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Preface

The history of mathematics at the Warsaw University of Technology goes back to 1826
when the Preparatory School for the Polytechnic Institute was founded thanks to the efforts
of Stanistaw Staszic. Its first director became Kajetan Garbinski, a professor of mathematics.

The school was closed in 1831.

The Warsaw Polytechnic Institute named after Tsar Nicolas II was establihed in 1898.
Classes were conducted in Russian untill the outbreak of World War I. The Warsaw Univer-
sity of Technology started on its own in 1915. It was the first Polish technical university. All
this time at faculties of engineering there were divisions of mathematics which employed
famous professors including Georgij Voronoj, Kazimierz Zorawski, Witold Pogorzelski,
Stanistaw Saks, Antoni Zygmund, Franciszek Leja, Wtadystaw Nikliborc, Stefan Straszewicz

and Roman Sikorski.

In 1963 all the divisions of mathematics were joined together in order to establish the In-
stitute of Mathematics, which in 1975 became a part of the Faculty of Technical Physics and
Applied Mathematics. In 1999 the institute was transformed into the Faculty of Mathematics

and Information Sciences.

The aim of this monograph is to celebrate 20 years of the Faculty of Mathematics and
Information Science. We present a collection of research papers in mathematical analysis
and in partial differential equations written by mathematicians associated with our faculty.

The authors of the papers represent various generations from students to professors.
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ASYMPTOTIC BEHAVIOUR OF SOLUTIONS
TO COERCIVE MODELS OF MONOTONE TYPE IN
THE THEORY OF INELASTIC DEFORMATIONS.
QUASISTATIC CASE
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Manuscript accepted: 11 July 2020

Abstract: We study the asymptotic behaviour of the solution to coercive models of inelastic deformation
in quasistatic case. We look for conditions on the boundary data, the external force and nonlinearity such
that the solution of our problem converges to a stationary solution.

Keywords: viscoplasticity, nonlinear constitutive equations, asymptotic analysis

Mathematics Subject Classification (2020): 74D10 (primary), 35M32, 35B40

1. INTRODUCTION

The goal of the current paper is to study the inelastic deformation of a solid and its be-
haviour with specific conditions given for data in coercive quasistatic case. In this article
we study the class of models described by H-D. Alber in [1] and completely solved for ex-
istence and uniqueness of solutions by H-D. Alber and K. Chetminski in [2]. We base on
those results and extend the results by some asymptotic properties. Very similar problem in
dynamical case with dumping added was previously approached by the author (see [3]).

1.1. MODEL SETTING

Let the considered body occupy the bounded domain © C R? with a smooth boundary 9.
Let x € Q denote a material point of the body while # € (0,+o0) denotes time. Moreover, let
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denote 5(3) the set of symmetrical 3 x 3 matrices with real entries. The main system studied
in this paper is in the following form:

divy T(x,t) = f(x,1),
T(x,7) = C(e(u(x,1)) —Bz(x,1)), (1

Zt(x7t) € g(—vzl[/(&‘(x,t),z(x,t))).

The first equation in the system (1) represents the balance of forces where the function
T: Q x (0,+90) — 5(3) stands for the stress tensor, while f: Q x (0,400) — R? is a given
density of volume forces. Since we consider a quasistatic case, we can neglect the in-
ertial term u,. The second equation gives us an elastic constitutive equation. Function
u: Qx (0,400) — R3 is a displacement, while €(u(x,t)) = % (Viu(x,t) + VI u(x,t)) is a lin-
earised Cauchy strain tensor in the case of small deformations. Since €(u) is the symmetric
part of a displacement’s gradient, it takes values in 5(3). Function z: Q x (0, +o0) — R de-
scribes the inelastic part of the deformation and consists of the plastic part of the strain tensor
£P: Q x (0,4+00) — 5(3) (notice that 5(3) is isomorphic with R®) and other internal parame-
ters 7: Q x (0, +o0) — RV~ thus we can write z = (£”,%). The operator B: RY — 5(3) is
the projection of the RV vectors to their first six coordinates i.e. B(z) = B(&”,%) = €. The
operator C: s(3) — s(3) is linear, symmetric and positive definite and is called the elasticity
tensor, since the second equation is also called a generalisation of Hooke’s law. The dif-
ferential inclusion given in the system (1) describes an inelastic constitutive equation (flow
rule). In the current paper we consider a monotone model, thus we assume that the given
function g: D(g) — 2" is a maximal monotone multifunction, where D(g) C RY denotes
the domain of the operator g. We assume the free energy function y: s(3) xR — R to be
given by

¥(e,2) = 5C(e~B2)-(e~B2) 4 5Lz, @)
where L is a positive definite symmetric matrix. It is worth to underline that the condition
L > 01is equivalent to ¥ > 0 and in such a case we say that the model is coercive. Addition-
ally, one can observe that the argument of the multifunction g can be expressed as

—V.y(e(x,1),z(x,1)) =BT C(e =Bz) —Lz=B ' T—Lz.

We complete the considered system with the initial data
z2(x,0) =z0(x), x€Q 3)
and mixed boundary condition

“(x:’)ZYD(XJ)a (xvt)EFOX[07+°°)7
“)
']I'(x,t)-n(x):yN(x,t), (X,I)EF] X[07+°°)7

where 'y, I'; C dQ are relatively open satisfying o N\I'; =0, ToUT'; = dQ and H?(I'g) > 0
(by H? we denote two-dimensional boundary measure).
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Remark 1. The only required initial condition is indeed the condition for the vector of inter-
nal variables z. The other conditions (i.e., T|;—o = To and u|;—o = ug) can be easily evaluated
through solving the linear elasticity problem for small deformation in the following form:

divy To(x) = f(x,0),

To(x) = C (e(uo(x)) — Bzo(x)), 5
up(x) = yp(x,0), x €T,

To(x) -n(x) = yv(x,0), xeTl7.

Moreover, properties of the operator C give us that the problem (5) is elliptic with respect to
u(x,0), hence the following estimate holds

I1Toll2+ lluollr2 < C (£ ¢, 0)ll2+ IBzolla + ¥0 (- )l 2,20y + I8 (O -1 22,6, ) - (6)

Remark 2. In the inequality (6) and further in the paper we use the notation || - ||» and
| - |12 for standard norms on L*(Q) and H'(Q) respectively, || - /22,1, for the norm of
Sobolev-Slobodeckij space H'/?(Ty) while || - | -1/22.r, denotes the norm on H V2 -a
dual space to H'/*(Ty).

Remark 3. Properties of the free energy function W allow us to define a scalar product and
a norm on L*(Q,5(3) xRN) as follows

(£,2),(8,2))y = /Q[(C(S—Bz)] (E—B2)+(Lz)-zdx, 7

Ie,2)[3 = /Q[(C(S—BZ)] -(e—Bz)+ (Lz)-zdx. @®)

The norm defined above is equivalent to the standard norm defined on the Lebesgue space
L2(Q,5(3) xRN) and is called the energetic norm. We will use it in future calculations since
we find it much more convenient in the considered model.

1.2. EXISTENCE OF SOLUTION TO THE CONSIDERED MODEL

The following existence theorem is proved in [2].

Theorem 4. Let us suppose that the boundary data yp, Y\ and the external force f possess
the regularity

fewr=(0,T;L*(Q;R?)), 9)

¥ EWI(0,T;HA(TsRY)),  yv € W2(0,T:H2(T RY)), (10)
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forall T > 0, and that to the initial data zo € LZ(Q;]RN) there is 7* € LZ(Q;]RN) such that
F(x)eg (BT To(x) —Lzo(x)) almost everywhere in Q,

where (ug,To) is a weak solution of the problem (5). If the considered model is of mono-

tone type with the maximal monotone constitutive function g: D(g) — 2R ywhich satisfies
0 € g(0), and with a positive definite matrix L, then the system (1) with the boundary condi-
tion (4) possesses a global in time, unique solution

(u,T,z) € WH=(0,T; H (Q;R?) x L*(Q:5(3) xRY)) forall T > 0.

1.3. MAIN RESULTS

Let us state the main assumption for the multifunction g:
There exists & > 0 such that for any w,w,€,&,z,7 satisfying w € g(—V.y(g,z)) and
w € g(—V,y(E,2)) it holds true that:

(W - I/T/) : [7VZW(87Z) + VZII/(?ZZ)} > (04 [W(S - é),Z - ZH (1 1)
or in other words

(w—w)-[BT C(¢e =Bz) —Lz—BT C(¢ —BZ) +LZ]

1 1 (12)
>a E(C((s—é‘)—B(z—Z))-((S—é)—B(z—Z)—FEL(z—Z)-(Z—Z) .

The conditions (11) and (12) are called the strong monotonicity (compare [4]).

Consider the following problem in Q: for some f* € L2(Q,R?), ¥ € H'/?(Ty;R?),
Y € (H™1/2R3) solve

—div, C(e(u™(x)) —Bz"(x)) = 7 (%),

13)
0e g(_vzll/(gw(x)vzm(x))) ’

with boundary conditions:

(14)
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Remark 5. In general we need to assume the existence and the uniqueness of solution for
the problem (13, 14), however in some special cases they can be proved: From the sec-
ond equation, using the property (11) of g and the definition of the free energy W, we can
find 7 = (BT CB+L)"'BT €(u™). Inserting this expression into the first equation we ob-
tain a linear equation on u™ with the right hand side . If we additionally assume, that
BT CBL = LB CB then this equation becomes an elliptic one. This assumption is fulfilled
if, for instance, z = €P and LeP = ceP, where ¢ € R is constant (this is the case of the stan-
dard internal coercive approximation, see e.g. the model of Melan-Prager). Considering the
boundary conditions of the mixed type we obtain a unique solution to the discussed problem.

Theorem 6 (Time independent problem). Let (u,z) be the solution of the problem (1,3,10)
according to Theorem 4. Assume that the multifunction g satisfies condition (11). Let the
function f satisfy the following conditions

lim || (1) — /[ = 0,

tim [[£:(6) — 7]l = lim | i(1)[l2 = 0.
Moreover let us assume that the boundary conditions do not depend on time and satisfy:

YD(X»I) = 'J/g(X),

(1) = Y (%)-

Then the following convergence holds true:

lim || (& (u(r) = u™),2(r) = 27) |y = 0.

Theorem 7 (Time dependent problem). Let (u,z) and (i1,Z) be the solutions of the problem
(1,3,10) according to Theorem 4 with the same boundary data (10) but with different initial
conditions zo and 7 respectively and different volume forces functions f and f respectively.
Let the multifunction g satisfy condition (11). If volume forces functions satisfy

lim || (1) ~ 70 = 0,

tim [[£:0) ~ i (0]} =0,
then
lim [|(e(z) — &(z), (1) = 2(1))[ly =0, (15)

[—>o0

where we denote € = €(ii).

Remark 8. Since u and u™ from Theorem 6 as well as u and i from Theorem 7 satisfy the
same boundary condition, the Korn inequality and properties of the energy norm lead us to

Lim [lu(r) —u”[l12 =0,

Tim [[u() = a(6)][12=0.
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2. PROOFS OF MAIN THEOREMS

Proof of Theorem 6. Let us denote € = €(u™) and T = C(e* —Bz>). First, we estimate
the energetic norm of the following difference (€ — €*,z—z™). To do it we integrate the
energetic norm with respect to time:

1d

oo oo\ (12

— [ (=) [=Vewle,q) + V(e 7)) d

= | [C((e—&7) =Bz —27))] - ((ur) — &(uy)) dx

— [ @=a) Ve + Vap(em, )

Integrating by parts and using (1) and (13) we get

1d
salE=em a2 = [ w—ur)-(F =) det [ (=) (T-To)nds

— [ =) [ Vewle,q) + Vaw(e™. ) .
Using the assumption given for g and the special form of boundary conditions we get
1d 0 o\ 12 oo =3 o oo (12
SglE—em a2 < =) (r =) dv—all(e - 2= )R

We multiply both sides of the inequality above by ¢>* and we integrate with respect to  to
obtain
1

S (e(t) —€7,2(6) =),

<@ =m0 )+ [ [ i) (- ) axas,
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Integration by parts gives us

2P (e() — e 20) ~ ) < 511 (e(0) — 7,2(0) — )}
~ [0 =) (£(0) = ) de e [ (ule) =) (£(0) — ) e

/ 2‘“/ — )+ 2a(f — f°)] dxds. (16)

We are going to use Lemma 9 proved in Appendix, hence, using coercivity of the model, the
Korn inequality and the assumption that & > 0, we estimate

/Q(M(t) —u”) - () = f7) dx < [Ju(t) —u” |2 f(£) = /]2
<C|(e(r) —€7,2(0) =)y llF (1) = £712

*H(S(l)—s 20 =) +CClF O - 713 a7
We insert (17) into (16) and subtract the term %e? ||(e(r) — €=, z(t) — )||%,fr0mb0thsides:

%em’”(g(t) —e=,2(t) - 27)IIy,

< EH(E(O)—8“72(0)—2“)%—/9(”(0)—M“)-(f(O)—f”)dx

(70 71a) - [ [ (=) 10— 1)+ 200 — )]s,

We multiply by 2 and do further estimations

Je(0) ~ e7,2l6) ) ) < (VAC A0 - 171e) 5K

+2/Ol X uls) —u (2 (1 (5) = £l +2e fi(s) = £7]|2) ds

where

K= \@\/ll(e(o) —€2,2(0) = 2) [ + 2[|(0) — u=l2- £ (0) = f*[J2.

We denote (e —e™,z—2z) = (€*,z") and once again we use coercivity and the Korn inequal-
ity to obtain

1
22 P < (VICI0) - 1)+ 5K

+C1/0 XN (€52 ly (1F () = 7Nl +2al|fis) = £7]|2) ds. - (18)
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We apply Lemma 9 to (18)

Td g
e(e", ) ly <y/K2+ 40— £o13+2C [ |5 €06~ £ ds

+C1/Ote‘”(||fz(S)—J?°°H2+206Hf(S)—f°°Hz)dS-

Since

L) =1l < U~ 77

we collect like terms to get

e[[(".2")lly < /K2 +4C2 £(0) — £[3

t
0

D [ fi() = s+ aps [ 5= £ ads.

Division by ¢* leads to

I(e(u) =), 0) =)y <&\ K2 +4C21(0) = =B+D [ e fi(s) = £ s

t
+aDy [ f(9) = 1 ads.

Let us observe that, by assumptions made about the volume force, for any § > 0 there exists
N > 0 such that

1)
I£(0) = f~ll2 < D,

10— = 102 < 22

fort > N. Next, we can choose fy > N such that

N N
VK +ACUFO) = fB4D [ e 1405 = £ lads+aDy | 1£(5) = 1 ads

0
< ealoi.

2
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Therefore, for r > t;

(e u(r) —u™),z(1) =27) |y

<e K2 +4C2|£(0)  £[3
N
0 [ s fads by [ e O p(s) - s

t t
+D /N O fi(s) = 7 ads+ @Dy [ € 7(s) = £ ads

5 oad
<— als—1) 4g <
\2+ 2 N dS 6
O

Since once again we are going to work with difference of solutions the method used to
prove Theorem 7 is very similar to the one used above, thus we just present the main points.

Proof of Theorem 7. As in the previous proof, we estimate the energetic norm of the differ-
ence (u — i1,z — 7). Hence similarly as in the proof of Theorem 6 we get

Syl = [w-a) (- Pavt [ (w-a)-(7-Tnds

— | (c=2) [=Veple )+ VopE2)ax

Then, using the same reasoning as in the proof of Theorem 6, we obtain:

2P ()~ £(0),200) ~ 50 )
< (VaCe 116~ F)la) + 5K

2 [ uls)  alo) 2 (175) — F6) o+ 20l5) — i 5) ) d

where

K= ﬁ\/II(S(O) —£(0),2(0) = 2(0)[[§ + 2[|(0) = &(0) l2- [1£(0) = F(O) |-

We denote (€ — &,z—7Z) = (€*,7") and f — f = f* and by Lemma 9 we estimate
1(e%,2) ly < €%/ K2 +4C2(| £+(0)13

ot g
D [ I )lads +aDy [ (5)fods

The concluding argument from the proof of Theorem 6 completes the proof. U
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APPENDIX

We prove a Gronwall type lemma, as it was used in Theorem 6.

Lemma 9. Let m, f, f, € L'(0,T;R) be given functions such that m > 0 and let a > 0 be
a given constant. Let ¢ : [0,T] — R be a continuous function and such that

%d)z(z) < %az—i-fz(t) —0—/(:m(s)¢(s)ds vt €[0,7].

Then it holds true that

o<y Je 2200+ V2 [ I)las+ [(msyas vieloT)

Proof. For any € > 0 we introduce an auxiliary function y; by the following formula:

Velt) = 5a+e2 + WP+ [ m(s)o(s) .

2

It is easy to see that W, (¢) > 3|¢(¢)|>. Differentiation of W with respect to time gives us

Vi) = S (£200) +m@o0) < & (70) +mle VIV weld).
Notice that () > 3¢ > 0 and

d
)+

a (V) = 2w V2T Ve
£

The above estimation holds true for almost all # € (0,7). Observe, that the function N

integrable on [0, T]. It follows from the assumption for the function f and the definition of
the function ye. Integration with respect to ¢ leads to

Lo * f(s)f'(s)
Vve(t) <v/ Ws(o)‘f'\ﬁ/o m(s)ds‘f‘/ T(sds

1
+\?2/0m / |/ (s) | |f X{ZER+Zf(t)7éO}(S)dS
(weuse e (r) = |f(1)) )
S\/%(ants) +£2(0 /m(s ds+/ I/ (s)| ds.

It follows easily that

6] < V2 we () < +/(a+e) +2£2( )+/ ds+f/ i(s)] ds

foranyz € [0,7] and € > 0. We pass to the limit with € — 0", which completes the proof. [

ve) _ 1 (0 SO (1)
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1. INTRODUCTION

In this article we investigate a local well-posedness of the Norton—Hoff model with an iso-
tropic hardening in a Cosserat media. The general Cosserat model was introduced by Co-
sserat brothers in [13]. K. Chetminski and P. Neff presented different cases of the model
in the introduction to [20]. They introduced infinitesimal elastic and elasto-plastic Cosserat
models there. The purely elastic model can be obtained by dividing the macroscopic dis-
placement gradient Vu into infinitesimal microrotation and an infinitesimal non-symmetric
micropolar stretch tensor € = Vu — A. Then, the complete theory is obtained by a variational
principle. The elasto-plastic case is an extension of the purely elastic model. This extension
itself is non-dissipative. Its basic idea is dividing the total micropolar stretch into elastic and
plastic part and assuming that microrotational effects remain purely elastic.

The Norton-Hoff model is an issue from the theory of elasto-plastic deformations. It
has been described in [26]. A mathematical analysis of the model can be found in [3] and
[29]. The Norton—Hoff model with isotropic hardening is the Norton—Hoff model with one
more scalar function, i.e. the so-called isotropic hardening. The model is well-posed. It was
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shown in [5]. Said model in different cases has been studied in [11, 12, 15]. Several addi-
tional models in the theory of inelastic deformations are listed in [1].

