

CA = carotid artery - Mout

FIGURE 2. Bifurcation reference geometry, see [38].

1.2.1. Boundary conditions. For Iy, the symmetry the boundary conditions
Oz,u1 = 0, ug = 0 is prescribed, for I'y,; the Neumann type boundary condition
—Tn = P,,:In is used. We prescribe the pulsatile parabolic velocity profile on the
inflow boundary

(RQR%%)JC@), us(—L,x2) = 0, (1.4)

where R = R(—L,t) = Ro(—L) + n(—L,t) and Viyee = u1(—L,0) is the maximal
velocity at the inflow. For temporal function modeling pulses of heart f(t) we have

used two variants: f(t) = sin? (wt/w) with the period w = 1s, and f(t) coming
from physiological pulses of heart and iliac artery flow rate Q(t), depicted in Fig. 3.

Ui (_L7 1'2) = Vmam

Flow waveform in iliac artery Flow waveform in common carotid artery
30 14

25

20

15

10

mean flow 6.3 ml/s

flow rate [ml/s]
flow rate [ml/s]

mean flow 5.1 ml/s

2
-
-10 0
0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
time [s] time [s]

FIGURE 3. Flow rate Q(t) in the iliac artery (left) and in a common
carotid artery (right), see [38, 46].
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Indeed, the flow rate is obtained as an integral over the inflow surface S;,, in our

case o /S

Taking into account inflow velocity (1.4) we obtain that Q(t) = 17V,..R2f(t).
Consequently we get the relation for temporal function f(¢), which we use in (1.4),

_ 2Q(t)
1) = TVinae R2(—L,t)°

Note that the mean inflow velocity and the maximal inflow velocity are defined by
U =Q(t)/(rR?) and Viux = 2Q(t)/(7R?), respectively.

1.2.2. Parameter settings. In the first part we have chosen in analogy to Nadau
and Sequeira [31], Rey = 30 or Rep = 60 and poo = %,uo for the Carreau model
(2.2) as well as for the Yeleswarapu model (2.3), cf. Section 5.1. For these (arti-
ficial) viscosities we will compare the hemodynamical wall parameters and study
the experimental convergence of our methods. Moreover we test the stability and
robustness of the method for physiological viscosity parameters [48]. The viscosity
parameters for experiments with model and for physiological data are collected in
Table 1 below. In order to model pulsatile flow in a vessel we use sinus pulses
introduced above. In the second part we test the stability and robustness of the

R
uldSm = 271'/ Jlgul(—L, wg)dl’g, R = R(—L,f).
0

in

(1.5)

TABLE 1. Parameters for numerical experiments.

Re =34 Re =80 Re =40 | Re =80
Carreau model Yeleswarapu model
g=0, -0.322, 02, y=1 v =14.81
ftoo = 1.26P fioo = 0.63P oo = 1.26P fioo = 0.63P
po = 2.53P po = 1.26P o = 2.53P o = 1.26P

Vinaz = 38cm/s Vimaz = 38cm/s Vimaz = 38cm/s Vimaz = 38cm/s

Rep = 30, Rexs = 60

Reg = 60, Reso = 121

Rep = 30, Recs = 60

Reg = 60, Reso = 121

physiological parameters
q=—0.322, v=3.313

physiological parameters

Jioo = 0.0345P, jig = 0.56P
Vimaz = 17em/s
Re = 114, Re~o = 986

lioo = 0.05P, pio = 0.736P
Vimaz = 22.3cm/s
Re = 113, Reoo = 892

method for physiological viscosities [48] in some relevant physiological situations,
e.g. in the iliac artery or in the common carotid bifurcation artery.

We note than in the human circulatory system, the Reynolds number varies
significantly. Over one cycle it reaches the values from 10~2 up to 6000. A typical
critical number for a normal artery is around 2300, for bifurcation it is around
600. However, the recirculation zones start to be created already at the Reynolds
number around 170. This explains the fact that small recirculation zones appear
even in healthy bifurcations. The part of a bifurcation that is the most sensitive to
the local change of flow is the so-called sinus bulb area. This is a part of a daughter
vessel, where an atherosclerosis is usually formed, see Fig. 2. Indeed, our analysis
of the local hemodynamical parameters confirms this fact.
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In the following table we give the overview of the Reynolds numbers Rey and
Rey defined in Section 5.1 for physiological viscosities. The characteristic velocity
V is taken to be the mean inflow velocity U. In the Tab. 2 the Reynolds numbers
for physiological pulses corresponding to the iliac artery flow rate (Fig. 3, left) and
common carotid artery (Fig. 3, right) are computed. We denote by Qmean; @maz
and Qnin the mean, the maximal and the minimal flow rate, respectively. The

Newtonian viscosity corresponds here to pio in the Carreau model.

TABLE 2. Reynolds numbers for physiological data and pulses.

Iliac artery

Newtonian model

Carreau model

Yeleswarapu model

R(0,t) = 0.6 cm u=0.0345P
Qmean(t) = 6.3 mls™T Re ~ 195 Reo ~ 12 Reo ~ 9
U =5.6cm.s ! Reso & 195 Reco ~ 134
Qmaz(t) =25.1 mlLs™! Re ~ 772 Reg ~ 48 Rep ~ 36
U=222cms™ ! Reco ~ 772 Reoo & 533
Qmin(t) = —6.0 ml.s™! Re ~ 185 Reo ~ 14 Reo ~ 10
U=-53cms! Reso = 185 Reco ~ 114

Carotid artery

Newtonian model

Carreau model

Yeleswarapu model

R(0,t) = 0.31 cm u=0.0345P
Qmean(t) = 5.1 mls™! Re ~ 304 Rep ~ 19 Rep ~ 14
U=16.9 cms™! Reco ~ 304 Reso & 210
Qmaz(t) =13.2 mls™! Re ~ 785 Reg ~ 48 Rep ~ 37
U =43.7 cm.s~! Reco ~ 785 Reoo A 542
Qmin(t) =3.9 mls™T Re =~ 232 Reo ~ 14 Reo ~ 11
U=129 cm.s~! Reoo ~ 232 Reoo = 160

1.3. Discretization methods. For the numerical approximation of (2.1),
(3.2) and (2.10) we have used as a basis the UG software package [1] and ex-
tended it for the shear-dependent fluids as well as by adding the solver for the wall
deformation equation (3.2). In the UG package the problem class library for the
Navier-Stokes equations in moving domain is based on the ALE formulation, see
[3]. The Euler implicit method, the Crank-Nicolson method or the second order
backward differentiation formula can be applied for time-discretization. The spatial
discretization of the fluid equations (2.1), or (2.5), is realized by the finite volume
method with the pseudo-compressibility stabilization. This stabilization results in
the elliptic equation for the pressure. The non-linear convective term is linearized
by the Newton or fixed point method, see e.g., [32]. In what follows we explain the
treatment of the non-linear viscous term, which we have implemented within the
UG software package.

1.3.1. Linearization of the viscous term. According to Taylor’s expansion we
have

p(D(w)D(u) = pD(u)Dw) (1.6)
+d [M(]Z((gzz;)(u)] (’U,Old)(vu o vuold) + O((V’LL _ VuOld)2),

d[M(D(u))D(u)] (uold) — ,U,(D(’U,Old))l(l‘i‘lT) + dué];iu)) (uold)D(uold)
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and (.)° denotes the previous iteration. Plugging the above expression for
W into (1.6) and neglecting the higher order term O((Vu— Vu°'?)?) we
obtain the Newton type iteration u(D(u))D(u) ~ u(D(u?))D(u)+ (Vu — Vuld)
W(uOZd)D(uOM) . By neglecting the term O(|Vu — Vu®?|) we get the fixed
point approximation

u(D(w)D(w) ~ u(D(u)D(u). (L.7)

We iterate with respect to u;u, = u®?, see (1.8). The fixed point iteration can be
also understood as the Newton iteration with an incomplete Jacobian matrix, since
the second part of the Jacobian matrix %(u"ld)D(udd) is neglected.

Now, we present the finite volume method used in the UG package with the
fixed point linearization for the viscous and convective terms and the Euler implicit

time discretization

[ o (S s

7 7

+At / ([(“?“ —w") - mfupf 4 (g, - upt) -n]ufl) ds

0
o,
_ n+1 n+1 . n+1 .
+At/ < (/p)uDls ?(}zu”lnﬁ)j O/piss 1 n)) ds = 0.
A Uppq " T vl - )

In the case of the global iterative method €2; denotes the ¢-th control volume at
time t"*! given from the previous iteration, i.e. Q; = ngfl)(t"*‘l). The grid
velocity w™ = w(t") is obtained using the backward difference of the grid position
el (k=1) _pn
At .
_xr—xn

and w" = =—%;—.
1.3.2. Discretization of structure equation. In order to approximate the struc-
ture equation we apply the finite difference method. For the global iterative method
we will rewrite the second order equation (3.2) as a system of two first order equa-

tions. Set £ = dyn. Time discretization is realized by the following scheme

n

w" = . In the case of the kinematical splitting we have Q; = Q, (")

§n+1 _ €n 6277”+1 N 82§n+1
7 —aa—p + ban"t! —ca 92 (1.9)
1 1
82,'771 N 62§n
= H+a(l—a) a7 —b(1—an"+e(l—a) 27
n+l _ . n
! At L = a4+ (1- ),
where
polmlfy () E (@A
Puw Oxq pwlo(Ro + 1) Ropuh ’
v (T+P,I)-n-e. Ry
=——, H=H H(Rp) = —
c pwh7 (uap)+ ( 0) pwh a 8$%
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We note that in contrary to the definitions given by (4.13) and (4.17), we included
a part of the right hand side term having the factor n/Ry to the coefficient b.
Moreover, due to the linear elasticity assumption we assumed small deformation
2
gradient On/0x;, which yields M ~1
1-1-(6m1 Ro)

Constants appearing in the coefficients a, b, ¢ have typically following values,
see [14]: the Young modulus is E = 0.75 x 10°dyn.cm™2, the wall thickness h =
0.1 ¢m, the density of the vessel wall tissue p, = 1.1 g.cm™3, the viscoelasticity
constant v = 2 x 10* P.s.em™!, |o,| = Gk, where k = 1 is the Timoshenko shear
correction factor and G is the shear modulus, G = E/2(1 + o), where 0 = 1/2 for
incompressible materials.

If & = 0 we have an explicit scheme in time, for &« = 1 we obtain an implicit
scheme. The parameter o = % yields the Newmark scheme, which is proven to
be unconditionally stable at least in the case of homogeneous Dirichlet boundary
conditions, see [36].

In the case of kinematical splitting algorithm, the structure equation (4.12) is
discretized using the splitting approach (4.15)-(4.16). The operator A consists of
(1.8) and (1.10), where

§n+1/2 _ é-n

At

The parameter « is chosen to be either 0.5 or 1. A new solution obtained from
(1.8), (1.10) is the velocity @™ and the pressure 5"t on Q" as well as the wall
velocity function ¢€"+1/2 on T .. The second step is the operator B, that combines
the purely elastic part of structure equation and the kinematical coupling condition
(4.14). This can be discretized in an explicit or implicit way. An explicit scheme
reads as follows

=ca Y2 L e(1—a)€n  + H(p" umth). (1.10)

11 T1T1

n+l _ . n
Tl a1 ¢
€n+1 _ §n+1/2 N L
= a2 M+ a(l = a2) 17, —bae " = b(1 = ag) " + H(Ro)
(1.11)
for a; = 0.5, as € {0.5;1}. An implicit scheme has the following form
n+l . n
’ At T —ap ety (1—ay) &2
é-nJrl _ §n+1/2 L L
T mett +a(l —a) nf ., —bao "N —b(1 — az) 0" + H(Ry)

(1.12)
for ¢y = 0.5, as = 0.5. We note that once new values for the wall displacement
1"t and the velocity "' are known, we update the fluid velocity on the moving
boundary to 4™ and update the mesh. In our experiments we have used both,
the explicit (1.11) as well as the implicit method (1.12). The implicit coupling was
typically more stable. In order to combine the operators A and B we may use the
first order Marchuk-Yanenko operator splitting or the second order Strang
splitting scheme. The Marchuk-Yanenko scheme

U™ = BarApr U™,
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where U™ is the approximate solution of the coupled fluid-structure interaction
problem at the time level t". The second order Strang splitting yields

U = BayjpAneBage U™

1.4. Numerical experiments. We start with the comparison of our two
fluid-structure interaction schemes: the global iterative method and the kinematical
splitting. In Fig. 4 we can see the domain deformation at two different time steps,
that was obtained using the global iterative method, cf. (1.9) with a = 1 (Newmark
scheme) and the explicit kinematical splitting (1.10), (1.11) with & = a; = ag = 1.

We can see that both methods yield analogous results.

0.08
0.06 == S R
- N
2 ~
£ 0.04f S e |
/ , global iteration s
0.02F 4 ng i - S J
— - — n, kin ematical splitting ~
0 1 1 1 1 1 1 1 1 1
-5 -4 -3 -2 -1 0 1 2 3 4 5 cm
time=0.36 s
0
-0.02 B
£
© =
-0.04f - g
_006 1 1 1 1 1 1 1 1 1
-5 -4 -3 -2 -1 0 1 2 3 4 5 cm
time=0.96 s

FIGURE 4. Comparison of the wall deformation n in a stenosed
vessel for the global iterative method and the explicit kinematical
splitting, Re=40.

Our next aim is to investigate differences in the behavior of Newtonian and
non-Newtonian fluids in moving domains for different viscosity data and Reynolds
numbers. Experiments presented in Section 1.4.1 as well as in the first part of
Section 1.4.2 were obtained using the global iterative method. In Section 1.4.2
experiments using the kinematical splitting method for the iliac artery and the
carotid bifurcation will be presented.

1.4.1. Numerical experiments for model data. In this subsection we present
experiments with the viscosity parameters introduced in the first three lines of
Table 1 for model data. The Reynolds number for non-Newtonian fluids varies
between two values Reg and Reo,. In order to compare similar flow regimes, the
same Reynolds number Re = 40 for the Newtonian as well as the non-Newtonian
fluids was used. The corresponding Newtonian viscosity was chosen such that it
coincides with the averaged non-Newtonian viscosity 3 (1o + oo, see (1.3).
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We use the Dirichlet inflow boundary condition (1.4), which models pulsatile
parabolic velocity profile at the inflow. Here we took f(t) = sin?(rt/w) with
w = 1s. We have chosen two non-Newtonian models for the blood flow often used
in the literature, the Carreau and the Yeleswarapu model. Further, we study the
influence of non-Newtonian rheology and of fluid-structure interaction on some
hemodynamical wall parameters such as the wall shear stress WSS and the os-
cillatory shear index OSI. In what follows we plot the results comparing several
aspects of Newtonian and non-Newtonian flow in the straight channel and in the
channel with a stenotic occlusion.

Fig. 5 describes time evolution of the wall deformation function n at two time
instances t = 0.36s and ¢t = 0.96s for the straight and stenotic compliant vessel
and for different non-Newtonian viscosities. Clearly, we can see effects due to the
presence of stenosis in Fig. 5. The differences in wall deformation for non-Newtonian
and Newtonian fluids are not significant.

~ = p - - - carreau N
Carreau N X
Yeles.

~ = Newtonian

— = Newtonian

-1 0 1 0
time=0.36 s time=0.36 s

n (cm)

0 1 2 3 4 5cm -5 -4 -3 -2 -1
time=0.96 s

FIGURE 5. Deformation of the compliant wall 7, left: a straight
vessel, right: a stenosed vessel, Re = 40.

Fig. 6, 7 describe the wall shear stress distribution W.SS along the moving or
fixed (solid) wall in the straight and in stenotic vessel, respectively. We compare
the WSS for the Newtonian and non-Newtonian fluids. Analogously as before
we see that the WSS depends considerably on the geometry. In Fig. 7 peaks in
the WSS due to the stenosis can be identified clearly for both Newtonian and non-
Newtonian models. Fluid rheology is even more significant for W.S.S measurements;
see different behaviour of WSS at t = 0.36s in Fig. 6 and Fig. 7. Moreover, we can
conclude that the WSS at t = 0.36s is in general lower in a compliant vessel than
in a solid one, see Fig. 6 for the straight and Fig. 7 for the stenotic vessel.

Another important hemodynamical wall parameter is the oscillatory shear in-
dex OSI. Fig. 8 describes the behavior of the OSI in the straight and stenotic
vessel (both solid and compliant case). We can see new effects due to the presence
of stenosis in the OSI. Moreover the peaks in the OSI are more dominant for
the non-Newtonian models in comparison to the Newtonian flow. High OST values
indicate the areas with the large stenotic plug danger. Fig. 8 indicates, that such
areas appear at the end of stenotic reduction. Numerical simulation with solid
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FIGURE 6. WSS along the straight vessel with solid as well as
compliant walls, the Newtonian and the Carreau model, Re = 40,

left: ¢ = 0.36s, right: ¢ = 0.96s.

250

200

150
100
50
-5 -4 -3 -2 -1 0 1 2 3 4 5cm
WSS in compliant channel, t=0.36 s
250

dyn/cm2

-2 -1 0 1 2 3
WSS in solid channel, t=0.36 s

FIGURE 7. WSS along the vessel
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(top) and solid (bottom) vessel at two time instances, Re = 40.
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vessel walls indicates even higher oscillation of the wall shear stress. Thus, simu-
lations without fluid-structure interaction would indicate more critical shear stress
situation in vessels as they are actually present in elastic moving vessels.

Carreau compl. 0.09 Carreau compl. . -
— - - Carreau solid ~ — — Carreau solid

008 —— Newtonian compl 008 —— Newtonian compl.
— — Newtonian solid

— -~ Newtonian solid

-2 -1 0 1 2 3 4 5cm -5 -4 -3 -2 -1 o 1 2 3 4 scm
0sl indices in straight vessel 0sl indices in stenosed vessel

FiGURE 8. OST indices along the compliant and the solid vessel
wall, the straight vessel (left) and the stenosed vessel (right),
Re = 40.

We conclude this subsection with a statement, that the fluid rheology and
domain geometry may have a considerable influence on the hemodynamical wall
parameters WSS and OSI. The fluid-structure interaction aspect plays definitely
significant role in the prediction of hemodynamical indices and should be involved
in reliable computer simulations.

1.4.2. Numerical experiments for physiological data. Several results comparing
the behavior of both non-Newtonian models, the Carreau and the Yeleswarapu
model with corresponding physiological viscosities from Table 1, cf. lines 4 and 5,
are presented below. We consider here pulsatile velocity profile at the inflow as in
Section 1.4.1 and zero Dirichlet boundary conditions for 7.

Fig. 9 describes the velocity field, streamlines and the pressure distribution
at two time instances. We can clearly notice reversal flow areas due to pulsatile
behavior of blood flow. At time ¢t = 0.96 s, where the inflow velocity is decreasing,
we can observe vortices in the streamlines.

In what follows we compare measurements for increasing Reynolds numbers,
namely for Re = 114 and Re = 182. For comparison with the Newtonian case,
we are using two values of the corresponding Newtonian viscosity. One Newtonian
viscosity, similarly as in the previous Section 1.4.1, is obtained from the averaged
non-Newtonian viscosity pu = %(MO + o). The second one is the physiological
viscosity p = 0.0345 P.

Our numerical experiments confirm, that the differences between Newtonian
(both physiological and averaged viscosity) and non-Newtonian fluids in the wall
deformation, the wall shear stress WSS as well as in the oscillatory shear index
OS1I are more dominant with increasing Reynolds numbers, see Figs. 10, 11, 12.
We can also observe that the amplitude of wall displacement and wall shear stress
is smaller for the physiological Newtonian velocity and larger for the averaged
Newtonian velocity. This means that concerning physiological Newtonian viscosity
(or averaged Newtonian viscosity) the hemodynamical parameters predict more (or




“volume-vii” — 2012/3/8 — 12:25 — page 142 — #156

142 2. NUMERICAL STUDY

e
e
e
L
e
iy
WM
el
e
L

o |

i

W

FI1GURE 9. Numerical experiment using physiological parameters:
the Carreau model, ¢ = 0.36s (top) and ¢ = 0.96s (bottom), from
above: velocity field, streamlines and pressure distribution.
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FicURE 10. Comparison of wall deformations for different
Reynolds numbers, left: Re=114, right: Re=182, at two time in-
stances t = 0.36s, t = 0.96s.

less) critical situation in the case of Newtonian flow than by the non-Newtonian

flow.
Concerning the oscillatory shear index OS1, see Fig. 12, the higher Reynolds
number corresponds to the higher values of OSI. It shows that increasing the
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FiGURE 11. Comparison of wall shear stresses WSS for different
Reynolds numbers, left: Re=114, right: Re=182, at two time in-
stances t = 0.36s, t = 0.96s.
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FIGURE 12. OSI indices for different Reynolds numbers using
physiological viscosities.

Reynolds number, the amplitude of WSS increases and the period of reversed flow
prolongates.

1.4.3. Iliac artery and carotid bifurcation. In this part we present experiments
for physiological situations, including a simplified but realistic geometry (Figs. 1,2),
physiological flow rate (Fig. 3) as well as the physiological viscosities (Newtonian
viscosity ¢ = 0.0345 P and non-Newtonian viscosities from Tab. 1).

Figs. 13, 14 (left) demonstrate dependence of the wall displacement on the
reference geometry. From the evolution of the wall movement for several time
instances corresponding to systolic maximum, systolic minimum, diastolic minimum
and the final phase of the physiological flow for the Carreau viscosity we conclude
that the presence of stenosis as well as bifurcation divider influences the compliance




“volume-vii” — 2012/3/8 — 12:25 — page 144 — #158

144 2. NUMERICAL STUDY

of the vessel wall. Comparing the Newtonian as well as non-Newtonian rheology
(Figs. 13, 14, right) we see that the difference between them is not significant.

n [em]

wall deformation, stenosis, Carreat ———————

x10°

K
M o]

0 fem]

-0.005

-0.01

-0.015
0

wall deformation, stenosis, Carreau, t=0.36 s

— — — Carreau, p=1.6
— = Yeleswarapu,A=14.81
Newton p=0.0345

1 2 m 3 4 5
a1

FIGURE 13. The evolution of n along the line 9 = Ry for stenosed
vessel. Left: comparison at several time instances, right: compar-
ison of different constitutive models at ¢t = 0.36 s.

3

wall deformation, real. bifurcation, Carreau

x 10 wall deformation, real. bifurcation, Carreau, t=0.36 s

— — —Carreau, p=1.6
— -~ Yeleswarapu,A=14.81
Newton u=0.0345

15 2 25 0 0.5 1 15 2 25
ol rm fcm]
wall wal

0 0.5 1

FIGURE 14. The evolution of 7 along the moving boundary I'}}
for bifurcation geometry. Left: comparison at different time in-

stances, right: comparison of constitutive models at ¢ = 0.36 s.

The WSS distribution along the moving boundary for both types of geometry is
presented in Figs. 15, 16. We see that the peak of the WSS corresponds to the
stenosed area (see Fig. 15) and to the bifurcation divider (see Fig. 16). In the case
of stenosed vessel we observe one reversed vortex at ¢ = 0.36 s and two vortices
at t = 0.58 s. Moreover, at time instances ¢ = 0.58 s and ¢t = 0.90 s, the WSS
belongs to the athero-prone range. Looking at the bifurcation geometry (Fig. 16),
a reversed flow at all time instances around the sinus bulb appears. Moreover,
approaching the bifurcation divider lower values of the WSS can be found. In
both cases, stenotic iliac and bifurcation carotid artery, we observe that the WSS
corresponding to the non-Newtonian model gives higher extremal values.

In Fig. 17 the OST index along the moving boundary for stenotic (left) and
bifurcation geometry (right) is presented. Due to the high shear flow in a stenosed
region, direction-varying WSS, in particular before and after stenosis, can be found.
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FicUre 15. WSS along 'y, for the stenotic vessel geometry at
several time instances.
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FIGURE 16. WSS along I}, for the bifurcation geometry at sev-
eral time instances.

In the case of carotid bifurcation, the OST peak corresponds to the sinus bulb area.
These measurements agree with the observations from the clinical praxis, e.g. [30].

Finally, Figs. 18, 19 present several snapshots for the stenotic and bifurcation geom-
etry depicting the velocity streamlines, velocity vector field, pressure isolines and
horizontal velocity isolines. In Fig. 18a we observe the development of recirculation
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FiGURE 17. OSIT along T'y,q;. Left: stenosed geometry, right: bi-
furcation geometry.

zones around the stenosed area. At the systolic minimum (Fig. 18b) we can see
that the negative flow with pressures from [—51.6,0] Pa and horizontal velocities
from [—21.5,7.8] cm.s~! develops. In the case of bifurcation geometry, we observe
the development of reversed flow in particular in the sinus bulb area (Fig. 19). We
note that due to the bifurcation geometry the axial velocity profiles in daughter
vessels are asymmetric. For more details on physiological experiments, including
the evolution of WSS for chosen points on moving boundary, see [28].
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field and horizontal velocity isolines for the stenosed vessel at two
time instances.
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1.5. Convergence study. In our numerical experiments we have used piece-
wise linear approximations for fluid velocities and for pressure and backward Euler
method for time discretization. In the case of global iterative method the structure
equation is approximated by the second order Newmark method. For the kinemat-
ical splitting method the second order approximation in space and time (Crank-
Nicolson method) was applied. Both the first order Marchuk-Yanenko splitting as
well as the second order Strang splitting schemes have been tested.