In the paper the elasto-plastic Cosserat model connected with the Norton-Hoff model with
isotropic hardening is studied. The main goal of the article is to show a well-posedness of
the problem. In the article [4] it is proven that if the Cosserat effect vanishes, the issue
approximates Norton-Hoff with isotropic hardening model. The Prandtl-Reuss model and
similar issues are investigated in [6]. The Cosserat elasto-plastic model is also studied in
[7] and [22]. The paper [21] is devoted to the study of dynamic Cosserat models. See also
article [8], where a poroplasticity model with Cosserat effects is investigated. The linear
elastic Cosserat model is considered in [16, 17, 23, 24, 25]. In [9, 10] the authors study the
Armstrong—Frederick model with Cosserat effects. Some results on thermo-visco-elasticity
for Norton-Hoff model with Cosserat effects are to be found in paper [18].

2. THE PROBLEM FORMULATION

We shall use the notation specified in Section 3. Let Q C R? be a bounded domain with
a smooth boundary and let 7 > 0. In order to describe a quasi-static deformation of an inelas-
tic body with microrotations and with isotropic hardening we have to find the displacement
vector u: Q x [0,T] — IR3, the microrotation matrix A: Q x [0, T] — s0(3), the plastic defor-
mation tensor €,: Q x [0,7] — Sym(3) and the isotropic hardening y: © x [0,7] — R such
that

dive = —f, (1a)
o =2U(e—¢gp) +2u(skew(Vu) —A) + Atr[e] - T, (1b)

—l.Aax1(A) = . axl(skew(Vu) — A), (Ic)

& =F(Tg,— ), ¥ = 8(Te, — &), (1d)

Tg =2u(e—¢gp), (1le)

ulgg =g, Alpg =Ad, €5(0) = €5, y(0) =»". (1)

Here, € = sym(Vu) denotes the infinitesimal elastic strain tensor. The numbers A, u are the
positive Lame constants, . is the Cosserat couple modulus and [, = uL2 > 0 is a material
parameter, where L. with the units of length defines an internal length scale. The con-
stants ¥ and o are positive. The functions uy, A, are given Dirichlet boundary data and
819 and y? are given initial values and function f describes external body forces acting on

the material. The functions F and g are given by F(E,x) = (|devE|+ ox — k)i%
8(E,x) = a(|devE|+ ax—k)", for (E,x) € Sym(3) x R, where r > 1. We will see in Propo-

sition 4 that (F, g) is a monotone field on Sym(3) x R.

and

Let us see that the initial values of €,y are explicitly given by (1f), but the initial values
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of u and of A seem to be unknown. However, let us put# = 0 to (1a), (1b), (I1¢) and to (1f)

dive(0) = —f(0),
c(0) =2u(e(0) — 60)+2uc(skew(Vu(0))—A(O))+ltr[£(0)}-]L 2
—I.Aax1(A(0)) = u. axl(skew(Vu(0)) — A(0)),
u(0) = uq(0), A(0) = A4(0).

The above equation has a unique solution #(0) € H'(Q,R?) and A(0) € H*(Q,s0(3)), what
follows from the Lax-Milgram Theorem and theorems about regularity of solutions for elli-
ptic equations (see [14]). Moreover, u(0) and A(0) satisfy the following inequality

(O ll1(0+ AO llzi@)) < CUFO Nl 1)+ 144 Oy o + 10O 3,00+ )

where the constant C depends only on  and the parameters of system (1).

In the paper we want to investigate the existence and the uniqueness of solutions of prob-
lem (1). Thus, the main purpose of the article is to prove the following theorem.

Theorem 1. Let us assume that
Fewr=([0,T],L*(Q,R%)), ug € W3([0,T], H2(9Q,R?)),
Ag € W3=([0,T], H? (99, 50(3))), e) e L*(Q,Sym(3)), y* € L2(Q),
F(2u(e((0)) — £9), —£°) € L*(Q, Sym(3)) and g(2p(e(u(0)) — £9), — ") € L*(Q),

where u(0) and A(0) are defined by system (2). Then there exists unique weak solution
of (1) such that

uew'=([0,T]),H (Q,R?)), AeW'=([0,T],H*(Q,50(3))),
g, € W([0,T],L*(Q,Sym(3))), yeWwh=([0, 7], L*(Q)).

3. PRELIMINARIES AND NOTATIONS

In this section we shall recall some basic facts used in this paper and make some remarks
about the notation.

We denote by R3*3 the set of real 3 x 3 matrices. The sets Sym(3) and s0(3) are defined
as follows:

Sym(3) = {A e R¥3: AT =A} and s0(3)={AeR¥?: AT =-A}.
For A € R3*3 we define the symmetric part of A as

sym(A) = - (A+AT) |

l\)\'—‘
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and the skew-symmetric part of a matrix as
1
kew(A) = = (A—AT) .
skew(A) 3 ( )

It is easy to see that A = sym(A) + skew(A), sym(A) € Sym(3) and skew(A) € so0(3). Let
B € s50(3), then there exist real numbers a, b, ¢ such that

0 a b
B=| —a 0 ¢
—b —c 0

We define axl(B) = (—c¢, b, —a). Let A € Sym(3). We define the deviator of A as
1
devA=A— gtr[A]]I ,

where tr[A] is the trace of A and it is defined by tr[A] = ¥3_| A(i,i), and T is the identity
matrix. It is easy to see that devA is a projection of A onto symmetric matrices with trace
equal to zero. Now, let Q C R3 be an open set. Let us introduce the space Lﬁiv (Q):
L3,(Q) = {u e *(QR’): divu € L*(Q)},
where div means the weak divergence. In this space the norm can be defined as follows
llull 2. (@) = llullz2i@) + [l div ullp2(q) -
The subsequent fact holds.

Theorem 2. Let Q C R3 be an open, bounded set with the boundary of C'-class. Then, there
exists a bounded linear operator y: L3, (Q) — H -3 (9Q) such that

@

1704 gy < Clllzz, ) for we L[

(i)
yu=u-n|yo forueccC(Q),

where n denotes the exterior unit normal vector to dQ.

Moreover, if w € H'(Q) and w|yq = ¢ (in the sense of traces, see [14]), then for u € L} (Q)
the following equality is satisfied:

(yu,9) = /Qu~dex+/Qdiv uwdx . 4)

The condition (ii) from Theorem 2 and (4) justify the notation yu for u € L(zﬁv(Q) asu-n
and (yu, ¢) for ¢ € H%(aQ) as [;ou-ngdS. The details and the proof of Theorem 2 are
given in [28].

In the article we use some basic results of functional analysis. These facts can be found
in [19] and [27]. The following lemma is well-known. We include it here with a proof.
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Lemma 3. Forv € H}(Q,R?) the following equality

[rot(W)72(q) + 1 divOV) |72 () = VY1 720
holds.

Proof. Letv € C2(Q,R?). We have
rot(rot(v)) = —Av+ Vdiv(v). Q)

We also know that for an arbitrary w € C=*(Q,R?) the following equality

/ w-rot(v)dx = / rot(w) - vdx
Q Q
holds. Equality (5) gives us

/rot(rot(v))-vdx:f/ Av~vdx+/ Vdiv(v) - vdx.
Q Q Q

Integrating by parts we get
/ |rot(v)dx = / V| 2dx— / (div(v))%dx.
JQ JQ JQ

This proves the lemma for v € C°(Q,R3). The fact that the space C:°(Q,R?) is dense

in H} (Q,R?) completes the proof. O
Proposition 4. A vector field (F,g) : Sym(3) x R — Sym(3) x R given by
devE
F(E,x) = (|devE| + ax—k)iﬁ, g(E,x) = a(|devE| + ax — k).
ev

is a monotone vector field.
Proof. Let Ty, T, € Sym(3) and yj,y, € R. Then we have
(F(Ti,31) = F(T2,32),8(Th,01) = 8(T2,32)) - (T1 = T, y1 = y2)
= ((deVTl + o0y —k)r devTi devs ) ( 1 —Tz)

———— — (devh +ay; — k) ———=—
*ldev T (dev s+ 0ty >+|devT2|
+ (a(devT + oyy —k):_ —o(devTr + ay; —k);)(yl —y)
dev T] ~T1 dev Tl-Tz
=(devTi+oy; —k),————— — (devTi + ay; — k), ————=
(devTi +ay, — k)’ devT| (devTi + oy —k)'} dev T |
dev T2~T1 dev Tz'Tz
—(devlh+ oy, — k), —————+ (devh + oy, — k), —————=
(devT+ oys — k)", [dev T + (dev Ty + ay, — k)’ [dev D3|

+ (a(devTi + oy — k):_ —o(devTr + ay; —k);)(yl —y)
> (devTi+oy1 — k) |devTi| — (devTi + oty; — k). |dev T>|
— (devTr +ay, — k)’ |devTi|+ (dev T» + ays — k), | dev T |
+((devTi +ay; — k). — (devTr +y2 — k), ) (oy) — ays)
= ((|devTi +oy; — k). — (|devTa| +ay, — k) )(|dev Ti| + oy — (|dev T |+ ayz)) > 0,

where the last inequality holds because of monotonicity of (- —k)’, on R. O
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4. EXISTENCE AND UNIQUENESS OF SOLUTIONS

We will prove that problem (1) has a unique weak solution. First, we will introduce
a definition of a weak solution of the system.

Definition 5. We say that u € W'=((0,T),H' (Q,R%)), A € WI=((0,T), H*(Q,50(3,R))),
€, € WI=((0,T),L%(Q,Sym(3))) and y € W'=((0,T), L*(Q)) are a weak solution of sys-
tem (1) if a weak divergence

div(c) = div (2 (e — &,) + 2. (skew (V) — A) + Atrle] - T) € L=((0,T), L2(Q,R%)),

equations in 1 are satisfied almost everywhere in Q x [0, T and the initial-boundary condi-
tions are satisfied in the sense of traces.

4.1. REGULARIZED PROBLEM

A field (F,g) is monotone, so it can be approximated by a Lipschitz function so-called
Yosida approximation (see [2]). Let (F,g™) be a Yosida approximation of (F,g). In (1d)
we replace F and g with Fm and g". Thus, we get the regularized problem

dive = —f, (6a)

ol =2u(e" —g)) +2uc(skew(Vu") —A") + Atr[e"]-T,  (6b)

—l.Aax1(A") = paxl(skew(Vu) — AT), (6¢)

&) =F(T7 ,—2"), ¥ = ¢™(T{ .= "), (6d)

Tg =2u(e" —g)), (6¢)

u"|50 = uq, A0 = Aq, £](0) = ), Y(0) =»". (6)

First, we will show the well-posedness of the above problem and then we will pass to the
limit as 1 — 0.

Theorem 6. Let us assume that
fec(o.1],L(QRY), ug € C(0,T],H? (92, RY)),
Ag€C(0,T|,H} (9Q.50(3,R))), &) € 1X(Q,Sym(3)), )" € LA(Q),
then problem (6) has a unique solution

u e C([0,T],H' (Q,R?)), A" € C([0,T),H*(Q,50(3,R)),
gl €C'([0,T],L2(Q,Sym(3)), yhecl([o, T],L2(Q)).
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Moreover, if we assume in addition that

FeC((0,T],IXQRY),  uyeC([0,T],H(Q,RY)),
Ay € C! ([o, T, H?(&Q,so(3,R)),

(7

then u € C'([0,T],H' (Q,R3)) and A" € C'([0, T], H*(Q,50(3,R)).

Proof. For simplicity we omit 7 in the proof. Let X = C([0,T],L*(€,Sym(3))). We define
amapping P: X — X. Let € € X. We solve the system of ordinary differential equations
&y =F"(2u(e—&),—3y), £(0) = €. 8)
y=g"(2u(e — &), —4¥), ¥(0) =)’ ©
We get €, and y from this system. Then, we solve the following system with these functions
divo = —f,
o =2u(e(u) —gp) +2uc(skew(Vu) —A) + A tr[e(u)] -1,
—l Aaxl(A) = y.axl(skew(Vu) —A),
ulgo = g, Algg = Aq.

(10)

The existence of A and u follows from the Lax—Milgram theorem. Finally, we define P(¢)
as £(u).

Now, we show that P is a contraction for sufficiently small T > 0. Let 81782 € X. Let
ell,,y‘,u‘,A' be functions which we get defining P(e!) and let &‘g,yz,uz,A2 be analogous
functions for £2. System (10) yields

/Qzu(e(ul — i) (e] —€2)) - £(u! — u®) + 24| skew (Vi — Vid) — (Al —A%)
+1.|vA! —VA2\2+}Ld%v(ul —u*)dx=0.
Therefore, we have
/|8u —u )\de</ e(u' — i) (g) — £2)dx. (1
Otherwise, equations (9) result us
0 =0l < [ 187 u(e! — eb) — 1)~ 1u(e — ).~ 1) e
<CT(|le" = €lleqpo.rr2@.8ym(3)) T 115 — Ellcqo. 2@, 8ymEy) + 1Y =Y lleqor2(9))

for0 <t <T.Putting T < é we get

CcT
Iy = llcqo.r 2@ < —cT (€' =& llco.r.2@.5m3)) + 1€ — & llco. 112 @.8mE))) -

(12)
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On the other hand, equation (8) yields
||8 (l)—g (t )HLZ (Q,Sym(3))
< [ 1P 2ute! - eh)~ 1)~ F1u(e — ).~ Lz symisy 47
<CT(lle' = llcio.rz@symey) T 1€ — Elleqo.r.2@.sym3))
+ ' = lleqor.2@)

CcT
<1 CT(HS — &lcqor2@syme)) + 1€ — Ellcqo.r.2@sym3))- (13)

We used here inequality (12). Inequality (13) gives us

CcT
lep — &xllco.r1.r2@.5ym(3)) < =T €' — &2 llcqo.r1.2@.5ym(3) (14)

when we take 7' < é Now, inequality (11) yields

le(u') — e llc(o.r.2@.89m3)) < 1€ = Ellc(o.r).2(@.5ym(3)))»
which with (14) results in
CcT
2 2
lleu') — e llcqor2@.sme)) < mﬂgl =€l co.11.2(.5m(3)))-
Finally, we see that P is Lipshitz function. If we take 7" < % it will be a contraction.

From the Banach fixed-point theorem we get that (6) possesses a unique solution on [0, T].
Because 7 > 0 does not depend on initial values, we can extend the solution on [0, 7] for an
arbitrary 7.

We have to show the last part of the theorem. Let us assume (7) and let & and A be
a solution of the system

divé = —f,
: =2u(e(@) — &) + 2ui(skew(Vﬁ) —A)+ A t[e(a)] T, as)
—l.Aaxl(A) = p.axl(skew(Vid) —A),
g = tig, Algq = Aqg.
Now, let us take 0 <t < T and sufficiently small # € R. System (15) is analogous to sys-
tem (2), so we have inequality similar to (3)

u(t+h) —u(r) —a(r) . HA(f+h) —A(t) A
h H(QR3) h H2(Qu50(3))
C(Hf(H_h)_f(t)—f(I) n fp(f+h)—8p(f)_ép(t)
h QR h 12(2.Sym(3))
ua(t+h) —ug(t) —ig(t) +’ Ag(t+h)—Aq(t) — Ay () >
h HY (9Q.RY) h H3 (90,50(3))

Then, we pass to the limit with 4 — 0. It finishes the proof. U
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4.2. ESTIMATION OF ENERGY

The energy of system (1) is a very important tool in studying this problem. We define it
as follows

E(u,€,6y,A,y)(1)

1 1
:/mef£p|2+§ltr[£]2+uc|skew(Vu)7A|2+210\Vax1(A)|2+§gy2dx.
JQ

Theorem 7. There exists a constant C > 0 such that for all u € H}(Q,R3), y € [*(Q),
€, € L2(Q,Sym(3)), A € H}(Q, s0(3)) the inequality

E(u,e.5.A.3) 2 C(llulls o + 141121 0) (16)

holds.  Moreover, if u € {v e H(Q,R?) : v|yo = ug}, where ug € H%(BQ,R3), and
Ac{BecH' (Q503)):Blyg =Ay}, where Ay € H%(Q,so(b‘)), then there exists C; > 0
such that the inequality

E(u,.65,A,3) +C1 > Clul 20+ 411 )
is satisfied.

Proof. Let u € H}(Q,R?), A € HJ(Q, 50(3)), &, € L*(Q,Sym(3)), y € L*(Q), then we
have

(.60 A y)(1) > /Q%)Ltr[s]z T 11| skew(Vae) — A2 + 21|V ax(A) Pedx
- /Q %A(divu)2+ﬂc|r0tu|2 2yt skew(Vie) - A + e AP+ 1| VA]Pdx
> /Q%;t(divu)z—k%,uc|rotu|2—u£.|A|2+lC\VA|2dx.
Now, we use the Poincaré inequality and Lemma 3
E(u,€,€,,A,y)(t) > min (%l, %;Lc) ||VM||iz(Q> *IJCCQHVAHiz(Q) +ZCHVA||i2(Q)'

It results in

,ucCQ

1
(+ZZC

E (€., 4,3)(1) = min (34, 3pte. ) (Va2 + VA2 )

This finishes the proof of inequality (16).

Letv e H'(Q,R*) and B € H'(Q,50(3)) be such that v|q = uy} and B|yq = Ay. Then,
from the proven part of the theorem we have

Eu—v.8,6pA—B.y)(1) > Clllu—v]n 0+ 14— B2 q):

This immediately completes the proof. O
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We estimate the energy of solutions of (6) in the next few theorems.

Theorem 8. Let us assume that (u”,e}},A",y’”’) is a solution of (6) for n > 0 and let us
assume that conditions (7) are satisfied. Then, there exists a constant C such that for all
n > 0 the inequality

S(un,en,s;],An,yn)(t) <Cforall0<t<T
is satisfied.

Proof. Let us calculate the derivative of £

E(n, e gl ATyM)(1)

) p?
= /9211(8” —el) (& — &N) + A (e er[&"] + 2p1, (skew(Val) — AT (skew (Vi) — A™)
+41.Vaxl(A") - Vaxl(A™) + gyn dx

- / (2p1(" —€1) + A tr[e") T+ 2 (skew(Vu) — AM)) - Viilldx
Q
- / 4. (ax1(skew(Vu'l) — AM)) - axl(A")dx — / 41 Aax1(AM) - ax1(AM)dx
Q Q
—/ 8;,7~T,gdx+/ Zyn -yndx+4lc/ (Vax1(A") -n) -ax1(AM)dS
Q Qo 2Q
=h—h-L—1L+Is+1I,
where we have integrated by parts. By equation (6b) we know that

I :/ o' -Vundxz/ (o ~n)~zl”dS—/divo"7 -u'dx
o 0

(6a)

:/ (G”-n)-d"dS—}—/f-ﬂ”dx.
0Q Q

From (6¢) we know that —I, — I3 = 0. Next, integrals —I4 +I5 < 0 because (F1,g") is
a monotone vector field. Finally, all these inequalities yield

S(u”,en,&‘g,A",yn)(t)g/ (6" -n)-udS
Q.

+41L./max1(A")-(Vaxl(A")-n)dSJr/Qf-u"dx.

We integrate the above inequality over [0,7]
EuM, e el AN y")(1)
!
< E(uM €N, N, AN y1)(0) +/ /8 (6" -n)-adSdr
0 Joa

t t
—0—415/ / axl(A”)~(Vax1(A'7)~n)deT+/ /f-undxdr
0 JoQ 0 JQ
=E(0)+Jy + o+ J3. (17)
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By Theorem 2 we obtain

t
< [ ellolua@ + 14V ) lial o 47
0 2(9Q)

< [ clli@lial g o ae+ [ C/ewnenelan sl o dr

<C(t +C/ VEdT < C(1) /Edr (18)

where in the last inequality we use the Young inequality. The function C(¢) is positive and
independent of 7).

Theorem 2 and equation (6¢) give us
t .
< C4lc/0 (IVax1(AT) [ 2(q) + 1A axI(AT) [ 12(q) ) l|Adll , 1 d7

1 .
:C/ (41:[|Vax1(A") || 12(q) + 4l e axI(skew (Vu'l) = AT) || ;2o )||Ad||H%dT

<C/ \/5 u, en eg7A”7y”)\|Ad|| ! dr<C —I—/ &dr. (19)
Integrating partially by time and using Theorem 7 we obtain
1 t
:/ /f-u” dxdT:f/f(O)u”(O)der/f(t)u”(t)+/ /fu” dxdt
0./ Q Q 0./
1 t
< Cl)+ €0+ / £()dx. (20)
0

Note that #"(0) and A"(0) are solutions of system of equations (2) and do not depend on 7.
Thus, C(t) in the last inequality and £(0) do not depend on 7.

Putting inequalities (18), (19) and (20) into (17,) we obtain

() < E(t)+C/Or€dr+C(t).

N —

This immediately gives
t
£(1) < C(1) +c/ gdr.
0
Finally, the Gronwall inequality completes the proof. U

Directly from Theorem 8 we get that y" is bounded in L°°(( ,T),L*(Q)). Addition-
ally, Theorem 7 yields that u™ is bounded in L=((0,T),H'(€,R?)) and A" is bounded in
L=((0,T),H'(2,50(3))). The tensor &, is bounded in L*((0,T),L?(Q,Sym(3))) because
of the inequality

]2 <2(le"*+[e"— €]l |*) < CEuN, €N gl AT y).
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Thus, we can find the subsequence (still denoted by 1) such that we have

W Su inL7((0,T),H' (Q,R?)),
AT 5 A inL7((0,T),H' (Q,50(3))),
g =g inL7((0,7),L%(Q,Sym(3))),
Y=y inL7((0,7),L(Q)).

Hence, the limit functions satisfy

divo =—f,
o =2u(e—¢€p) +2u(skew(Vu) —A) + A tr[e] - I,
—l.Aaxl(A) = y.axl(skew(Vu) —A),
ulgo = g, Algg = Aq-

In order to complete the proof of the existence of solution of system (1), we must show that
equation (1d) holds.

Theorem 9. Let us assume that
FeC 0, 7], X, BY),  ugeC([0, T], H2(Q, RY)),
Ag€C([0, T], H3(Q, RY),
and that 82 € L2(Q,Sym(3)) and y° € L*(Q) are such that
F (2u(g(0) —€), —Ly°) € L*(Q,Sym(3)),
g (2u(e(u(0)) —gp), — L") € L*(Q).

Then there exists a constant C > 0 such that for all n > 0 the following inequality

2n

E(un €N, el AN Y1) (1) < Cforall 0<t < T
is satisfied.

Proof. We denote u"(t +h), €"(t+h), &) (t +h), A"(t +h), y1(t+h) by u)(t), &1(t),

8;’ G An( 1), )’2 (¢) respectively for a sufficiently small 4 > 0. We calculate the derivative

of the energy
E(MZ *MT’,S;? *gn,eg,h 781177’AZ *And’g 7yn)(t)
[ 2]~ e e~ ) (] 7 — (€], &)
+ 20, (skew (V) — Vull) — (A] — AT)) - (skew (V)] — Vi) — (A] — AT))
+ 4l Vaxl(A] —A")-Vaxl(A]] —A") + 7/(y 1) =)

+ Atr[g)] — €M wlg,! — eMdx.
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We group terms
E() —ul g — Sn,egﬁh —g Al — ATyl —y1)(1)
_ / (6] — &™) - (Vi — Vi )dx
o
' . . Y . .
— (@, =) €= e = Lol -y =5
+ / 41,V axl(A]l —A") - Vaxl(A)] —A")dx
Q
—/ 4p. axl(skew(Va] — Vu) — (A]] —A™)) - axl(A]] — A")dx,
Q
where G;] (t) =oc"(t+h) and Tgh = Z,u(eh egh)

In the similar way as in the proof of Theorem 8 we obtain

E(w)! —u" 8}?—8",8;,7},—8”1417 — ATyl —y")(t)

/(fhf uhfun)der/ (6] — &) ) - (it — iig)dS

+4zC/a ((VaxI(Al —AM)) - n) -axl(Aq,, — Ag)dS,
Q

fu(t) = f(t+h), ugp(r) = u(t+h) and Ay ;(r) = Ay(r +h). Integrating the above inequal-
ity over [0,¢] we obtain

E(u] —ul gl —eM el —ell Al — AT yT—y)(1)

’ ])h
0)+/0 /Q(fh—f).(ug—u")dxdwr/o /(;Q((GI:]_Gn)'n)'(ud,h_ﬂd)dsalf
+/O 416/39((VaX1(A;17 _An))'n)'aXI(Ad,]z_Ad)deT. (22)

The first integral on the right-hand side of the above inequality is calculated as follows

// (fu—f) - (] —a")dxdt
:/0 /Q(fh—f)-ﬂgdxd*c—/ot/g(fh_f).undxdr
=/h”h/g(f_f*h)'ﬂ"dx‘”_/ot/g(fh—f)-u”dxdr

t t+h
Z/ /(2f_fh_f—h)'undx‘”+ (f = f-n) -uldxdt
0 Ja z

—/Oh/g(f—f,h)-u"dxdr.

In the analogous way we proceed with the other integrals in inequality (22). Then, we divide
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both sides of the obtained inequality by 4? and pass to the limit as 4 — 0T. Hence, we get
1
@ e el ANy (1) < EM, &N, 1A, 37)(0) +/ / f~u’7dxdr+/ F-udx
0Jo Q
1
_ / 7(0)-d(0)dx+ / / (6" -n) - 4dS
Q 0 JoQ
+/ (6" -n)- u‘ddS—/ (67(0)-n) - iig(0)dS
90 PIo)
1
Y4l / (VaxI(A") -n) - axI(44)dSdT
JO

Y4l /a  (Vaxl(A")-n) -axl(A,)ds

_4, / (VaxI(A(0)) - n) - axI(A,4(0))dS. 23)
JoQ
The functions %" (0) and A" (0) are the solution of the system
dive™ = —£(0),
6" =2p (e(ag) —F"(2u(e(0 ) &) —L0))
+ 241 (skew(Vii"(0)) —A"(0)) + A trle (i (0))]1,
—l.Aaxl (A"( )) = Meaxl(skew(Vi1(0)) — AT(0)),

i1(0)|aq = 1ia(0), AT(0)|p0 = Aq(0).
The sequence £, (0) = F"(2u(€(0) — )7 — 149 is bounded in L*(€,Sym(3)) and the se-
quence y1(0) = g"(2u(e(0) — 80) —ayo) is bounded in L?(Q) because of assumptions (21)
and a property of the Yosida approximation. Therefore, the sequences #"(0) and A"(0) are
bounded in their respective spaces and also &, (0) and y(0) are bounded. Thus, the sequence

E(n e gl A,y7)(0)
is bounded independently of 7.

We bound the terms on the right-hand side of inequality (23) in the analogous manner as
in the proof of Theorem 8. Hence, we arrive at the following inequality

E@n e g) AT y7)(r) < 5(u" g ATy (1)

+/0 E(N, &N N AN 7)(2)dT + C(r).
The proof is finished due to Gronwall’s inequality. L
The sequences & = F'(2u(e" —¢g7),—Ly") and 3" = g"(2u(e" — &), —Ly") are

bounded in the spaces L=((0,7),L*(2,Sym(3))) and L=((0,T),L{Q)) respectively. Thus,
we have a subsequence such that a *-weak convergence

gl =F(T, —Ly") S g, inL™((0,T),L*(Q,Sym(3))),

(24)
yT=gMT, 5" Sy inL=((0, ), LA(Q))
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holds. In order to complete the proof, we must show that equalities &, = F(7E, —%y) and
v =2g(Tg, —%y) are satisfied. We need a stronger convergence here.

Theorem 10. Under the hypotheses of Theorem 9 the convergence
E —u¥,e" —e¥ e) —e) , AT —AY yT—yY)(t) = 0 (25)
for v,n — 07 holds uniformly on [0,T].
Proof. Calculating the derivative of the energy from (25) we obtain
E’ —ule" —eM gy —el AY — A y¥ —y1)(1)
— /Qzu(ev — e g el) (87— M — &Y+ &7) + Atrle’ — &M urle¥ — &)

+2u, (skew(Vu¥ — Vu'l) — AY + AN - (skew(Vu¥ — Vi) — AV + A™)
+4I.(VaxlAY — VaxlA™) - (VaxlAY — VaxlA")dx.

Because both approximation steps have the same boundary values we conclude
Ew’ —u, g¥ —¢, gy —g), AV —AT, y¥ —yT)(7)
= [ T T (€~ gD + E6Y -y (7~
Let (J?, j%) be the resolvent of (F,g) for 6 > 0. Then, from the definition we have
0F%+J% =Tand 0g°% + j% = I.
The following equalites
FOx) = F(J%(x),/° (x)), g°(x) = g(U%(x), j (x)) for all x € Sym(3) x R
are also satisfied. Thus, thanks to (6d) we obtain
[~ (@ =T — )+ 67 ") (Y~
= [ (@@= E) -~ = 1y)
(P~ ) - UM B T ) )
- (a5 - 5m)
) (g(JV(TE"’7 _%yv)v‘]v(TEv7 _%y\/)> _g(‘]n(Tﬁna _gyn)mln (TEn?_gyn)))dx
+ [ ~(vey —med)- (&) — &) — (w¥ —ny")- (¥~
< [vm)- &g 575" <

< (vHMUE 2@ 1€ @) + 17 2@ 13 12@)-
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Norms on the right-hand side of the above inequality are bounded in virtue of Theorem 9.
Thus, we conclude

E —ul, e —€M gy —gl, AV — AT y¥ —yM)(1) <C(v+1).

We integrate this inequality by time and get £(¢) < C(T)(v+1). O
4.3. PROOF OF WELL-POSEDNESS

Finally, we prove the main theorem of the article.

Proof of Theorem 1. In virtue of Theorem 10 we obtain
T = Tp  inL7((0,7),L3(Q,Sym(3))), 06
Y=y inL7((0,7),L%(Q)).

Because (J, M) is a Lipschitz function with a constant 1, so we arrive at the following
inequality

[T =), S UTE = 2M) = (Te, — &)
< INT =M N T —y™) = (T (T = 29), 5" (T, = )|
(T, =), M (Te, = 5y)) = (Te, = 5y)|
< (TP =35 = (T, = L) |+ 0" (T, = L) (T, ~ ) = (T, ~ )l
Thus, we conclude that
T =8y T = 5™M) = (T, —2y)-
This and (24) and (26) yield that the equations
& =F(TE,—%y),
y=28(Te,~Ly)

are satisfied. Therefore, we have the existence of solutions of (1). We must still show their
uniqueness.

Let (ul,sli,Al,yl) and (u2,857A2,y2) be solutions of (1). We evaluate the energy on the

difference of these solutions
g(ul - l/£2781 782a£p1 - ggaAl 7A27y1 7_)72)(1‘)
:/QZ/.L(SI78278’1)+8]%)'(£1fé2f£’;+é‘i)+ltr[81782]-tr[é‘lféz]
+ 21 (skew(V(u' — u?)) — AV + A?) - (skew(V(i! — i) —A' +A?)
+41.V(axl(A' —A%)) - V(axl(A' =A%)+ L(y! —y?) - (3" —3?)dx

= [T =T @)+ (' 1) 0 )
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The last integral in the above inequality is non positive because of monotinicity of (F,g).
Hence, we obtain

Eu' —u?,e' — 82,8‘; — 8[%7A1 —AZ Y () <

0.
Thus, £ is non-increasing. Because £(0) = 0, we have £(z) = 0 for 0 <7 < T. This finishes
the proof. L
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Abstract: The article concerns compressed sensing methods in the quaternion algebra. We prove that
it is possible to uniquely reconstruct — by ¢;-norm minimization — a sparse quaternion signal from a lim-
ited number of its linear measurements, provided the quaternion measurement matrix satisfies the so-called
restricted isometry property with a sufficiently small constant. We provide error estimates for the recon-
struction of a non-sparse quaternion signal in the noisy and noiseless cases. We also prove that quaternion
Gaussian random matrices satisfy the restricted isometry property with overwhelming probability.
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1. INTRODUCTION

E. Candes et al. showed that —in the real or complex setting — if a measurement matrix sat-
isfies the so-called restricted isometry property (RIP) with a sufficiently small constant, then
every sparse signal can be uniquely reconstructed from a limited number of its linear mea-
surements as a solution of a convex program of £;-norm minimization (see e.g. [6, 7, 8, 13]
for more references). The sparsity of the signal is a natural assumption — most of the well
known signals have a sparse representation in the appropriate basis (e.g. the wavelet rep-
resentation of an image). Moreover, if the original signal was not sparse, the same mini-
mization procedure provides a good sparse approximation of the signal and the procedure is
stable in the sense that the error is bounded above by the ¢;-norm of the difference between
the original signal and its best sparse approximation.

For a certain time, the attention of the researchers in the theory of compressed sensing
had mostly been focused on the real and complex signals. Over the last decade, results of
numerical experiments have been published, suggesting that the compressed sensing meth-
ods can be successfully applied also in the quaternion algebra [2, 17, 20, 30]. However, until



40 Lukasz Blaszczyk, Agnieszka Zimnicka

recently there were no theoretical results that could explain the success of these experiments.
The aim of our research is to develop theoretical background of the compressed sensing
theory in the quaternion algebra.

Our first step towards this goal is proving that one can uniquely reconstruct a sparse
quaternion signal — by ¢;-norm minimization — provided the real measurement matrix satis-
fies the RIP (for quaternion vectors) with a sufficiently small constant ([1, Corrolary 5.1]).
This result can be directly applied, since any real matrix satisfying the RIP for real vectors
satisfies the RIP for quaternion vectors with the same constant ([1, Lemma 3.2]). We also
want to point out a very interesting recent result by N. Gomes, S. Hartmann and U. Kihler
concerning the quaternion Fourier matrices arising in colour representation of images. They
showed that with high probability such matrices allow a sparse reconstruction by means of
the ¢1-norm minimization [15, Theorem 3.2]. Their proof, however, is straightforward and
does not use the notion of RIP.

The generalization of compressed sensing to the quaternion algebra would be significant
due to their wide applications. Apart from the classical applications (in quantum mechanics
and for the description of 3D solid body rotations), quaternions have also been used in 3D
and 4D signal processing [24], in particular to represent colour images (e.g. in the RGB or
CMYK models). Due to the extension of classical tools (like the Fourier transform [11])
to the quaternion algebra, it is possible to investigate colour images without the need of
treating each component separately [10, 11]. That is why quaternions have found numerous
applications in image filtering, image enhancement, pattern recognition, edge detection and
watermarking [12, 14, 19, 21, 23, 26, 29]. A dual-tree quaternion wavelet transform in a mul-
tiscale analysis of geometric image features has also been proposed [9]. For this purpose,
an alternative representation of quaternions is used — through its magnitude (norm) and three
phase angles: two of them encode phase shifts, while the third one contains image texture
information [4]. In view of numerous articles presenting results of numerical experiments of
quaternion signal processing and their possible applications, there is a natural need of further
thorough theoretical investigations in this field.

In the first part of this article, we extend the fundamental result of the compressed sensing
theory to the quaternion case. Namely, we show that if a quaternion measurement matrix
satisfies the RIP with a sufficiently small constant, then it is possible to reconstruct sparse
quaternion signals from a small number of their measurements via ¢{-norm minimization
(Corollary 6). We also estimate the error of reconstruction of a non-sparse signal from exact
and noisy data (Theorem 5). Note that these results not only generalize the previous ones
[1, Theorem 4.1, Corrolary 5.1], but also improve them by decreasing the error estimation’s
constants. This enhancement was possible due to the fact that algebraic properties of quater-
nion Hermitian matrices (Lemma 1) were used to derive characterization of the restricted
isometry constants (Lemma 3) analogous to the real and complex case. Consequently, one
can carefully follow the steps of the classical Candes’ proof [6] with caution to the non-
commutativity of quaternion multiplication.

Furthermore, it is known that real Gaussian and Bernoulli random matrices and partial
Discrete Fourier Transform matrices, to name just a few, satisfy the RIP (with overwhelming
probability) [13]. However, until recently there were no known examples of quaternion
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matrices satisfying this condition. It has been believed that quaternion Gaussian random
matrices satisfy RIP and, therefore, they have been widely used in numerical experiments
[2, 17, 30], but there was a lack of theoretical justification of this conviction. In the second
part of this article, we prove that this hypothesis is true, i.e. quaternion Gaussian random
matrices satisfy the RIP, and we provide estimates on matrix sizes that guarantee the RIP with
overwhelming probability (Theorem 11). The existence of quaternion matrices satisfying
the RIP, together with the main results of this article (Theorem 5, Corollary 6), constitute
the theoretical foundation of the classical compressed sensing methods in the quaternion
algebra already used in color image processing [2, 16, 20].

The article is organized as follows: in section 2 we recall basic notation and facts con-
cerning the quaternion algebra with particular emphasis on the properties of Hermitian form
and Hermitian matrices. The third section is devoted to the RIP and characterization of
the restricted isometry constants in terms of Hermitian matrix norm. In the fourth and fifth
sections, we present proofs of the fundamental results of the compressed sensing theory in
the quaternion case. The sixth section is dedicated to quaternion random variables and ma-
trices. We define the quaternion Gaussian random variable with mean zero and variance o2,
denoted by X ~ Ny (O, 0'2) , in particular we always assume independence of its components
—note that this aspect was not clear in [30]. We also provide distribution of the Rayleigh quo-
tient R for quaternion Gaussian random matrices and verify that it is sub-exponential with
appropriate parameters. In the seventh section, we prove the RIP for quaternion Gaussian
random matrices. Finally, in the eighth section we present results of numerical experiments
illustrating our results — we may see, in particular, that the rate of perfect reconstructions in
the quaternion case is higher than in the real case experiments with the same parameters. We
conclude with a short résumé of the obtained results and our further research perspectives.

2. ALGEBRA OF QUATERNIONS

Denote by H the algebra of quaternions
qg=a+bi+cj+dk, where a,b,c,d€R,
endowed with the standard norm
gl = \/qg = V@ + b2+ +d?,

where g = a — bi — cj — dK is the conjugate of ¢. Recall that multiplication is associative but
in general not commutative in the quaternion algebra and is defined by the following rules

=i =k =ijk=—1

and

ij=—ji=k, jk=-kj=i, ki=—ik=j.
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Multiplication is distributive over addition and has a neutral element 1 € H hence, H forms
a ring which is usually called a noncommutative field. We also have

gw=w-gq forany ¢q,weH.