In order to study accuracy of the coupled fluid-structure interaction problem
the so-called experimental order of convergence (EOC) is computed. The
EOC in space is defined in the following way

U At — Wn agllLe /|| Q0] L
EOC(u) lwn,ae = wn aglloe /(1]

=1 : 1.1
%2 Ny, — s /12 10 (1.13)

To evaluate the EOC in space, the computational domain Q(n) is consecutively
divided into 16 x 2 elements (1. refinement), 32 x 4 elements (2. refinement), 64 x 8
elements (3. refinement), 128 x 16 elements (4. refinement), where the element size
h = (Az, Ay) is halved. The space errors and the EOC were computed at 7" = 0.8s.
The constant time step was chosen to be enough small and set to At = 0.002s.

We consider here the Carreau model for non-Newtonian fluid as well as the
Newtonian fluid. The index p denotes the corresponding exponent in the power-law
model used for the non-Newtonian Carreau viscosity function, see (2.2). In our case
we took ¢ = —0.2, which yields p = 1.6 as well as ¢ = 0 (p = 2) in the Newtonian
case. Note that due to the regularity results presented in Subsection 4.1.1 we
measure the errors in the LP, or WP, norm for velocity for the non-Newtonian
fluid and in the L2, or W2, norm for the Newtonian fluid. Due to the artificial
compressibility regularization of the continuity equation we can measure pressure
in the L? norm.

Let us firstly present the convergence results in space in term of the EOC values
for velocity and pressure in a rigid domain, Tab. 3. For each quantity a following
notation for the normalized LP-error was used

lwn,ae — wp /o atll v
Err(u) = 2 :
rr(u) Tl

Table 3 presents convergence results in a fixed domain with the symmetry boundary

TABLE 3. Convergence rates in space, rigid domain.

Newtonian fluid Carreau fluid, ¢ = —0.2
# of refin. || Err(u) | EOC | Err(p) | EOC || Err(u) | EOC | Err(p) | EOC
L? norm LP norm L? norm
2/1 1.0783 3.5199 0.9083 3.7209
3/2 0.2758 | 1.967 | 0.6870 | 2.357 0.2494 | 1.865 | 0.7073 | 2.395
4/3 0.084 1.715 | 0.3204 | 1.101 0.1092 | 1.192 | 0.1577 | 2.165

conditions at the central line, see Fig. 20. We can notice slightly worse than
second order convergence rate in velocity for the Newtonian case. Moreover, in
the non-Newtonian case the convergence in velocity is reduced to 1. This effect
can be explained by the influence of symmetry boundary conditions coupled with
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the Neumann boundary conditions. On the other hand this boundary conditions
improve convergence of pressure in the non-Newtonian case to the second order.

Dirichlet u=0
Dirichlet F——= 1cm Neumanr

symmetry condition )

F1GURE 20. Boundary conditions in measurements of FOC' .

In the next experiment we compare the order of convergence of the kinematical
splitting algorithm, see Tab. 5 and the global iterative method, see Tab. 4. We can

TABLE 4. Convergence rates in space: global iterative method, the
Carreau model.

| # of refin. || Err (u) | EOC || Err (n) | EOC| Err (p) | EOC|

LP-norm L2-norm
2/1 0.9512 2.81 e-3 3.3925
3/2 0.2563 1.89 888 e4 | 1.69 | 0.7113 | 2.25
4/3 0.1074 1.26 1.85e4 | 2.23 | 0.1577 | 2.17

TABLE 5. Convergence rates in space: kinematical splitting
(Marchuk-Yanenko), the Carreau model.

[ # of refin || Err (u) | EOC | Err(Vu) | EOC [ Err (n) | EOC | Err (p) | EOC ]

LP-norm L2-norm
2/1 0.8971 0.9682 2.62 e-4 3.1338
3/2 0.2466 1.86 0.1408 2.78 1.84 e-5 | 0.51 0.7026 2.16
4/3 0.1051 1.23 0.0435 1.69 0.38 e-5 | 2.26 0.1461 2.27

clearly see the similar convergence rates in velocities, pressures and displacements
that are higher than first order for velocities and the second order for pressures and
wall displacements. We also observe decreasing convergence rate for velocity for
finer meshes, which was also observed in the rigid domain, Table 3, and may be
caused by the boundary conditions. Let us point out that the kinematical splitting
approach yields 10 times smaller relative errors in the wall displacement than the
strong coupling scheme. This weak coupling method is also more efficient as the
global iterations with respect to the domain geometry are not needed anymore.

In the third series of experiments we compare the kinematical splitting method
for both, the Newtonian (Tab. 6) and the non-Newtonian Carreau (Tab. 5) fluid.
For the Newtonian fluid we observe again higher order convergence rate in velocity.
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Considering the non-Newtonian rheology the convergence rate in pressure is of
the second order. It is typically better than in the Newtonian case. Since the
convergence of 1 depends on the convergence rates of Vu and p, we see in the
case of non-Newtonian rheology improvement of the convergence order for the wall
displacement, too.

TABLE 6. Convergence rates in space for Marchuk-Yanenko split-
ting, Newtonian viscosity.

[ # of refin. | Err (w) [ EOC| Err(Vu) [ EOC | Err (n) | EOC | Err (p) | EOC |

L2-norm
2/1 1.0566 1.2723 1.56e-4 3.0076
3/2 0.2780 1.93 0.2171 2.55 | 1.94e-4 | -0.32 | 0.7081 2.09
4/3 0.0872 1.67 0.0483 2.17 | 1.12e-4 | 0.79 0.0313 1.18

Now we compare the convergence results in space for four possible schemes of
the kinematical splitting method, i.e. explicit Marchuk-Yanenko splitting (Tab. 7),
implicit Marchuk-Yanenko splitting (Tab. 8), explicit Strang splitting (Tab. 9) and
implicit Strang splitting (Tab. 10). As it is expected there is no significant

TABLE 7. Convergence rates in space; explicit Marchuk-Yanenko
splitting, the Carreau viscosity.

[ # of refin || Err (u) | EOC | Err(Vu) | EOC [ Err (n) | EOC | Err (p) | EOC ]

LP-norm L2-norm
2/1 0.8667 0.9292 1.01 e-4 3.0097
3/2 0.2338 1.89 0.1283 2.86 0.66 e-5 | 0.61 0.6451 2.22
4/3 0.1032 1.18 0.0437 1.55 0.25e-5 | 1.37 0.1791 1.85

TABLE 8. Convergence rates in space; implicit Marchuk-Yanenko
splitting, the Carreau viscosity.

[ # of refin || Err (uw) [ EOC | Err(VNu) | EOC || Err (n) | EOC | Err (p) | EOC ]

LP-norm L2-norm |
2/1 1.0866 0.9470 1.04e-4 3.4332
3/2 0.3300 1.72 0.1626 2.54 4.26e-5 | 1.29 0.8190 2.07
4/3 0.1034 1.67 0.0442 1.88 2.51e-5 | 0.76 0.1960 2.06

improvement in the convergence rate in space due to the Strang splitting, however
the implicit scheme improves the convergence rate.

The last series of experiments focuses on the evaluation of the EOC in time,
that is given as follows

) ) , 1/p
N
(Zj:l ||u-]]L,At - ui,At/QHZzP/lQi,AJp)

2N j j j
(1725532, 1] sy = 0 gyl /1%, 5 01?)

EOC(u) = log, (1.14)
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TABLE 9. Convergence rates in space; explicit Strang splitting, the
Carreau viscosity.

[ # of refin || Err (w) | EOC [ Err(Vu) | EOC || Err (n) | EOC | Err (p) | EOC |

LP-norm L2-norm
2/1 0.8015 0.8274 9.14e-4 3.0562
3/2 0.2144 1.90 0.1170 2.82 9.77e-5 | 3.23 | 0.5403 | 2.50
4/3 0.1000 1.10 0.0447 1.39 8.34e-5 | 0.22 | 0.1580 1.77

TABLE 10. Convergence rates in space; implicit Strang splitting,
the Carreau viscosity.

[ # of refin || Err (uw) [ EOC | Err(Vu) | EOC || Err (n) | EOC | Err (p) | EOC ]

LP-norm L2-norm |
2/1 0.8646 0.9260 1.23e-4 3.0057
3/2 0.2332 1.89 0.1280 2.86 6.11e-5 | 1.01 0.6420 2.23
4/3 0.1032 1.18 0.0444 1.53 2.77e-5 | 1.14 | 0.1933 1.73

Here u{hm is the velocity at the time instance jAt. For the EOC in time, going
from one time refinement to the other, the time step is halved. The time interval
was t € [0.2;0.8] and the initial time step was taken At = 0.025 s. In order to
evaluate the EOC in time we compute also the normalized relative LP(0,T; LP(£2))
error in time. This is defined by

N j J p\ 1/p
1 lwh ar — Wy pgpllre
Err(u) = T ( g At< ot hOt/2 , T = NAL.

j=1 |Q%,At|

Similarly as before, we compare the explicit and implicit Marchuk-Yanenko kine-
matical splitting scheme (Tabs. 11, 12) and the explicit and implicit Strang splitting
scheme (Tabs. 13, 14). For the explicit kinematical splitting scheme the EOC is
around first order. The second order explicit Strang splitting improves the con-
vergence orders in comparison to the Marchuk-Yanenko splitting. The implicit
kinematical splitting schemes yield better convergence than the explicit kinemat-
ical splitting schemes. Finally, Tab. 14 shows convergence rates for the implicit
Strang splitting that are significantly improved. We can conclude that the Strang
splitting strategy gives better convergence results for both, the explicit and the
implicit schemes.

TABLE 11. Convergence rates in time; explicit Marchuk-Yanenko
splitting, the Carreau model.

[ # of refin (At) || Brr (u) | EOC | Err(Vu) | EOC [ Err (n) [ EOC | Err (p) | EOC |

LP(LP)-norm L2%(L?)-norm
2/1 0.0246 0.0159 0.0088 0.2905
3/2 0.0132 | 0.89 0.0088 0.86 || 0.0060 | 0.56 | 0.1422 | 1.03
4/3 0.0070 | 0.92 0.0046 0.93 || 0.0041 | 0.53 | 0.0697 | 1.03
5/4 0.0042 | 0.74 0.0030 0.61 0.0016 | 1.40 | 0.0336 | 1.05
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TABLE 12. Convergence rates in time; implicit Marchuk-Yanenko
scheme the Carreau model.

[ # of refin (At) || Brr (uw) | EOC | Err(Vu) | EOC || Err (n) | EOC| Err (p) | EOC|

LP(LP)-norm L?(L?)-norm
2/1 0.1491 0.1633 0.1640 0.5616
3/2 0.1532 | -0.03 0.1600 0.03 0.2706 | -0.72 | 0.4332 | 0.37
4/3 0.0705 1.12 0.0747 1.10 0.2000 | 0.44 | 0.2286 | 0.92
5/4 0.0218 1.69 0.0234 1.67 0.0915 1.13 | 0.0683 | 1.74

TABLE 13. Convergence rates in time; explicit Strang splitting,
the Carreau model.

[ # of refin (At) || Err (u) | EOC | Err(Vu) | EOC [ Err (n) [ EOC| Err (p) | EOC |

LP(LP)-norm L2%(L?)-norm
2/1 0.0564 0.0252 0.0583 0.3363
3/2 0.0195 | 1.53 0.0081 1.65 || 0.0234 | 1.32 | 0.1539 | 1.13
4/3 0.0077 | 1.34 0.0024 1.75 || 0.0089 | 1.40 | 0.0712 | 1.11
5/4 0.0044 | 0.83 0.0013 0.90 || 0.0054 | 0.72 | 0.0315 | 1.18

TABLE 14. Convergence rates in time; implicit Strang splitting,
the Carreau model.

[ # of refin (At) || Err (uw) | EOC | Err(Vu) | EOC [ Err (n) [ EOC [ Err (p) [ EOC ]

LP(LP)-norm L2%(L?)-norm
2/1 0.1826 0.1936 0.2211 0.5969
3/2 0.0578 | 1.66 0.0609 1.67 || 0.1140 | 0.96 | 0.2411 | 1.31
4/3 0.0241 | 1.26 0.0243 1.32 || 0.0441 | 1.37 | 0.0896 | 1.43
5/4 0.0088 | 1.44 0.0078 1.64 || 0.0173 | 1.35 | 0.0297 | 1.60

2. Concluding remarks

In this overview paper we have summarized our recent results on mathemat-
ical modelling and numerical simulation of fluid-structure interaction of a shear-
dependent non-Newtonian fluid and a viscoelastic membrane. We have presented
mathematical models for both the shear-dependent fluids and the generalized string
equation. Further, we have derived two fluid-structure interaction methods, the
global iterative method belonging to the class of strongly coupled schemes, and
the kinematical splitting which is a weakly coupled method. The global iterative
method has been also used in order to prove existence of a weak solution to fully
coupled interactions between the shear-dependent fluids and the viscoelastic struc-
ture. As far as we know the result presented in [25] is the first contribution to the
well-posedness of fluid-structure interaction for non-Newtonian fluids.

The kinematical splitting yields a numerical scheme that is more efficient than
the global iterative method while having typically smaller global errors. We have
analysed stability of the semi-discrete kinematical splitting method and shown that
depending on the choice of discretization for the ALE convective term we may
obtain a semi-discrete scheme that does or does not depend on a time step. Indeed,
using the implicit Euler time discretization we obtain the stability condition for time
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step depending on a mesh velocity. If the midpoint rule is used in order to discretize
the ALE convective term the semi-discrete kinematical splitting is unconditionally
stable, cf. also [28].

An application which is of particular interest is blood flow in elastic vessels.
We have simulated blood flow in a stenotic vessel and a carotid bifurcation and
analyzed some hemodynamical control quantities. We have modeled blood as a
shear-thinning non-Newtonian fluid and chosen two well-known models, the Carreau
model and the Yeleswarapu model. Comparisons with the Newtonian model are
presented as well.

Further, we have investigated the wall deformation and the hemodynamical
wall parameters, the wall shear stress WSS and the oscillatory shear index OS1,
for a straight and stenotic vessel as well as for a carotid bifurcation. Numerical
simulations demonstrate a significant influence of the non-Newtonian rheology for
hemodynamical wall parameters. According to some authors [31] negative values
of WSS indicates occurance of recirculation zones and reversal flows around steno-
sis, which seems to be better predicted by the non-Newtonian models. Further,
the domain geometry has also a considerable influence on the wall deformation as
well as on the WSS and OSI. The maximum values of OSI are larger for the
Newtonian fluid. Such high OST values at the end of stenotic occlusion indicate a
large oscillatory nature of the wall shear stress and could yield further to additional
stenotic plug.

Comparisons of WSS and OSI for a solid and compliant vessel showed sig-
nificantly higher oscillations of the wall shear stress for fixed solid vessels. This
leads to the conclusion that the fluid-structure interaction aspect is important for
hemodynamical modelling and should be involved in reliable computational models.

It would be interesting to extend mathematical models and consider the gen-
eralized Oldroyd-B model that includes viscoelastic properties of blood as well.
More realistic models for vessel walls, see, e.g., [6], allowing deformation in both
directions would be more appropriate in order to consider more complex vessel ge-
ometries. An important point of numerical simulation is a correct outflow boundary
condition, reflecting the influence of the rest of circulatory system. According to
[45] this can be realized by the so-called impedance condition arising from coupling
the fluid equations with some less dimensional model (1D or 0D lumped model).
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CHAPTER 1

Analysis in Orlicz spaces

1. Introduction

The purpose of these notes is to present in a direct manner the theory of a
class of function spaces introduced and investigated by Wladyslaw Orlicz in the
1930’s. Their goal is to facilitate the application of these spaces to problems in
partial differential equations.

Orlicz had in mind the application of his spaces to the convergence of orthogonal
series. Thus, it seems appropriate to begin by describing how they arise in the study
of classical Fourier series.

First, we recall that for measurable f : Q - R, Q C R”, and 1 < p < o0,

wmﬂ:{éuwfwr,

[/ lloc,0 = esssupseq [f(2)]-

while

It is well-known that
Ly(@) = {f: QR | f, 0 < o0}

is a Banach space under the norm | |p.0.
The connection of the L, spaces to Fourier series is as follows. Given f € Ly (1),
I = [—m, 7], its Fourier series is

% +iak cos kx + by sin kx,
k=1
in which
=2 [ f)coskyay k=01,...
and
by :% " fly)sinkydy, k=1,2,....

Now, the pointwise convergence of the K*" partial sum of the Fourier series of f,
namely

K
(S f)(x) = % + Z ay, cos kx + by, sin kx,
k=1

163
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to f(x), W or anything else was found to be difficult to prove. To
overcome this problem other kinds of convergence were considered. Thus, J. P.
Gram in 1883 showed that for suitable f

™

Jim [ f (@) = (S @) de = 0;

that is, Sk f converges to f in Lo(I).
This was later refined in 1907 by F. Riesz and E. Fischer to the assertion that,
in our notation,
i ||~ Sicfllp; =0
if and only if f € Lo(I). Then, in 1927, M. Riesz proved that, for 1 < p < oo,
Jim [~ i/, =0 (L.1)

if and only if f € L,(I). However, there are functions f € L1(I) and g € Loo(I)
such that

A [ f =Sk flly , #0
and
A g = Skgll s # 0.

One may ask if there is a condition stronger than

| @< o

that guarantees (1.1) when p = 1. A. Zygmund, in 1928, showed that such a
condition is -
[ Ir@hog, |f@)]ds < .
As will be seen later, this is the condition for f to belong to the Orlicz space
Llog L(I).
When p = 0o, we don’t ask if there is a condition stronger than

[flloo,r = esssup,eq | f(2)] < oo

that guarantees (1.1), but rather if there is a norm smaller than || ||o,s in which
we have convergence as in (1.1) for all g € Lo(I). There is indeed such a norm,
namely the one for the Orlicz space Leyp (1), to which g belongs if and only if

/” exp(k |g(x)])dx < oo (1.2)

—T
for some k > 0. Observe that every function in Loo(I) is in Lexp(I), as is the
unbounded function g(z) := log ‘—’;‘, since any k < 1 works in (1.2).

We conclude this introductory section by considering the more recent applica-
tion of Orlicz spaces to Sobolev-type imbeddings. In them €2 will be a bounded
domain in R™, a domain being an open connected set. The simplest case of the
classical Sobolev imbedding inequality asserts that

[/Q Iu(x)lqu]% SCUQKW)(J;)M:C]% (1.3)
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o 0 0
is the usual gradient operator,
ou \? ou \? ou >

1 1 1

for all u € C§°(€2). Here,

and

)

q9 p n
where 1 < p < n. Gagliardo and Nirenberg, independently, showed the result holds
for p= 1.
1

When p =n, 7= 0. One might expect that

ess Sup, cq u(@)| < C [ A |<w><z>|"dx] g

This is not the case. A norm smaller than that of L. () is needed.

In the early 1960’s, Yudovich, Pohozhaev and Trudinger each showed, Yudovich
being the first, that, when n = 2, the norm of L (Q2) should be replaced by that
of the Orlicz space Leyp¢2)(§2). Strichartz later showed that for n > 2 the correct

norm is that of Lexp(tﬁ)(Q). Of course, f € Lexp(tﬁ)(Q) if and only if

[ e (1@ de <

for some k > 0.
This so-called limiting Sobolev inequality was used by the above-mentioned
authors to prove the existence of eigenvalues for the Laplace operator.

2. The Orlicz class Lg(Q)

As we saw in the examples in the previous section, membership in an Orlicz
space is equivalent to a condition of the form

/Qtl)(k|f(:r)|)d:r <0 (2.1)

for some k > 0. Often, (2.1) holds for all £ > 0 if and only if it holds for one such k.

In the L, case, ®(t) = ®,(t) = tP. Since we'll be generalizing L, spaces we
begin by asking what special properties ®, has when 1 < p < oc. The key property,
it turns out, is

t
B,(0) = [ pds,
0
where ¢,(s) := psP~! increases strictly from ¢,(0) = 0 to co as s — co.

DEFINITION 2.1. The function ® : Ry — R4, Ry := (0,00), is said to be a
Young function provided

w(t) = [ os)is
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in which ¢ : Ry — R, is increasing and, say, left continuous, with ¢(0+) = 0 and
limy o @(t) = 0.

We observe that ® is convex, that is, if a, 8 > 0, + 8 = 1, then,

D (aty + Pta) < a®(t1) + 5P (t2).
Indeed, the point (at; + SBta, a®(t1) + SP(t2)) is on the line
to

7‘1)(152 — i(tl)(tf t) = B(t) + - itl :
joining (t1,®(¢1)) and (t2, P(¢2)) and that line lies above the graph of

y=>(t) + (s)ds(t —t1)

d(s)ds(t —t1),

y=o(t) = o(t1) +
t—t /,,

since the average value of ¢ on [t1,t], namely

1 't
— / o),

incerases on [t1,ta].

EXAMPLE 2.2.
(1) The Orlicz norm of LiogL is given in terms of

t
O(t) = / log (s +1)ds = (t+ 1)log(t+1) —t, t € Ry.
0
(2) The Orlicz norm of Lexp is defined through
it
@(t):/ (e —1)ds=e"—t—1,teR,.
0

DEFINITION 2.3. Let ® be a Young function. Then, the corresponding gauge
norm at a measurable function f: Q — R, Q C R", is

g =t {as0s [ o (L) o<},

EXAMPLE 2.4.
1) Consider ® =®,, 1 <p < oo. Then
b p 3

() (420w

if and only if
1@ ds <o
Q

| |f<z>|*°dzf <

1o, = | [ If(x)l”dxr —1If

or

So,

P&
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(2) Let Q and E be measurable subsets of R™, with E C Q, |E| < co. Denote
by xg the characteristic function of E.
Then, for any Young function @,

1
IXElp0="—""=1-
I ey (V7 Iy

Indeed,

= fo(t2)ur- [o(E)ar-o(2)m

amounts to

whence

as claimed.

REMARK 2.5. Suppose ||flg o is finite and positive. Then, there exists a
strictly decreasing sequence {\,} in Ry such that Ay | ||flg - This means that

M T W, so, by the Monotone Convergence Theorem,
n ®,0Q

/g;q) (II&I?L) = nlinéo/g;q) (@) dr < 1.

Moreover, if fQ P (@) dr < oo for A € Ry, as is the case for simple functions
f, then, by the same theorem,

/ Y EACIR PR

o \Uflsq

Finally, ||f||q,’Q = 0 implies [, P (L/\l)‘) dz <1 for all A > 0, which implies f =0
a. e.; otherwise there would exist k >0 and E C Q, |E| > 0, with |f(x)] > k on E

o()151- [ o(525)are [0 (LY ar e

1
|E| < —v, A€ Ry,

(%)

that is,

or |E| =0, a contradiction.

DEFINITION 2.6. Let Q2 C R™ be measurable and suppose @ is a Young function.
The Orlicz class Lo (€2) is then defined as the set

{7199l < oo}

PROPOSITION 2.7. Let Q) C R™ be measurable and suppose ® is a Young func-
tion. Then,
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(1) f € La(Q), c € R implies cf € Lg(Y), with
leflloo = lelllflleqs
(2) f,g € Lo(Q) implies f + g € La(Q), with
1f +9lleo < flleq+flleq-
PROOF. Only the second item needs proving. One may assume |[|f|g o > 0,
lollo.o > 0. Set 7 = Ifll0 + lollgqr o = 522 and § = H522, 5o that

a,B8 >0, a+ 3 =1. One has
/@<|f|+|g|>d
Q v

/@<|f+g|)d
Q Y
_ /q)( of| Bl )dx
Q k) k)

</ [aq’ <|f||fq|>g> o (lg'lgisz)] "
of v <|f||ﬂg>d N <||g||m>d1’

a+pf
1.

IN

We conclude that
If + 9||<1>,Q <vy= Hf||<1>,(z + H9||<1>.,Q .
O

Proposition 2.7 shows that L (€2) is a normed linear space under the functional
f = Iflle o We next establish further poperties of this functional that will enable
us to prove, in the next section, that Le(€2) is complete and thus a Banach space.