In what follows, we will interpret signals as vectors with quaternion coordinates, i.e.,
elements of H". Algebraically, H" is a module over the ring H, usually called the quaternion
vector space (although it is not really a vector space since H is not a field). We will also
consider matrices with quaternion entries and with usual multiplication rules.

For any matrix ® € H™*" with quaternion entries by ®* we denote the adjoint matrix,

. —T . . . .
ie., ®* =& , where T is the transpose. The same notation applies to quaternion vectors
x € H" which can be interpreted as one-column matrices x € H"*!. Obviously, (®*)* = &.

A matrix ® € H™*" defines an H-linear transformation & : H" — H" (in terms of the right
quaternion vector space, i.e., considering the right scalar multiplication) which behaves as
the standard matrix-vector multiplication:

P(x+y)=Px+Py and P(xq)=(Px)g forany x,yeH", g€ H.
We also have
() =g@", (q@) =877, (Bx) =x'd", (D) =We’

forall® e H™" g e H,x € H", ¥ € H"*?.

For any n € N, we introduce the following Hermitian form (-,-) : H" x H" — H with
quaternion values:

n
(x,y) =y*x= Z)T,-xi, where x= (x1,...,%)7, y= (v1,...,y)] €H"

i=1

where T is the transpose. We also denote
n
X[, = v/ (x,x) = Z |xi\2 for any x = (x1,...,x,) € H".
i=1

It is a straightforward calculation to verify that (-,-) satisfies all properties of an inner
product, i.e., for all x,y,z € H" and ¢ € HI:

o (x,y) = (y,x);

e (xq.y) = (xX,¥)q;

o (x+y,z) = (x,2) +(y,z);

o (xx)=|x[3>0and x[;=0 <= x=0.

Hence, |||, satisfies the axioms of a norm in H".
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By carefully following the steps of the classical proof we also get the Cauchy-Schwarz
inequality (cf. [1, Lemma 2.2]):

[y | < [x[l2- lIyll2

for any x,y € H".

Notice that for ® € H™*", the matrix ®* defines the adjoint H-linear transformation be-
cause
(x,®"y) = (®*y)" x =y*®x = (Ox,y) for xeH"ycH"

Recall that a linear transformation (matrix) ¥ € H"*" is called Hermitian if ¥* = ¥. Obvi-
ously, ®*® is Hermitian for any ® € H"™*".

In the next section, we will use the following property of Hermitian matrices:

Lemma 1. Suppose ¥ € H"*" is Hermitian. Then

| (¥x, )|
HIPHZHZ = max |<‘PX,X>| = max 72
xeH", ||x||,=1 xeH™\{0} Hx||2

where ||-||5_,, is the standard operator norm in the right quaternion vector space H" endowed
with the norm ||-||,, i.e.

max Xl .
xeH\{0} (X[l xem[jx|,=1

[¥ll22 = (RSPY

Proof. Recall that a Hermitian matrix has real (right) eigenvalues [22]. Moreover, there
exists an orthonormal (in terms of the H-linear form (-, -)) basis of H" consisting of eigen-
vectors x; corresponding to eigenvalues A; € R, i = 1,...,n (cf. [22, Theorem 5.3.6. (¢)]),
ie.,

Px; = x;A; and <x,~,xj>:x;‘-x,~:5,~7j for i,j=1,...,n.

Denote Apax = max |Ai]. We claim that ||¥||,_,, = Amax. Indeed, since the basis is orthonor-
<i<n

= =

n n
mal, for any vector x = ¥ x;0; € H" such that |[x]|3 = ¥ |a|* = 1, we have
i—1 1

2
n n
=Y 1406* < Amax Y |0t

2 i=1 i=1

n

Z lPX,’OC;

i=1

2
2
[*¥xl2 = =

n
Y xidic
i=1

2
=1

and for k such that |A;| = Amax,

¥kl = %Al = Amax 1%l = Amax-

On the other hand, since A; are real,
n
ﬁ,x,* Z X j)L O
1 j=1

n * n
(Px,x) =x"Px = (inai) ( ‘ijocj) = (
i=1 j=1 i

=
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L J— l,'E]R <
=Y ore "= Y Aoyl
i=1 i=1
Hence,
n
|<\PX7X>| < ;Lmaxz |ai|2 = Afmax
i=1

and — again — for the appropriate eigenvector the above quantities are equal. The result
follows. &

In what follows, we will consider ||-[|, norms for quaternion vectors x € H" defined in
the standard way:

" 1/p
X[l = (ZIXiI”) , for pefl,eo)
i=1

and
x||., = max |x;
I = max [,
where X = (x1,...,x,)". We will also apply the usual notation for the cardinality of the sup-
port of x, i.e.

|Ix||o = #supp(x), where supp(x)={ie{l,...,n}:x #0}.

3. RESTRICTED ISOMETRY PROPERTY

Recall that a vector x € H" is called s-sparse if it has at most s nonzero coordinates, i.e.,
g <'s.

As we mentioned in the introduction, one of the conditions which guarantee exact recon-
struction of a sparse real signal from its few linear measurements is that the measurement
matrix satisfies the so-called restricted isometry property (RIP) with a sufficiently small con-
stant. The notion of restricted isometry constants was introduced by Candes and Tao in [8].
Here we generalize it to quaternion signals.

Definition 2. Let s € N and ® € H™". We say that ® satisfies the s-restricted isometry
property (for quaternion vectors) with a constant &; > 0 if

(1-8,) |x[I3 < [|®x]3 < (1+8) [IxI3 (1)

for all s-sparse quaternion vectors x € H". The smallest number 8 > 0 with this property is
called the s-restricted isometry constant.

Note that we can define s-restricted isometry constants for any matrix ® € H™*" and any
s € {1,...,n}. It has been proved that if a real matrix ® € R”*" satisfies the inequality (1)
for real s-sparse vectors x € R”, then it also satisfies it — with the same constant &; — for
s-sparse quaternion vectors x € H” [1, Lemma 3.2].
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The following lemma extends an analogous result, known for real and complex matri-
ces [13], to the quaternion case. For every matrix ® € H"*" and for every s-element set of
indices S C {1,...,n} with #S = s by @5 € H"** we denote the matrix consisting of columns
of ® with indices in S.

Lemma 3. The s-restricted isometry constant of a matrix ® € H™*" equals

max (I)*(I) ~1d )
SC{I,-..J’I}.#SSA‘” §ES ||2_>2

Proof. We proceed as in [13, Chapter 6]. Fix any s € {1,...,n} and S C {1,...,n} with
#S5 <'s. Notice that the condition (1) is equivalent to

[I®sx|3 ~ 1x]3| < & x| forall xR,
where & is the s-restricted isometry constant of ®. The left hand side equals
2 2
53— [XI5| = (@5, D3x) — (x,%)] = | ((@5s — Td)x,x)|
and, by Lemma 1, since the matrix ®5®g — Id is Hermitian, we get

|((@sPs —1d) x,x)|
x€H%\ {0} \|X||§

= || Ps®s —1d]|,_, .
U

The next result is an important tool in the proof of Theorem 5. From Lemma 3 and
the Cauchy-Schwarz inequality we can obtain the same estimate as in the real and complex
cases (cf. [6, Lemma 2.1] and [13, Proposition 6.3]) for quaternion vectors.

Lemma 4. Let § be the s-restricted isometry constant for a matrix ® € H™" for some
s € {1,...,n}. Forany pair of x,y € H" with disjoint supports and such that ||x||, < s; and
llyllg < s2, where s; +s52 <n,

(DX, Py)| < &+, [|X]] Iyl -
Proof. In this proof, we will use the following notation: for any x € H" and a set of indices
SC{l,...,n} with #S =5, let x|g = (x;y,...,x;,) for S = {i1,...,is}.

Take any vectors x,y € H" that satisfy the assumptions and denote
S = supp(x) Usupp(y). Obviously, #S = s1 + s5. Since x and y have disjoint supports, they
are orthogonal, which means that

(x,¥) = (x5,¥)5) = 0.
Using the Cauchy-Schwarz inequality and Lemma 3, we get
[(®x, Py)| = [(DPsxis, Psy)s) — (X5, ¥|s) | = [((PsPs —1d) x5, ys)|
< || (@5 —Td) x| [lyis |, < 105 T3 [[xis]], [|yis ]
< Byt [[Xs1, 1wisl,

which finishes the proof, since ||X‘SH2 = ||x]|, and Hy|5H2 =yl O
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4. STABLE RECONSTRUCTION FROM NOISY DATA

As we mentioned in the introduction, our aim is to reconstruct a quaternion signal from
a limited number of its linear measurements with quaternion coefficients. We will also as-
sume the presence of white noise with bounded ¢, quaternion norm. The observables are,
therefore, given by

y=®x+e, where xeH' ®&ecH™" yecH"andec H" with |e|, <n

for some m <mandn > 0.

We will use the following notation: for any h € H" and a set of indices T C {1,...,n},
the vector hy € H" is supported on T with the following entries

| itieT, B T
(hy), = { 0 otherwise, where h = (hy,... h,)".
The complement of T C {1,...,n} will be denoted by T¢ = {1,...,n}\ T and the symbol x;
will be used for the best s-sparse approximation of the vector X, i.e. an s-sparse vector whose
s entries coincide with the coordinates of x with the biggest norms and other equal zero [13].

The following result is a generalization of [6, Theorem 1.3] and [1, Theorem 4.1] to
the full quaternion case. It also improves the error estimate’s constants from [1, Theo-
rem 4.1].

Theorem 5. Let a quaternion matrix ® € H™ " satisfy the 2s-restricted isometry property
with a constant 8y, < \/2— 1 and let n > 0. Then, for any x € H" and e € H" with |||, <7,
ify = ®x+e, the solution x* of the problem

argmin||z||, subjectto ||Pz—yl|, <N )
zZEHP
satisfies
C
# 0
I =x]l, < 2 Ix=xilly +Cim 3)

with constants

i 1+(ﬂ—1)82s o 4TS,
- '—7 1_—7
1= (V2+1) & 1= (V2+1) 8

where X denotes the best s-sparse approximation of X.

Proof. Denote
h=x"—x

and decompose h into a sum of vectors hy,hr, ,hr, ... in the following way: let T be the set
of s indices of x coordinates with largest quaternion norms (hence x; = X7;,); 71 be the set
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of indices of hze coordinates with largest norms, 7> be the set of s indices of hz, 7,)c co-
ordinates with largest norms, etc. Then, obviously all hy; are s-sparse and have disjoint
supports.

To prove (3), one can use the obvious inequality

Il < Mol + |

2
and show that the following two estimations hold
[, < Imzly +2¢ < iz I, + 2, )
ol < =g e +28-0) 0
where e = % |Ix — x,]|; and
VAR S
=&y 1= &,

as long as B < 1, which is true for 8, < /2 — 1. Taking Cy = % +2and C| = 12%‘;3 we get
the conclusion of the theorem.

We omit the proof of the estimate (4), since it is the same as its counterpart in the proof
of [1, Theorem 4.1]. The proof of the inequality (5) is again very similar to the analogous
part of the proof of [1, Theorem 4.1] — one should carefully follow its course using Lemma 4
from Section 3 instead of [1, Lemma 3.3], and thus obtaining

|(®hg;, @hyy)| < & |z, - ||bry||, for i=0,1 and j>2.

The remaining steps remain unchanged leading directly to (5), which concludes the proof.
OJ

5. STABLE RECONSTRUCTION FROM EXACT DATA

Let us now assume that our observables are exact, i.e.
y=®x, where xecH" &cH"™" yecH"
The below-mentioned result is a natural corollary of Theorem 5 for n = 0.

Corollary 6. Let ® € H"*" satisfy the 2s-restricted isometry property with a constant &5 <
V2 — 1. Then for any x € H" and y = ®x € H™, the solution X" of the problem

argmin||z||, subjectto Pz=y (6)
zcH"
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satisfies

HX#—X”l < Cpl|x —x4]]; 7
and

[ =, < % il ®

with constant Cy as in the Theorem 5. In particular, if X is s-sparse and there is no noise,
then the reconstruction by {1-norm minimization is exact.

We skip the proof since it is identical to that of [1, Corollary 5.1]. We encourage the reader
to follow the reasoning presented therein.

We conjecture that the requirement &>, < v/2 — 1 is not optimal — there are known re-
finements of this condition for real signals (see e.g. [13, Chapter 6] for references). On
the other hand, the authors of [5] constructed examples of s-sparse real signals which can
not be uniquely reconstructed via ¢1-norm minimization for d; > % This gives an obvious
upper bound for & also for the general quaternion case.

6. QUATERNION GAUSSIAN RANDOM MATRICES

For a real random variable X, we will denote its expectation (mean) by EX and its vari-
ance by VarX. For Gamma distribution I'(a, ) with shape parameter a > 0 and rate param-
eter § > 0, i.e., random variable X with the probability density function

ﬁa xaflefﬁx

fi oo
M@ or x € (0,4o0),

Yo.p (x) =
we have that
EX = kd and VarX = %.
B B
Recall that a sum of squares of k independent standard Gaussian random variables A/(0, 1)
has Chi-square distribution with k degrees of freedom and x*(k) =T (%,1).

Quaternion random variables have not been studied as thoroughly as their real or complex
counterparts so far. However, during the last two decades they attracted the attention of
researchers both in theoretical and applied sciences [3, 27]. Quaternion random variable X
is defined by four real random variables

X =Xo+X1i+Xoj+ X3k

and as such can be associated with the four-dimensional real random vector (X|,X,X3,Xy).
There are several definitions of a quaternion Gaussian random variable [27]. The most gen-
eral (so-called R-Gaussian) calls the quaternion variable X Gaussian if (X1,Xp,X3,Xy4) is
a Gaussian random vector in R*.
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Here we only consider quaternion R-Gaussian random variables with independent com-
ponents. More precisely, we assume that

2
c
X;i~N (O’T> ,i=1,...,4, and X; are independent.

Such quaternion variables X = Xy + X1+ X»j 4+ X3k will be called Gaussian with mean zero
and variance 62 and denoted by X ~ A (0,02).

In what follows, we consider quaternion random matrices with independent entries sam-
pled from quaternion Gaussian distribution, which has been defined above. Let us emphasize
once again that we always assume independence of components of quaternion Gaussian ran-
dom variables.

Lemma 7. Let ® = (¢,~ j) be an m X n quaternion Gaussian random matrix whose entries
are independent random variables with the distribution Ny (0, %) and let 0 # x € H". Then

the random variable )
|Px|1>

2
[1x[12

has Gamma distribution T'(2m,2m) and it does not depend on x. In particular, ER = 1 and

_ 1

Px

Proof. Since —1 =
f Tl

o) (ﬁ) without loss of generality we can assume that ||x||, = 1 and
2

hence, R = ||<I>x||% Let us decompose the matrix & into its components:
D = O, + Pji + Djj + Pk, where Pp, Dj, Dy, Py are real Gaussian random matrices,
and analogously every matrix entry can be written as

1

Oij = Orij+ Oiiji+ 050+ ok with ¢e,ijNN(07%> for ee{r,ijk}.

In the same way we denote components of the vector x = (xp,... ,x,,)T.

Let ®x =y = (y1,...,y), then

n
Y=Y, Oexe
=1

7

=

(O ke + Piked + 5 xed + O k) - (e + X368+ X5, 0§ + X1 (K)

Iy
I

I
M=

(e X 0 — i keXip — O ey — P keeXic )

T
I\

n
+ ) (Gikexe, e + Prexi o — Ou ke + Oj ke )i
=1
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n
+ Y (Bkexe.e + Pkexi o+ OekeXy,e — Oikexice)

=1
n
+ Y (D exe.c — Ojexio + Pikexye + Or kv ) K
=1
= Yrk +Yipd + Yjd + Ve ik

Recall that
1
¢g7ijNN(074rn) for ee{rijk}, ie{l,....m}, je{l,...,n}.

Hence, foreach e € {r,i,j,k} and every k € {1,...,m}, random variables y, ; are independent
Gaussian variables (as linear combinations of Gaussian random variables) with Ey, ; = 0 and
Vary, = ﬁ — since all ¢, 4, are independent and

n

Varyy =Y (7, Var @k + 37 Var ¢y ¢ + x5  Var @5 ¢ + i Var ¢y i)
=1

I3 _ 1

*4*2 ré+xlz+ Z+xk€) am  am

For the remaining components we proceed analogously.

Independence of the variables ¢, ;, implies also independence of y, x and y, , for every
fixed e € {r,i,j,k} and for all pairs k,¢ € {1,...,m}, k # £. In order to verify independence
of yrx and yjx, k € {1,...,m}, observe that

Cov(yr i Yik) = E ek -Yik) — Eyei-Eyik

¢

E(

=E

M=

(@ X 0 — BikeXip — O kexy e — %,kéxk,z)>

1

n
Z BifepXr,p + PricpXip — P kpXjp + ¢j,kpxk,p)> }

A/—\u

Il
™=

e k(e — O keXie — 95keXj,0 — O ke Xk 0)

o~
Il

1
(Bikexe,e + Pr keXip — PukeXj o + O e r))

M:

(e, % 0 O g — Xi % B 00 — 5.0k 0B O+ 01,05, E B 1)

~
I

n
Z Xp, (X ¢ — Xi,(Xr,0 — Xj (XK 0 + Xk 0Xj,0) = 0,

§\~

since E¢?,, = Var ¢, 4 = z--. In the same way one argues that covariance of the remaining
pairs is also zero. Recall that real Gaussian random vectors have independent components if
and only if their covariance equals zero.
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Therefore, we get that all y,z, e € {r,i,j, k} and k € {1,...,m}, are independent (real)
random variables with distribution A/ (0, ﬁ) and, hence, v4my,r ~ N(0,1). This implies
that

4mR = é_il ((\/@yr,e) ’ + (Mym) ’ + (myj,z> ’ + (\/@yk,z‘) 2)

is a sum of 4m squares of independent standard Gaussian random variables and, conse-
quently, 4mR has Chi-square distribution y?(4m) = I'(2m, %) We conclude that R has dis-
tribution I'(2m, 2m), independently of x. This random variable has mean % = 1 and variance

2m 1
2m? — 2m- 1

As we previously remarked, in the real case R has distribution I’ (%, %) , that is with four
times bigger variance [18]. It explains the aforementioned better results of quaternion sparse
vectors reconstruction compared with the real case (see Fig. 1 and Fig. 2(a) in Section 8),
since a quaternion Gaussian random matrix statistically has smaller restricted isometry con-

stant than its real counterpart.

Let us now proceed with the tools needed for the proof of the main result of Section 7.
Recall that a real random variable X is called sub-exponential (locally sub-Gaussian) [28] if
there exist > > 0 and § > 0 such that

o’t?
E(ez(X—JEX)) <exp (2> for |t| < 0.

We will denote it X ~ SubExp(c?,8). Equivalently, one may write that
o*?
M(t)=E (etX) <exp (tIEX+T> for || <4,
where M(t) is the moment generating function.

It is known that a random variable with Gamma distribution is sub-exponential with any
62 > VarX for some § >0 [28]. Below, we recall a simple proof of this fact, with o2 and 8§
chosen for our purposes, in which we shall use the following form of the moment generating
function of the Gamma distribution I'(a, 3):

o

Lemma 8. Let X have distribution T'(et, ). Then X ~ SubExp (% VarX, %)

M(t)= fort < .

Proof. Indeed, take |¢]| < g, which means that %‘ < % Then

l*t

H(X—%) 1 i t (é)z ’ e
E(e ﬁ)zi-e B=|14+—+ .e "B
Bol-3
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where we used well known estimate 1 +x <e* for x € R. Hence, X is indeed sub-exponential
5
2

SubExp(c2,8) with parameters 6> = % = %VarX and 0 = % O

We will use the following known fact [28]: if X ~ SubExp(c?2,§), then

2
! 2
P(|X —EX|>1) <2exp (_W> for 0<r<o76.
Corollary 9. The random variable R ~ T'(2m,2m) from Lemma 7 is sub-exponential with
parameters 62 = % : ﬁ = & and 6 = %’” Hence,
12 1
and therefore
2 2 2 r?
Yocin Vozey B ([l0xB - I 2 00x0E) <200 (-5 ). O

7. QUATERNION GAUSSIAN MATRICES SATISFY THE RIP

As it was stated in Section 3, we say that a deterministic matrix ® € H™*" satisfies
the s-restricted isometry property (for quaternion vectors) with a constant d; > 0 if the in-
equalities (1) hold for all s-sparse vectors x € H"”. The smallest number § > 0 with this
property is called the s-restricted isometry constant. Without loss of generality, one can only
consider quaternion s-sparse unit vectors, i.e. |x||, = 1. Moreover, in Lemma 3 we proved
that

Oy = max DDy —1Id (10)
y Sc{l,...,n},#sgsH § -2,
where & is the s-restricted isometry constant of ® € H™*" and @y is the submatrix of ®
consisting of columns with indices from S C {1,...,n}.

In this chapter we consider random matrix ® and s-restricted isometry constants of its
realizations. Since it does not lead to confusion, in what follows we will use the same
symbol & for the random variable (defined on the same probability space as @) giving
the s-restricted isometry contstant of each realization of ®.
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We begin with the following result in which we fix the support set.

Lemma 10. Let ® € H™" be an m x n quaternion Gaussian matrix whose entries ¢;; are

independent quaternion random variables with distribution Ny (0, %) Moreover, let the set

S c{l,...,n} be such that #S = s < n. For any 6 € (0,%) and € € (0,1), if

m> 13—03’2 <14s+ln <§>) ,
then, with probability at least 1 — €,
|®5Ps —1d||,_,, < 6.
Proof. Fix asetS C {1,...,n} with #S = s and denote
As={xcH": suppxCS A |x],=1}.

This set can be associated with the unit sphere S*~! in R*.

Take a number 0 < y < % (the exact value of y will be specified later). By [13, Proposi-
tion C.3], there exists a y-covering Ay of Ag such that

2 4s
#4y < <1+) :
Y

For any 0 < 5 < %, using (9) from Corollary 9, we get

P (Fyea, |0yl = Iv15] = S1v13) =P [ U {|1ovI3 - livI3| = 815}
yEAy
< Y P(|1ovI3 - Iyi3| = 1ivi3)

yEAy

82
<#Ay-2exp “552

4s 32
2 1)
with 62 = ;2. This implies that

2 2| 5 pl2 2\ 8’
P(es, oyl 1ol <8IvE) = 1-2(143) "exo -5z )

Since Ay C Ag, we obviously have

2 2 S 2 2 2 IS 2
Vyea, [IOVIE-I¥IE| <8IV & Vyea, [l®sysli— s3] <Slvsl3 (D
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and
1Dsysl3 — lysll3| = |(@5Ps —Td)ys, ys)| -

For a matrix ® satisfying the left (or equivalently the right) side of (11), denote ¥ = ®Pg —
Id. Since all vectors in Ay are unit vectors supported on S, we have

Vyea, |[(Pys.ys)| <8llysll3 = 8llyll5=3é.

By the definition of a y-covering, for every x € Ag there is some y € A, such that
Ix—yll, <v< % Since both x and y are unit vectors supported on S, using properties
of the Hermitian norm and quaternion Cauchy-Schwarz inequality we get

[(¥xs,x5)| = [(Pys,ys) + (PXs, X5 — ¥s) + (F(x5 —¥s),¥s)|
< [(Pys,ys) |+ (1Pl Xl (X =yl + [l X =yl ¥l

<8427l

In view of Lemma 1, since W is Hermitian, taking supremum over all x € 4g, we obtain

- 6
[Wlo <6427, = [P]hn < =2y

: _ 6 L1
Denoting 6 = 5 <3 =3y We get

* 2 2 I 2
P (@55 1], ,, < 8) =P (Vyea, [I¥I5—[1vI3] < Slivl3)
2 4s Sz

4s
=1-2 (1 + ?2/) exp <—§52(1 —Zy)zm) .

5 62 2 2

P(||®ids—1d||, ,, < 8) > 1—&. (12)

It implies that if

then

Taking ¥ = —2— ~6.23- 102, for which W <%andIn (1 + %) = 1, we finally obtain
2

.. 1 1
that for any positive § < PRV R if

m> E8_2 <l4s+ln (2>) ,
3 €

then (12) holds, which concludes the proof. O
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We are ready to prove the main result of this section.

Theorem 11. Let ® be an m X n quaternion Gaussian matrix whose entries ¢;; are inde-

pendent quaternion random variables with distribution Ny (0, ) Forany 6 € ( , f) and

€ (0,1), if
10, 2 n
m2?5 (155+ln(8>+sln(s))7

then with probability at least 1 — € the s-restricted isometry constant 8 of @ satisfies & < 8.

Proof. Using (10), the proof of Lemma 10 and well known estimates of the Newton’s symbol
we get

P(8,>8)=P (ﬁ@:ll@ésldllzﬁz = 5)
=P (35 #5=5 || P5Ps—1d||,_,, > 3)
—P( U {‘I’§<I’S—Id|za225}>

S: #S=s

< Y P(|osPs—1Id|,,, > 6)
§: #5=s

(> ( > exp(—52(1_27’) )
() ( ) exp<—§52(1—27)2m)'

m>;(15__22}/)2(s1n( ") +4s- ln<1+72/)+ln<i)>,

then P(0; < &) > 1 — €. Taking again y = ﬁ, we get the result. O

Therefore, if

8. NUMERICAL EXPERIMENT

In [1], we presented the results of numerical experiments of sparse quaternion vector X
reconstruction from its linear measurements y = ®x in the case of real-valued measurement
matrix ®. Those experiments were inspired by the articles [2, 17, 30] and involved ex-
pressing the quaternion ¢;-norm minimization problem in terms of the second-order cone
programming (SOCP).
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In view of the main results of this paper (Theorem 5, Corollary 6), and having in mind that
quaternion Gaussian random matrices satisfy (with overwhelming probability) the restricted
isometry property (Theorem 11), we performed similar experiments in the case of quaternion
matrix — as in [30]. Asin Section 6, we consider an m x n quaternion Gaussian random matrix
® = (¢j) whose entries are independent random variables with the distribution Vg (0, %)
In what follows, we consider only the case of noiseless measurements, i.e. we solve the
problem (6).

Recall, after [30], that problem (6) is equivalent to

argmint subjectto y=®z, ||z[|, <. (13)
teR,

We decompose vectors y € H™ and z € H" into real vectors representing their real parts and
components of their imaginary parts

y =yr +yil + i+ ykk, z =z + zii + 2jj + 7K,
where Yr,¥i; ¥j, Yk S Rm’ Zy,Zi,Zj, Ik € R"™. Denote

Zy = (Zr,la' '-aZl'7n)T7 Z; = (Zi}],--qu’n)T, zZj = (Zj,la"'azj,n)T: Zx = (Zk,la"-azk,n)Ta

and let ¢ € H", k € {1,...,n} be the k-th column of the matrix ®. Again, decompose as
previously
Ok = Ok + Oiid + 05 1 + O K,
where O i, @ik, Ojk, Pk € R™. Note that the second constraint in (13) can be written in
the form
| (zres zier o k) ||, <t fork € {1,...,n},

n
where #; are positive real numbers such that Y # =¢. Now we can rewrite (13) in the real-
k=1
valued setup in the following way:

argminc’Z subjectto §=®z
ZERN

and  ||(zrxo 2k gk akk) ||, <t forke{1,...,n},  (14)

where
i = (tlvzl‘,lvzi,hzj,lvzk,] PR 7tnaZI‘JlaZi,VHZjJHZk,f’l)T S IR5n7 (15)
¢=(1,0,0,0,0,...,1,0,0,0,0)" e R, (16)
y=0r vy w) R, (17)

0 d1 —0i1 —9i1 —9k1
& 0 ¢i1 O —0k1 Oy
0 1 Gt Oe1 —0i
0 ¢k1 —¢1 di1 O

and ® € R¥mx5n,

(Pr,n _‘pi,n _(Pj,n _(Pk,n
‘Pi,n (Pr,n _‘Pk,n (Pj,n

j,n ¢k,n (pr,n *¢i,n (18)
(Z)k,n 7¢j,n ¢i.n ¢nn

oo
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This is a standard form of the SOCP, which can be solved using the SeDuMi toolbox for
MATLAB [25]. The solution

T
< # % # # # % # # 5
X" = (tl,xr’],xi71,xj71,xk71,...,tn,xr,n,xi_’n,xj_’n,xkyn) e R (19)
to the problem (14) can easily be expressed as
X" = (xf_l +xﬁ]i+x;1j +xﬁ’1k, R xin—}—xﬁlli—}—xinj +xﬁ7nk) c ", (20)

which is the solution of our original problem (6).

The experiments were carried out in MATLAB R2016a on a standard PC machine, with
Intel(R) Core(TM) i7-4790 CPU (3.60GHz), 16GB RAM and with Microsoft Windows
10 Pro. The algorithm consisted of the following steps:

1. Fix constants n = 256 (length of x) and m (number of measurements, i.e. length of y)
and generate the measurement matrix ® € H™*" with Gaussian entries sampled from
i.i.d. quaternion normal distribution Ay (0, %),

2. Choose the sparsity s < % and draw the support set S C {1,...,n} with #S = s, uni-
formly at random. Generate a vector x € H" such that suppx = S with i.i.d. quaternion
normal distribution NV (0, 1);

3. Compute y = &x € H™;
4. Construct vectors ¥, ¢ and matrix ® as in (15)—(18);

5. Call the SeDuMi toolbox to solve the problem (14) and calculate the solution g*

6. Compute the solution x* using (20) and the errors of reconstruction (in the ¢;- and

{r-norm sense), i.e. ||x* —x||, and ||x* —x||,.
The experiment was carried out form =2,...,64 and s = 1,...,%. The range of s is not
accidental — it is known that, in general, the minimal number m of measurements needed for
the reconstruction of an s-sparse vector is 2s [13, Theorem 2.13]. For each pair of (m,s),
we performed 1000 experiments, saving the errors of each reconstruction and the number
of perfect reconstructions (the reconstruction is said to be perfect if ||x# fx||2 < 1077).
For comparison, we also repeated this experiment for the case of ® € R”*" and x € R".
The percentage of perfect reconstructions in each case is presented in Fig. 1 and Fig. 2 (a).

Fig. 1 (a) presents the dependence of the perfect recovery percentage on the number of
measurements m and sparsity s in the quaternion case. We see that simulations confirm our
theoretical considerations. Fig. 1 (b) shows the same results for the real case, i.e. ® € R™*"
and x € R". Note that in the first experiment for m = 32 and s < 9 the recovery rate is greater
than 95%, the same holds for m = 64 and s < 20. It is also worth noticing that the results
for corresponding pairs (m,s) are much better in the quaternion setup than in the real-valued
case (see Fig. 2(a)). We explain this phenomenon in Lemma 7, namely, we show that for
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Fig. 1. Results of the recovery experiment for n = 256 and different m and s. Image intensity stands
for the percentage of perfect reconstructions
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g 0 09 . . . . . .
16 0 10 20 30 40 50 60
sparsity s sparsity s
(a) (b)

Fig. 2. (a) Comparison of the recovery experiment results for n = 256, m = 32 and different values
of 5. (b) Lower estimate of the constant Cy in Corollary 6 obtained from the inequality (7) for n =256
and m = 32

a fixed vector x € H™ and the ensemble of quaternion Gaussian random matrices ® € H™*",

. . @x|[3 U L . .
the ratio random variable | xx !2 has distribution I'(2m, 2m), i.e., its variance equals ﬁ which

2
is four times smaller than in the case of a real vector and real Gaussian matrices of the same
size. In other words, a quaternion Gaussian random matrix statistically has smaller restricted
isometry constant than its real counterpart.

We also performed another experiment illustrating the approximated reconstruction of
non-sparse quaternion vectors from the exact data — as stated in Corollary 6. We fixed con-
stants n = 256 and m = 32 and generated the measurement matrix ® € H"*" with random
entries sampled from i.i.d. quaternion normal distribution and 1000 arbitrary vectors x € H"
with standard Gaussian random quaternion entries (6> = 1), without assuming their spar-
sity. The above-described algorithm (steps 3.—6.) was applied to approximately reconstruct
the vectors. We used the reconstruction errors ||x# — x”1 to obtain a lower bound on the con-
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stant Cp as a function of s, for s = 1,...,64, using inequality (7), i.e.,

< =],
Co > f——
[ =]l

where x; denotes the best s-sparse approximation of x. Results of this experiment are shown
in Fig. 2 (b) in the form of a scatter plot — each point represents a lower estimate of Cy for
one vector x and sparsity s. We see that the dependence on s is monotone, as expected.

9. CONCLUSIONS

The results of this article form a theoretical background of the classical compressed sens-
ing methods in the quaternion algebra. We extended the fundamental result of this theory to
the full quaternion case, namely we proved that if a quaternion measurement matrix satisfies
the RIP with a sufficiently small constant, then it is possible to reconstruct sparse quater-
nion signals from a small number of their measurements via ¢;-norm minimization. We also
estimated the error of the approximated reconstruction of a non-sparse quaternion signal
from exact and noisy data. This improves our previous result for real measurement matrices
and sparse quaternion vectors [1] and explains success of various numerical experiments in
the quaternion setup [2, 17, 30].

The article also answers in affirmative the question about the existence of quaternion ma-
trices satisfying the RIP. We confirm that restricted isometry constants of Gaussian quater-
nion matrices are small with big probability (and typically smaller than their real coun-
terparts). Together with the aforementioned result (quaternion measurement matrices with
small RIP constants allow the exact reconstruction of sparse quaternion vectors), it explains
why compressed sensing based experiments in the quaternion algebra work, and brings hope
for their wider applications. However, this result in the current form is not sharp. One of
the reasons for that is the fact that we used techniques previously applied to the case of real
subgaussian random matrices.

There are several possibilities of further research in this field — both in theoretical and
applied directions. Among others:

— further refinements of the main results in the quaternion algebra or their extensions to

different algebraic structures,

— search for quaternion matrices satisfying the RIP other than Gaussian,

— adjusting reconstruction algorithms to quaternions,

— applications of the theory in practice.
Judging by the number of articles concerning quaternion signal processing published in

the last decade we expect that this new branch of compressed sensing will attract attention
of even more researchers and will develop considerably.



60

Lukasz Blaszczyk, Agnieszka Zimnicka

Acknowledgements

The research was supported by WUT grant No. 504/04239/1120.

(1]
(2]
(3]
[4]
[3]
(6]
(71
[8]
[91
[10]
[11]
[12]
[13]

[14]

[15]

[16]

[17]
[18]
[19]

[20]

[21]

References

A. Badeniska and L. Btaszczyk. Compressed sensing for real measurements of quaternion signals. Journal
of the Franklin Institute, 354(13):5753-5769, 2017.

Q. Barthélemy, A. Larue, and J. Mars. Color sparse representations for image processing: Review,
models, and prospects. IEEE Transactions on Image Processing, 24(11):3978-3989, 2015.

N. L. Bihan. The geometry of proper quaternion random variables. Signal Processing, 138:106-116,
2017.

T. Biilow and G. Sommer. Hypercomplex signals — a novel extension of the analytic signal to the multi-
dimensional case. IEEE Transactions on Signal Processing, 49(11):2844-2852, 2001.

T. Cai and A. Zhang. Sharp RIP bound for sparse signal and low-rank matrix recovery. Applied and
Computational Harmonic Analysis, 35(1):74-93, 2013.

E. J. Candes. The restricted isometry property and its implications for compressed sensing. Comptes
Rendus Mathematique, 346(9-10):589-592, 2008.

E. J. Candes, J. Romberg, and T. Tao. Stable signal recovery from incomplete and inaccurate measure-
ments. Communications on Pure and Applied Mathematics, 59(8):1207-1223, 2006.

E. J. Candes and T. Tao. Decoding by linear programming. IEEE Transactions on Information Theory,
51(12):4203-4215, 2005.

W. L. Chan, H. Choi, and R. G. Baraniuk. Coherent multiscale image processing using dual-tree quater-
nion wavelets. IEEE Transactions on Image Processing, 17(7):1069-1082, 2008.

V. R. Dubey. Quaternion fourier transform for colour images. International Journal of Computer Science
and Information Technologies, 5(3):4411-4416, 2014.

T. A. Ell, N. L. Bihan, and S. J. Sangwine. Quaternion Fourier Transforms for Signal and Image Pro-
cessing. John Wiley & Sons, Inc., 2014.

T. A. Ell and S. J. Sangwine. Hypercomplex fourier transforms of color images. IEEE Transactions on
Image Processing, 16(1):22-35, 2007.

S. Foucart and H. Rauhut. A mathematical introduction to compressive sensing. Applied and Numerical
Harmonic Analysis. Birkhduser Basel, 2013.

C. Gao, J. Zhou, F. Lang, Q. Pu, and C. Liu. A novel approach to edge detection of color image based
on quaternion fractional directional differentiation. In Advances in Automation and Robotics, volume 1,
pages 163—170. Springer Berlin Heidelberg, 2012.

N. Gomes, S. Hartmann, and U. Kidhler. Compressed sensing for quaternionic signals. Complex Analysis
and Operator Theory, 11:417-455,2017.

X. Han, J. Wu, L. Yan, L. Senhadji, and H. Shu. Color image recovery via quaternion matrix completion.
In 2013 6th International Congress on Image and Signal Processing (CISP), volume 01, pages 358-362,
2013.

M. B. Hawes and W. Liu. A quaternion-valued reweighted minimisation approach to sparse vector sensor
array design. In 2014 19th International Conference on Digital Signal Processing, pages 426—430, 2014.
0. James and H.-N. Lee. Restricted isometry random variables: Probability distributions, RIC prediction
and phase transition analysis for gaussian encoders, 2015.

M. I. Khalil. Applying quaternion fourier transforms for enhancing color images. International Journal
of Image Graphics and Signal Processing, 4(2):9-15, 2012.

F. Liao and S. Shao. A new method for compressed sensing color images reconstruction based on total
variation model. In IIP’17: Proceedings of the 2nd International Conference on Intelligent Information
Processing, number 17, pages 1-7, 2017.