PROPOSITION 2.8. Let Q2 C R™ be measurable and suppose ® is a Young func-
tion. Then, 0 < fi T f a. e. on Q implies

I fellgo T 1fleq-
Proor. We first show || fxllg o < |fe+1llpn » #=1,2,.... Indeed,

Jx Jrt1
O —— | dx Pl ———— |dx <1
/, <|fk+1||¢,g> <), <||fk+1|¢,g> =

[fello.o < [[frt1lle.0
Next, let ar = ||frllg.q and put a = sup, ag. Since f > fi we have ||f|ls q >
| frllg o for each k, whence | fllg.oq = @ We need only show equality holds. This
is clear if @ = 0 or o = 00, SO wWe assume 0 < a < a < oco. In that case,

foo (%) e [o (3o

SO




“volume-vii” — 2012/3/8 — 12:25 — page 169 — #183

2. THE ORLICZ CLASS L4 () 169

and the Monotone Convergence Theorem shows
/ P <i) dr <1
Q «

||f||<1>,sz < a

and hence

O

The property of || ||o,o embodied in Proposition 2.8 is called the Fatou Prop-
erty.

PROPOSITION 2.9. Let Q) C R™ be measurable and suppose ® is a Young func-
tion. Then, given measurable E C , with 0 < |E| < oo, there exists a positive
constant K = Kg, independent of f, such that

/ flde < K [ fllg-
E

PRrOOF. It suffices to consider f with 0 < ||f||4 o < oo. Jensen’s inequality,

which asserts that
® (7 [ blas) < o [ @ g
r— glax >~ T g &£,y
|E] JE £ JE

is a simple consequence of the convexity of ®. In particular, given k = || f ||;_1Q, one

has
@(1 / klfld) < o [ e
r— i < r— i
5 /s 5 /s
1
1 /@ Y,
RN
1
S T
Bl
or
1/ - 1
— | k|f]lde < ® 1<—>;
ElA B
that is,
/ Flde < K [fllg0-
B
where

1
K=|E|®! (—) :
|E|
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3. The completeness of L4 ()

We have so far shown that an Orlicz class Le(€2) is a normed linear space. It
is the purpose of this section to prove

THEOREM 3.1. Let 2 be a measurable subset of R™ and suppose ® is a Young
function. Then, Ly (SY) is a Banach space in the sense that every Cauchy sequence
i it 1S convergent.

PrOOF. We first show that if g, € Le(Q), n =1,2,... and >_.." | |lgnlle.0 <
oo, then the series Y | g, converges to a function g € Lo () and [|gn|le,0 <

>onet lgnlleq-
To this end, let

) N
ti= S lgal and  ty =g, N=1,2,...
n=1 n=1

S0
0<tnTt.
Since

N 00
ltnlleo <D lgalleo <D llgnllen,
n=1 n=1

it follows from the Fatou Property that

o0
2.0< ) llgnl

n=1
that is, t € Le(2). In particular, t = "7 | |gn| < o0 a.e. by the local imbedding
of Le () in L1(2), whence >~ 7 | g, converges a.e. Thus, if

]

P,Q < 00,

00 N
g::Zgn and SN::Zgn, N=12...
n=1 n=1

one has Sy — ¢ a.e. Hence, for any M € Z,

SN —Suy —g—Su ae., as N — oc.

Again,
oo
i — < — Syl <
Jnf |5n — Sul < |Sx — Sul < > lgnl
N=M
and
inf |S, —Sm| 1|9 —Sm| ae., as N — oo,
n>N
S0,
lg — Smlloo= lim | inf S, — Sm|lleq, by the Fatou Property,
N—0c0 n<N
oo
<I'S lowlllea, by the monotonicity of ||la.0,
N=M
oo
< Z lgnllo.o < oo, by the triangle inequality.

N=M
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Thus, g € La(2) and Sy — g in Lg(§2). It is now a simple exercise to show

o0
lgnllea <> llgnlleq.

n=1
Suppose, next, {f,} is a Cauchy sequence in Lg (2, namely, given € > 0 there
isan N € Z such that
I frm — fullo.o <e,
whenever m,n > N. To show there exists an f € Lg(Q2) with f,, — f with respect
to the norm of Lg(£2), it suffices to do so for a subsequence, {fy,,}, of {fn}. But,
{fn} a Cauchy sequence means there exists a subsequence { f,,} of {f,} for which

ank+1 7fnkH<I>.,Q <2_k, k:1,2,

Set
glzfnla and gk:fnkffnkfp k:27
Then,
o0 oo
> lgellese=lgllesa+ llgllec
k=1 k=2
o0
= fmlloo+ D 1 foe = fun o0
k=2
o0
< |l faillo,o + 227"’“ < oo.
k=2

Hence, Sk := Zszl gr converges to a function f in Le(2). Since fy, = Sk this
says fn, — [ in Le(92), as required. O

4. Duality

Orlicz spaces are examples of Banach function spaces. A general theory of the
latter was developed by Luxemburg in [L]; see also [BS]. The principal result of the

theory is a duality theorem involving the so-called Kothe dual, || ||, of a Banach
function norm || ||. In the typical case of a gauge norm, || |l¢,o, this dual is
defined by

gl = supd [ ol Ifleg < 1}:

here, of course, f and g are measurable functions on 2 C R”.
Our aim in this section is to show || ||} ¢ is equivalent to a gauge norm,
I llw.q, whose Young function ¥ is intimately connected to ®.

DEFINITION 4.1. Let ®(t) = fot ©(s)ds be a Young function. If ¢ is strictly
increasing and continuous, set ¥(y) := ¢~ 1(y), y € Ry. Otherwise, take 1(s) :=
inf{y : p(y) > s}, the so-called left continuous inverse of ¢.

One readily shows v is increasing and left continuous, with ¥ (0+) = 0 and
limg—,00 P(8) = 00, so that U(t) := fotw(s)ds is a Young function, referred to as
the Young function complementary to ®. It is easily seen, that, in turn, ® is the




“volume-vii” — 2012/3/8 — 12:25 — page 172 — #186

172 1. ANALYSIS IN ORLICZ SPACES

Young function complementary to W. In view of all this, we speak of & and U as
complementary Young functions.

EXAMPLE 4.2.
(1) The gauge norm of L, has

tP
@(t):;, l1<p<oo
$(s) = s"7

_ g1l N

P(s) =sT"", ¢ Py

t4
U(t) = —.

q

(2) For the gauge norm of LlogL
O(t)=(t+1)log(t+1)—t
(

o(s) = 10g(8 +1)
U(s) =
U(t)=et —t—1.

The following inequality of W. H. Young generalizes the classical AM-GM in-
equality.

THEOREM 4.3. Let ® and ¥ be complementary Young functions. Then,
st < ®(s)+¥(t), s,te€Ry,
with equality if and only if t = @(s) or s =1(t).

PROOF. One can do no better than reproduce the diagram on p.5 of [KR],with
its notation altered to agree with ours, see figure 1.

O
tP td P
EXAMPLE 4.4. In case ®(t) = — and hence ¥(t) = —, q= 7 Young’s
p q p—=
inequality reads
tP 4
st < —+ ]
p q

with equality if and only if t = s~ 1.

On the basis of Young’s inequality one can get a Young’ function, y, say, such
that H Hib,sz = H |X,Qa namely,

X(t) = sup [ts — ()

However, the function x is somehow less appealing than v, so we continue with the
latter. A substitute for Holder’s inequality involving ¥ is given in
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o).y
1 PO
y(t) /

o(s)

s x, ()

FIGURE 1. Diagram from [KR] with altered notation.

THEOREM 4.5. Let ® and ¥ be complementary Young functions and suppose
f € La(2), g € Ly(Q) for some domain Q C R™. Then, fg € L1(Q) and

/ fal < 20 flealglve
Q

from which we conclude that

lglle.a < 2lgllw.a-

PROOF Le‘ )\, ,U/ S R+ be Sucll tllat
(9] )\ O ‘H -

From Theorem 4.3 we get
£ co(5) o (%),
A u A I

SO

that is,
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Taking the minimum over A and then over u yields

/UMSWNMMM@
Q

as asserted. O

THEOREM 4.6. Suppose g : Q@ — R, Q@ C R™, is such that ||g|ly o < 00. Then,
g € Ly () and
lgllw.0 < llglls,0-

Proor. It suffices to show

/\11 I ) <1
Q Hg||<1>,n

We may suppose that ¢ is a nonnegative function and, in view of Fatou’s lemma,

a simple function. The case ||g|| o = 0 being trivial, we also assume ||g||y, o > 0.
g

191150

Now, for f :=1) , one has equality in Young’s inequality, namely,

Mﬁ+¢<g )— 7o

H9||21>,Q B ||9H11>.,sz.
Moreover, f, like g, is a nonnegative function, so

fa '
[0} 1.
Qmwﬂgﬁ(”+

Indeed, f is a simple nonnegative function with | f||o,o > 0, which means

o f
[———@SMMQ

) 1 flle.0
or
" fg
[ = <1los.
Q ||9H<1>.,sz
But

)

nfngnfznmx[ngépﬂ},

since, if || f]]e,0 > 1, Remark 2.5 guarantees,

f 1
1§A¢QNNJSUhﬂA“”

wm@sémn

or

Altogether, then,

AMﬂ+AWGﬁ;>SLMﬁ+1
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and, hence, canceling the finite positive number fﬂ O(f), we get
/@ )<
Q lg ||q>,Q

REMARK 4.7. Theorems 4.5 and 4.6, combined, yield the equivalence

lglle.e < llglle,0 < 2llgllv.c.

5. The rearrangement invariance of L ()

The gauge norm of a function depends only on the distribution of its values
and not where they are taken on. To quantify this fact we associate to a given
measurable function f on 2 C R” its distribution function

0N = o € Q@) > A}, A€ Ry
Our claim is that if g : @ — R is measurable and ;g = p¢, then, for any Young
function P,

lglle.o = lIflle0-

To establish it we work with the generalized right continuous inverse, f*, of py,
namely

fr@) =inf{t: pur(X) <t}, teRy.
The function f* thus defined on Ig := (0,]Q]) is called the decreasing re-
arrangement of f. We observe that, when p; is strictly decreasing and continuous,

= u}l. More important, for our purposes, jif = pg4 if and only if f* = g*. The
above claim follows from

THEOREM 5.1. Suppose f: Q) — R, Q C R" is measurable. Then,
[flle.c= 111" lle.10-

PROOF. The result is clear when f is a simple function, in which case f* is
a step function on Ig. Again, to every nonnegative measurable function f there
corresponds a sequence, {Sk}, of nonnegative simple functions such that S 1 f.
The proof can then be completed by invoking the Fatou property of | ||, and

b Ig- O

In the next section we will indicate the role the decreasing rearrangement plays
in the theory of Sobolev imbeddings and through them in PDE. For the present,
we indicate its use in computing gauge norms.

To begin, we describe how to approximate the rearrangement of a function
defined on a polyhedral domain, P, in R™. For simplicity we restrict attention to
the case n = 2.

One decomposes P into a finite number of small triangles, 75,7 € I, so that any
two of the triangles intersect at most along a common side or at a common vertex.
On a given triangle, T', one interpolates f by a linear function ¢7, equal to f at the
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vertices of T'. The continuous linear spline, s, equal to {1, on each T;,7 € I, is then
rearranged to give s* as an approximation to f*. One has

/LS()\) = Z Her, (.I'),
icl

where

(1_( (A —=)° ))|Ti|, 2 <A< 2,

o TR
'LLZTq', = c3 — X
(23 — 21)(23 — 22) T3l

2o < A< z3,

0, otherwise;

here, z1, zo and z3 are the values of f, in increasing order, at the vertices of T;. See
[FKPS].
Suppose, next, f is a function on a polygonal domain, P, such that 0 <

Jp® (%) < oo for all A € Ry, in which case ||f||le,p will be the unique A sat-

isfying the equation
o8-
P A

[o(8)-["o(5) ren.

50, || flle,p will be the unique A for which

[e5)

Consider, then, the equation

0=F()\) := /OP| @ (%) ~ 1. (5.1)

One has F' decreasing convexly, since

PO\ = _/0|P . (fy) -2

increases from —oo at 0. Thus, Newton’s method gives rise to an iteration sequence
converging to the root of (5.1), if we start with a Ag such that F()\g) > 0. Such
a Ao is the largest number of the form 27%, k € Z,, with F(27%) > 0. Tt will be
convenient to use, all along, the fact that

/O-K o <§) _ - /(;Mf . (;) s
[ ()= [ (2 o

Indeed,

and
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so the Newton iteration equation becomes

At S e (s/ M) pg (s)ds — 1
A fo @ (s/An) g (s)ds

It is important to compute the ratio as it appears here rather than to attempt
to simplify it.

Ant1 = An + o Mpi=|flleo,pe (5:2)

EXAMPLE 5.2. For simplicity, we consider a function whose distribution func-
—1
tion can be calculated directly. Thus, let g(t) == e~ 7% X(0,1)(t) and at X = (x,y)
in @ :=10,1] x [0,1] take

64 125
FX) 1= 99 61X — Xa]) + 2-g(81X — Xal) + —g(101X — X,

11 21 12
Xi=(z2), x=(2:2 d Xs=(=2).
1 <373>7 2 <3a3>7 an 3 (353)

FIGURE 2. Graph of f(X).

2
Then, with h(t) :=m (1 - @) , 0<t <1, one has

1 o/A\ 1. /3\\ 1 [3\ B
(2 =n (22 —n (22 <
36h<9)+64h<64)+100h<125>’ 0<As9em,

1 /3\ 1 3\ 64
h( )+—h 96_1<)\§?e_1

\) = 64 \64) 100 \125)°
e LAy e 15
1000 \125)" 3 R
0, )\>7€_1.

Using (5.2) we obtain
1/l 10g (@) = -T606 and || fl|Lexp(q) = 2.3498
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where, respectively, their Young functions
(t+1)log(t+1)—t

1(t) = logd —1

and
et —t—1

(I)Q(t) - e—2

are so chosen that

IXQllLiog (@) = IXQllLexp@) = 1-
We observe that

1
/f:/ e_(l_“”‘)fldxz/ e~ (=" gy
Q Q 0

e 1 [ d
= / e Y[y 2 —y Pldy = —/ e v~ 0.1097.
0 21 Y

12
10

B O 0

0.0% 0.1C 0.1F 0.2¢

FIGURE 3. Graph of f*(t).

6. The role of Orlicz spaces in the theory of elliptic PDE

This final section looks at the role of gauge norms in the theory of elliptic
PDE. As mentioned in Section 1 they first occurred in endpoint Sobolev imbedding
inequalities, specifically in the inequality

lullova < €| [ (F0@1Ra| ", e crm). (6.1)
Q
with .
Dy (t) ::/ (exp(s™T —1))ds, teRy.
0
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One can improve on (6.1) in two ways. Thus, in [BW], it is shown || ||, 0
can be replaced by the larger (Lorentz) norm

[/Oln (1) log™" (@) %1 :

Recently, an improvement on the Lebesgue norm in (6.1) was obtained, in
[KP2], namely, the (smaller) functional — equivalent to a norm —

1 |Sl‘ 1
t™n fr(s)s™nds

t

p(f) =

)

®o,10

defined in terms of the Young function
t
Dy(t) := / s" " 1logT"(s + 10n)ds ~ t"log " (t + 10n), t€R,.
0

Finally, we focus on an elliptic nonlinear boundary value problem considered
in detail by J. P. Gossez in [G]. Its very statement involves a Young function. For
concreteness, we state it in the context of R2.

Let ®(t) = fot ©(s)ds, te€ Ry, bea Young function and suppose [ : Q@ — R,
where  is a bounded domain in R?. Find a function v = u(x,y) on Q satisfying

LEE)-ACE) -

here, p(—t) = —p(t), t € R4.

To further simplify things we assume that ® satisfies the Ao condition, namely
D(2t) < e®(t) for all ¢t greater than some ¢y € R.

Gossez sought a solution of (6.2) in the Orlicz—Sobolev space W L (), which
we now define. To do this we require the norm of another Orlicz—Sobolev space,
that of

ou O
WL (Q) = {u € Lo(Q) : a_Z’ a—;‘ belong to L¢(Q)},
whose norm is given through the equation
ou||? oul|?
ol o= lulba+ | 5] +|5] (63)
b > Oz g g Wlleoq

the partial derivatives appearing in (6.3) are the usual weak derivatives. The space
W La(Q) is now defined to be the closure of C§° in W Lg ().

To motivate the condition to be put on the function f in (6.2) we first consider
the so-called Nemickii operator

T :u(x) — p(u(x)).
Specifically, we study
D(T) :={u € La(Q) : p(u(z)) € Lu(D)},
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in which ¥ is the Young function complementary to ®. To this end, we define
Fo(Q) = {f: Q0 —R: /Q@(k|f|) <oo forall k>0}
and
£a(@) = {£: 0 — R [ 8(1f) < o0).
One has
LEMMA 6.1.

Es CD(T)C Loy

In particular, T is a bounded operator from L () into Ly () if and only if ®
satisfies the Ny condition.

PROOF. Ifu € D(T), then |u| € Lg(Q) and ¢(|u]) € Ly (), so 00 > [, [ulp(|ul)
> Jo ®(Jul); that is, u € Lg(€2).
Again, we claim
() < B(21), teR,, (6.4)
assuming which, u € Eg () implies 2u € L5(§2) and, therefore,

W>A¢mwz ¥ (p(|ul)),

Q
or

p(u) = sgn(u)p(|ul) € Ly (Q). (6.5)
To see (6.4), observe that

2t 2t
b0 = [ o(s)ds = [ p(s)ds
0 t
> to(t)
=®(t) + Y(p(t)), by Theorem 4.3,
2 U(p(t)).
As for the second assertion, we first show that 7" bounded implies
Eg(Q) = La(Q) = La()

and hence that ® satisfies Ay condition. Indeed, suppose u € Lg(f2) and, for
n € Zy, set

up(2) = (minfuy (2), n] — minfu_ (), n])x(-nn) ().

Then, u,, € E¢(Q2) C D(T) and

sup [[unlle,0 < [lulle,n < oo
n

Since T is bounded

sup || Tup ||w,0 < oo.
n
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Hoélder’s inequality then yields

j£<pqunn < /Q|unrpaunn

< 2[Jun|le.olle(fun])|lv.o
<K<oo, n=1,2,...,

whence, by Fatou’s lemma,
/ B(Jul) < K < oo;
Q

that is, u € L4(€2), so (6.5) holds.
Assume, next, ® satisfies the Ay condition and let v vary in a bounded set in
D(T); in particular, there exists k > 1 with

o)<
Q k
for all » in the set.

Let to > 0 and C > 1 be such that
B(kt) < CD(t), fort >ty >0,
Then

[ocun=[ e[ e
Q = >to R <to

" 2

SC/ ¢<Jﬂ)+wmmmgc+@wMML

L:u">t0 k

B =
for all u in the set. Further, (6.4) yields

[ vl < [ o) < 0+ a0
where, for all u in the set,
|¢@M@Qsmm{y/wwwmﬂ§c+¢@mmu<m.
Q

O

REMARK 6.2. Suppose the Young function ® satisfies the /o condition and
consider u € Wi La(Q). Such a u being in Le (), one has, in view of Lemma 6.1,
that p(u) € Ly (). But, then &g(u)

x
Wi La(Q), since, for v e Wi La(Q),

[

, say, defines a bounded linear functional on

[ etz

< 2[le(u)llw.0

ov

ox 5.0

<2lle@llwgllvlwg o) -
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This tell us it is reasonable to take f in (6.2) to be a bounded linear functional on
WaLe(S2).

It only remains to clarify the sense in which
u=0 on 0N
when u € W'Le(9).

We assume ® satisfies the Ny condition and ) is a Lipschitz domain, so, in
particular, it has the segment property, whereby there exists a locally finite open
covering, {O;}, of OQ and corresponding vectors, {y;}, such that for x € 9Q and
t € (0,1), one has x + ty; € 2. )

As proved in section 2.2 of [G], C>(Q) is dense in W' Lg(Q). Again, in section
2.3 it is shown that for the restriction mapping

4:C™(Q) — C(0%)
defined by
Y(u) = ulag,
there holds

[Y(u)lle,00 < Kl|ullw:Lg@), (6.6)

when u € C*(Q). The above-mentioned density of C*>(Q) in WLg(S2) then en-
sures that 4 can be extended to all of WL (SY) , this extension, denoted by vy, being
called the trace operator, with, of course,

v (w)lle,00 < Kllullwireg), € W' Le(R).

Lastly, the Proposition of section 2.3 tells us that the kernel of ~y is in Wi La(Q),
so, if u € C(Q),

ulaq = 0.
We are now able to properly state

THEOREM 6.3. Let Q be a bounded Lipschitz domain in R?. Suppose ¢ : R —
R is continuous and strictly increasing, with ©(0) = 0 and lim;_, ©(t) = oo.
Assume,

t
D(t) ::/ o(s)ds, teRy
0
satisfies the Ny condition.
Then, to any bounded linear functional, f, on W'Lg(Q) there corresponds a
unique u € Wi Le(Q) such that ¢ <?) and ¢ (?) belong to the Kothe dual,
€z Y
Ly (), of Lo(Q) and, as distributions,
Lo () o (o _,
o7 \ oz 8y(p oy)
EXAMPLE 6.4. The Young function ®(t) = fot log(1 + s)ds for the Orlicz
space Llog L satisfies the Ao condition, so Theorem 6.3 gquarantees the unique

solution, u, to (6.3) in any Lipschitz domain Q, whenever T is a bounded lin-
ear functional on W§Llog L(Q). It is a conseuence of the imbedding theory in
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[KP1] that, in fact, u belongs to an Orlicz space smaller than Llog L(), namely
to L”’/(log L)”/(Q),n’ = Ll’ defined through the Young function
n_

t
d(t)= [ s" tlog" (1+s)ds, tcRy.
0
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CHAPTER 1

Mathematical modelling

1. Some history and the main physical aspects

The story of liquid crystals began in 1888 in the beautiful city of Prague with
a discovery of the Austrian botanical physiologist Friedrich Reinitzer. During his
studies at Charles University, Reinitzer noticed that an organic substance related
to cholesterol “melted” into a cloudy liquid at approximately 145 °C and became a
clear liquid at approximately 178 °C. The cloudy liquid was what is now known as
a cholesteric liquid crystals.

Reinitzer asked for help from a physicist, Otto Lehmann, who was working at
that time in Aachen. They exchanged letters and samples and Lehmann became
very interested in the newly discovered material particularly because its specificity
that was revealed by a novel (at that time) technique that Lehmann was very
interested in, namely polarized microscopy. Under the polarized microscope, the
apparently liquid substance revealed optical properties more specific to crystals
than to a liquid. It was Lehmann who coined the “liquid crystal” name and who
fought a bitter battle for the recognition of the new material. However it took until
the early 1920s for liquid crystals to became recognized as a new, overall, phase of
matter, with properties between liquids and solids.

Liquid crystals are “crystals that flow”. Although it sounds contradictory, the
name captures the specificity of liquid crystals as phase of matter that is inter-
mediate between crystalline solids and isotropic fluids, by sharing properties with
both phases. The material flows like a nearly incompressible viscous fluid and still
retains several features, especially optical, characteristic of crystals. Nowadays the
material is mathematically modeled as a complex non-Newtonian fluid.

Liquid crystal materials are called mesogenic because of their capacity to gen-
erate intermediate phases of matter, that is mesophases. There are essentially two
ways of obtaining a liquid crystalline phase in a mesogenic substance:

e by changing the temperature, in which case we obtain thermotropic liquid
crystals or

e by changing the concentration of molecules in a solvent in order to obtain
lyotropic liquid crystals.

It was G. Friedl who in 1922 in [Fri22] proposed the modern classification of
the main types of liquid crystals, separating them into nematic, cholesteric and
smectic. In the rest of these notes we shall be concerned only with the simplest
type: the nematics (more precisely thermotropic nematics).

Nematic liquid crystals consist of molecules that have rod-like shape, whose
thickness is much smaller than their length. Although the centres of mass of the

191
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molecules are isotropically distributed, the direction of the molecules is, on average
over small regions in space, constant! Moreover, the rod-like molecules are locally
invariant with respect to reflection in the plane perpendicular to the preferred
direction. This is commonly referred to as the ‘head-to-tail’ symmetry [Gen74].

The name “nematic” comes from the Greek vijua which means “thread”. We
will see in the next subsection a justification for this name.

1.1. Birefringence and “defect” textures. Liquid crystals are an anisotro-
pic, inhomogeneous material that is optically birefringent. That is, it has (locally)
two indices of refraction. Light polarized parallel to the director has a different index
of refraction (in particular it travels at a different velocity) than light polarized
perpendicular to the director. However not every direction is a direction of double
refraction. Directions of single refraction are called “optic axis directions”. Thus
light transmitted along a path parallel to the optic axis has only a single refractive
index. Depending on the properties of the liquid crystal material at any given point
there can be either one or two directions of single refraction. Points where there
is a single optic axis are called “unizial” while the other ones are called “biaxial”.
There can also be (rare) points where the light has the same index of refraction
in any direction, and these points are called “sotropic”. This optic terminology is
relevant to the Q-tensor one in the following section.