S.-C. Pei, J.-J. Ding, and J. Chang. Color pattern recognition by quaternion correlation. In Proceedings



Quaternionic compressed sensing 61

[22]

[23]

[24]

[25]
[26]
[27]
[28]
[29]

[30]

2001 International Conference on Image Processing (Cat. No.01CH37205), volume 1, pages 894-897,
2001.

L. Rodman. Topics in Quaternion Linear Algebra, volume 45 of Princeton Series in Applied Mathematics.
Princeton University Press, 2014.

W. Rzadkowski and K. Snopek. A new quaternion color image watermarking algorithm. In 2015 IEEE 8th
International Conference on Intelligent Data Acquisition and Advanced Computing Systems: Technology
and Applications (IDAACS), volume 1, pages 245-250, 2015.

K. M. Snopek. Quaternions and octonions in signal processing — fundamentals and some new results.
Telecommunication Review + Telecommunication News, Tele-Radio-Electronic, Information Technology,
6:618-622, 2015.

J. F. Sturm. Using sedumi 1.02, a matlab toolbox for optimization over symmetric cones. Optimization
Methods and Software, 11(1-4):625-653, 1999.

C. C. Took and D. P. Mandic. The quaternion LMS algorithm for adaptive filtering of hypercomplex
processes. IEEE Transactions on Signal Processing, 57(4):1316-1327, 2009.

N. N. Vakhania and G. Z. Chelidze. Quaternion gaussian random variables. Theory of Probability & Its
Applications, 54(2):363-369, 2010.

M. J. Wainwright. Basic tail and concentration bounds, pages 21-57. Cambridge Series in Statistical and
Probabilistic Mathematics. Cambridge University Press, 2019.

B. Witten and J. Shragge. Quaternion-based signal processing. In SEG Technical Program Expanded
Abstracts 2006, 2006.

J. Wu, X. Zhang, X. Wang, L. Senhadji, and H. Shu. LI-norm minimization for quaternion signals.
Journal of Southeast University, 1:33-37, 2013.






Konrad Kisiel

Faculty of Mathematics and Information Science,
Warsaw University of Technology, Warsaw, Poland

SOME REMARKS ON A SUBCLASS
OF LIENARD’S EQUATIONS

Manuscript received: 22 May 2020
Manuscript accepted: 14 July 2020

Abstract: In order to introduce a method of estimating the number of limit cycles in Liénard’s systems
we analyse an interesting example of a family of Liénard’s equations. One can numerically observe an
infinite series of saddle-node bifurcations for this family which creates arbitrarily many limit cycles. We
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1. INTRODUCTION

One of the most difficult problems concerning Liénard’s equations (for definition see
section 2) is to determine the number of limit cycles. Earlier studies were mostly focused
on estimating the number and the location of limit cycles for polynomial Liénard’s systems
only (see [1, 2, 3, 5]). In this paper we study the number of limit cycles for a subclass of
Liénard equations given by

F4+kf (x)x+cx =0, (1)

where k € R, ¢ > 0 and the function f € C?(R) is odd (we do not assume that f is a polyno-
mial). Our approach to the analysis of (1) is to study its linear approximation which is much
easier to understand. Obviously, this approach raises the following question: how similar are
the solutions of this linear approximation to the solutions of equation (1)? In this paper we
are trying to answer this question. Our main result is the following theorem:
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Theorem 1 (Main Theorem). Let us consider a differential equation of the form
F+kf (x)x+x=0, )

where f € C*(R) is odd and k > 0. We denote the Poincaré map of linear approximation
of (2) by &. When we take any compact set A C R such that there is at most finitely many
zeros of & in A and

VyeAd E(y)=0= (yeint(A) A &' (y)#0),

then, on the set A, for sufficiently small values of k, the function & is similar (in the sense of
definition 10) to the Poincaré map of (2) (we denote it by py.).

A Strict formulation of this theorem along with a proof and the definition of "similarity"
can be found in section 4. As an example, in the last section of the paper we consider
a specific family of equations given by:

X+k(a—cos(x))x+x=0, aceR, k>0. 3)

It occurs that for the family (3) one can (numerically) observe a series of bifurcations which
create any number of limit cycles. By { let us denote the derivative of the solution of (3)
with respect to the parameter k. The equation describing § is

. | 0 1 —aypsin () + sinygsin(z)

amz[gy

where (0,y) is the starting point of the trajectory. After some computation one can obtain an
analytical form of the Poincaré map for equation (4), which can be expressed in an elegant
form by the Bessel function

“4)

ayo
£00) = (52 =100)) 7.
The main result allows us to claim that there exist parameters a, k for which equation (3)
has arbitrarily many limit cycles. Anyway, since this result holds only for small values of
k > 0, it is natural to compare it with a numerical one for some realistic values of k. This
comparison is also shown in the last section (see figure 2 and 3).

We believe that Theorem 1 is quite an interesting result which shows an interesting con-
nection between the number of limit cycles of Liénard’s equation (not necessarily polyno-
mial) and the number of roots of the Poincaré map. Moreover, in the case of problem (3) it
presents the elegant connection between the Bessel function and the number of existing limit
cycles.
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Structure of the article:

Our main goal is to find periodic trajectories (if they exist) of equation (1) for arbitrary
odd function f € C?(R). We will attempt that by studying two different testing functions
pr and &. The function py is created by considering the Poincaré map for equation (1), & is
based on the linear approximation of (1). Both of them represent the behaviour of trajectories
which circle the origin.

In section 2 we start our considerations by discussing Liénard’s equation and its proper-
ties. Section 3 is concentrated on presenting proper testing functions p; and £. The main
"similarity" result is presented in section 4 along with a proof which is divided into few
lemmas. In the last section we use Theorem 12 to analyse family of equations (3).

2. LIENARD EQUATION

Definition 2 (Liénard equation). A differential equation given by:
i+ f ()i + g(x) =0, 5)
where f,g € C'(R) are odd is called a Liénard’s equation.

Remark 3. The differential equation (5) is equivalent to the system of differential equations
given by:

X= _f('x) +y7
y=—gx).
Example 4. The basic example of a Liénard’s equation is the well-known Van der Pol equa-
tion:
¥+ u(®—1)i+x=0.

Due to Remark 3 Van der Pol equation can be rewritten as:
X=-u (i fx) +y
{ . } 7 (6)
y=—x.

One can prove that for L > 0 system (6) has only one periodic solution which is stable (see
for example [4]).

Remark 5. The behaviour of the solutions of (5) is similar (by reversing time) to the be-
haviour of the solutions to
i—f(x)x4g(x) =0.
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From now on we only consider the sub-class of Liénard equations in the form
F+kf (x)x+cx =0, (7
where the function f € C?(R) is odd, ¢ > 0 and k € R.

Remark 6. If k # 0 then the behaviour of solutions to (7) is similar (by scaling time) to the
behaviour of solutions to
k
i+ —=f(x)t+x=0.
c

7e

Since we are only interested in the behaviour of solutions to (7), we can use remarks 3, 5
and 6 to reformulate the problem and consider the following class of differential equations:

{x = —kf(x) +, )

y:_xv

where k >0 and f € C? (R) is odd. In this formulation we omit the case k = 0 in (7); however,
in this situation the problem becomes trivial and uninteresting.

Properties of the ordinary differential equations system (8):

i. The system has only one stationary point (0,0).

ii. (8) is symmetric with respect to the origin. This property allows us to consider a be-
haviour of trajectories only in the I and IV quadrants.

3. TESTING FUNCTIONS FOR SOLUTIONS

We consider system (8) with an arbitrary odd function f € C?(R). Let us denote the solu-
tion of system (8) for arbitrary given parameter k = k¢ and initial condition z(0,xo, yo, ko) =
(x0,¥0) by z(,x0,0, ko). The function z can be expressed as follows

Z("JO:YOJ%) = (Zl(17)507}’0,k0)>Z2(t7x0,YO,k0)) .

Definition 7 (Function py). For the system (8) with an arbitrary value of k let us define the
function
Pk Ry U{0} = RU{eo}  suchthat  pi(y) =y+3,

where ¥ := z22(ty(y),0,y,k) and t,(y) > 0 is the first positive time when the trajectory
2(t,0,y,k) of the system (8) intersects the y-axis. If such time does not exist then we take

Pr(y) = oo.
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Interpretation of the values of p; (-):
e pi(y) < 0 means that the trajectory starting from the point (0,y) is circling away from
the origin.

e pi(y) > 0 means that the trajectory starting from the point (0,y) is circling towards the
origin.

e pi(y) =0 means that the trajectory starting from the point (0,y) is periodic.
Properties of the function p;:

i. If f € C'(R) then, because of non-intersection of trajectories, we obtain the following:
o >0, pr(yo) =c0 = Vy>yo, pr(y)=rce.

ii. For one “circulation” of the trajectory starting from the point (0,y) (for y > 0) the
point y is the minimum of the coordinate y on that piece of trajectory.

iii. By applying The Implicit Function Theorem one can easily show that py is the same
class C* as the function f (on the set where py is finite). In our case we have p; € C?.

iv. It can be shown that:
(a) There exists M > 0 such that the following implication holds:
Vx>0, f(x)>-M = Vy>0,k=0 pr(y) = —2Mk.
(b) There exists M > 0 such that the following implication holds:

Vx>0, f(x)<M = Vy>0,k>0 pie(y) < 2Mk.

Therefore, if f is bounded then py is also bounded.

Proof. We present the proof of (a). The analysis of (b) is similar.
Let us consider the testing function given by:

1 x?
Alx,y) = E(y‘HCM)Z +to

We are only interested in the part of the trajectories which are in the I and IV quadrants.
Hence
dA o
=7 (0),y(0) = v+ kM)y+xx
= —x(y+kM) +x(—kf(x) +y)
= —kx(M+ f(x)) <0.
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Therefore, A is non-increasing along that part of the trajectories.

Now let us take y > 0, the trajectory starting from the point (0,y) and the first pos-
itive time ¢ when this trajectory intersect the y-axis. We know that A (x(0),y(0)) >
A(x(r),y(¢)). This implies

(y+kM)? > (Y+kM)?. )

From inequality (9) we obtain: y >y > —y — 2kM.
Finally, we get pr(y) =y+y >y —y—2kM = —2kM, as required. O

It should be emphasized that the problem of finding the function py is at least as difficult as
solving the system (8). Because of that p; cannot be used directly to analyse solutions of our
equation and we have to omit the problem somehow.

Let us denote:
dz(t,x0,Y0,k)

C(tax()vyo) = ak (10)

k=0

Observe that { is a vector valued function. Therefore, we can expressed it as follows:

(&1 (t,x0,y0) , & (t,x0,¥0)) := £ (t,%0,Y0)

_ (3Z1(lvx0>)’0;k) &Z2(t7x07y07k) )
ok k=0 ok k=0

Definition 8 (Function & (y)). In respect to earlier denotations let us define & : Ry U{0} — R
by &(y) := &a(7,0,).

Due to the property i of system (8) we have that & (0) = 0.
Lemma 9. §;(7,0,y) =0 and &(y) = §(m,0,y) = [ sin(7) f(ysin(7))d7.

Proof. By applying Smoothness of Flows Theorem to the system (8) we obtain that z € C? in
respect to all variables. Moreover, the following variational equation is satisfied:

d dz ~ dz of
7.7 k:D »77:k 7k7 >7ak 7,,77]( 7ka
dr It (t,x0,¥0,k) = D f(z(t,x0,¥0,k0) 0)8k|k:k0 (t,x0,y0,k) + ak(z(t x0,Y0,ko), ko)
dz
37 07 ) 7k = 07
where we denote f(x,y7 k)= 7kf£xx) ty ] — the right-hand side of the system (8).

Let us take kp = 0, xo = 0, yo =y > 0 and use the notation (10). Hence we obtain the
following differential equation:

2 1,0.) = [ ’ } .0+

£(0,0,y) =0.

—f(ysin(t))
0

’ (an
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To solve (11) one can use the standard variation of parameters method and obtain

[ F(t)cos(t)+F(t)sin (1)
£(#,0,y) = { 711?1(t)C:iSn (z)+;z(t)scos ) |’

where:  Fi(t) := [{ —cos(7)f(ysin(7))dt, F(t):= [§ —sin(7)f(ysin(7))dz.
Now, we take r = 7, which leads to

0
| —F(m) T
cimo)= | 0 | Jsin (@) (ysin(x))ar |°

as required. L

Lemma 9 implies that if we consider an infinitesimal value of k then, after time t = 7, the
trajectory of system (8) starting from positive part of y-axis will not be perturbed in direction
x. One can think of & as the Poincaré map for the linearized system (8).

Interpretation of the values of function & (-):

e &(y) < 0 implies that the function z3(7,0,y,-) is decreasing on a sufficiently small
interval, which contains k = 0 (linearized system). We also know that z(7,0,y,0) =
—y and as a consequence z;(7,0,y,k) < —y for sufficiently small positive values of k.
In other words, for such values of k, the trajectory starting from the point (0,y) should
circle away from the origin.

e &(y) > 0 implies that zp(7,0,y,-) is increasing on a sufficiently small interval, which
contains k = 0. As a consequence we have that z>(7,0,y,k) > —y for sufficiently small
positive values of k. In other words, for such values of k, the trajectory starting from
the point (0,y) should circle towards the origin.

e &£(y) = 0 means, that if the parameter k is infinitesimally small, then after the time
t = m, there should be no disturbance of trajectory of (8) in any direction in relation to
the linearized system (k = 0), where all trajectories are periodic.

We can observe that in the case of infinitesimally small values of k the interpretation of
the values of the function & is much the same as for the function p,. What is more, in order
to find the explicit expression of & we only need to know the form of the function f. Our
main goal is to show that, indeed there exists a positive value k such that both functions py
and & give us the same behaviour of the trajectories.
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4. SIMILARITY OF FUNCTIONS Px AND &

Next step is to check if functions py and & are similar in some way. First of all, we have
to define how we understand this similarity.

Definition 10 (Similar functions). Suppose that f1,f» € C([a,b]) and [a,b] C R is a set
where both functions f1 and f> have exactly n € NU{0} zeros. Denote zeros of function
f1 by y1,...,yn. We say that fy is similar to f, on the compact set [a,b] if there exists
a homeomorphism h : [a,b] — |a, D] such that:

1. h(a) =a, h(b)=">.

2. i(y)-(faoh)(y) = 0in [a,b] and the equality holds only fory =y; (fori=1,...,n).
We denote this similarity by fi [%b] b

Remark 11. Relation fi [w] > is an equivalence relation.
a,b

Theorem 12. Suppose that f € Cz(R) is odd and let us consider

. (12)
y=—x.

{x = —kf(x) +,

Suppose that for some closed set [a,b] C Ry the function & has only finitely many zeros
Y1,---,Yu in that set. What is more, y; € (a,b) and E'(y;) #0 for i =1,...,n. Then, for

a sufficiently small positive values of k, we have & [i] P
a,

Proof of Theorem 12 is a consequence of the following lemmas:

Lemma 13. Assume that for some compact set [a,b] C Ry (it can be degenerated) there
exists a positive value kg such that one of the following holds:

1. Forevery k € [—ko, ko] and every y € [a,b] the value of%(ﬂ,O,y, k) is negative.

2. For every k € [—ko, ko] and every y € [a,b] the Ivalue of %Zkz (7,0,y,k) is positive.

Then:

9z
P S0k >0, Vke Ok, Wy€la,b].
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Proof. We consider two different cases.

L. Vyelab], Vke|—kokol, %2(m0,y,k)<0.
Let us take yg € [a,b]. Due to our assumption zz(7,0,yo,k) is decreasing for k € [—ko, ko).
In particular, for a fixed k € (0, ko)

—Yo = Z2(7r:07y070) > 22(”70,)’07]() = )763

where the last inequality holds by property ii of the function p;. Hence

pr(¥0) = Yo +0 <yo+ (—yo) =0.

Because we have chosen arbitrary &, it leads us to the conclusion that pi(yg) < 0 for every
k € (0,ko]. Since yo was chosen arbitrarily this ends the proof of case 1.

2. Vyelabl, Vke[-koko], %2(m0,y.k) >0.
Again, we take any yo € [a,b]. By the assumption we obtain that z»(7,0,yo,k) is increasing
for k € [—ko,ko]. Let us take any k € (0,ko]. The argument from case 1 cannot be used di-
rectly here because the trajectory does not have to intersect y-axis in the time t = 7. It means
that the inequality z5(7,0,y0,k) < yo may not hold.

Kyo

Yo
—Yo

Yol—

Fig. 1. Example of trajectories of (12) for parameter —k

Therefore, let us consider (12) with parameter —k. This simple trick yields the following
—Yo = Z2(n707y0a0) > Z2(n70>y07 _k) > %

By Remark 5, the solutions of system (12) with parameter k obtained by reversing the time
are the same as the solutions of (12) with parameter —k. Hence, let us denote by yy such
value that the trajectory of the system with parameter —k starting from the point (0,yp)
intersects y-axis for the first time at the point (0,yp). Observe that, due to earlier remarks, if
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we consider the system (12) with parameter k, then the above notation can be interpreted as
Yo = ¥o. Therefore, our goal is to show that —yy < yg.

Because of the symmetry of system (12) and the fact that the trajectories do not intersect
we obtain the required inequality (see figure 1). Hence, for the system (12) with parameter k
it holds that —yg < yg = yo. As a consequence

Pe(¥0) = yo+¥0 > Yo+ (—y0) = 0.
Arguments similar to those used in case 1 end the proof. U

Lemma 14. Suppose that yo > 0 is a zero of & and &' (yg) # 0. Then for any neighbourhood
[ya , ya' }, 0<yy <y < ya' < oo, there exists a positive constant ko such that Vk € [0,ko] the
Sfunction py has a zero in the neighbourhood (ya , ya' )

Proof. Let us take a neighbourhood [ya ,yg ] of the point yy where & has no zeroes other
than yy. It can be done because due to our assumptions & changes its sign in yj.

Without loss of generality we can assume that & (y, ) < 0 and &(yg ) > 0. In other words,

it means that %(n,O,y&,O) < 0 and %(mO,yJ,O) > 0. Smoothness of Flows Theorem

yields % € C! in respect to all variables. Because of that regularity, there exists a positive

constant ko such that for all k € [—ko, ko] we have %(E,O,ya,k) <0and %kz (n,O,yg,k) > 0.

Hence, by Lemma 13 we obtain

Vke (0,ko]  pr(yg) <0 A plyd) >0.

Finally, continuity of py implies that for every k € (0, ko] it has a zero in the interval (y, ,yq )-
O

Let us recall a basic property of continuous functions.

Lemma 15. Suppose that f: R x R — R is continuous in respect to both variables and
f(-,0) is positive or negative on a closed interval [a,b] C R. Then there exists a positive
constant ko such that for every k € [—ko, ko] we have f(x,k)- f(x,0) > 0 for all x € |a,b].

Lemma 16. Suppose that yo > 0 is a zero of & and &'(yy) # 0. Then there exists a > 0
such that for every neighbourhood of the form [yo — a,yo + a| where a € (0,a] there exists

I}E)(ﬁ) > 0 such that for every k € (0,1&)(&)} the function py has exactly one zero in the set
[yo —a,yo +d.