The most common way of probing the nature of a liquid crystal material is
by sending monochromatic (single wave-length) linearly polarized light through a
thin layer of liquid crystal material placed between two crossed polarizers. Be-
cause of the birefringent nature of the sample, the incoming linearly polarized light
becomes elliptically polarized. When this ray reaches the second polarizer, there
is now (generically) a component that can pass through, and the region appears
bright through the second polarizer. However this is not always the case. If the
transmission axis of the first polarizer is parallel to either of the two special di-
rections (called the ordinary or extraordinary directions), the light is not broken
up into components, and no change in the polarization state occurs. In this case,
there is no transmitted component and the region appears dark through the second
polarizer. This property is responsible for the basic mechanism of a liquid crystal
display. In the simplest such display one places a source of light of a certain fre-
quency under a thin layer of liquid crystals . In the absence of an exterior field one
would only see a dark state on the other side. However, switching on an electric
field the state of the molecules will be distorted so that the light will pass and one
will observe a bright state.

Up to this point, we have considered using only monochromatic light (single
wave-length). However if the liquid crystal material is illuminated by white light
(all light frequencies) the wavelengths will experience some retardation and emerge
from the full-wave plate in a variety of polarization states, that appear as various
colors.

Among the patterns observed in experiments, there exist at least two types
that are of a particular significance. A first type refers to systems of dark, flex-
ible filaments. It is these thread-like filaments that are responsible for the name
of “nematics”. As De Gennes notes in [Gen74], Ch.4 some appear to be floating
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entirely the fluid, while others have both ends attached to the walls, or are en-
tirely attached to the walls. De Gennes called these structures “black filaments” or
“structures a fils”. F.C. Frank in [Frab8] referred to them as “disclinations” and
they are commonly referred to as “line defects”.

On the other hand it is possible to see only systems of singular points connected
by black stripes. These points are called “structures a noyauz” by De Gennes
in [Gen74] and they (together with the patterns around them) are referred to as
“schlieren” textures in the German literature. They are commonly referred to as
“point defects”.

One can naturally ask that if one has 1D defects (line defects) as well as 0D
defects (point defects) why not 2D defects? In [Gen74], Ch.4 De Gennes provides
a crude explanation for the lack of defects, arguing that they are “energetically
expensive” hence they cannot appear in energy minimizers. In this explanation
De Gennes uses the Oseen—Frank director description of nematics (see the next
section). However, when using his own Q-tensor description of the nematics he
argues against the existence of wall defects based on what are essentially symmetry
considerations [Gen72].

Defect patterns are an essential characteristic of nematic liquid crystals and
thus they are a benchmark test for determining the relevance of a nematic liquid
crystal model. A good model should be able to describe these patterns and predict
their appearance. In Section 5 we will see to what extent the available theories are
capable of describing these patterns.

2. The probability distribution function and the Q-tensor

The main physical characteristics of nematics (locally preferred directions and
‘head-to-tail’ symmetry) can be modelled by assigning to each material point 2, in
the region € occupied by the liquid crystal, a probability measure u(z,-) : £(S?) —
[0, 1] for describing the orientation of the molecules, where £(S?) denotes the family
of Lebesgue measurable sets on the unit sphere. Thus p(xz, A) gives the probability
that the molecules with centre of mass in a very small neighbourhood of the point
x € ) are pointing in a direction contained in A C S2.

Nematic liquid crystals are locally invariant with respect to reflection in the
plane perpendicular to the preferred direction. This is commonly referred to as the
‘head-to-tail’ symmetry, see [Gen74]. This means that u(x, A) = u(z, —A), for all
x € Q, A C L(S?). Note that because of this symmetry the first moment of the
probability measure vanishes:

() & /SQPdu(p) =% [/Szpdu(p) +/SZ —pdu(—p)] = 0.

The first nontrivial information on p comes from the tensor of second moments:

def .o
MZ] = / DiPj dﬂ(p)a 1) = 17253
S2

We have M = M” and tr M = [, du(p) = 1. Let e be a unit vector. Then

e Me= /S (e p)? dip) = (cos*(9))
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where 6 is the angle between p and e.

If the orientation of the molecules is equally distributed in all directions we
say that the distribution is isotropic and then p = o where dpo(p) = 7=dA. The
corresponding second moment tensor is

1 1
Modéf—/péépdA:—Id
4 2

3
(since [o p1p2dp(p) =0, o P du(p) = [ p3du(p) = [s p3 du(p) and tr My = 1).
The de Gennes order-parameter tensor () is then defined as

e 1
Q= y -t~ [ (pep-31a) auty (2.1)

and measures the deviation of the second moment tensor from its isotropic value.
Since @ is symmetric and tr Q = 0, @ has, by the spectral theorem, the repre-
sentation:

Q = )\1@1 ® él + )\2é2 ® éQ — ()\1 + )\Q)ég ® ég (22)
where é1, €2, é3 is an orthonormal basis of eigenvectors of ) with the corresponding
eigenvalues A1, A2 and A3 = — (A1 + \2).

When two of the eigenvalues are equal (and non-zero) the order parameter )
is called uniaxial, otherwise being biaxial. It is an easy exercise, using the spectral
representation and the fact that Id = Zle e; ® e; to show that any uniaxial
Q-tensor can be represented in the form

st(n@n—%]d)

with n € S? and for some scalar s € R.

The @ = 0 tensor is called the isotropic state. This kind of classification of
nematics comes from optics, and we saw in the previous section the optical relevance
of the terms “biaxial” and “uniaxial”. From now on we will refer to symmetric,
traceless, d x d-matrices (d = 2 or d = 3) as @Q-tensors. More about the physical
interpretation and relevance of the Q-tensors will be mentioned in Section 3.1 (see
for further details [MNO04], [Maj10]).

Equilibrium configurations of liquid crystals are obtained, for instance, as en-
ergy minimizers, subject to suitable boundary conditions. The simplest commonly
used energy functional is

3
L a b c 2
FralQ] = / 3 > QijkQijk — S tr Q- StrQ’+ - (tr@Q%)"| do  (2.3)
Q 4 3 4
1,4,k=1

where a, b, ¢ are temperature and material dependent constants and L > 0 is the
elastic constant. In the physically significant limit L — 0 (and for appropriate
boundary conditions, see for details Chapter 2) we have that the energy minimizers
are suitably approximated by minimizers of the corresponding ‘Oseen—Frank energy
functional’

3
ForlQ] =/Q > QijkQijkda

ij,k=1
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in the restricted class of Q € W12( where W12 (Q;Sp) is the Sobolev space of
square-integrable @-tensors with square-integrable first derivatives [Eva98]), with
() uniaxial a.e., so that

Qs<n®n%1d> (2.4)

with s € R (an explicit fized constant depending on a,b and ¢ but independent of
z € Q) and n(z) € S? a.e. x € Q.

This convergence, as L — 0, was studied initially in [MZ10] and further refined
in [NZ]. If we restrict ourselves to working with tensors @) that admit a representa-
tion as in (2.4), for a fixed s independent of x € 2 we refer to this as the constrained
De Gennes theory.

The reason for referring to (2) as an “Oseen—Frank functional” has to do with
the relations that the functional has with the celebrated Oseen—Frank theory of
nematics. The theory was proposed in the 1950s, in [Fra58]. The Oseen—Frank
theory does not use matrices as in (2.4) but rather unit vectors, hence the material
is modeled through a vector-field n : Q@ c R? — S~ d = 2,3. The theory
has the deficit of ignoring the physical head-to-tail symmetry of the material but
has the advantage of being simpler as it is more convenient to manipulate vector-
valued functions, rather than matrix-valued ones. In particular the theory uses
mathematical objects with just two degrees of freedom, namely vectors n € S?,
unlike the theory of De Gennes that uses objects with five degrees of freedom
(Q-tensors).

If one formally replaces the formula (2.4) into (2.3) (with s a fixed constant,
independent of x € Q) one obtains:

3 3
FralQ] Z/ L Z QijkQij i dz+C = Forp[n]+C = 232/ Z N kM g de+C
02, Q; k=1

(where C' is an explicitly computable constant) so apparently nothing is lost, at en-
ergy level, when passing from the matrix representation to the vector representation
form of the Oseen—Frank theory. However, in order to derive the equality above we
implicitly assumed that the vector-valued functions n are as smooth as the matrix-
valued functions (). This might not always be the case and indeed it turns out that
there can be significant differences between the classical Oseen—Frank theory and
the constrained De Gennes theory. These differences are analyzed in [BZ].

An important deficit of the Oseen—Frank theory has to do with its incapacity
of predicting higher dimensional defects, as we will discuss in Section 5. The theory
can predict only point-like defects, but not the more complicated line or wall defects.

Returning to the Q-tensors and taking into account how they are obtained,
namely the definition (2.1) of the tensor @ and assuming that @ is uniaxial so it
has a representation as in (2.4) we have that

Qnn=2s={(p-nf ~ 3) = (cos? 0~ )

where 0 is the angle between p and n. We have s = %((:052 0 — %> and so we must

necessarily have f% < s <1 with s = 1 when we have perfect ordering parallel to
n, s = —% when all molecules are perpendicular to n and s = 0 iff Q@ = 0 (which
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occurs if p is isotropic). Thus s is a measure of order and is called the scalar order
parameter associated to the tensor Q. In the physical literature it is often assumed
that s is constant almost everywhere. For experimental determinations of s see for
instance [CEGT06]. Various experimental methods for the determination of s are
also presented in the older paper of A. Rapini, [Rap73], pp. 362 — 364.

Motivated by this representation, and in an attempt to overcome the limitations
of the Oseen—Frank theory, J.L. Ericksen proposed in the 1990s, in [Eri90] a more
elaborate theory than that of Oseen—Frank. His theory describes nematics through
pairs (s,n) : Q — [—1,1] x S? so that n describes the orientation of the director
and s is the degree of order. If s = 0 then n needs not be defined. The nematics
in Ericksen’s theory are thus described as objects with three degrees of freedom,
intermediary between the theory of Oseen—Frank that uses only two and that of De
Gennes that uses five degrees of freedom. Ericksen theory proposes an alternative
definition of defects, and manages to predict the more complicated line or wall
defects, but however it does not capture properly the head-to-tail symmetry of the
molecules.

We have thus three major theories attempting to describe nematics: Oseen—
Frank, Ericksen and Landau-de Gennes. Each theory uses different mathematical
objects to describe the same physical reality and, as we will see in Section 5, each
proposes different explanations of the defect patterns.

2.1. Q-tensors: beyond liquid crystals. The type of local orientational
order that exists in nematics is by no means an isolated phenomena in nature.
Liquid crystal ordering is found in various different systems, including polymers,
amphiphile solutions, elastomers, carbon nanotubes and biological systems (for
example, the liquid crystal states of DNA). Thus the Q-tensor description should
be suitable for the treatment of such complex systems. More on the nematic defects
as they appear in carbon nanotubes can be found in [ZKO08].

3. Some simple properties of Q-tensors

3.1. Physical Q-tensors and eigenvalues constraints. Let us recall, (2.1),
that a Q-tensor was defined as a normalized second-order moment of a probability
measure p. One can easily see that there can be different probability measures pg
and pq such that the corresponding @Q-tensors are the same. For instance we can
take 119 to be the uniform probability measure as before and i, = § Zf’: [0, +0—;]
where 6., denotes the Dirac delta measure concentrated at e;, with ej, ez, es an
orthonormal basis in R3. Then the corresponding Q-tensors are the same, namely
the isotropic Q-tensors.

On the other hand the representation formula (2.1) imposes some restrictions
on the eigenvalues of (). Recalling the spectral representation of @,(2.2), and the
probabilistic definition of @, (2.1), we have:

i = (Qé;) - é; = /S2 (p- &) du(p) — %
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Since p is a probability measure we have 0 < [, (p-€;)* du(p) < 1 and thus the
last relation implies a constraint on the eigenvalues \;,7 = 1,2, 3 of ), namely:

—%gAigg, 1=1,2,3 (3.1)
Further discussions on the physical relevance and constraints on the Q)-tensors
are available in [Majl0]. A way of enforcing, at a variational level, the eigenvalues
of @Q-tensors to stay within the physical region delimitated in (3.1) is by using a
potential that blows-up logarithmically when the eigenvalues approach the limit
values [BM10].
Let us denote by |@| the Frobenius norm of a Q-tensor, namely:

3
Z QijQij = \/AF + A3+ A\

i,j=1

Q| & Vir(QQY) = Vir(Q?) =

For the physical Q-tensors, the restrictions (3.1) impose a bound on the size of
|@Q]. On the other hand a bound on the size of |Q| imposes restrictions only on the
size of A\¥ + A3+ )3 and thus it might not be enough to obtain the more complicated
constraints (3.1).

3.2. Characteristic equation and uniaxial ()-tensors. Using the charac-
teristic equation and the Cayley-Hamilton theorem one easily obtains:

PROPOSITION 3.1. For any Q-tensor we have:
(i)
Q*— 51QlQ — detQ - 1d =0,
(ii)
tr(Q%) = 3det(Q),
(ii)
w(@") = QI
Let us recall that a Q-tensor is uniaxial if it has two equal eigenvalues. We can
easily characterize such Q-tensors:
PRrROPOSITION 3.2. A Q-tensor is uniazial if and only if
1Q|° = 54(det Q) = 6 tr(Q?) (3.2)

PROOF. The characteristic equation of @ is:

det(Q — Md) = —\* 4 tr(Q)A? —\tr(cof Q) + det Q.
N—_——
=0
But 2 tr(cof Q) = 2(Aadz +AzA1 +A1h2) = (M1 + Ao + A3)° = (AT +A5+23) = —|Q|*.

=tr(Q)=0
Hence the characteristic equation becomes:

1
A2 — 5|Q|2A—detc2 =0
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and the condition that A3 —pA+4¢ = 0 has two equal eigenvalues becomes: p > 0 and
4p3 = 27¢?, which gives the first equality in the conclusion. The second equality is
easily obtained by observing that we just need to verify it on diagonal matrices as
for any @ there exists a R € O(3) such that RQR? is diagonal and replacing Q by
RQR?! does not change det @ nor tr(Q?). O

REMARK 3.3. An alternative proof of the previous proposition, without using
facts about third-order equations, is provided in Lemma 0.5

Let us recall that a uniaxial Q)-tensor can be written as @ = s (n Rn — %Id),
where s € R and n € S%. If we fix the s to be a given non-zero constant, say s,
we obtain the class of constrained ()-tensors:

. 1
S, s, <n @n— gld) ,neS?} (3.3)

One can easily show (see also [NZ]):

LEMMA 3.4. A Q-tensor belongs to Sk if and only if one of the following holds:
2 3
(i) tr(Q?) = 257* and tr(Q3) = 2%. (i) The minimal polynomial of Q is \* — -\ =
2.2

§S+.

4. A Q-tensor model: the Beris-Edwards system

The most complete descriptions of liquid crystals regard them as a complex
non-Newtonian fluid. There exist various specific models that all use the Q-tensor
description and a comparative discussion of the main models is available for instance
in [SMVO04].

In these notes we use a model proposed by Beris and Edwards [BE94], that one
can find in the physics literature for instance in [DOY], [TDY03] (however in the last
two references the fluid is assumed compressible (for computational purposes only)
and with variable density). An important feature of this model is that if one assumes
smooth solutions and one formally takes Q(z) = s;(n(x) ® n(z) — 31d), with s,
a constant (depending on the parameters of the system, see for instance [MZ10])
and n : R? — S§?! smooth, then the equations reduce (see [DOY]) to the generally
accepted equations of Ericksen, Leslie and Parodi [Les68]. The system is related
structurally to other models of complex fluids coupling a transport equation with a
forced Navier-Stokes system [CFTZ07], [CMO01], [LMO00], [LZZ08],[Lin91], [Mas08],
[Sch09]. In our case the Navier-Stokes equations are coupled with a parabolic type
system, but we also have two more derivatives (than in the previously mentioned
models) in the forcing term of the Navier-Stokes equations. The Ericksen-Leslie-
Parodi system describing nematic liquid crystals, whose structure is closer to our
system (but that has one less derivative in the forcing term of the Navier-Stokes
equations) was studied in [LL95], [LLO00], [LLW10].

In the following we use a partial Einstein summation convention, that is we
assume summation over repeated indices. We consider the equations as described
in [DOY], [TDY03] but assume that the fluid has constant density in time and is
incompressible.
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We denote

S(Vu, Q) (€D+Q)(Q+ LTd) +(Q+ ST)(ED Q) ~26(Q+ 2 1d) tr(@Vu) (4.1)

d

where D %/ 1 5 (Vu+ (Vu)') and Q def 1 5 (Vu— (Vu)') are the symmetric part
and the antlsymmetrlc part, respectively, of the velocity gradient tensor Vu. The
constant d is the dimension of the space and @ is a function on R? that is Q-
tensor valued. The term S(Vu, Q) appears in the equation of motion of the order-
parameter, ), and describes how the flow gradient rotates and stretches the order-
parameter. The constant & depends on the molecular details of a given liquid crystal
and measures the ratio between the tumbling and the aligning effect that a shear
flow would exert over the liquid crystal directors.

We also denote:

def

H'= —aQ +b[Q* —

tr(?) 1d) — cQ tx(Q%) + LAQ (4.2)

where L > 0.
With the notations above we have the coupled system:
(O +u-V)Q —S(Vu,Q) =
(O + ulgaﬂ)ua = V@%ua + O0ap + 08Tap + 08043 (4.3)
Oyuy =0

where I' > 0, v > 0 and we have the symmetric part of the additional stress tensor:

e 0o 5y
Taf d:f _6 (Qav + TW) H’yB - gHa'y (Q'yB + _) + 2€ (QaB + ) Qw&
- LaﬁQvﬁaané

and an antisymmetric part:

def
0ap = QayHyp — HayQyp

In the rest of the notes we restrict ourselves to the case £ = 0. This means that
the molecules are such that they only tumble in a shear flow, but are not aligned
by such a flow. In this case the system (4.3) reduces to:

(O + 1ty - 04)Qap — QLayQyp + Qar s

Oa
=T (LAQag —aQap + b[Qanvg — Tﬁ tr(Q2)] —cQap tr(Q2))

(at + uBaB)ua = vAug + 0up — L@B (8QQ4565Q<5)
+ Los (QMAQW - AQMQW)

O uy =0
(4.4)
in R, d = 2,3 where we use the summation convention over repeated indices and

note that we have that the matrices —aQ + b[Q2 — =& )Id] — cQtr(Q?) and Q
commute, hence QH — HQ = L(QAQ — AQQ).
We also need to assume from now on that

c>0 (4.5)
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This assumption is necessary from a modelling point of view (see [Maj10],[MZ10] )
so that the energy F is bounded from below, and is also necessary for having global
solutions (see Proposition 1.2 and its proof).

5. Defect patterns and their diverse descriptions

An important test of any theory attempting to describe nematics concerns the
predictive capacities of the theory with regard to defect patterns. The simplest
theory, the Oseen—Frank theory uses unit-vectors to describe nematics, that is the
nematics are modelled as vectors fields n : @ C R* — S9!, In this theory defects
are simply discontinuities of vectors and this is one reason why his theory has been
extremely successful with mathematicians interested in regularity problems.

In Oseen—Frank theory equilibrium configurations are obtained as energy min-
imizers of the energy functional that we saw in a previous section, namely:

For :/ |Vn(x)]? dz (5.1)
Q
where the minimization is done the space
W2 d—1y
W (.8
def {n:Q—=RY n(x) € ST ae z€Q, and n(x) = p(z), for a.e. x € IN}
(5.2)
with ¢ : 02 — S?~! an imposed boundary condition.
The minimizers satisfy the Euler—Lagrange system of equations:
An; = —n;|Vn]2i=1,...,d (5.3)
[n(z)| =la.e.x € (5.4)

The above equations are known as the harmonic map equations and they have
been widely studied, particularly from the point of view of regularity and partial
regularity, a recent monograph in the area being [LW08].

One of the important limitations of the Oseen—Frank theory is that it only
recognizes points defects, as defects with finite energy. While line and wall defects
might be interpreted in this framework, they always have infinite energy.

In the more complex Ericksen theory the equilibrium configurations are ob-
tained as minimizers of an energy functional that in its simplest form is:

Fr(s,n) = / E|Vs(2)|* + s(z)|Vn(x)|? 4+ wo(s(z)) de (5.5)
Q
where k£ > 0 is a constant and the minimization is in the space

.Adéf{(n,s):ﬂﬁgd_l xR, (s-n,s) € H', and s = sq, sn = sogng on 9N}

where (s0,n0) : 0 — [—3,1] x S?~! are imposed boundary conditions.

The Ericksen model was studied in several papers, mainly related to Fanghua
Lin, see for instance [LP94]. In Ericksen theory the defects are regarded as the
zero set of s, that is the points where the degree of order is zero, i.e. there is no
preferred direction of the molecules. This proposes a compelling explanation for
the defects and the energy minimizers in this theory are found indeed to have both
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line and wall defects, of finite energy, unlike in the Oseen—Frank model. However,
the actual experimental techniques do not allow to probe close enough to the core
of a defect to experimentally check the relevance of this proposed explanation for
defects.

On the other hand in the Q-tensor theory of De Gennes defects seem to have a
very different nature. The problem of defects in the framework of De Gennes theory
has not attracted much attention in the physics literature, perhaps because the
Oseen—Frank theory, despite its limitations and thanks to its relative simplicity, has
proved to be very attractive for describing defects, particularly from a topological
point of view. Indeed, in fact one can talk about line and wall defects even in
the framework of the Oseen—Frank theory provided that one is willing to allow
for regions of infinite energy. The overall perspective in the physics literature is
that if one is willing to provide a substitute for these infinite energy regions, that
are the core of the defects, then the Oseen—Frank theory works reasonably well
outside the cores. Indeed, it is in these defect regions of infinite energy where the
theory of De Gennes proves its utility by providing finite energy, together with a
possibly different structure for the core of the defects. Thus physicists often adopt
an ambiguous position by using the simpler Oseen—Frank theory outside defects
and substituting the more complex De Gennes energy near the core of the defects.
The simple variational model of De Gennes allows, in some sense, for a justification
of this perspective, see next chapter and [MZ10].

However if one attempts a definition of defects intrinsic to the Q-tensor theory,
it seems that defects have quite a different nature, in this theory, when compared
to the other two theories. In his relatively unknown paper [Gen72] in the 1970, De
Gennes proposes to describe defects essentially as discontinuities of eigenvectors.
This definition is in some sense misleading and it should be interpreted in the sense
that one has a point of discontinuity z for the eigenvectors of the matrix Q(x)
if it is not possible to find some continuous functions on a neighbourhood of x,
say e;j(x),7 = 1,2,3 so that Q(z)e;(x) = Ni(z)e;(x),7 = 1,2,3 (for some \;(x))
and (e;(z),ej(z)) = di;,4,7 = 1,2,3). An example is provided by the function

Q : [-1,1]> — Sy (where Sy denotes the set of traceless and symmetric 3 x 3
matrices),
1+2 y 0
Q(‘rv Y, Z) = Y 1 - 0
0 0 -2
1
V2
For x = 0 and (y,z) € [—1,1]? the basis of eigenvectors is made of % ,
0

1

7z 0

f% and | 0 |. For y =0 and (z,y) € [—1, 1] the basis of eigenvectors
0 1

is made of [ 0 |, 1 | and | 0 |. Thus the line {0} x {0} x [-1,1] is a
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line of discontinuity of eigenvectors. Numerical computations, [SKH95] show that
a situation as described above actually appears in the equilibrium solutions.

From a mathematical point of view an interesting (and specific) feature of
matrix-valued functions is that even if they are real analytic it is still possible for
them to have discontinuities of eigenvectors in the sense mentioned above. These
discontinuities are related to the number of distinct eigenvalues. Thus, if one is
in a biaxial region, or in a uniaxial region (i.e. the number of distinct eigenvalues
is constant) then one can choose the eigenvectors to be as smooth as Q(see for
instance [Kat76],[Nom?73]). Thus the discontinuities of eigenvectors can only occur
at the biaxial-uniaxial, uniaxial-isotropic or biaxial-isotropic interfaces. However
the presence of such an interface is just a necessary criterion for the existence of a
discontinuity of eigenvectors. A simple criterion for checking the presence of such
(tr@*)”
(tr@2)?
that is used in the physics literature to provide a measure of “how far a matrix

is from being uniaxial”, and this is motivated by the fact that 3(Q) € [0,1] with
B(Q) =0 if and only if @ = 0 or @ is uniaxial, see Appendix A.

No necessary and sufficient analytic criterion seems to be known and devising
this can be an interesting problem. Having a sufficiently simple analytic criterion
for detecting discontinuities of eigenvectors would be of paramount importance in
attempting to study the evolution in time of these defects.