Proof. Let us choose a > 0, small enough such that in the neighbourhood [yo —a,yo + d]
we have &’(y) # 0. It can be done because £'(yg) # 0 and & € C!. Taking any a € (0,4
and using Lemma 14 we get that there exists ko(a) > 0 such that for every k € (0,ko(a)] the
function py has a zero in the set (yo — a,yo + a).
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Now, let us take any x € [yo —@,yo +a] and ko(a) € (0, ko(a)] which we will choose later.
We want to study the sign of aaL;'(x) for a fixed k' € (0,ko(a)]. Observe that under the
previous assumptions we have that p; € C? which allows us to use Schwarz’s Theorem:

dpy dpo K9 (dpk K9 (dp:
3y ¥ = 8y()+/0 ak(ay( )>dk_/o oy <8k )>d’" (13)

Obviously, po(y) = 0 because for k = 0 all trajectories are closed. Observe that (due to the

: ; J (Ipk . ¢
choice of the constant a) the function a (WI e 0( ) ay( ) has a constant sign in the
set [yo — @, yo + d]. Moreover, the function 2 & (ap oLe (. )) is continuous in respect to both vari-

ables. From Lemma 15, there exists a positive constant kg (a) such that Ia)(ﬁ) < ko(a) and the
function aa (%( )) has a constant sign in the set [yg — a,yo +a] for any k € {O,Ia)(ﬁ)} . Be-
cause of that, the last integral in (13) has a constant sign. Moreover, since x € [yo — @, yo + @]
has been chosen freely, for every k € (0,ko(a)] the function aa—p)"() has a constant sign in

[yo — a,yo + a]. Which means that p; has only one zero in [yo — d,yo + d. O

Remark 17. By using arguments similar to those in the proof of Lemma 16 one can show
that if £'(0) # O then there exists a positive constant a such that for every interval [0,a]
where a € (0,a] there exists Ia)(ﬁ) > 0 such that for all k € (0715)@)] the function py(-) has
exactly one zero in the set [0,a), which is obviously y =0 .

Let us finally present the proof of Theorem 12. It is worth mentioning that, along with
Remark 17, it also gives us the result about similarity of & and py on the closed sets [a,b] C
R4 U{0}.

Proof (of Theorem 12). Let us take a set [a,b] C R} which satisfies all of the conditions.
For every y; we use Lemma 16 and choose the size of every neighbourhood U; (of y;) so
that they are pairwise disjoint for i = 1,2,...,n. Now we have n neighbourhoods of zeros
and in every U; there exists exactly one zero of Py if only values of k are smaller than some

positive value k We choose k := min {kl,kz, Sk, } Obviously, kis positive and we see
that for k € (0, k] there is a unique zero of p; in every neighbourhood U;. Now we apply
Lemma 15 and then Lemma 13 to az2 (n,O, y,k) and to every connected component of the

set U := [a,b]\ U U;. We obtain upper bounds ko, ky,...,k, > 0 for such positive k that
i=1

pr(y) - €(y) > 0 in the corresponding set. We take the value k := min {ko,k1,...,k,} >0
such that for every k € (0 k] we have: pr(y)-&(y) > 0 in the set U. Finally, taking K :=

min {k k} > 0 gives that 5 = py holds for every k € (0,K]. O



T4 Konrad Kisiel

S. APPLICATION

Let us consider the family of differential equations given by:
X+ (A+Bcos(x))x+Cx =0, ABER, C>0. (14)

By the remarks in section 2 it is enough to consider the following family of differential
equations:
X+k(a—cos(x))xi+x=0 acR, k>0. (15)

In (15) we skipped the trivial case when B = 0 because in that case one can find the explicit
solutions of equation (14).
Using pretty much the same methods as in the proof of Liénard’s Theorem the following

generalization can be easily shown.

Theorem 18 (Generalization of Liénard’s Theorem). Let us consider an ordinary differential
equation given by:
it f(x)x+g(x) =0, (16)
where f,g € C'(R) satisfy the following conditions:
1. g(x)-x>0 forall x#0.
2. f(0)=0, f(0)<O.

3. 3at >0,a <0 suchthat liginff(x) >at and limsup f(x) <a~
X—>o0

X——o00
Then equation (16) has a periodic solution. Moreover, under the additional assumptions:

e the functions f, g are odd,

e f(x) increases monotonically for x > 3, where B is a single positive zero of f.
equation (16) has exactly one periodic solution and it is stable.

Theorem 18 allows us to conclude that (15) has a periodic solution for a € (0,1). Fur-
thermore, by using the Bendixson’s negative criterion one can prove that for |a| > 1 equation
(15) has no periodic solutions. Unfortunately, it does not say anything about periodic solu-
tions for a € (—1,0]. To obtain any information about them we are going to use Theorem 12.

Therefore, let us write equation (15) in the form:

{x—k(axsin(X))+ya a€R, k>0, a7

y=—x.
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Fig. 2. Function & for various values of the parameter a

Using Lemma 9 one can obtain that the function & has the form:

(0 =(2-nm)=

Below, in figure 2 we present & for different values of the parameter a.

Obviously, it is possible to choose a parameter a such that for any n € N the function & has
exactly n positive zeros (y1,. .., y,) and what is more, &' (y;) #0fori=1,...,n. Now, we can
choose a positive value M that max {y;,y2,...,yn} < M. Theorem 12 and Remark 17 give

that for sufficiently small positive values of & the relation & R; pr is valid in the set [0, M]. In
a,

other words, for every n € N and sufficiently large M > 0 one can find parameters a, k such
that the function py for system (17) has exactly n zeros (periodic solutions) in the set [0, M].

Despite the fact that the above result about similarity of p; and & is obtained only for
sufficiently small k it is worth mentioning that & seems to remain similar to p; even for
larger values of k. As for example in figure 3 we present the function p; which has been
calculated numerically. It suggests that this method of analysis can be helpful as a prelimi-
nary assessment of the solutions’ behaviour for these types of Liénard’s equation. Moreover,
since this method requires a minimum of computational complexity compared to solving the
equation for many different parameters it seems to be cost-effective when f depends on some
additional parameters.
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.
a= 100

Fig. 3. Function p; for various values of parameter a
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Abstract: We prove the existence of weak solutions to Kolmogorov’s two equation model of turbulence
in the periodic setting. Kolmogorov’s model forms the basis for modern approaches to modelling turbu-
lences such as k — €, k — @. The solution is attained by the consideration of several approximate systems
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1. INTRODUCTION

Firstly, we provide a short introduction to turbulence modelling and its main idea (see
[17], [16], [6]). Next, we explain necessity of establishing additional equations to the model
of turbulence. Finally, we introduce Kolmogorov’s two equation model and its connection
to the currently used turbulence models.

Turbulent flow is a fluid motion characterized by large velocity and pressure gradients,
i.e., fluctuations. This causes difficulties in finding solutions using numerical methods. In or-
der to correctly resolve such flow field, dense mesh and very short time steps are required.
Thus, the time needed to perform calculations for even relatively simple cases is of the order
of weeks, making it inapplicable for commercial simulations.

In the vast majority of industrial simulations, knowledge of the mean flow is sufficient
to provide answers to the problems considered. Thus, the simplest idea would be to decrease
fluctuations of solutions by considering an average value of velocity and pressure. This is the
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case in RANS (Reynolds-averaged Navier—Stokes), where an average is taken with respect
to time (other plausible averages are, e.g., space average or ensemble average). Now, let
us decompose the velocity v and p:

v(x,t) =V(x,1) +v(x,0), pl(x,t) =p(x,1)+ p(x,i1),

where v, p are time-averaged values and v, p are fluctuations. We substitute the decomposed
functions to the Navier Stokes system and we obtain (for details see chapter 2 of [17]):

av —_ — . _ — . _ =

EJrv-va vdivDv+Vp = —div (v~v) .
The last term on the right hand side can be approximated by the Boussinesq approximation
(see [17])

-~ ~ 2
Vv =vp(Vi4+ V) — 34,
where vr = g, k — turbulent kinetic energy, @ — dissipation rate. Finally, we obtain

av 2

8—: +v-Vv—V-((v+vr)DV)+V <p+ 3k> =0.

We see that to close the system, we need to introduce additional equations for @ and k. For
details, see [17] and [16].

Nowadays, k — & and k — ® models are most commonly used to calculate k and @ (for
details concerning above-mentioned turbulence models, see [17] and [6]). They bear strong
resemblance to Kolmogorov’s turbulence model in the way they deal with dissipation, sink
and source terms.

In 1941, A.N. Kolmogorov introduced the following system of equations describing tur-
bulent flow ([8], English translation in Appendix A [15]):

v, +div(v®v) — vpdiv (%D(v)) =—Vp, (1)
. . (b 2
0, +div(ov) — Kk div 6Va) = -0, (2)
. . (b b 9
b, +div(bv) — k3div EVb =-bo+ 1<46|D(v)| ; 3)
divy =0, (€]

where v — mean velocity, @ — dissipation rate, b — 2/3 of mean kinetic energy, p — sum
of mean pressure and b. The novelty of the Kolmogorov formulation lies in the fact that
prior knowledge of the length scale (size of large eddies) is no longer required — it can
be calculated as %. The physical motivation of proposed system can be found in [15] and
[5]. The mathematical analysis of difficulties in proving the existence of a solution of the
system can also be found in [5].
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Now, we would like to discus the known mathematical results related to the Kolmogorov’s
two-equation model of turbulence. There are four recent results devoted to this problem: [5],
[11], [10], [9]. In the first one, the authors consider the system in a bounded C LI domain with
mixed boundary conditions for b and @ and a stick-slip boundary condition for velocity v.
In order to overcome the difficulties related to the last term on the right hand side of (3), the
problem is reformulated and the quantity E := %Mz + %"b is introduced. Then, the equation
(3) is replaced by

. . K3b b AV
E;+d E —2vodiv| —Vb+—D —bw =0.
1 +div(v(E + p)) —2vpdiv <K'4(0 +to (v)v) + P ®

The existence of a global-in-time weak solution of the reformulated problem is established.

In [11], the authors consider the system (1)-(4) in periodic domain. It proves the existence
of a global-in-time weak solution, but due to the presence of the strongly nonlinear term
g|D(v) 2, the weak form of equation (3) has to be corrected by a positive measure p, which
is zero, provided that a weak solution is sufficiently regular. Some estimates for @ and b are
obtained as well.

In [10], the authors consider the system (1)-(4) in periodic setting in order to show the
existence of local strong solutions. Local solutions are obtained, provided that the initial
data are in H2. Also, b and ® are required to be cut off from zero.

In [9], the authors show the existence of global strong solutions of the system (1)-(4), pro-
vided that the initial data fulfill the smallness condition. The smallness condition effectively
restricts the initial data to ones with small L! norm of by and L? norm of vy. Addition-
ally, all initial data are required to have small "oscillations" expressed in terms of L? norms
of Laplacians.

The present paper was mainly inspired by [5] and aims to establish analogous result in pe-
riodic setting. Additionally, we aim to provide more detailed proofs, making presented argu-
ments more friendly to less experienced readers.

2. NOTATION AND MAIN RESULT

Assume that Q = H§:1(0727r), T >0and Q" = Q x (0,T). We shall consider the fol-
lowing problem:

b
v +divivev) — vodiv (wD(v)> =—Vp, ®)
. . (D 2
0, +div(owv) — Kk div va = -0, (6)

b b
b +div(bv) — k3 div (wa> = —bo+ mEID(v)IZ, )
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divv =0 ®)
in Q7 with periodic boundary condition on Q and the initial condition
Vii=0 = V0, =0 = @, bjy—o=bo. )

Here, vy, K1,..., ks are positive constants. For simplicity, we assume that all constants
except k» are equal to one. The reason is that k, plays an important role in the a priori
estimates.

Now, we specify the initial data. Let us assume in a standard way, that the initial condition
for velocity field fulfills

v € Ly (). (10)
For turbulent kinetic energy, we assume that initially it is as follows:
bo € L'(Q), InbyeL'(Q), by>0. (11)
Finally, the initial values of frequency @ are as follows:
@ € L7(Q), 0 < Oiin < B < Oax < oo (12)

Now, we introduce definitions of function spaces. By W”(Q), where r > 1, we denote the
space of restrictions to Q of the functions, which belong to the space

{ue W (R : u(-+k2me;) =u(-) for keZ, i=1,23},

loc

where {e;}}_, forms the standard basis in R3. Additionally, we define Wd]i"vr (Q) in the fol-
lowing way:

Wi (Q) = {ve W (Q)3: divv=0inQ, /dex =0}
Dual spaces of W!" and Wdli’vr will be denoted, respectively, in the following way:
1./ L 1,r * —1,7 o 1,r *
W(@) = (WH(Q) W (@)= (Wi @)

where 1 + 1 = 1. By [[Il, and [|-]|; ,, we denote classical norms in L”(Q) and wlr(Q),

respectively:

1
P

3 3
i1, = ([ lrwras) " sl = (IfIIZJrZIIax,-fIZ)
i=1

Now, we define the following transformation:

Gy W Wl SR
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such that for f € W~17(Q) and g € W' (Q), where 1+ 1 =1, we have

(f8):=1(g)-
Thus, we can define norm in dual spaces of Sobolev spaces:
Il =  sup f, )]
PEWLT(Q):II9lly 1,7 =1

Also, for f € L’(Q) and g € L (Q), where %Jr L — 1, we define (-,-) in the following way:

T

(f’g):/gf(x)g(x)dx.

Additionally, we define

(R[5

, ——— |, wi2ion
L@ =w@)'",  L3(Q) =Wil(Q)
and

Ly(Q):={vel(Q): /Q vdx=0}.

Finally, we define the space that will be useful for considerations related to kinetic turbulent
energy b
e={beL”(0,T,L'(Q)) : b> 0 almost everywhere in Q”,
Inb € L(0,T,L'(Q)),
beL*0,T,W'"*(Q)VAe[l1,2)}.
Now, we are ready to present the main theorem, which states the existence result to system

(5)-(3).

Theorem 1. Let us assume that the initial data satisfy (10)-(12). Then, there exists a quadru-
ple (v,b,®, p) such that

ve L2(0,T, W (Q)nwha(0,T,w~19(Q)) forall g € {17§>, (13)
bee, (14)
abe M(0,T,W 14(Q)) forall g € {1?) (15)
p€LI(0,T,LE(Q)) forallq e {1,1?» (16)
Eecw"(0,7,w"4(Q)) forallq e [1, %)7 17)
be € LI(0,T,W9(Q)) forall g € [1?), (18)
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Omin max

<w< almost everywhere in QT, 19
14+ 100nnt =~ 1+ K@Onaxt & (19)
where
2
£="T 0 20)

In addition, pressure p can be decomposed as p = p1 + p2, where

1
pr e L9(0,7.LY(Q) forall g € [11f) , e
e 33 (0, T,L) 3(9)) . 22)
After denoting
b
= 23
wi= (23)

the quadruple (v,b, ®, p) satisfies the following identities:

T T
/ (v’,,w)—(v®v,Vw)+(uD(v),D(w))dt:/ (p, divw)dr
JO JO

(24)
Ywe L™ (0,T,Wh(Q)),
T T
) G2 = ((E+p). Vo) (096 52) 4 (D) V)i = [ b0y
Vze L™ (0,7, W'(Q)),
r V(bw) r
20.2) — (v,V _Vb.Vz)dr = — / 2
/0 (dw,z) — (v z)—l—( > z) K | (0°,z) 26)
Vze L™ (0,7, W'(Q)),
with the initial data fulfilling
lim [[v(z) —voll2+[[@(1) — @oll2 + [|b(t) — bolly = 0. 27)
=0t
Moreover, the following inequality holds:
T T 5
/0 (b, 2)+ (LY, Vz) — (vb,Vz)zdt > /0 (—bo>+ u|D(),2) di o8

VzeC(0,T, Wl’w(Q)) such that 7> 0 almost everywhere in QT .

In order to prove above result, we will establish several existence results to auxiliary
problems, which approximate the problem (5)-(8). Using established estimates in those ap-
proximations, it will be plausible to obtain the existence result of the considered system.
Now, we will focus on outlining auxiliary lemmas and notation.



Existence of a weak solution to Kolmogorov’s two-equation model of turbulence in periodic setting 83

3. AUXILIARY RESULTS AND ADDITIONAL NOTATION

Firstly, let us recall that Q = [T}_,(0,27), T >0 and Q7 = Q x (0,T). To define ap-
proximate problems, we need to define the cut-off function

Tos) = s if [s| <m (29)
" I msgn(s) if |s| > m

Now, we define the function ®,,, which is the primitive function of 7},,:
<
On(s) = /O Tp(7)d. (30)

Next, we consider a smooth, non-increasing function G, such that G(s) = 1 when s € [0, 1]
and G(s) =0 for s > 2. For m € R, we define

Gonls) ;:c(%) 31)
and we denote
Ty(s) = / " G(1)d1. (32)
0

In order to avoid confusion, we define z; = max{z,0} and z_ = min{z,0}.

Additionally, by {w;}7> , we denote an orthogonal basis of Wdlif(Q), which is also orthog-
onal in Lﬁiv (such a basis exists due to Lemma 6). By {z;}7,, we denote an orthogonal basis
of W!'2(Q), which is also an orthogonal in L2(Q).

In the proof of the main theorem, we will need to reconstruct pressure. The following
lemma will enable us to do so:

Lemma 2 (see Lemma C.1 in [3]). Let q,q' € (1,), and such that é—l—% = 1. Then, there
exists linear, bounded operator

L£:L9(Q)3 5 11Q), (33)
such that for all ¢ € Wz’q/(Q) and any fixed B € L1 (Q)3X3 the following relation holds:
(L(B).09) = (B.V%9), [ LB)ax=0. (34)
Q
Proof. For B € D(Q)>*3 we set the system

AL(B) =divdivB inQ, (35)
/ L(B)dx=0 (36)
Q
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equipped with periodic boundary conditions. From classical theory of Poisson equation, the
solution to system (35)-(36) exists and is smooth. Thus, we can write £(B) := (A) ' divdiv B.
Operator £ is linear and continuous as a mapping from W'4(Q)3*3 to W'4(Q) for all
q € (1,00). We also see that multiplying the equation (35) by arbitrary ¢ € w24 (Q), and
integrating by parts four times, we get (34). Now, we focus on showing boundedness of op-
erator £: L4 (Q)¥3nD Q) - L7(Q). To do this, we need to find space-periodic ¢ such
that

— -2 2 .
0= LB - g [ LB LB ng, G37)
/ odx = 0. (38)
Q

From L7 theory for Poisson equation, there exists a constant C > 0 depending only on Q and
g such that

, - 1 - ¢
| veriax<c [ \|£<B>|q L)~ g 1@ ema dx

<c | |e@)pax,
Q

(39)

where é % = 1. Since B is smooth, the integral on the right-hand side is finite for any
g € (1,00). Now, plugging (37) into (34) we get using of the fact that [, £(B)dx = 0 and
(39), the following inequality:

/Qlﬁ(B)\"dx: (B.V*0) < Bl [V?ol, < ClIBI, B

We obtained || £(B)]|, < C||B|, for B € D(Q)3*3. Since D(Q)3*3 is a dense subset of LI(Q)3*3,

the operator can be uniquely extended to £ : L4 (Q)**3 — L4(Q). Moreover, the system (34)
can be established for B € L9(Q)**® by considering a sequence of smooth {B"} such that
B" — B in L9(Q)3*3 and applying weak convergence. This completes the proof. OJ

For the completeness of presented arguments, we recall Div-Curl lemma.