Particularly relevant to this problem could be the examples of eigenvector dis-
continuities that were constructed in [Lin96].

an interface can be provided by the “ biaxiality coefficient” 5(Q) =1 — 6
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CHAPTER 2

Qualitative features of a stationary problem:
Oseen—Frank limit

Liquid crystals are a complex non-Newtonian fluid and the equations that are
needed to describe it are quite complicated (as we saw in the previous sections). In
this chapter we restrict ourselves to physical situations in which the effect of the flow
is negligible and aim to obtain qualitative features of equilibrium solutions, ignoring
the effect of the flow. This is done by considering global energy minimizers of a
suitable energy functional.

The Landau-De Gennes energy functional, Frg, is a nonlinear integral func-
tional of @ and its spatial derivatives. Physical symmetries impose certain restric-
tions on the form of the energy functional, as noted in [Bal06]. In these notes we
work with the simplest form of Frg (see also [MNO04]) with Dirichlet boundary
conditions, @, (refer to (1.4) next section, for a precise description), on three-
dimensional domains 2 C R3 that are simply-connected. We take Frg to be
[PWST5]

Fiolal = [ 5IVQP (@) + fn(@Qla) da 0.1)

where fp is the bulk energy density that accounts for bulk effects,

3

VQI* = Z QijkQij,k

ij,k=1

is the elastic energy density that penalizes spatial inhomogeneities and L > 0 is a
material-dependent elastic constant. We take fp to be a quartic polynomial in the
@Q-tensor components, since this is the simplest form of f5 that allows for multiple
local minima and a first-order nematic-isotropic phase transition [Gen74, Vir94].
This form of fp has been widely-used in the literature and is defined as follows

S

C 2\ 2
= — (tr
where a, b, & € R are material-dependent positive constants, T is the absolute tem-
perature and T is a characteristic liquid crystal temperature. We work in the
low-temperature regime 7' < T* for which a(T — T*) < 0. Keeping this in mind,

we recast the bulk energy density as follows:

f5(Q) = (tr@%)°, (0.2)
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where a?,b?,c?> € Rt are material-dependent and temperature-dependent non-zero
constants. The equilibrium configurations (the physically observable configura-
tions) then correspond to minimizers of Fpq, subject to the imposed boundary
conditions.

In Section 2, we study the limit of vanishing elastic constant L — 0 for global
minimizers, Q") of Fr¢. This study is in the spirit of the asymptotics for minimiz-
ers of Ginzburg-Landau functionals for superconductors [BBH93]. The limit L — 0
is a physically relevant limit since the elastic constant L is typically very small
after a suitable non-dimensionalization of the system. For M BB A for instance (see
[PWST75]) the elastic constant L, is of order 10~ J m™*, and the material coeffi-
cients A, B, C are of order k = 10*J m~2 . Since the typical size d of the liquid
crystalline system is of order 10~%m, after non-dimensionalization we obtain that
on a domain of size 1 we have L = k§2 ~ 1073, A,B,C‘ ~ 1.

We define a limiting harmonic map Q© as follows

QO — s, (nw) 2 _ % Id)

where s is defined in (1.3), n(9) is a minimizer of the Oseen-Frank energy, For,
defined as:

For[n] = /ka(x)nzk(x) dz,

subject to the fixed boundary condition n = n, € C*(99Q,S?) and @ and ny are
related as in (1.4). Then we can relatively easy show that there exists a sequence

of global minimizers {Q(Lk)} such that Q&+ Lk—%?+ Q' strongly in the Sobolev
space W12, The sequence {QL*)} converges uniformly to @ as L, — 0, in the
interior of Q, away from the (possible) singularities of Q(%).

These results show that the predictions of the Oseen—Frank theory (described
by the limiting map Q(°)) and the Landau-De Gennes theory agree away from the
singularities of Q(?). The presentation in this chapter follows [MZ10].

1. Preliminaries

We take our domain,  C R3, to be bounded and simply-connected with smooth
boundary, 9. Let Sy C M3*3 denote the space of Q-tensors, i.e.

def
So = {Q e M*?;Qi; = Qji, Qi =0}
where we have used the Einstein summation convention; the Einstein convention

will be assumed in the rest of the paper. The corresponding matrix norm is defined
to be

def
Q= Vir Q2 = /Qi;Qi;.
As stated in the introduction, we take the bulk energy density term to be
a? b? c? 2
fe(Q) = -5t (@%) - 3t (@%) + T (tr(Q%))

where a2,b?,c? € Rt are material-dependent and temperature-dependent non-zero
constants. One can readily verify that fp is bounded from below, and we define a




“volume-vii” — 2012/3/8 — 12:25 — page 205 — #219

1. PRELIMINARIES 205

non-negative bulk energy density, f B, that differs from fp by an additive constant
as follows:

fB(Q) = f5(Q) — min f5(Q). (1.1)

QESo

It is clear that fg (Q) >0 for all @ € Sy and the set of minimizers of f5 coincides
with the set of minimizers for fz. In Proposition 0.1, we show that the function f B
attains its minimum on the set of uniaxial Q-tensors with constant order parameter
54+ as shown below

fB(Q) =0< Q € Qin Where
QmmZ{QESo,QZSJr (n®n—%ld),n682} (1.2)

with

b2 + Vb + 24a2¢2
Sy = 4@2 . (13)

We work with Dirichlet boundary conditions, referred to as strong anchoring
in the liquid crystal literature [Gen74]. The boundary condition Qp(z) € Qmin is
smooth and is given by

1
Qp = s (nb®nbgld> ,np € C™ (89;52). (1.4)

We define our admissible space to be

Ag = {Q e Wh2(Q;50);Q = Qp on 99, with Q as in (1.4)} , (1.5)

1
The corresponding W'2-norm is given by || Q[lw12(0) = ([, 1Q|* + |[VQ|?dz)*.
In addition to the W'2-norm, we also use the L*>-norm in this paper, defined to

be [|Q[[L=(q) = ess sup,cq|Q(z)| -

We study global minimizers of a modified Landau—De Gennes energy functional,
Fr¢, in the admissible space Ag. The functional Frq differs from Frg in (0.1) by
an additive constant and is defined to be

FuoiQ) = [ 5Quu(@)Qus(a) + fo@la)) da (16)

For a fixed L > 0, let Q%) denote a global minimizer of F¢ in the admissible class,
Ag. The existence of Q™) is immediate from the direct methods in the calculus
of variations [Eva98]. The bulk energy density, f5, is bounded from below, the
energy density is convex in VQ and therefore, Frq is weakly sequentially lower
semi-continuous. Moreover, it is clear that Fre and Fre have the same set of
global minimizers for a fixed set of material-dependent and temperature-dependent
constants {a?,b% ¢?, L}.

The global minimizer Q) is a weak solution of the corresponding Euler-
Lagrange equations [BM10)]

LAQij = —a*Qy; — b <Qika]— - 5;3’ tr(Q2)> + Qi tr(Q%) 0,5 =1,2,3. (1.7)

where the term bz% tr(Q?) is a Lagrange multiplier that enforces the tracelessness
constraint. It follows from standard arguments in elliptic regularity that Q(*) is




“volume-vii” — 2012/3/8 — 12:25 — page 206 — #220

206 2. QUALITATIVE FEATURES OF A STATIONARY PROBLEM: OSEEN-FRANK LIMIT

actually a classical solution of (1.7) and Q) is smooth and real analytic (see also
[MZ10]).

Finally, we introduce a “limiting uniazial harmonic map” Q© : Q = Qmmin;
Q) is defined to be a global minimizer (not necessarily unique) of Frg in the
restricted class, Ag N {Q : @ — S, Q(x) € Qminae.x € Q}. Then QO is
necessarily of the form

1
QO =5, <n(0) ®n® — g[d) , (1.8)
where n(%) is a global minimizer of For (see [BZ]),
|Vn(2)|? de = min [ |Vn(x)|* dx (1.9)
Q n€An Jo

in the admissible class A,, = {n c Wwh? (Q; SQ) ;N =np on 89} and np and Q) are
related as in (1.4). This “limiting harmonic” map Q) is therefore obtained from
an energy minimizer, n°, (not necessarily unique) within the Oseen—Frank theory
for uniaxial nematic liquid crystals with constant order parameter (for more results
about the relation between n(9) and Q(®) see [BZ]). It follows from standard results
in harmonic maps [Vir94] that Q(®) has at most a finite number of isolated point
singularities (points where n(® has singularities). In the following sections we will
elaborate on the relation between Q) and Q(©).

2. The limiting harmonic map and the uniform convergence
We first obtain apriori L> bounds, independent of L.

PROPOSITION 2.1. Let Q C R? be a bounded and simply-connected open set
with smooth boundary. Let Q) be a global minimizer of Frq, (1.6), in the space

(1.5). Then
2
1Q™) | Lo (e < \/;S"' (2.1)

where s4 is defined in (1.3).

PROOF. The proof proceeds by contradiction. In the following we drop the
superscript L for convenience. We assume that there exists a point z* € {2 where
|Q| attains its maximum and |Q(z*)| > \/ger. On 99, |Q| = \/gs+ by our choice

of the boundary condition @ (note that if @ € Qin then |Q| = \/ger) If Q

is a global minimizer of Fr then Q is a classical solution (see Section 3.2 for
regularity) of the Euler-Lagrange equations

LAQij = —GQQU‘ — b2 (Qinpj — %tr Q26ij) + C2 (tI‘ QQ) Ql] (2.2)

Since the function |Q[? : @ — R must attain its maximum at z* € Q, we
necessarily have that

NECOIR (23)
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We multiply both sides of (2.2) by (;; and obtain

LA <%|Q|2) = Q- QP+ (r Q) + LIVQP. (2.4)
We note that
2
—a?tr(Q%) — 0* tx(Q°) + ¢ (t(Q%))” = F(IQl) (2.5)
where )
7)) = ~e?IQF - Z=lQl* + Q. (26)
since tr(Q?) < |3|(: (see Lemma 0.5 in the Appendix). One can readily verify that
2
£ >0 for 0] > /2. (2.7
which together with (2.4) and (2.5) imply that
1
A(3108) @ >0 (2.8)

for all interior points z € Q, where |Q(z)| > \/ger. This contradicts (2.3) and
thus gives the conclusion. O

In what follows, let er,(Q(z)) denote the energy density er,(Q(z)) = 1IVQI?+

F«D?T(JT). \}Ne consider the normalized energy on balls B(x,r) C Q = {y €
z—yl<r

def 1 1 1 2, [8(Q)
FQur) " /B BCCOTEE /B LN ST

We have:

LEMMA 2.2. (Monotonicity lemma) Let Q) be a global minimizer of Fra,
(1.6), in the space (1.5). Then

FQW,x,r) < F(QW,2,R),Ve € Qr <R, so that B(z,R) cQ  (2.10)

PROOF. The proof follows a standard pattern (see for instance [LR99]) and is
a consequence of the Pohozaev identity. We assume, without loss of generality, that
z=0and 0 < R < d(0,09), where d denotes the Euclidean distance. Since Q") is
a global energy minimizer, it is a classical solution (see Section 3.2 for regularity)
of the system (1.7):
1 19fB(Q) | ,20i; 2
T |90 + 07 (Q) (2.11)

Qi =

In (2.11) and in what follows, we drop the superscript L for convenience.
We multiply (2.11) by xy - 9xQ;;, sum over repeated indices and integrate over
B(0, R) to obtain the following
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107,
0: /B<07R> Qiju() -z, - OQij(x) — z%ﬁ -z OeQuj ()
1 5
K /B(OvR) bQ?j tr(Q*(x)) - @k - OQij(x) da
10/8Q@) 9.0, de (212)

= Qiju(x) - zr - 0pQij(x dx—/
/B(O,R) 51(@) - @ - Qi () Bo,r) L 0Qij

11

I
where we have used the tracelessness condition Q;; = 0.

Integrating by parts, we have that:

I:/ Qiju(x)rr0pQij(x) dx

B(0,R)

B / Qij 101k Qij k() + 2 Qijr (¥))dx + /
B(0,R) 9B(0,R)

1
_ /B(O . Qij1(7)Qij () dx + 3 /B(O o EQZ-M(J:)QW(;E) de

Xy
Qij,ll’inj,kﬁ do

_ Qij1(2)Qija(@) w2\ f (Qugr(@) -zk)* |\ 515
/63(0.,12) R o /EBB(O.,R) R 7 2

2

B B ) 71 ([ C) NPT O | N

II/B(O,R) L~ 00 k- OeQij(x)d L/B(O,R) O fp(Q(z)) -z d
3 ; 1 .

__Z/B(O,R) fB(Q(x))derZ/ Q)

Ik I'f’“ do (2.14)

Hence (2.12) becomes:

Qij1(2)Qij.(x) JrJ?B(Q(fﬂ)) da

/B(O,R) 2 L
Qij,k(z)Qij,k(x) fB(Q(iE)) o
JrR/aB(o,R) 2 e
L(Cz(m)) dr  (2.15)

1
"R (Qij(z) - zp)? do + 2/
9B(0,R) B(0,R)

We have

o (1 Qi (2)Qiju(x) | f5(Q(x)) v =
OR (R /B(O.,R) 2 i L ! )
1 Qiju(x) - Qijulz) | f5(Qx)) .
R? Jp0,r) 2 I !
1 QijJ(:r) . Qij,l(fE) + fB(Q($>> do. (2.16)

+_
R JaB(o,r) 2 L
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The right-hand side of (2.16) is positive from (2.15) and hence the conclusion. O

LEMMA 2.3. ( Wh2-convergence to harmonic maps) Let Q C R® be a simply-
connected bounded open set with smooth boundary. Let Q%) be a global minimizer
of Frg, (1.6), in the space (1.5). Then there exists a sequence Ly — 0 so that
QUx) — QO strongly in W2 (Q;So), where Q) is a limiting harmonic map
defined in (1.8).

PROOF. Our proof follows closely, up to a point, the ideas of Proposition 1
in [BBH93]. Firstly, we note that the limiting harmonic map Q(®) belongs to our
admissible space Ag and since QO () € Qmin, a.e. & € ) (see Section 1) we have
that fp (Q(z)) =0 a.e. = € Q. Therefore

1 1 1~
[ 30800t dr < [ L0000k + 1 iaQ ) ds
1
= /Q 3 @Q (2 de. (2.17)

The Q(X)’s are subject to the same boundary condition, Q, for all L. Therefore
(2.17) shows that the TW'2-norms of the Q(%)’s are bounded uniformly in L. Hence
there exists a weakly-convergent subsequence Q(*) such that Q**) — QW in
W2, for some QW) e Ag as Ly — 0. Using the lower semicontinuity of the
Wt2_norm with respect to the weak convergence, we have that

/ QW () dr < / VQO @) da. (2.18)
Q Q

Relation (2.17) shows that [, fp(Q**)(z))dx < Ly [, QE?,)k(x)QE?,)k(w) dr and
hence [, fB(QEr)(x))dr — 0 as L, — 0. Taking into account that fp(Q) >
0,VQ € So we have that, on a subsequence Ly, fB(Q(L’“J')(x)) — 0 for almost all
x € Q. From Proposition 3.1, we know that fB(Q) = 0 if and only if @ € Quin
ie. if Q = sy (n n — %Id) for n € S2. On the other hand, the sequence Q(X*)
converges weakly in W12 and, on a subsequence, strongly in L? to Q). Therefore,
the weak limit Q™ is of the form

QW (z) = s4 (n(l)(x) @nM(z) - %Id) ,nW(z) € S% ae.x e (2.19)

It was proved in [BZ] that if QWM e W2 and the domain Q is simply-connected,
we can assume, without loss of generality, that n(Y) € W12(Q, S?) and its trace is n,.
Then (2.19) implies |[VQ® (2)[? = 252 |Vn)(z)]? for a.e. z € Q. Also, recalling
the definition of @ from Section 1 we have |VQ©)(2)2 = 25% |[Vn(?(z)|? for a.e.
x e

Combining (2.18) with (1.9) and the observations in the previous paragraph, we
obtain [, |VnM(z)]?dz = [, |VnO(@)?dz and [,|[VQW(z)]*dz =
Jo IVQ©) (2)|? dz. Then:
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/Wvgm@degmMﬁ/WVd“”@Wdxﬁhmw/WV@“”@de
Q ij =0 Jo Q

ij —0
< / VQO )P dr,
Q

which demonstrates that limz, o [VQE) |12 = [VQ©®| 2. This together with

the weak convergence Q(L’“J' N Q) suffices to show the strong convergence
QEri) = QO in w2, O

The following has an elementary proof, that will be omitted:
LEMMA 2.4. The function fB 1 So — Ry is locally Lipschitz.

We can now prove the uniform convergence of the bulk energy density in the
interior, away from the singularities of the limiting harmonic map Q(©).

PROPOSITION 2.5. Let Q C R? be a simply-connected bounded open set with
smooth boundary. Let Q) be a global minimizer of Frg, (1.6), in the space (1.5).
Assume that we have a sequence Q%) with L, — 0 as k — oo, such that Q%) —
QO as k — co.

For any compact K C Q such that Q) has no singularity in K we have

lim fe(QU¥(2))=0 zeK (2.20)
Lj—0
and the limit is uniform on K.

PROOF. Lemma 2.3 shows that the strong limit Q(®) is a limiting harmonic
map, as defined in Section 1, Q) = s, (n(¥(z) @ n(O(x) — £1d) where n(®) ¢
W12(Q,S?) is a global energy minimizer of the harmonic map problem, subject to
the boundary condition n = ny on 9f).

Let ar, = fB(Q(Lk)(aco)), for xg € K an arbitrary point. Proposition 2.1 and
Lemma 2.4 imply that there exists a constant 8 (independent of x) so that

1f5(QM () — fo(QP ()] < BIQR™ (z) — Q™M (y)| (2.21)
for any z,y € Q,L > 0.
We then have

ar, < fe(QUH (2)) + BIQUH (2) — QU (20)]

< QT (2)) + BIVQEH || oo (5| — o
£ (Ly) Q _ V. K’ 2.99
fB(Q (‘T>>+ \/L_k|$ :E0|7 T < ( . )

where K’ C Q is a compact neighborhood of K to be precisely defined later. In the
last relation above we use Lemma A.1 from [BBH93| and the apriori bound given
by Proposition 2.1. For reader’s convenience we recall that Lemma A.1 in [BBH93|
states that if u is a scalar-valued function such that —Au = f on 2 C R™ then

|Vu(z)]? < C (HfHLOC(Q)”U”Loo(Q) + 7dist2(1z,6Q)HuH%°°(Q)) where C is a constant

IN
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that depends on n only. In our case the constant C' depends on the dimension,
n =3, on a,b% ¢* and on the distance sup, ¢ g d(y, 9Q) only.
From (2.22) we have that

CBpx -
T T T

We argue similarly as in [BBH93] and divide by Lj and integrate over B,, (o) to
obtain:

QYW (2)),Va € K, & — wol| < pi (2.23)

i ~ CBpx, [3(Q"* (x))
I (ar, Nin ) < P — dz (2.24)

Take an arbitrary € > 0. Recall that K is a compact set that does not con-
tain singularities of Q(®. Then there exists a larger compact set K’, so that
K C K’, that does not contain singularities either, and a constant C'x: such that
IVQ©) (2)|]> < Ok, Vo € K'. For Ry small enough, with Ry < dist(K,99Q) and
such that B(xg, Ry) C K',Vxo € K we have

1 / VR (z)? A7 9 €
— P Vo< —Cp/R2< - Vrge K 2.25)
Ro J 5, (w0) 2 6 0=3 (

~ We fix an Ry as before. As QU+ — Q) in W2 we have that there exists an
Lo > 0 so that:

1 VOLr) (2)]2 1 VOO ()]2 -
_/ de_/ NOT@ 1 v & for 1y < L,
RO BRO(fﬂO) 2 RO BRO(IO) 2 3

Vag € K
The arguments in [BBH93] fail to work in our case as we have a three dimen-
sional domain, unlike in the quoted paper, where the domain is two dimensional.

In our case, using the monotonicity formula from Lemma 2 and taking pp < Ry we
obtain:

fB(QF) (x)) P IVQUEH (z)]*  fe(Q)(x))
/Bpk_ (z0) Ly, = Ry /BRO(:n ) 2 * Ly, e
2¢e €
<n(3+3) o

7oLy
7fB(QL: @) gr < £ (note

for Ly < min {Iq, I_/O} with Ly small so that RLO IBR (o)
0

that there exists such an L; as the proof of Lemma 3 shows that

fo(OLk)
Jp(@ () dx = o(1)
Q Ly,
as Ly — 0).
We take pj, = or Vi Then, from (2.24) and (2.26) we obtain

208
a%k < 8(CB)%e
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for L, < min{Lo,L1}. As & > 0 is arbitrary and the estimate on
ar, = QW) (x0)) with xp € K is obtained in a manner independent of g,
we have the claimed result. g

We also need the following

LEMMA 2.6. There exists eg > 0 so that:

(M L] tr(Q2)> <Cfp@Q)

. 3
EfB(Q) <y 20, 3

ij=1
1
V@ € So such that |Q — sy (n®@n — §Id)| < &g, for somen € S* (2.27)

where sy = Wiw and the constant C is independent of Q, but depends on
a?,b%, .

PROOF. Recall from Proposition 3.1, [BM10] that f3(Q) > 0 and fz(Q) =
0> Q=s4(n®n— +Id) with s; = mivbijfw and n € S?.

Let the eigenvalues of @ be z,y,—ax —y. We define F(x,y) = —a?(z? +
y? +ay) + V2ay(r +y) + (2 + y? + 2y)? and D def ming, ,)er2 F(z,y). Then

~ def ~
F(z,y) = F(z,y) — D = fp(Q). o o

Then F' = 0 only at three pairs (x,y) namely (—%-, —%),(—=%,2%") and
(2%a _%)

On the other hand we have

tr(@?)) =t (@) + (5 - 202) ((QY)?

’ <af3 P
i,j=1 0Qi; 3
+c(tr(Q%))? + 2620 tr(Q3) — 2b%c* tr(Q?) tr(Q?) (2.28)
2112
(where we used the identity tr(Q*) = [tr(g ) , valid for a traceless symmetric 3 x 3
matrix).
. 2
If we denote h(Q) = Y2 _, (%BT;@ bR tr(Q2)) we have h(Q) = H(z, y)
where H : R? — R is given by
def o 4/ 2 2 b* 2,.2\(..2 2 2 40,2 2 3
H(z,y) = 2a”(2" +y~ +zy) + 4= —20°¢) (2" +y” + 2y)” + 8¢ (2" +y~ + ay)

6
+126% Py (x + y) (2 + y? + 2y) — 6a*b*xy(z +y)

We claim that there exist €1,e9,c3 > 0 so that

%F(l‘,y) < H(z,y) < CF(z,y),

S S S S S S
V(x,y) € B€1 (7?+a 7%)7 Bﬁz(fga 2%)) B€3(2?+a 7?) (229)

which gives the conclusion.
We prove the inequality (2.29) only for (z,y) € B, (=%, —%); the other two
cases can be dealt with similarly.
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Careful computations show:
OH Sy Sy - OH S+ S+

A3 -3 =533 =533 =0

37 3

b* 4 12a2¢? + b2Vb4 + 24a2¢?

24c4

9*H OS¢ S4 aQH(,Si fsi) = 4(b*+6a%c?)

b* + 12a%c? + b2v/b* + 24022

24c4

(=25, =25 = —2(b* — 124°¢?)

ZJ) H1
($7y> 1
Where Hi(z,y) = (z — 20) 22 (o, 90) + 2(z — zo)(y — yo)axay(ffm%) + (y —

Y0)? % ay ($07yo) and Fy(z,y) = (z— $0)2%1 (z0,Y0) +2(x—x0)(y— yo)axay(xovyo)Jr

(y— yo)
(70, Y0)-

From the definition of the Taylor expansions, and the continuity of the eigen-
values as functions of matrices [Nom73], we have that there exists €g,e1 > 0 so that
on B, (x0,yo) we have

Ty ) + RH(zay)
z,y) + Rp(2,y)

(
(

(mo, yo) with Ry, Ry the remainders in the Taylor expansions around

1 1 -
|RH(IZ7,’]J)| S §H1($,y) and |Rﬁ'($7y)| S §F1($,y),V(IE,y) € BEl ($05y0) (230)

On the other hand we have

wo| Qu

Fl(z,y)% < Hy(z,y) < Fl(z,y) Y(z,y) € R? (2.31)

where C' > 3 is a constant depending only on a?,b? and ¢? hence, combining (2.30)
and (2.31), we get:

Fle.y) = < H(x,y) < OF(ay) V(e,y) € By (-50 =) (2:32)

which yields claim (2.29) for (z,y) € B, (=%, —%). The other two cases can be
analyzed analogously. (]

C)IH
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We continue by proving a Bochner-type inequality that is crucial for the deriva-
tion of uniform (in L) Lipschitz bounds, away from the singularities of the limiting
harmonic map. This type of inequalities were first used (to the best of our knowl-
edge) in the context of harmonic maps (see [Sch84] and the references there) and
later adapted to other, more complicated contexts (see for instance [CL95]). The
main difficulty in the proof of Proposition 2.9 (to follow) is the derivation of the
next lemma.

LEMMA 2.7. There exists €9 > 0 and a constant C > 0, independent of L, so
that for Q) a global minimizer of Frq, (1.6), in the space (1.5), we have

~Aer(QV)(z) < Ce(QW(x)) (2.33)
provided there exists a ball By (x) for some p(x) > 0 such that
1
@) = 51 (mly) @ mt) - 374) | <o
with m(y) € S? for all y € B ().

PrOOF. In the following we drop the superscript L for convenience. We have:

-A (%) = —AQijkQijx — QijriQij 1 <

_ -
< =0 l% géi (Q(x)) + b3(2] tr(QQ)] Qij.k
1 8f,
=—0 lzﬁ@(fﬂ))} Qij.k (2.34)

On the other hand:

~a|pinw] = -a. <% o (Q(z))akc;n>

= —0 H% géi (Qx)) + bgij tr(Qz)] ainjl
_ (1 0fs b25;;
T <z 90, @@+ 5 tr(Q2)> xAQy;
:AQij
1 0f, 19f
—0O (E@g)i (Q(ﬂ)) Qije < —0Ok (E@g)i (Q(ac))) Qijk (2.35)

We take €1 > 0 a small number, to be made precise later. For any such e; we
can pick g9 > 0 small enough so that if the eigenvalues of Q(z) are (A1, A2, —A1 —
A2) then one of the three numbers (A1 + 3)% 4+ (A2 + %)% + (A1 + A2 + 255)?,
M+ + N =25 )+ M+ —35) (M =25 )+ M+ 352+ (M + e —5)°
is less than or equal to €1 (this can be done because the eigenvalues are continuous
functions of matrices, [Kat76], and the matrix sy (n ® n — 3Id) has eigenvalues

S+ S+

—=5,— 5 and 2%) Note moreover that we need to choose €¢ to be smaller than
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the choice (of ¢) in Lemma 2.6 as we will need to use that lemma in the remainder
of this proof.

For the matrix Q(z), let us denote its eigenvectors by ni(x), ne(x),ng(x) and
let A\1(2),A2(z) , Az(x) = —A1(z) — A2(x) denote the corresponding eigenvalues.
From the preceeding discussion, we can, without loss of generality, assume that

A+ )7+ Qo+ )+ i+ e 270 <o (2.36)
We define the matrix
de s s 2s
Q" lef —%nl(x) ®ny(z) — %ng(:ﬂ) ® na(x) + %m(l’) ® nz(w)

®ns(x) — é]d)).

(Note that Q* = sy (ns(x)
(2.36) and the fact that Q(x) and @ have the same eigen-

Taking into account
vectors, we have :

tr(Q(z) — Q%)% = (A + %*)2 + (N + %*)2 + (M 4+ A2+ 2%*)2 <e  (2.37)

Using the of Taylor expansion of %%(Q(x)) around Q* we obtain:
15 0Qmn

92 fp 1 8%fs 1 9 fp

1 . 1 o/
29,00, @) @)+ 3 50,,00mB0,

" 2005;0Qumn (@@ral) = Qs

+Rijmn (QI, Q(m))
(2.38)

where RY™"(Q*, Q(x)) is the remainder.
From (2.38) we have:

_ -
— O (1 Ofs (Q(z)) Qijk = ! aian,szj,k =

L 0Qi "L 3Q3;0Qmn
1 %fp . .

- _EW(Q )an,szy,k

<0

1 9 fx . )
_Zm@ N Qpq(7) — Qpy)Qij k Qran k—

1 L.
*ER”mn(Q(ﬂﬁ)v Q%)Qij kQun,k <
Cos 9 F ’
0 3 B T T \2
< 72 Xijmn=1 <m@ )) (Qpq(r) — Qpy)
Oy &

> (R Q). Q) + 519Gl <

ij,m,n=1

§El
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_ O f )2
Co| ——(O* C
0 (aQijannan @) +&

5 3
Sm 2

,j,m n=

. 1
(qu(w) - ;JSq)Q + g|vQ|4

Cad a2, L 4
<L—t(Q() Q)+5|VQ|

(2.39)

where 0 < § < 1 and Cy, Cy, C1, Co are independent of L and z. For the first term
in the second line above we use the fact that the Hessian matrix of a function fB
is non-negative definite at a global minimum (which holds true in our case as well,
as one can easily check, even though we have f p restricted to the linear space Sp).

Let us recall (from the proof of the previous lemma) the definitions of F' and
F. Then, for a matrix @ € Sy with eigenvalues (A1, A2, —A1 — A3) we have

fB(Q) = F(A1, \2) (2.40)
We claim that for €1 > 0 small enough there exists Cy independent of L, A1, Ay
so that

Cy ((/\1 + %*)2 + (A2 + %*)2 + (A1 + X2+ 2%*)2) < F(A1, Xo)
mrm1QhAgsoumuxy+%}V+¢A2+%§V+4A1+A2+2%32<5L (2.41)

Careful computations show:

A S+ Sy OF se se OF sese
F 3’ 3)_8>\1( 3’ 3)_8>\2( 3’ 3)_0

O2F s s O2F s s 1
a—)\%(—ga—?ﬂza—)\%(—%,—%) —(b4+12a 2+ b2/ b + 24a%c?)

4c?
82F S4 S4 2
A
TN, 33
Using a Taylor expansion around (A1, A2) = (=%, —%") we have
Fhh) = 5 (b4 41202 + b2V/bt + 24a2c2) [\ + %*)2 (et %*)2]4r
4302 (M + %*)(AQ + %*) + R(A, Ao) >
1 s s
> - 4 2 4 2.2 242 212
> 2{8 5 (b + 12a%c® + b*\/b +24ac)[()\1+ 3) + (A2 + 3 )]
3a?
2 Ao 4+ 2
+2(1+3)(2+3)

(2.42)

where R(A1, A2) is the remainder in the Taylor expansion, and the inequality holds
provided that the remainder R is small enough. We choose €1 > 0 to be small
enough so that if (A + 25)% + (A2 + )% + (A1 + X2 + 235)? < &1 then R is small
enough and the inequality above holds.
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As the quadratic form iz (b* + 12a2¢* + b*Vb* + 24a2c?) (A + 5)% + (A2 +
)24 2a? (A + ) (A2 + 55 ) is positive definite, there exists a Cy > 0, depending
only on a?,b? and ¢? such that

1 1
{8 5 (b4 + 1262 + b2/ b4 + 24(1202) (A + %)2 + (A + %)2]}

3a? St
+—()\1 + 3 )()\2 + ?)

2s
> (()\1 + %*)2 + (g + %*)2 + (O + Ao+ T+)2> Y(A1, A2) € R?
Combining this last inequality with (2.42) we obtain the claim (2.41).

_The relation (2.41) together with (2.40) and (2.37) show that tr(Q(z) — Q%)% <
Csfp(Q(x)) for some C5 independent of L and x, which combined with (2.39) shows

-0 (i e g >> Quin < "L f5(Q(a) + HVQE)

with Cy a constant independent of L and x and any § > 0. This last inequality
together with (2.34) and (2.35) show:

2
8fB 1] 604 1
—A 7’-7 t 2 - 4
‘Lt s L2 le <8Qw @ )> < 72 5@+ 5IVQl

Taking into account Lemma 2.6 and choosing ¢ small enough (depending only
on C4 and the constant C' from Lemma 2.6) we can absorb the term 504 f5(Q) on
the right hand side into the left hand side and obtain

—AeL |VQ|4
giving the desired conclusion. O

LEMMA 2.8. Let Q C R? be a simply-connected bounded open set with smooth
boundary. Let QUx) € W12(Q,Sy) be a sequence of global minimizers for the
energy Fra, (1.6), in the admissible space (1.5). Assume that as Ly — 0 we have
QIR — QO in W2(Q, Sy).

Let K C Q be a compact set which contains no singularity of Q). There
exists C1 > 0,Co > 0,Lo > 0( all constants independent of Ly) so that if for
a€ K,0<r<d(a,dK) we have

then

for all Ly, < L.
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ProoOF. Taking into account our assumptions on the sequence (Q(Lk)) N’
Proposition 2.5 shows that for any given £y smaller than ¢ in Lemma 2.6 and
also smaller than the ¢ in Lemma 2.7, we have that there exists a Lo so that for
L; < Lo we have

Q) (x) — s <n($) @ n(x) — %m) | < éo, Vo € K, for some n(z) € S (2.43)

We continue reasoning similarly as in [Sch84]. We fix an arbitrary Ly < Lo
and an @ € K and take a r > 0 so that 0 < r < d(a,0K). We let r; > 0 and
z1 € By, (a) be such that

2 2
o255, (g = )" e (@) = Gr = )? pna en, (@)
2
G e, @) (240

Define egL’“) = MAaxp, (a) €Ly (QFx)). Then:

(L) (L)
max er, (Q < max er,(Q
Byg.r—ry (%1) k( ) By/s.ryr (@) k( )

(2/3-r—r1)* maxp,, @ e, Q") L (L4)
S BB e @) =aa (245)

where for the first inequality we use the fact that Bysr—r (#1) C Bessrir (@)
2 2

and for the second inequality, we use the definition of ry.

r—r \/e(L ) .
Let ro = M and define R(E%) () = Q(Fw) <IL'1 + ﬁ) We let
€1

L, = egL’“)Lk and then

1 fB(R(Lk))
L Li)|2
eik(R( k)) _ §|VR( k)| +T
1 (Ly) |2 f (Lk) 1
_ _|VQ(L : | n fB((LQ) ) _ - )eLk(Q(Lk))
2 eyt e; ™ Ly e; "

Equation (2.45) then implies

(Lk)
o (R = e @@
IGBT2 (0) CEGB(Q/gT,Tl) (Il) 61 k

where the equality above follows from the definitions of ro and R(**) and the
inequality above follows from equation (2.45). Thus, we have

max ey, (REH)) <4, ep (R9)(0) =1 (2.46)

r2(0)

where R(E%) satisfies the following system of elliptic PDEs
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_ 5.
L L L L P ; L :
LyR(E) = —a®R™ —b? <R§n’“)wa-’“) - ?]tr((R(Lk))Q)> + RO tr(RED)?),
(2.47)

We now claim that
ro < 1. (2.48)

It is clear that ro < 1 implies the conclusion. Let us assume for contradiction
that ro > 1. Then we claim that there exists a constant C' > 0 , independent of
Ly, so that

1< C/B er, (RY))(z) dx (2.49)

The matrix R(#) satisfies the system (2.47) (which is the rescaled version of
(1.7) ); using relation (2.43) and the definition of R(**) as well as the fact that
r2 > 1, we can apply Lemma 2.7 to ef, (RU+)) and obtain

(2.46)
—Aeg, (R")(x)) < Cei (RFH(2)) < 4Cer, (RPH)(x)),Va € By(0)

Combining (2.46) and the Harnack inequality (see for instance [Tay11], Ch.14,
Thm. 9.3) along with the above relation we obtain (2.49).

‘We have
(Lk) 2 £ (L)
/ er, (RE9)(2)) do < 1 VR (z)] n fe(R L (z)) do —
By T2 JB.,,(0) 2 Lkeg k)
2 3
= 2/3 / eLk(Q(Lk)(w))dm < —/ er, (Q(L’“)(Jj))dw
[3-1—m B2/3.r—ry)/2(21) " JB.ys(@)
3
< —/ er, (QF¥) (2))dx < 3C; (2.50)
r B, (a)

where for the first inequality we use the monotonicity inequality (Lemma 2.2) and
the assumption that o > 1 (note that the equation satisfied by REX) | equa-
tion (2.47) is the same as the equation satisfied by Q“*), up to a different elastic
constant, hence the use of Lemma 2.2 here is justified). For the equality in re-
lation (2.50) we use the change of variables y = 1 + —%= and use the relation:

L
[ Lk
€1

er, (R = —L=ep, (QU+)). For the second inequality in (2.50) we use the mono-

tonicity inequality and the fact that %T_” < %. For the third inequality in (2.50)
we use the fact that B, 3(x1) C By(a) since |z1 —a| < r1 < 2r. The last step in
(2.50) follows from the hypothesis of the Lemma.

Choosing C; small enough we reach a contradiction with (2.49) which in turn
implies that 75 < 1 and hence the conclusion. O

We can now prove the uniform convergence of Q“*) away from singularities of
the limiting harmonic map Q(©):

PROPOSITION 2.9. Let Q C R? be a simply-connected bounded open set with
smooth boundary. Let QU*) € W2(Q,Sy) be a sequence of global minimizers for
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the energy Fra, (1.6), in the admissible space (1.5). Assume that as Ly — 0 we
have Q%) — QO in Wh2(Q, Sp).
Let K C Q be a compact set which contains no singularity of Q(©. Then

klim QU (z) = QO(x), uniformly for z € K. (2.51)
— 00

PROOF. From the hypothesis and Proposition 2.5 we have that fg (QE+)) =0
uniformly in K. Thus for any 9 > 0 there exists a Lo > 0 such that for Ly < Ly
we have that [Q"+) (z) — sy (n(z) ® n(x) — $1d) | < &g for all # € K (and for each
x € K, we have n(z) € S?). Thus we can apply Lemmas 2.6, 2.7 and 2.8.

Recall that we have Q%) — QO in W2, In order to show the uniform
convergence it suffices to show that we have uniform (independent of Lj) Lipschitz
bounds on QX+ for x € K. We reason similarly to the proof in Proposition 2.5
(see also [CL95]). We first claim that there exists an £; > 0 so that

Ve € (0,e1), there exists ro(¢) depending only on €, Q, K,
and boundary data @} so that

1 1 fro(QLx)
il —|VQ(L’“)(x)|2+Mdzgs,VzeK,
70 JKNB, (z) 2 Ly
provided that Ly < L.(g,79(¢)) (2.52)

In order to prove the claim let us first recall that Q(®) has no singularities on
the compact set K. Thus there exists a larger compact set K’ with K ¢ K’ and
a constant C' > 0 so that |[VQ®(z)| < C,Vx € K'. We choose £; > 0 so that
B(z,e1) N K C K’ hence for an arbitrary € € (0,e;) there exists r(¢) > 0 so that

1 1 €
— §|VQ(O) (2)? dz < 3
70 JKNB,, (z)
provided that @ € K and rq(e) is chosen small enough. We also have, from the
W12(Q, Sp) convergence of Q(F*) to Q(¥), that there exists L(¢) so that

1 1 1 1 -
— SIVQUER (2)[2 dr < — SIVQO (2)|2 da + =, YLy, < L(e)
70 JKNB,(z) 2 70 JKNB,(z) 2 3

%:)(I)) dx = 0 Hence

Recall from the proof of Lemma 2.3 that limy, .o fﬂ
. = f (L) (g =~ .
there exists L(e) so that %fKﬁBTU(I) fB(QLik())dx < §5,VL < L(g). Letting

L.(¢,70(¢)) = min{L, L} and combining the two relations above we obtain the
claim (2.52).

Choosing ¢ > 0 smaller than the constant C; from Lemma 2.8, we apply
Lemma 2.8 to conclude that |VQ<Lk)| can be bounded, independently of Ly, on
the set K. The uniform convergence result now follows. (|

3. Biaxiality and uniaxiality

3.1. The bulk energy density. Our first proposition concerns the stationary
points of the bulk energy density.
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ProroSITION 3.1. [BM]O/ Consider the bulk energy density fB(Q) given by

~ a2 9 3 9 2 b2 3 62 4
fB@Q) =5 Q" ~ trQ (trQ) +§ e S5~ gk (31
Then fB (Q) attains its minimum for uniaxial Q-tensors of the form
1
Q:s+(n®n—§), (3.2)
where
b* + 24a2c?
Sy = 102 (3.3)

and n : Q — S? is a unit eigenvector of Q.

PROOF. Proposition 3.1 was proved in [BM10] and we reproduce the proof in
the Appendiz for completeness. O

In the following proposition, we estimate fB(Q) in terms of |@| and the biaxi-
ality parameter 5(Q).

PRrROPOSITION 3.2. Let QQ € Sy. Then the bulk energy density fB(Q) 18 bounded
from below by

fa(Q) = T(a? 12, <|@|\/§s+> FoEAQIRP B

where

(a2, b2, 2 {3 bt + 2402 — b2} (3.5)

)= b
 216¢2
and sy has been defined in (3.3).
ProoFr. From Lemma 0.5, we have the inequality,
3
trQ3 3 < > |Q| <1E> or Qe S
C=10M(5") =% for Q € 5.

From the definition of f5(Q) and s, in (3.1) and (3.3), we can obtain a lower
bound for f5(Q) in terms of || and B(Q) as follows i.e.

2
z a’ b?
fB(Q) = —§|Q|2 - 3—\/€|Q| VI=p5+ —|Q|4 b (\/%&L)

4
Lrg ¢ \F
379 4 \V3%

(3.6)

2 2b2 3 02 4:| L2 b2

2
_a N 073 Oy AT 9 207 3 C7
10 - SO + TlQr + sl + sl - el
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The bracketed term in (3.7) can be further simplified by carrying out a series of
calculations. Let § = |Q| — \/ger where 2¢%s2 = \b/—%\/g&r + a? by the definition
of s. Then

a? 202 c?
R B | D
2 V2b? 2f a? b2
=6 |-a’ §5+*—3\/§Si+3\/_23 +52{ 5 3s++si_02}+
2 b? c?
+0° 02\/; - — |+ 3.9
377 36| 4 (3.9)

The coefficient of § vanishes from the definition of s,. Therefore, we have that

a’ o 3 P 2b° 3 4
[—IQI \lel nd + & ++ i §s+] = (3.10)
a + B6 +’}/5 ) where
2 2.2
o[ Susai] 22
2 2b2
= > —— >0 and
P [ 61 ~ 36
c?
Y= 1 (3.11)
It is readily verified that the function
f(o) = (a + B + 762)
attains its minimum value at 0,5, = —% and the minimum value is
b2
fOmin) = 5765 {3 bt + 24a2c? — b2} : (3.12)

Substituting (3.12) into (3.10), we have that

il - iar+ Glart+ S+ 2t - St m e 319)
2 376 1 T g o) =Tt '

where I' has been defined in (3.5) and on combining (3.13) with (3.7), the lower
bound (3.4) follows. O

We can obtain explicit lower bounds for f 5 in terms of the order parameters s
and r in Proposition 0.1, as shown below.

PRrROPOSITION 3.3. Let Q € Sy be represented as in Proposition 0.1

1 1
st(n@n—gld) —l—r(m@m—gld)

> or 5 < r < 0. Case (i) Non-negative order parameters,

s < sy, where sy is defined in (3.3). Then the bulk energy

with either 0 < r
0<r< % with 0
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density, fB(Q), s bounded from below by
(@) >

_ 5b2
> (51 — )" 7(a® V%, %) + T(Sigr) (3a% +6%s = 2¢%) + —=r%s > 0

0<s<s; (3.14)
where (a2, b2, 02) is an explicitly computable positive constant.
Case (ii) Non-negative order parameters, 0 <r < 5 and s > s;. Then
Fo(Q) > = {3(b4 + 24a?c)V/? — b2} mind 2 (s —5,)?, = (\/§s ~2s )2
P = 9162 3 6 *

r?(s —r)?
e (215

(3.15)
where T is an explicitly computable positive constant, independent of a?,b?, c?.
Case (iii) If 5 <r <0, then

2

fB(Q) = fa(-Q) + > (2ls* + 2[r|* = 35%[r| — 3|s[r?) ,

(3.16)
where —Q € Sy has positive order parameters 0 < —r < —35 and fB(fQ) can be
estimated using (5.14) and (3.15). In particular,

z at st 2
> - [ = - = 0 3.17
@z - (5-55) > .17
for Q-tensors with % <r<O0.

PrOOF. From Proposition 0.1, it suffices to consider the two cases 0 < r <
and 5 <r <0.

S
2
Case (i): We can explicitly express the bulk energy density, fs (@), in terms of
s and r as follows —

2
Fo(@) =~ (477 —or) = 5 (264200 = 36%r = 3sr?)
2 2 2p2 2
+ % (54 + 1t 4+ 35%r% — 28513 — 253r) + 2 3 4

3S+ §S+—§S+, (318)
where we have expressed tr Q2 and tr Q2 in terms of s and r

trQ? = % (52 +7? = sr)
and

1
tr@Q® = 9 (253 +2r% — 3s%r — 3sr2) .

The function f3(Q) consists of two components — f5(Q) = F(s) 4+ G(s, r), where
2 2b2
F(s) = == (s* = 52)

C
3 S ) G )

[}

9
2 2
G(sr*a

,T) = 3 (sr — 7’2) + [2)—7 (3527" + 3sr% — 2T3) + % (72537’ + 3822 — 291 + T4) .

]

(3.19)
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Recalling that 2¢*s3 = b*s; + 3a? (from the definition of si in (3.3)), the
function F'(s) can be expressed in terms of § = sy — s > 0 as follows —

)
F(s) = — (18a%s; + 6b°s% — 12¢%s%)

27
2 1 2 22 42 2
-‘1-62(%8_’_4-&4—5( b is_‘__i_c_(‘)')) (320)

27 27 279 9
The coefficient of ¢ vanishes by virtue of the definition of s in (3.3). We note that
the function
o def . [2b%  4c? c?
GO) =0|——=—— —0 3.21
OERICEE 3:21)
attains a minimum for
2
6min = 28+ - @ > S+ (322)

and, since G is non-increasing on [d, s ]:
1
27
We substitute (3.23) into (3.20) to obtain the following lower bound for F(s) -
?s? + 3a®
Fs) > — 5
We can analyze the function G(s,r), in (3.19), in an analogous manner. Let

v="=2€[0,5]. Then

2 3b2 2 2 2 3b2 3 2
G(s,7) = 7s* {a——i——s—isﬂ 257 [—a——i——s—i-isz}

G(8) > G(s4) = == (2b%s4 — 9cs%) . (3.23)

(sp —s)>. (3.24)

3 27 9 3 27 9
202 2¢2s s
33|27 -
[ o7 9 77 ]

(3.25)

The coeflicient of v is non-negative for all s < s;. Using the inequality v < %, one
readily obtains the following lower bound for G(s, ) -

2 b2 2 2 2 2b2 2 2
SRR EX RS N
— b2
> T(Sg r) (3a® + b*s — 2¢%s%) + 52—77’25. (3.26)

Combining (3.24) and (3.26), the lower bound for 0 < s < s in (3.14) follows.
Case (ii) The case s > s; can be dealt with similarly. For any Q € Sy with
0 <r < 3, we have that

s 2 a2 2
7§§|Q|\/;\/(5 +r sr)g\/;s. (3.27)

3
For s > s, |Q* > 25\;5 and

B(Q)=n (M) (3.28)
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where 3(Q) is the biaxiality parameter defined in (0.9) and 7 is a positive constant
independent of a?,b? or ¢ or L. Combining (3.27), (3.28) and (3.4), we readily
obtain the lower bound

2
. b2 2 b?
/2 _ /2
F5(Q) = 570 {30" + 240212 — 42 <|@| \/;+> st @ler =

2

>
— 216¢2

2 1
{3(174 + 24a2c%)1/? — b2} min {g (s —s4)°, = 6 V3s — 25, }

s <T s—1) )

(3.29)

where 7 is an explicitly computable positive constant.
Case (iii) Finally, we consider @ € Sy with negative order parameters § < r <
0. In this case, one can directly check that

trQ3 (25 + 273 —357’7357’)_0

and therefore,

2 2 2 2
7 a 2 b 3 4 a 52 20° 5 ¢ g4
= — ¢ = hdl
2 2 2 2 2
_a 9 b 1, 2% 5 ¢ 3
——§|Q| —gtf( Q) + |Q| 35+ +§5 95++—|UQ |,
(3.30)
since % tr (—Q)* = —% tr @3 and —b—; tr@3 = % ‘tr Q3|. The equality (3.16)
follows from (3.30) upon expressing tr Q3 in terms of s and r.
For (3.17), it suffices to note that for s,7 < 0, tr @3 < 0 and therefore,
2 a2 2 2
~ a 2, 4 2b c
fB(Q)Z*?|Q| |Q| +— s+ 5 st - 55+
2 2 3 /2 2
= 7% (s> +1r*—sr) + 5 (s> +1* — sr)2 - % <§ — %s+> . (3.31)
A straightforward computation shows that the function
2 2 4
—% (52+7’2 757’) + % (52+T2 —ST)Q > —Z—CQ
and
(P2 N _a
3 \o 37 4c?
The inequality (3.17) now follows. O

REMARK 3.4. One can readily obtain lower bounds for fB (Q) in terms of the or-
der parameters (S, R) in Proposition 0.3, following the methods outlined in Propo-
sition 8.3. The details are omitted here for brevity.




“volume-vii” — 2012/3/8 — 12:25 — page 226 — #240

226 2. QUALITATIVE FEATURES OF A STATIONARY PROBLEM: OSEEN-FRANK LIMIT

REMARK 3.5. Relation (3.17) shows that if fg(Q*)(x)) — 0 as Ly — 0 then
Q%) (x) cannot have an (s,r) representation with 5 <1 <0, if Ly is sufficiently
small.

In view of Propositions 2.1 and 3.2, we can make qualitative predictions about
the size of regions where a global Landau-De Gennes minimizer Q* can have

|Q*| << \/gs+ and the size of regions where Q* can be strongly biaxial.

PROPOSITION 3.6. Let Q* be a global minimizer of Fra, (1.6), in the space

(1.5). Let Q* = {IL‘ €O |Q*(x)] < %\/g&r} Then

* L 0 2
1 |SQW /Q|Vn()(x)| dr, (3.32)

where n(©) is defined in (1.9) and « is an explicitly computable positive constant
independent of a®,b%,c* or L. The constant T'(a?, b2, c?) is defined in (3.5).

ProoFr. From Proposition 3.2, we have that

fB(Q%(x)) = éFsi, z e (3.33)

for some explicitly computable positive constant «, since |Q*| < %\/ger = \/LESJ’,

on €2*. On the other hand, recalling the definition of Q® in (1.8) and since Q* is
a global minimizer of Fr&[Q], we have that

Fal@ (@) do < FualQ®) = [ FIVQOP+/a(Q0) do = L} [ |90 da,
O Q Q

(3.34)
since fp(Q(®) = 0 everywhere in Q. Substituting (3.33) into (3.34), we obtain

1
—T(a% 0% ¢*)s2 Q%] < Lsi/ (Vn©)? da, (3.35)
@ Q

from which the inequality (3.32) follows. ]

PROPOSITION 3.7. Let Q* be a global minimizer of Frg, (1.6), in the space

(1.5). Let
0 - {x e @@= 52 sow) > A}

for some positive constant \. Then,

L
0 < vn 24 3.36
@< ag [ 19nOP s (3.36)

where n(9) is defined in (1.9) and « is an explicitly computable positive constant
independent of a®,b,c? or L.

PRrooOF. From Proposition 3.2, we have that

fo(@ @) 2 oBQE@IQ @ 2 T ze @ (337
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for some explicitly computable positive constant «, since |Q*| > %\/ger = \/LESJ’,
on Q*. On the other hand, recalling the definition of Q(¥), (1.8), and since Q* is a
global minimizer of Fj&[Q], we have that

_ L _
. fB(Q*(x)) do < /Q 5|VQ(°)|2 + fe(QY) dx = Ls? i VnO2 dz  (3.38)

since f3(Q(?) = 0 everywhere in Q. Substituting (3.37) into (3.38), we obtain
1
—b2As3 |10 < Lsi/ V)2 dz, (3.39)
« Q

from which the inequality (3.36) follows. (]

Proposition 3.6 is relevant to the size of defect cores in global energy minimizers
whereas Proposition 3.7 is relevant to the equilibrium behaviour far away from the
defect cores.

3.2, Analyticity and uniaxiality. We define a new biaxiality parameter
B(Q) as follows:

BQ) ™ (1(Q")* - 6(6x(Q))
Then B(Q) > 0 with B(Q) = 0 if and only if @ is uniaxial i.e. Q = s (n Xn — %Id)
for some s € R\ {0},n € S? or Q = 0. The function 5(Q) is a real analytic function
of @ and this is particularly important given that global energy minimizers of Fre
in the admissible space Ag are real analytic:

PROPOSITION 3.8. Let § be a simply-connected bounded open set with smooth
boundary. Let Q) be a global minimizer of Frg, (1.6), in the space (1.5). This
global minimizer Q') is a solution of (1.7) and is real analytic in Q.

PROOF. We drop the superscript L from Q%) for convenience. As —%2 tr (Q%)—

% tr (Q3) + % (tr Q2)2 is bounded from below (see also the Appendiz) we have that
there exists an H'-global energy minimizer. This is a weak solution of the Euler-
Lagrange system:

LAQij = —a*Qy; — b (Qik@kj - % tY(Q2)) + Qi tr(Q%)

For @ an H' solution of the equation one uses H' — L° (in R?) and Holder’s
inequality to obtain that the right hand side of each equation is in L2. Elliptic regu-
larity gives that Q € H? « W6 < L* hence the right hand side of each equation
is in H'. Elliptic regularity gives Q € H? and one can continue bootstrapping to
obtain the C'*° regularity.

We obtain the analyticity by observing that the nonlinearity is polynomial and
then standard results (see for instance [Fri58], p.45) imply that that the solutions
are real analytic in €. O

PROPOSITION 3.9. Let Q be a real analytic function @ : Q C R® — Sy. Then
the set where Q is uniaxial or isotropic is either € itself or has zero Lebesgue
measure.
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PROOF. If there is no z € Q such that 3(Q(z)) # 0 then Q is uniaxial or
isotropic everywhere. If there exists a P € Q such that 3 (Q(P)) # 0 then let us
consider the lines passing through P. The restriction of @) to any such line is real
analytic and then so is B(Q) Thus 3 (Q) has at most countably many zeroes on
such a line. We claim that this implies that the set of zeroes of /3 (@) in Q is of
measure zero.

We assume, without loss of generality, that P = 0. We denote N* = N\ {0}
and decompose Q = Up,en+ (Bi \Bﬁ N Q) U (UneN* (Bn+1 \ B, N Q)) U {0}.

_ -1 -
We claim that for any n € N* the set (B(Q)) (0)N (Q N B1 \B%) is a set of

measure zero. This implies that 5(Q)~'(0) N Q, which is a countable union of sets
as before, is also a set of measure zero.
We consider the bi-Lipschitz functions

il 1 1

n+l'n
that realize the change of coordinates from polar to usual cartesian coordinates.
We have that f, (B(Q)_I(O) NQNB. \B%) C [=1+, 1] x [0,7] x [0, 27).

n_Jrl’ n
We recall that the Lebesgue measure ;1 on the 3-dimensional product space [n%rl, %] X

[0, 7] x [0,27) is the completion of the product measure p; X po where pg is the
1-dimensional Lebesgue measure on [n%rl, %] and po is the 2-dimensional Lebesgue
11

measure on [0, 7] x [0, 27). Then for any set E' C [735, ;] % [0, 7] x [0, 27) we have

(1 x p2)(E) = /[0 o )Ml(Ey)Mz(dy)

] x [0,7] x [0,27) — B \B%,VneN

where EY = {z € [n+-17 L] (@, y1,92) € E} C [n%rl, 1]. In our case, letting

B 5 (B@T 0 nenB B

we have that EY is made of finitely many points for almost all y € [0, 7] x [0, 27)(this
is a consequence of the first paragraph in this proof. Indeed, on the segment
through P that is in 2N B% \ B#l and has direction given in polar coordinates by
y € [0, 7] x [0, 27) there are only finitely many points that are isotropic or uniaxial.
The set EY is just the set of the distances to P of the uniaxial or isotropic points
that are on such a segment). Thus u1(EY) = 0, u2 — a.e.y hence py X pa(E) =0
thus u(E) = 0.

As bi-Lipschitz functions carry sets of measure zero into sets of measure zero
we have that 3(Q)~*(0) N QN B. \Bn;+1 is a set of measure zero for all n € N.

A similar argument holds for the sets 371(0) N QN B,41 \ B, for all n € N. On
the other hand 3(Q)~*(0) N Q is a countable union of sets as before, hence it has
measure zero. O

COROLLARY 3.10. Let QF) be a global minimizer of Frg, (1.6), in the space
(1.5). Then there exists a set of Lebesque measure zero, possibly empty, Qo in
Q such that the eigenvectors of Q) are smooth at all points x € Q\ Qo. The
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uniaxial-biaxial, isotropic-uniaxial or isotropic-biaxial interfaces are contained in

Q.

PROOF. The global minimizer Q) € C™ (€;Sp). The eigenvectors of QX
have the same degree of regularity as Q) on sets K C €, where Q") has a
constant number of distinct eigenvalues i.e. where Q%) is either biaxial or uniaxial
or isotropic, [Nom73], but not necessarily otherwise [Kat76]. If Q) is uniaxial
everywhere then Qo = 0. If QX is either uniaxial or isotropic on the whole of
Q (ie. B(Q(L)) = 0 in Q), with Q¥) # 0 at some point in Q, then let Q =

{z € Q,QEJL) =0,i,j = 1,2,3} denote the zero-set of Q). Let us observe that

Q= (|Q|2)71 (0) and |Q|? is an analytic function. By an argument similar to the
proof of Proposition 3.9 and since Q(x) # 0 for at least one point x € €2, we have

that Q has measure zero and we take def Q.

If Q) is biaxial somewhere then Proposition 3.9 shows that the set of points
where 5(Q) = 0 has measure zero. We denote this set by Qo and observe that Q\ €
is an open set and the eigenvectors have the same regularity as Q%) on Q \ Qo, see
[Nom73]. O
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CHAPTER 3

Well-posedness of a dynamical model: Q-tensors
and Navier—Stokes

In this chapter we consider the Beris and Edwards model as described in Sec-
tion 4 but restrict ourselves to the case £ = 0. This means that the molecules are
such that they only tumble in a shear flow, but are not aligned by such a flow. In
this case the system (4.3) reduces to:

(Or + ty - 07)Qap — Qay Qs + Qayyp

- F(LAQW — aQup + b[Qary Qs — 222 tr(Q2)] — cQup tr(QQ))

Drti + updptia = vAUG + Dap — Lp (aaQ@aBQQS - ‘SQTB&Q@&Q@)
+L8ﬂ (QOWAQ’YB - AQOWQ%G)

Oyuy =0
(0.1)
in R%, d=2,3.
We also need to assume from now on that
c>0 (0.2)

This assumption is necessary from a modelling point of view (see [Maj10],[MZ10] )
so that the energy F (see next section, relation (1.1)) is bounded from below, and
it is also necessary for having global solutions (see Proposition 1.2 and its proof).
The presentation follows ideas from [PZ].

1. The dissipation and apriori estimates

Let us denote the free energy of the director fields:
L a b c
FQ= [ FIVQP+ u(@) - u(@) + ful@)de (L)
R4

In the absence of the flow, when u = 0 in the equations (0.1), the free energy is
a Lyapunov functional of the system. If u # 0 we still have a Lyapunov functional
for (0.1) but this time one that includes the kinetic energy of the system. More
precisely we have:

PROPOSITION 1.1. The system (0.1) has a Lyapunov functional:

o 1 I
d:f_/ |u|2(t,w)dw+/ Livopre »)

+ gtr(QQ(t, z)) — gtr(QB(t, z)) + EtrQ(QQ(t,x)) dr  (1.2)

E(t)

231
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If d = 2,3 and (Q,u) is a smooth solution of (0.1) such that Q €
L0, T; HY(R))NL2(0,T; H*(RY)) and v € L>=(0,T; L>(R?)) N L2(0,T; H*(RY))
then, for allt < T, we have:

d
E 2
g (t) = /]Rd |Vul|* dx

tr(Q?)
3

2
— r/ tr (LAQ —aQ + b[Q* — Id) — cQ tr(QQ)) dr <0 (1.3)
Rd

PrOOF. We multiply the first equation in (0.1) to the right by

- (2aQ-a@+0i? - "1 - cu(?)

take the trace, integrate over R and by parts and sum with the second equation
multiplied by u and integrated over R? and by parts (let us observe that because
of our assumptions on @ and u we do not have boundary terms, when integrating
by parts). We obtain:

d [ 1 2,
it Slul® +

+V/ |Vul? dm—i—F/ tr (LAQ—aQ+b[Q2_
R R

SIVQP + 5 (Q?) — 2 1x(Q%) + S (@) do

@Id] —cQ tr(QQ)) dx

' dap
= /]Rd u-VQap <aQa5 +b[Qar Qs — —— tr(Q )] — cQap tr(QQ))> dx

T
dap
[ 0uua+ Q) (~0Qus + 01Quss — 22 5(@%) - cQus v(@") ) o
I7T
L [
+L /Rd U'yQaﬁ,'yAQaﬁ dx ) /]Rd Ua,’yQ’yBAQaB dx
A B

L L [ L [
+—/ Uy, a @ AQas dr +—/ Qaryty, sAQup dxf—/ Qarug v AQap dr
2 Rd 2 Rd 2 Rd

C C B

+L /d ngﬂangﬂguaﬂg dx —L / ., QQFYAQ»Yguaﬁ de + L /d AQanvguaﬁ dx
R R R

AA
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= fL/ Ua Qv AQ s dx+L/ Uy,a Qv AQas dx
Rd R4
28 2¢
—L/ QoryAQ~ sl g dx +L/ AQoyQ~pUa,pdr =0 (1.4)
Rd Rd

cc BB

where Z = 0 (since V -u = 0), IZ = 0 (since Qa3 = Qpa) and for the second
equality we used

/ u'yQozB,'yAQaﬂ dx +/ Q'yé,aQ'yé,ﬂua,ﬂ dx = / quaﬂ,vAQaB dx
R4 Rd Rd

A AA
1
_/ Q'yé,aQ'yé,ﬂBua dx — / Q'yé,aBQ'yé,ﬂua dv = / 5@75,&@75,&”@,& dr =0
(1.5)
while for the last equality in (1.4) we used 2B 4+ BB = 2C 4+ CC = 0. O

In the following we assume that there exists a smooth solution of (0.1) and
obtain estimates on the behaviour of various norms:

PROPOSITION 1.2. Let (Q,u) be a smooth solution of (0.1), with restriction

(0.2), and smooth initial data (Q(x),u(x)), that decays fast enough at infinity so
that we can integrate by parts in space (for any t > 0) without boundary terms.
(i) If Q € L? for some p > 2 we have

1Qt, lr < e“|1QlLr, ¥t >0 (1.6)
with C = C(a,b,¢,p,T).
(i1) For d = 2,3 (and (Q,a) so that the right hand side of the expression below
is finite) we have:

t t
lu(t, )12 + 20 / IVu(s, )22 ds + L|VQ(t, )| + TL? / 1AQ(s, )22 ds

< [lu(0, )72 + 1VQ(0, )72 + Ce* ([Q0, )72 + 1Q(0, ->|%8 .

with the constant C = C(a,b,c,d, L,T).
PROOF. (i) Multiplying the first equation in (0.1) by 2pQ tr?~1(Q?) and taking
the trace we obtain:
(0: +u- V) 7 (Q?) = T (20LAQasQup 1" (Q?) — 2pati”(Q?)
F20br(Q) trP L (Q2) — 2petr Q)
Let us observe that for @) a traceless, symmetric, 3 x 3 matrix we have:

tr(Q?) < % tr?(Q%) + %tr(QQ),VE >0 (1.8)
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Indeed, if @@ has the eigenvalues z,y, —x — y then tr(Q3) = —3zy(z + y),
tr(Q?) = 2(2? + y? + xy) and the inequality (1.8) follows.

Integrating over RY, integrating by parts ( we have no boundary terms because
of our assumption), as well as using that V -« = 0, together with (1.8)(where

€= %) and the assumption ¢ > 0 we obtain:
8t/ tr (Q?) da < —2pI‘L/ VQusVQaps tr’ 1 (Q?)) dz
Rd Rd
<0
—4p(p— 1)I'L /d QoprQapQsx~Qox t1?%(Q%) dx +C . tr’(Q*) dz  (1.9)
R R

<0

where the constant C' depends on a, b, ¢,p and I'. Thus we have

/ trp(QQ(t,x))deeCt/ tr? (Q%(0, x)) da (1.10)
Rd

Rd

with C = C(a,b,c,p,T).
(ii) Relation (1.3) implies

L 1 ot ot
SITQU s+ 3l e+ [ IVl e ds + 122 [ 1AQUs, I
<C [ (@) + (@t a)do+C [ w(QP0.0)
Rd Rd
FU2(Q2(0,2)) e+ ZIVQUO. )= + 3 (0, )3
t
+F/O /Rd tr (LAQ(aQ O 4 cQ tr(QQ))) dz ds

+I /Ot /Rd tr ((aQ —bQ* +cQ tr(QQ))LAQ) dx ds

In the last inequality we use Holder inequality to estimate AQ in L? and absorb
it in the left hand side while the terms without gradients are estimated using (1.10)
and interpolation between the L? and L% norms. O

2. Weak solutions

A pair (Q,u) is called a weak solution of the system (0.1), subject to initial
data

Q(0,z) = Q(z) € L*(RY), u(0,z) = a(zx) € L*(R?),V-a =0 in D'(RY) (2.1)

if Q € LS (Rus HY) ML, (Rt H2), u € LS (Ros L2) N L, (Rys HY) and for overy

compactly supported ¢ € C®([0,00) x R%; Sp), ¥ € C®([0,00) x R%;R?) with
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V -9 =0 we have
/ (—Q-0hp—~TLAQ ) — Q- uVap— Q0 - o + Q- da dt
Rd

5 »  tr(Q%)
RdQ() Oxdx+F/ /Rd aQ+b[Q*——

and

/OO/ —uOp) — uquglatg +vVuVe dt de — / a(x)(0,x) dx
0 R4 Rd

Id]chtr(QQ)}-cp dz dt
(2.2)

= L/ / Q’yé,a@’y&ﬁ"/}a,ﬂ - QavAQ'y[ﬂ/}a,ﬁ + AQavagwaﬁ dx dt. (23)
0 R4

PROPOSITION 2.1. For d = 2,3 there exists a weak solution (Q,w) of the system
(0.1), with restriction (0.2), subject to initial conditions (2.1). The solution (Q,u)
is such that Q € L (Ry; HY)NLE (Ry; H?) andu € LSS, (Ry; LA)NLE (Ry; HY).

loc loc

PRrOOF. We define the mollifying operator

Tn (&) = 112 (1D F(©)

and consider the system:
QW + 1o (P IV I Q™) = Jo (P21 Q) + T (S QP Q) =
PLALQ™ +T( = aJuQ 4 b, (J,Q)? — EL@T 00 g

—edn (JaQM) tr(1,Q)?) )

Ou™ + PJIp(PJu"VPJ,u™) =

—LPJ,(V - (tr(VJ QMWVJ,QM) - LV, Q(")|2ld))

+LP(V - Iy (JQWAT,QM™ — AJ, Q M J,QM)) + vAP J,u"
where P denotes the Leray projector onto divergence-free vector fields.

The system above can be regarded as an ordinary differential equation in L2
verifying the conditions of the Cauchy-Lipschitz theorem. Thus it admits a unique
maximal solution (Q™,u") € C*([0,T5,); L*(R%; R4*4) x L2(R?, RY)).

Using Parseval’s theorem and the definition of .J,, one can easily prove:

LEMMA 2.2. For f,g € L?(RY) we have:

J2f = Juf (2.4)
/ Jnf(x)g(z)dr = f Jng(x) du (2.5)
Rd
(PJ,)? =P, (2.6)
Moreover if f € H*(RY) we have:
In(Df) = D*Jn f (2.7)

for any multi-index o = (a1,...,aq), a; € {0,1,...,k} with |a| = Z _1o; <k.
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Taking into account (2.4) and (2.6) the pair (J,Q™, P.J,u") is also a solution
of (2.4). By uniqueness we have (J,,Q"), P.J,u") = (Q™,u") hence (Q™,u") €
C'([0,T,), H*®) and (Q™,u") satisfy the system:

2:QM + I, (uan(n)) —J, (Q"Q(n) _ Q(n)Qn) =TLAQ™
+F< _ aQ(n) + b[Jn(Q(n))Q o tr(Jn(Qi;)Q(n)))Id] —cd, (Q(n) tr(Q(”))Q) )
du™ + PJ,(u"Vur) = —LPJ,(V - (tr(VQMVQ™) — 1|vQ™ ?1d))
+LP(V - Jp (QMWAQM — AQM Q™)) + vAu”
(2.8)
We can argue as in the proof of the apriori estimates and the same estimates
hold for the approximating system (2.8). Indeed, using the previous lemma and
the fact that for (Q™, u(™) a solution of the previous system we have:

Jn@Q™ =QM, Prulm =ulm (2.9)

we see that the cancelations that were used in Proposition 1.1 and Proposition 1.2
will hold for the approximate system (2.8). To show this we just exemplify one
cancelation (namely the analogue of cancelation (1.5)) where for simplicity we drop
the superscript (n) from (u(™,Q™):

/d Jn(quaﬂ,V)AJnQaﬂ dz + /d JnQvé,aJnQ’Y&ﬂJﬁua’B dv
& R
(2-9§2'5)/ Ity JnQop A ATnQup da
Rd

*/d JnQ'y&,aJnQ'y&ﬁﬁJsUa dx — /d JnQ'y&aBJnQ'y&ﬁJsu@ dx
R R

. 1
(2:4) / _JnQ'yzi.aJnQ'y&aJsua.a dr =0
R 2 ’ ’

We multiply the first equation in (2.8) by Q("), take the trace, integrate over
R? and using Lemma 2.2 and the cancelations described in the first part of Propo-
sition 1.2, with p = 2 we obtain:

Q™ ()2 < Ce|QllL2 (2.10)

with C a constant independent of n.

We multiply the first equation in (2.8) by —LAQ(™), take the trace, integrate
over R? and by parts, and add this to the second equation in (2.8) multiplied by u,
integrated over R? and by parts. Using Lemma 2.2 and the cancelations described
in Proposition 1.1 we obtain:
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d [ L 1
— —|VQ(")|2+—|u"|2dx+u/ |Vu"|2dx+FL/ IAQ™ |2 da
dt Rd 2 2 Rd Rd

=TL (a/ IVQ™? da + 2b/ r(VE™ © VQ(")Q(”))dw>
R4 R4

—C/Rd VR tr ((Q)?) du—TL (g /R v ((Q)?) |2d:c) (2.11)

where we denoted (VQ © VQ)x = Qi xQij1, 1,7, k, 1 =1,2,3 (where we use again
the summation convention, i.e. we sum over repeated indices).
We can estimate:

/ tr(VQ™ ovQM™MQM)dx < g / IVQM 2 tr ((Q<n>)2) de+C / IVQ™)2 dz
Rd Rd R

for a constant C' depending only on ¢. Using this estimate into (2.11) and combining
with Gronwall as well as using bounds (2.10) we get the following apriori bounds:

sup ”Q(n)||L2(O,T;H2)ﬂL°°(O,T;H1) <00
n
sup [[u” || Lo (0,7;22)nL2(0,1; 1) < 00 (2.12)
n

for any T' < co. The estimates allow us to conclude that T,, = oo.

The pair (Q™),u™) is also a weak solution of the approximating system (2.8
hence for every compactly supported ¢ € C°°([0,00) x R4 Sy), 1 € C*(]0, 00) x
R?: R%) with V -1 = 0 we have:

/ / (—Q™ - 9,p —TLAQ™ - ) — J,(Q™ - u™) Voo — Jn (Q" Q™) - du dt
0 R4

+/O'°° Ad Jn(Q(n)Qn) .(pdzdt:/]%d Q(z) - (0, ) dx
h 2 r (J,((QM™ 2
i F/o Rd{_aQ(n) + b Jn (Q(n)) )~ Mld]} o dxdt

fcr/oo QM tr(J,(QU)H)} - pdadt  (2.13)
0 R4

and
/ / —u" 0 — Jn(ugup)Oaths + vVu"Vip dr dt — / a(x)y(0,2) dx
0 R4 Rd

-t / / {70 (QU30Q55) Yas = Jn (QEAQY = vAQEQLY ) s | da
0 Rd
(2.14)

We consider the solutions of (2.8) and taking into account the bounds (2.12) we
get, by classical compactness and weak convergence arguments, that there exists a
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Qe L (Ry; HYNLE

loc loc
on a subsequence, we have:

(Ry;H?) and a u € L (Ry; L?) N L3

loc loc

(Ry; H') so that,

Q™ — Qin L?(0,T; H?) and Q"™ — Q in L*(0,T; H2.?),Ve > 0
QM (t) — Q(t) in H' for all t € Ry
u™ = win L*(0,T; H') and u™ — u in LQ(O,T;H;O;&),VE >0

u™(t) — u(t) in L? for all t € Ry (2.15)

These convergences allow us to the pass to the limit in the weak solutions
(2.13),(2.14) to obtain a weak solution of (0.1), namely (2.2),(2.3). The term that
is the most difficult to treat in passing to the limit is the last term in (2.14), namely

L / /R I (QEAQY — AQEQY) Ya s dudt
0

—1 [ [ (Q9aQ) - AQWQ) - Sty dr.
0 R

Recalling that ¢ is compactly supported we have that there exists a time 7" > 0
so that ¥ (t,z) = Ju(t,z) = 0,Vt > T,z € R% n € N. Taking into account that
is compactly supported and the convergences (2.15) one can easily pass to the limit

the terms aﬂanan}Y) and aﬂanaQ%) strongly in L?(0,T; L?). Indeed we have:

35%#@@22) - aﬁ"/’aQa’Y = (aﬁl]nwa - 851/)04)Qgﬁy) + aﬂwa (Q(()Z}y) - Qa’v) (216)

A T

and the first term, Z, converges to 0, strongly in L2(0,7’; L?) because v is smooth
and compactly supported, hence d3.J,%) — 931 converges to zero in any L?(0,T’; LP)
and Q™ is bounded in L> in time and LP in space (1<p<oifd=2and
2 <p<6ifd=3, due to the bounds (2.12)). On the other hand the second term
T7T converges strongly to zero in L?(0,T; L?) because of (2.15) and the fact that ¢
is compactly supported.

Relations (2.15) give that AQ%), AQ&@) converges weakly in L2(0,7'; L?). Thus
we get convergence to the limit term

L/O 4d(AQwﬁ>(aﬁ¢aQa7)d$dtLA /Rd(AQaﬁ(aﬁ%Qw)d:rdt

T T
:L/O /]Rd(AQWB)(GBQ/JaQM)dxdt—L/O /Rd(AQM)(GBwanB)dxdt. (2.17)
O

3. Strong solutions

In this section we restrict ourselves to dimension two and show that start-
ing from an initial data with some higher regularity, we can obtain more regular
solutions. More precisely, we have:
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THEOREM 3.1. Let (Q,u) € H*(R?) x HY(R?). There exists a global a solu-
tion (Q(t,z),u(t,x)) of the system (0.1), with restriction (0.2), subject to initial
conditions

Q(0,z) = Q(x), u(0,z) = u(x)
and Q € L2, (Ry; H3(R2)NLE (R4 ; HA(R?)), u € L2, (Ry; H2(RY)NLS,
MO’/’EO’UET we have:

LIVQE I gey + ult, Ve < Ce” (14 1@ + Nl es) - (31)

where the constant C depends only on Q,u, a,b,c, I and L.

(Ry; HY).

The proof of the theorem is mainly based on H' energy estimates and the
following cancelation(that is also used implicitly in showing the dissipation of the
energy in Proposition 1.1):

LEMMA 3.2. For any symmetric matrices Q',Q € R and Qup = 1 (uap —
ug.o) € R4 we have

/d tr ((QQ’ — Q’Q)AQ) dr — /d 85(Q’OWAQ75 — AQOWQ’W)UQ dr=20
R R
Proor. We note that

/Rd tr ((QQ’ _ Q’Q)AQ) doe = /Rd Q(MQ;BAQ[M — Q’avﬂngan
= / Qa'nggAQﬁa + ngQ;aAQaﬁ = 2/ tr (QQ’AQ) dx
R4 Rd

:/ uaﬁQ'ﬁ,yAQ,mdx—/ UgyaQ'ﬁ,yAQvad:r (3.2)
R Rd

71 I>

and on the other hand
- [ 0@ A e = [ Qe AQs0i0 = [ Qi AQ000us =
R R R
and also

[ 05(8Qu @ = - [ 218G 00000 = -
which finishes the proof. O

REMARK 3.3. The main point in the proof of the theorem is to use the previous
lemma to eliminate the highest derivatives in u in the first equation of the system
(0.1) and the highest derivatives in Q in the second equation of the system.

PROOF. We start by assuming that the system (0.1) has smooth solutions and
obtain apriori estimates. Applying ) to the first equation in (0.1) we obtain:

0:0,Q — TLAOLQ — 000 + Q01 = —0 (UVQ)

tr(QQ)

+ 0 | —aQ + b(Q* — —=21d) — cQ tr(Q?)| + Q0,Q — 3,QQ  (3.3)
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Multiplying by —LAO.Q, summing over repeated index k, integrating over R?
and by parts we obtain:

Ld
5 18Q1 +21avQlL + 2 [ 0.9000Qds—L [ Q080.Q
R Rd

= L (0u(uVQ), A0Q) ~L (0x(—aQ + bQ* — cQ t1(Q%)) , A9 Q)

Il IZ

~L / 00:Q0:AQ dx +L / OQNIAQdz  (3.4)
R4 R4

I;g I4

Applying formally ), to the second equation in (0.1) we obtain:

8t8ku - I/Aaku — LV - (QAakQ - A@kQQ)

= —0p(uVu) — LIV - (VQ OVvQ - @M) — LV - (0:QAQ — AQILQ)
(3.5)

Multiplying the last equation by dxu summing over repeated index k, integrat-
ing over R% and by parts we obtain:

Ld

Vul|32 + v|| V2|22 + L/ QAL QVIpu dx — L/ AdLQQV Iy u dx
2dt Rd Rd

— (O (uVu), ) + L / (VQ © VQ)(V?u) da
N—_— ———

Rd

J1
T2

+L/ OQAQ - 0, Vu dx —L/ AQOQIVu  (3.6)
Rd Rd

NE Ja

Summing (3.4) and (3.6) and using Lemma 3.2 we obtain:

Ld

4 4
1d
§%HAQ||2L2 + LIAVQ|?. + 5Enwuiz HuIVPullFe =D T+ Y Tk (3.7)
k=1 k=1

In order to estimate the terms in the equation above we recall the interpolation
estimate (Ladyzhenskaya) that we will use repeatedly without further comment:

1£1Zs@2) < Cllfll2@) IV £l L2e)

with the constant C independent of f € H'(R?).
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Then we can estimate:

IZ1| = | (Ok(uVQ), A0kQ) | < | (0xuVQ, AORQ) | + [(uVOLQ, AdLQ)|
< |NVullLaIVQI L4 IAVQ| 12 + [|ull 14|V Q| L4 | AV Q]| .2
< IVQI 2 NAQ| 2. Vul| .| Vul 2. [AVQ) 12
+ [Jull 2 Vul 2. V2 Q 22 [ AVQ|| 3.
< CIVQIIZIAQIL VUl + Cllull7: IVull 72 1VQI17
L
100

v

* 100

IV2ullZ: + = AVQ]Z:
| Z2] = | (Ok(—aQ +bQ* — cQ tr(Q?)) , AdKQ)|
< |alllAQIZ: + 21l QI+ I VR L4 | AVQIl 2 + 3l | QU7 IVQ L4 [ AVQ]| 2
< lallAQIIZ- + 28l Ql IV Z:1AQN7: [ AVQ] 2
+ 3l QUL IVQII71AQII 7= | AVQ)| 2

L
< lal|AQIIZ: + ClIRIL:IVQIZ2 + [AQIIZ: + 155 IAVQILZ:

7 =1 [ 90.Q0.AQ ds] < ||Vl 12|V Ql 14 AVQ 1
Rd

< VRN ZNAQ| 2. IVull 2. Vul 2| AVQ 12

v 9 L

< CIVQIENAQIEIVulE: + o= IV2ul: + 7o

One can immediately see that Z, can be estimated exactly as Zs.

| T1| = |OruVu, Oxu)| + [(ud Vu, dpu)| < [VullZalVul pe + lJull Ll Vull gl Aul| 2

IAVQ]7-

1 3
< IVullp2|Aul| L2 + [Jull 22 [Vl 22 | Awl £

14
< O Vulza]VulZz + JullZ: [ Vul 2| Vulze + 155 Aulzs
(3.8)
|| < VQI7allAull e < [V 2| AQ| 2| Al 2
14
< CIVQILIIAQN: + pglAuli:  (3.9)

|T5] < IVQI 4| AQ| 4[| Vul 2 < [VQIZNAQI L2 [[AVQ|| 72 [ Aul L2
L v

< 22 22 22 . 22 .

< CIVQI3AQIE:1AQI3: + Lo [AVQIE: + -

One can immediately see that J; can be estimated exactly as J3.
Using the last estimates in (3.7) we obtain:

lAuZ.  (3.10)
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d L
dt(2|
< CIOIVulis + CROIAQIE: + C(t) + 21Vl + S1AVQIE:  (.11)

1
1AQI7: + 51 VullZ:) + LIAVQIZ: + vl VZul

where

def
FO) = IVQIZNAQIZ: + [IVulF2 (1 + [[uflF2) + [full7

7 def
F&) = 14 ul 22 Vullzz + IVQIIZ2 + IVQIZ=1AQ| 2

def
9(t) = 1Q)7:IVQ|I7-.
Proposition 2.1 shows that f, f,g € L*(0,T) for any T > 0 and

If Iz o,y I f e o,y N9l Lo,y < CeCT

with C' depending only on the initial data. We denote h(t) def L11AQ|2:(t) +
L|Vu(t)[[2, and then (3.11) implies:

W(t) < C(f(t) + f0)R(t) + 9(2).

Multiplying the last relation by e~ Jo f()FF()ds yging that f(s), f > 0 and
integrating on [0, T, as well as taking into account the L'(0, T") exponential bounds
on f, f and g we obtain the claimed relation (3.1).

Let us recall that up to now we have assumed that the system (0.1) has smooth
solutions and we have obtained estimates on these solutions. However, the same
estimates as before can be obtained for the approximate system (2.8) used in the
previous section, system that has smooth solutions as we saw. Indeed, the cance-
lations that are used in obtaining the previous estimates, also hold for the approx-
imate system, thanks to the repeated use of Lemma 2.2 as shown in the proof of
Proposition 2.1.

Once the apriori estimates as above are obtained one can easily pass to the
limit, weakly in the approximate solutions (as in Proposition 2.1 but at a higher
regularity this time) to obtain strong solutions as above.

In order to obtain the rate of increase of strong norms, as shown in (3.1) one
needs to do a further approximation, namely to approximate the initial data by
smoother initial data, say (Q',u') € H? x H? with (Q',a') — (Q,u) € H?> x H*
and arguing similarly as above (i.e. differentiating the system twice and obtaining
apriori estimates) one obtains the above doubly exponential estimates for the quan-
tity L||VQM™D (¢, )| ®2) T [|ul™D(t, -)H%Q(RQ) where Q0 (t), u(™! are solutions
of the approximate system (2.8) with initial data (Q',u!). Then passing strongly
to the limit n — oo (locally in space initially) in the weaker norms H! in for VQ™!
and u(™!) we obtain the estimates (3.1) for Q',u! corresponding to the smoother
data (Q',@') € H? x H?). We can let now [ — oo to obtain the claimed estimate
(3.1). O
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APPENDIX A

Representations of () and the biaxiality
parameter 3(Q)

PROPOSITION 0.1. A matriz Q € Sy can be represented in the form
st(n@nféfd)qu(m@mf%Id) (0.1)
with n and m unit-length eigenvectors of Q, n-m =0 and
ogrggorggrgo (0.2)

The scalar order parameters r and s are piecewise linear combinations of the
eigenvalues of Q.

PrROOF. From the spectral decomposition theorem we have
Q = )\1711 XK nyi + )\2712 X ng + )\3713 X ns (03)

where A1, A2, A3 are eigenvalues of () and n1, ng, n3 are the corresponding unit eigen-
vectors, pairwise perpendicular. We have I = >~ | n; ® n; and the tracelessness
condition implies that \; + Ay + A3 = 0. Thus

Q:)\1n1®n1+)\2n2®n27()\1+)\2)(Idfn1 ®TL1*TL2®TL2>

We consider six regions R;,i = 1,...,6 in the (A, \2) - plane which cover

exactly half of the whole plane. This corresponds to the representation (0.1) with
0 < r < 5. The other half of the plane is covered by the regions R; ,i =1,...,6,
(which are obtained by reflecting R;‘ through the origin (0,0)) and the regions R;
correspond to the representation (0.1),with r, s < 0.

We let R = {(A1,\2) € R?, —2)\; < Ay, Ay < 0}. In this case 7 def 201 + A2

and s def 2o + A1 with n def ng, M def n1. One can directly verify that for r, s thus

defined, we have

S )\1
=2\ A < — =\ —.
r 1+ 2S5 2+2

Interchanging A\; with Ay in the definition of r» and s and m with n, we obtain the
region R;_ = {()\1, )\2); )\2 > —)\1/2; )\2 < 0}
Let Bf = {(Ai,\2) € RZ Ay < 0,Ay > A }. Taking r < Xy — Ap,s

d d
=2\ — o, lef ns,m lef no, one can check that

S
r )\2 )\1_2 )\1 9

The region Rf{ is obtained from interchanging A\; and As in the definitions of r and
s and letting m = ni,n = ngs.
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. d
We have R = {(A1, \a) € R2 A1 < 0,—2X; > Ao > — A1} with r & —2x; —
d d L .
Ao, § lef Ao — A, n=ng and m tef nz. Again, it is straightforward to check that

A2 N
7‘——2)\1—)\2§?—?.
Interchanging A1 with Ay in the definition of r,s and letting n = ny,m = ng we
obtain the region Rg.
Finally the remaining half of the (A1, A2)-plane is covered by the regions R;
(obtained from R by changing the signs of the inequalities and keeping the defi-

nitions of r, s, n and m unchanged). For example, R] is defined to be
Rl_ = {()\1,)\2) S ]R2;)\1 > 0, 2)\1 < 7)\2}
with 7 = 2X\; + A2 and s = 25 + A\;. One can then directly check that

S<r<o.
The remaining five regions R; for i = 2...6 are defined analogously. O

REMARK 0.2. The representation formula (0.1) is known in the literature
[MNO4]. In Proposition 0.1, we state that it suffices to consider the two cases
given by (0.2); we have not found references for this fact.

We can also state a second representation formula for admissible ) € Sy.

PROPOSITION 0.3. Given QQ € Sy, where
1 1
Q=s(ne@n— gld)—l—r(m@m— §Id)
<r <0, Q can be equivalently expressed as

Q:S(n@n—%ld)-i-R(m@m—P@P) (0.4)

where n,m and p are unit-length and pairwise perpendicular eigenvectors of ) and
the scalar order parameters S, R are given by
r

r
% > < r < 0 implies that

Moreover, 0 < r < £ implies that 0 < R < and 3

2
S<R<O.

PROOF. Given Q = s(n®@n— 3Id)+r(m®@m—1Id) € Sy, we can equivalently

express it as
2s —1r

2r — s s+r
Q= n®n+Tm®m—Tp®p (0.6)

where we use the fact that Id = n®n+m®m+ pRp. After some re-arrangement,
(0.6) is equivalent to
25 —r

Q= 5
We set S = 2= and R = L and these relations can be inverted to obtain

2 2
r=2R; s=S+R. (0.8)

1
(n®nfgld)+g(m®mfp®p). (0.7)
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Omne can now readily check that the case 0 < r < 5 translates to 0 < R < % and
the case § <r < 0 translates to % <R<O. [l

REMARK 0.4. When using the representation formula (0.4), it suffices to con-
sider two cases, namely 0 < R < % or % < R<O0.

For a Q € Sy the biaxiality parameter 3(Q) is defined in the physical literature
to be )
(@)
=1-6—% 0.9
B(Q) G0 ©9)
The significance of 3(Q) as a measure of biaxiality is due to the following
LEMMA 0.5. Let Q € Sp \ {0}.
(i) The biaziality parameter B(Q) € [0,1] and B(Q) = 0 if and only if Q is
uniazial i.e. if Q is of the form, Q = s (n®n — %Id) for some s € R\{0},n €
S2.
(ii) The ratio % can be bounded in terms of the biaxiality parameter, (Q), where
(s, r) are the scalar order parameters in Proposition 0.1 . These bounds are

given by
1 r 1
- _ — < -< - .
2(1 1 \/B)_S_Q (0.10)
Equivalently,
Lovi-vB _R_1 (0.11)
34+y/1—-yB~ 573

where (S, R) are the order parameters in Proposition 0.3. Further B(Q) =1

if and only if r = 5 or if and only if %

(1ii) For an arbitrary @ € So, we have that

% (1 - g) <@ < % (1 - g) . (0.12)

PrOOF. (i) The quantity £(Q) is known as the biaxiality parameter in the
liquid crystal literature and it is well-known that 5(Q) € [0,1]. We present a
simple proof here for completeness.

Following Proposition 0.1, we represent an arbitrary @ € Sy as

1 1
st(n@n—gld)—i—r(m@m—gld) 0§r§§0r§§r§0. (0.13)

rQ3)?
Since 6% > 0, the inequality 5(Q) < 1 is trivial. To show S(Q) > 0, we use
the representation (0.13) to express tr Q3 and tr Q2 in terms of the order parameters
s and r.

tr@Q® = (253 +2r% — 3s%r — 3sr2)

Nl

2
trQ? = 3 (s +1% —sr) (0.14)
A straightforward calculation shows that

(r QY = o

= (456 + 475 — 1255 — 125r° 4 265713 — 352 — 352r4)
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and

8

(tr Q2)3 =37 (56 + 7% — 355 — 3s51° — 7533 + 657t + 6547"2) .

One can then directly verify that

(tr Q2)3 — 6 (tr Q3)2 =252 (s —1)° >0 (0.15)
as required. It follows immediately from (0.15) that 8(Q) = 0 if and only if either
s = 0,7 =0o0r s =r. From (0.13), the three cases, s = 0,7 = 0 and s = r,
correspond to uniaxial nematic states (in fact all uniaxial states can be described
by one of these three conditions) and therefore, 5(Q) = 0 if and only if @ is uniaxial.

(ii) From Proposition 0.1, it suffices to consider Q-tensors with either 0 < < 3

or 5 <7 <0. Let v =1%, then v € [0, %} for the two cases under consideration.
The biaxiality parameter, 3(Q), can be expressed in terms of the ratio y as follows

(2= 3y — 372 +243)?

—4(1-p). (0.16)
(=7 +92)°
From (0.15), we have that
(2-3y-32+27%) =4 (1—y++?)° 2772 (1 —7)?, (0.17)
which in turn, yields the following equality
2772 (1 — )?
A=) 7)3 = 48. (0.18)
(1=7+7?)

Noting that for v = [0, %], the polynomial 1 —~ 4 2 > %, we obtain the following
upper bound

B <1692 (1) (0.19)
From Proposition 0.3, it suffices to consider Q-tensors with either 0 < R < %
or with % < R < 0. The bounds (0.11) follow from noting that
r=2R, s=S+R
and the ratio % € [0, %}
One can readily see from (0.10) that 3(Q) = 1 if and only if £ = 4 . The
ratio £ = 1 corresponds to £ = § and the claims in (i) now follow. (iii) From the

definition of the biaxiality parameter in (0.9), we necessarily have that

3
trQ® = i%\/l - B(Q). (0.20)
It is easily checked that

Vicp<1-2 (0:21)

The bounds (0.12) follow from combining (0.20) and (0.21). O
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APPENDIX B

Properties of the bulk term [f3(Q)

PROPOSITION 0.1. Consider the bulk energy density f5(Q) given by

a? , b2 5 P 242
5@ = -5 uQ - TuQt+ T (@)’ (0.1)
Then fp(Q) attains its minimum for uniazial Q-tensors of the form
1
Q:s+(n®n—§), (02)

where n : Q — S? is a unit eigenvector of Q and

b2 + Vb + 24a2¢2
Sy = 4@2 .

(0.3)

PrROOF. We recall that for a symmetric, traceless matrix Q of the form
3
Q= Z Aie; ® ei,
i=1

tr@Q" = 2?21 A subject to the tracelessness condition so that the bulk energy
density fp in (0.1) only depends on the eigenvalues A1, Ay and A3. Then the sta-
tionary points of the bulk energy density fp are given by the stationary points of
the function f : R® — R defined by

2 3

3 9 3 2 3
a 9 b> 3 C 9
————E 4——5 S+ — E - -2 E ;. 4
f (A1, A2, A3) > Aj 3 2 ¥ 1 (i_l )\Z> 5i:1 i (0.4)

i=1
where we have recast fp in terms of the eigenvalues and introduced a Lagrange

multiplier § for the tracelessness condition.
The equilibrium equations are given by a system of three algebraic equations

3
)
a_i =0 & —a’X\i —b°\} + ¢ (;Ai) A =26 fori=1...3, (0.5)

or equivalently

3
(N —Aj) [aQbQ()\iJr)\j)JchZ)\i] =0 1<i<j<3. (0.6)
k=1

Let {\;} be a solution of the system (0.5) with three distinct eigenvalues \; # \g #
3. We consider equation (0.6) for the pairs (A1, A2) and (A1, A3). This yields two
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equations

3
—a® =P (A + )+ D A =0

k=1
3
—a? =0 M+ X))+ A =0 (0.7)
k=1
from which we obtain
—b* (\g — A3) =0, (0.8)

contradicting our initial hypothesis Ay # A3. We, thus, conclude that a stationary
point of the bulk energy density must have at least two equal eigenvalues and
therefore correspond to either a uniaxial or isotropic liquid crystal state.

We consider an arbitrary uniaxial state given by (A1, A2, A\3) = (%, -3 —%)
and the corresponding Q-tensor is Q) = s (61 ®e; — %Id). The function fp is then
a quartic polynomial in the order parameter s ie.

2

fB(s) = > (—9a* — 2b%s + 3¢%s?) (0.9)
and the stationary points are solutions of the algebraic equation dg—f =0,
d 1
% =5 (—18a%s — 6bs* + 12¢*s*) = 0. (0.10)

The cubic equation (0.10) admits three solutions;
b2 4+ /b + 24a2c?

s=0 and sy = 12
c

(0.11)

where

fB(0)=0 and fp(sy)< fp(s—)<0. (0.12)
Symmetry considerations show that we obtain the same set of stationary points for
the remaining two uniaxial choices. The global minimizer is, therefore, a uniaxial
Q-tensor of the form

1
where sy has been defined in (0.3). O
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JINDRICH NECAS

Jindfich Necas was born in Prague on December 14" 1929. He studied mathe-
matics at the Faculty of Natural Sciences at the Charles University from 1948 to
1952. After a brief stint as a member of the Faculty of Civil Engineering at the
Czech Technical University, he joined the Czechoslovak Academy of Sciences where
he served as the Head of the Department of Partial Differential Equations. He held
joint appointments at the Czechoslovak Academy of Sciences and the Charles Uni-
versity from 1967 and became a full time member of the Faculty of Mathematics
and Physics at the Charles University in 1977. He spent the rest of his life there, a
significant portion of it as the Head of the Department of Mathematical Analysis
and the Department of Mathematical Modeling.

His initial interest in continuum mechanics led naturally to his abiding passion
to various aspects of the applications of mathematics. He can be rightfully consid-
ered as the father of modern methods in partial differential equations in the Czech
Republic, both through his contributions and through those of his numerous stu-
dents. He has made significant contributions to both linear and non-linear theories
of partial differential equations. That which immediately strikes a person conver-
sant with his contributions is their breadth without the depth being compromised
in the least bit. He made seminal contributions to the study of Rellich identities and
inequalities, proved an infinite dimensional version of Sard’s Theorem for analytic
functionals, established important results of the type of Fredholm alternative, and
most importantly established a significant body of work concerning the regularity
of partial differential equations that had a bearing on both elliptic and parabolic
equations. At the same time, Necas also made important contributions to rigorous
studies in mechanics. Notice must be made of his work, with his collaborators, on
the linearized elastic and inelastic response of solids, the challenging field of contact
mechanics, a variety of aspects of the Navier—Stokes theory that includes regularity
issues as well as important results concerning transonic flows, and finally non-linear
fluid theories that include fluids with shear-rate dependent viscosities, multi-polar
fluids, and finally incompressible fluids with pressure dependent viscosities.

Necas was a prolific writer. He authored or co-authored eight books. Special
mention must be made of his book “Les méthodes directes en théorie des équations
elliptiques” which has already had tremendous impact on the progress of the subject
and will have a lasting influence in the field. He has written a hundred and forty
seven papers in archival journals as well as numerous papers in the proceedings of
conferences all of which have had a significant impact in various areas of applications
of mathematics and mechanics.

Jindfich Nec¢as passed away on December 5", 2002. However, the legacy that
Necas has left behind will be cherished by generations of mathematicians in the
Czech Republic in particular, and the world of mathematical analysts in general.
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cians, physicists, and engineers with a view towards achieving a better understand-
ing of, and to develop a better mathematical representation of the world that we
live in. The Center provides a forum for experts from different parts of the world
to interact and exchange ideas with Czech scientists.

The main focus of the Center is in the following areas, though not restricted
only to them: non-linear theoretical, numerical and computer analysis of problems
in the physics of continua; thermodynamics of compressible and incompressible
fluids and solids; the mathematics of interacting continua; analysis of the equations
governing biochemical reactions; modeling of the non-linear response of materials.

The Jindfich Necas Center conducts workshops, house post-doctoral scholars
for periods up to one year and senior scientists for durations up to one term. The
Center is expected to become world renowned in its intended field of interest.
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