Lemma 3 (see:[14, 12] ). Let Q be an open set of R¥, N > 2. Let w be a function such that
w: RN 5 R. We denote

div(w i

&W,‘ aWj

ax]' ax,‘ '

Cij(w) =

Let p,q > 1 such that ;7 +$ = 1. Foranyn, leta" € [LP(Q)]", b" € [L9(Q)]" with properties

d""="a  weakly in [LP(Q)}Nv

""" b weakly in[L1(Q)]"
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{div(a")}_, lies in compact subset of WP (Q) (40)
{C(B")},_y lies in compact subset of W ha(Q)N*N, 41)

Then,

n—yo0 . . . .
d'b" "="ab in sense of distributions.

Now, let us formulate a simple corollary of the Vitali convergence lemma.

Lemma 4 (see Corollary 4.5.5in [1]). Let Q C RN be bounded and u,, : Q@ — R be a sequence
in LP(Q) for some p > 1. Suppose that

1. u, — u almost everywhere in Q,

2. the sequence uy, is bounded in L” (Q).

Then,
Uy —u inL'(Q)forall1 <r<p.
Lemma 5. Let p,q € (1,0) such that é + % < 1. Also, we assume that
u, = u weaklyin L’(Q) and v, —v stronglyin L1(Q).
Then,

upvy — uv  weakly in L*(Q),

where % =

1,1

Iyl

Proof. Lets' be such that b +1 = 1. We see that J, + % + % = 1. Additionally, let ¢ € L5 (Q).
Then we have

/unvn(pdx:/un (v —v) (pdx+/ u,vQdx.
Q Q Q

The first integral’s limit is zero due to strong convergence of v,, boundedness of u,, and the
following inequality:

n—oo

‘ [ =) 9| < il v =1, 9l "0

Due to the fact that v € L (Q), where ﬁ = % + %, and weak convergence of u,, we have

/u,,v(pdx—)/ uvQdx.
Q Q

This completes the proof of the lemma. U
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Lemma 6 (see: Theorem 2.24 in [13]). There exists a family of functions N' = {ay,az,a3,...}
such that

e N is an orthonormal basis in L3, (Q),
® a;¢c Cm(ﬁ),
e N is an orthogonal basis in Wdlif(Q).

Lemma 7 (Aubin-Lions—Simon, see: Theorem I1.5.16 in [2]). Let By C By C B> be three
Banach spaces. We assume that the embedding of By in By is continuous and that the em-
bedding of By in By is compact. Let p, r be such that 1 < p,r <oo. For T > 0, we define

d
E[),r — {V eLP (077"80)7 d—‘; € LV(O7T,BQ)} .

i) If p < oo, the embedding of E,, , in L? (0,T,B) is compact.
i) If p= oo an if r > 1, the embedding of E,, , in C° (0,T,By) is compact.

Lemma 8 (see: chapter 1.2.b in [7]). Let X be Banach space, T > 0 and 1 < p < oo, Let
fo— fin LP(0,T,X). Then, there exists a subsequence f,, such that f, — f in X almost
everywhere.

4. K-APPROXIMATION

In order to prove Theorem 1, we will establish a series of existence results to approximate
problems. We consider following problem:

v, +div(Gy (v[*) vev) —div(Ti (1) D(v)) = —Vp, (42)

0, +div(ov) d1v< a)) = —K‘za) (43)

b, +div(bv) —div ( ) = —bo +Ti(u)|DK)|?, (44)

divy = (45)

in QT, where u = g. The system is equipped with periodic boundary condition and the
following initial condition:

1
Vir=0 = V0, W=0 = Wo, b|t:0 = blé(x) = bo(x) + z (46)

The following theorem states the existence result for this system:
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Theorem 9. Let us fix k € N_.. Then, there exists a triple (v,b, ®) such that

1,2 —1,2
ve LX0,T, W2 (Q) NWH2(0,T, Wy, *(Q)),

bert OTWH@) N OTL @) orage [1.3),
abeL (0.7, W 1(Q)) forallqe[l,%),
we?(0,T,WQ ) NL”(0,7,L7(Q)),
g e L1(0,T,W4(Q)) forallg € [1,%)7
% << % almost everywhere in QT,
1

— < b, almost everywhere in QT,
k(l + szminl‘) 2

which solves the problem (42)-(46) in the following sense:

(vaw) = (Ge (W) ve VW) + (Ti () D), D(w)) =0

Yw € Wdli'vz(Q) a.a. 1 €(0,T),
(b1,2) = (bv,V2) + (UVb,Vz) = (=bo + T (W) |D(v) |, 2)
Yz e Wh(Q)a.a. 1 € (0,T),

(@,2) — (@, V2) + (uV®,Vz) = — Kk (0%,2)

Vze W' (Q)a.a. 1 € (0,T),

where |l = % The initial data are attained strongly in the following sense:
lim [[v(r) = voll2 +[|@(r) = @o|l2 + [|b(r) — b |11 = 0.
t—0t
Moreover, for all A € (0,1], the following (k-independent) estimate holds:
1e(0,T)
CH 2 2, 82
+/QT RES) |Vb|" + pu|Vo|” + s~ *dxdt

S C()‘717V07b07 (1)()7 wmim wmax)-

Moreover, the following inequality holds for almost all times t € (0,T):

(\/M,(p) /(\[vV(p dr—i—/( Vb V(p)
2%/0 (\/l;w7<p)dr+<\/%,<p> Yo € D(Q),¢ >0.

sup (Ilb(t)lh+Hlnb(t)lh+HV(I)H§)+/QT(1+b‘1)Tk(u)lD(V)|2dxdt

(47)
(48)

(49)
(50)
D

(52)

(33)

(54)

(55)

(56)

(57)

(58)

(59)
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5. (N,K)-APPROXIMATION

In order to prove Theorem 9, we introduce the next level of approximation. To define this
approximate problem, we first smooth out the initial conditions for » and v. First, we find
a sequence of smooth, non-negative functions b such that

" — by strongly in L' (Q) (60)

and define
1
bt =+ (61)
Now, let {w;}3* be a smooth basis of Wdli’vz(Q) that is orthonormal in L?(Q). Tt exists due
to Lemma 6. Using the chosen basis, we introduce the approximated initial condition for
velocity V" as

n

vy = Z(Vo,wi)w,-.

i=0

Having approximated initial conditions, we consider the following problem:

v +div(Gy (|v[*) v@v) —div (T (u") D(v)) = —Vp, (62)
@, +div(av) — div (T, (") Vo) = — k0, (63)
N T OL
b, +div(bv) —div (T, (U") Vb) = —bw + T+ n DO (64)
divy =0 (65)
in QT where
b 1
ut = - + ~ (66)

Additionally, the problem is equipped with periodic boundary condition and the following
initial condition:
Vimo = Vi, @y—g =m0, by_o=>by"(x). (67)
The following theorem states the existence result for this system:
Theorem 10. Let us fix k € N, n € N. Then, there exists a triple (¢,b, ®) such that
cewl=(,1)", (68)
beL*(0,T, W12 )mL°° (0,7,L*(Q)), (69)
abeLl? (0,7, W '2(Q), (70)
w e L*(0, TW”(Q )) L™ (0,T,L7(Q)), (71)
goel*(0,T,W'(Q), (72)
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O
min << Omax almost everywhere in QT7 (73)

I+ 00nnt — = 1+ K Opaxt
1

IN

— <) almost everywhere in QT7 (74)
k (14 162 Wmint ) 2

which solves the problem (62)-(67) in the following sense:

(Vs wi) — (Gk (|v|2) vev, vw,-) (T (W) D), D(w:)) = 0

(75)
foralli=1,....n,
Ti (W) D)2
b —(bv,V T,(W")Vb,V bw,z) = —————5,
(012 = (G52 + (1) V.92) + (o) = (PESDVE o)
Vz € Wl’Q(Q)a.a. t€(0,7),
(01,2) = (09, V2) + (T,(1") V@, V2) = 1 (@7 2) )
Vze WHH(Q)a.a. t € (0,T),
where 1" = % +% and
n
v(t,x) = Zci(t)wi(x). (78)
i=1
The initial data are attained strongly in the following sense:
lim [|v(z) — i 1) — b(t) — by = 0.
Jim [lv(r) —vll2 + [lo(e) — el + [6() — b 1 (79)
Moreover, the following inequality holds for almost all times t € (0,T):
t t
<\/b(t),qo) 7/ (\/Bv,Vq;) dr+/ (Tn(u")v\/E,VqJ) dt
0 0 (80)

1 /!
275/ (\/Z@,(P)d1+< bg’lﬂqo) Yo € D(Q), ¢ > 0.
0

6. (M,N,K)-APPROXIMATION

Once again, we will approximate the initial data for turbulent kinetic energy. We introduce

b’()"’mk in the following way:

m

ok K
by =Y (bo",zi)z,
i=0
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where {z;}7, denotes the orthogonal basis of W!2(Q) and orthonormal in L?(Q). Using
this, we consider the following problem:

v, +div(Gy (|v\2) vev)—div(T, (W) D(v)) = —Vp, (81)

o, +div(ov) — div (T, (") Vo) = — o, (82)
e T D()

b;+div(bv) —div (T, (W) Vb) = —b o+ L+ n DO (83)

divv=0 (84)

in QT, where u"" = wal + % Additionally, the problem is equipped with the periodic

boundary condition and the following initial condition:
nk
Vim0 = Vg, @y—o = @o, by_g="by""(x). (85)
The following theorem states the existence result for this system:

Theorem 11. Let us fix k € N, n € Ny and m € N such that m > @max. Then, there exists
a triple (c,d, ®) such that

cewl=(0,1)", (86)
dewh=(0,T)", 87)
weL*(0,7,W'3(Q))NL™(0,T,L°(Q)), (88)
goel?(0,T,W '?(Q), (89)
Oin < Bmax almost everywhere in Q7 | (90)

<o<
1+ K Oint 1 + K> Omaxt
which solves the problem (81)-(85) in the following sense:

vaw) = (G (WP ) v & v, Vo) + (T (") D), D(wi)) = 0

oD
foralli=1,....n,
Ti (u™™") [D(v)?
) — Vzi T,(u""™)Vb,Vz; i) = ;
(9ib.zi) — (bv, Vzi) + (T ("™ ) VD, Vz) + (b1 0, 7;) <l+n1|D(V)|2 1% 92)
foralli=1,....m,
(@1,2) = (v, V2) + (T,(4"")V0, V2) + K (0°,2) = 0 ©3)
Vze WhH(Q) a.a. t € (0,T),
where
n,m b+ 1
e :w+i+27 (94)
m

v(t,x) = ici(t)wi(x), 95)
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m

b(1,x) =Y di(1)zi(x). (96)

i=1
The initial data are attained strongly in the following sense:

n mnk
lim [Jv(t) —vgll2+[|@(r) — all2+[[b(r) —

Jim 2= 97)

7. PROOF OF THEOREM 9

Proof of theorem 11. Let us recall that {z;}7*, and {w;}? | denote bases of W!?(Q) and
WdiVZ(Q), which are orthogonal in L*(Q) and L3, (Q), respectively. The proof relies on the
Galerkin approximation method. We look for (v/, @', b') given as

V(t,x) = Y ci(wil), (98)
i=1
x) = Y di (1) (x), (99)
i=1
1
=Y el(t)zi(x) (100)
i=1
and we require that coefictients ¢! = (c!,....c}), d' = (d},...,d.,), e" = (¢!,... el) solve

the following system of ordinary differential equations on (0, T)

(a,vz,w,.)_(Gk(\vzf)aw,vw,.) (5 (') D61 D0s0) =0 o

foralli=1,...,n,
((9 b/ Z') _ (blvl VZ) + (T (,ul)Vbl VZ) + b[ T (a)l) Il)vll2
tY <1 ) L n ’ 4 +im + 1+n_]|Dvl|27 Zi (102)
foralli=1,...,m,
P2 (al )] ) l ]
(a’w ’Z’) (“’ v ,Vz,) + (Tn(ﬂ Vo 7Vz,) + K ( a)+,z,) (103
foralli=1,...,l,
where
b 1
l +
=0 1 104
ST (104
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We set initial conditions for (c!,d’,e!) given by

n m l
VI(O) = Z(VS,WI')WI', bl(o) = Z(b(r)mn kvzl ZH Z Wy, Zz i (105)
i=0 i=0 i=0

The existence of a solution (101)-(105) follows from Carathodory’s theorem. Using esti-
mates established below, a solution can be extended to time interval [0, T'].

7.1. L-INDEPENDENT ESTIMATES

Multiplying the equation (101) by ¢}(#) and summing from i = 1 through /, we get

M- <Gk <M2) v’@vl,w’> + (7 (0) 0N, DO ) =0. (106)

We see that

e N R S )
)

Thus, integrating (106) from 0 to 7" we have

sup V(O3 + [ Tu(u|Dv! e < (o) (107)
1€(0,7) of

Using orthonormality of the basis {w;} in L?(Q), we deduce that

sup [c!(£)] < C(||voll2). (108)
te(0,T)

From the equation (101) and orthonormality of the basis, one can easily deduce

i< (o () o9 ] (3 () o0.00)
<§K@QA3W?WMN+" 10 (5 (1) D). DO )

Now, using (29), (32) and the inequality (108), we get

|0rci] < C(R)[IVwill2 +Cn k)| Vw]3.
Using the fact that ||Vw]||» < C(n), we get

sup [9,¢! ()] < C(n,k). (109)
1e(0,T)
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Now, multiplying (102) by d!(¢) and summing from i = I through /, we get
(atb’,b’) - (b’v’,Vbl) n (Tn(u’)Vb’,Vbl)

= (b{rTm(wi) +

T (u') DV bl> .

L +n~tDvI|?’
Using the fact that div vl = 0 and the definition (29), we get

(atbﬂb’) +% (Vb’,Vbl) < (kn,bl) .
Thus, by Young and Gronwall inequality from (111), we deduce

T
sup [0) 13-+ 198 < Cln)
T

te(0
Using (112) and orthonormality of the basis in L?(Q), we deduce that

sup ‘dl’ < C(k,n).
t€(0,T)

Now, using the equation (102) and orthonormality of the basis in L*(Q), we get

8,d{‘ < ‘(blvl,Vz,-) + ‘ (Tn(/.Ll)Vbl7VZi)’+ ‘ (—Tu(e).21)

. Ti (u') [DV']? .
1+n-tDVI[2™

<1 a1V 2 [ V2] + 2l VB 2|Vl + ]| ]|
7 () 10| Nl

m
< 1B oIV 2 V). + sup)]dﬂ Y 192l Vailla+ mb 2212
j=1

1e(0,T

2 n
+k sup |e!7Y 19w B il
1€(0,T) j=1

Thus, using (113), (112), (108), (107) we obtain

sup
t€(0,T)

§,d1‘ < C(k,n,m).

(110)

(111)

(112)

(113)

(114)

Now, multiplying the equation (103) by ef(t) and summing from i = 1 through /, we get

Ld
2di

(|3 + (a)lv’7Va)’) + (Tn(ul)Va)l,le) =1 (Tm(a)l)a)ﬂr,a)]) .

(115)
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From divv/ = 0 and the fact that the right-hand side is non-negative, we get

2dt|| o'|3+ - (le,w)go.

Thus, integrating from 0 to T we obtain

S(up o' (1 ||z+ IVszdxdt<C(n) (116)
te(0

Now, using (116) and the equation (103), we can deduce that

Hwﬂ dt < C(n,m). (117)

Indeed, let us consider ¢ € W!2(Q) such that l@ll; , = 1. We can write ¢ in the following
way:

i
0=) 6z+9,
i=1
where (¢,z;) =0 holds fori=1,...,1I.

ol (st

] 1
< (wlvlavz eiZi) + (Tn(#l)vwlavzeizi)‘
=1 =
]
+io|| Tu(0)o!, Y 6z
i=1

! l
<ol ||| _IV Y. 0izllz + Va2V Y 6zl
<=1 i=1

1
+mis|0'[2] Y 6izill2-
i=1

Due to || Y/, 6izill2 < ||@|l2 and VXL, 8izill2 < [|@]; , (which both hold thanks to the
. . 2

Bessel inequality and || ¥i_, 6;zi[13 + [VEL; 6213 = || X, GiZiHLz < ||9lIf ). the Young

inequality and (108), we get

2
‘(%wl,(p)‘ < Cm)|'[3ll9llf , +Cn) Vo' 3|9l , +Clm) '3l ]3.

Thus, we get
) 1 2 _ ) ! 2< 112 \v4 112
0] = sup (o', 9)| <C(n,m)||o'(|z+C(n)[[Vor|s.

PeW!2(Q),|lo]l; ,=1

Finally, using (116) we deduce (117).
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7.2. TAKING THE LIMIT L —

Using estimates (108), (109) and (113), (114), we can find a subsequence (which we
do not relabel) such that

' —* ¢ weakly* in WH(0,7)",
d' —*d weakly* in W5=(0,T)™.
Using the Arzela-Ascoli theorem and estimates (109) and (113), we conclude that
' — ¢  strongly in C(0,T)",
d'—d  strongly in C(0,T)™.
Based on definitions (98), (99) and the above convergences, we deduce the existence of a se-
quence such that

!

v —v=) ¢w; stronglyinC(0,T, Wdlif(ﬂ))7 (118)

n
i=1

m
b — b= Y dizi  strongly in C(0,T, wi2(Q)).
i=1
Using (116) and (117) and the Aubin-Lions lemma, we get

o'~ o weakly* in L* (0,7;W"?) NL* (0, T;L*(Q)),  (119)
0" — do weakly in L (0,7; W~ "%(Q)) (120)
o = strongly in L* (0,7;L*(Q)) . (121)

Having the above estimates, it is easy to identify the limit of the system (98)-(105) to get

(@) = (G (M) v, V) + (T (") D), Dwi)) =0
foralli=1,...,n,

Ti (") | Dv|? -

1+n-1Dv]2 ™) (123)

(122)

(b z2) — (b, Va3) (T () Vb, V) + (—b Ty (@1),2) (

foralli=1,...,m,
(310.2) — (04, V2) + (T(1"")V0,Vz) = ks (T, (0)04.,2)
for allzGWl’z(Q), (124)
where
‘an,m _ b+ 1 _‘_l.
0y+,. n

To obtain the system (91)-(93), we show the bounds for @. This will allow us to replace
@™ with u™ in equations (122)-(124). Additionally, we will be able to replace 7T, (@)
and 7,,(®) with @.
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7.3. MINIMUM AND MAXIMUM PRINCIPLE FOR o

We apply @_ as a test function in (124) and obtain
(00,0_) — (ov,Vo_) + (T, (") Vo,Vao_) = —i (T (0) o, o).

We see that right hand side of the above equality is equal to zero and thus

1d -
Sl 3—(0vYa )+ (1, (") Vo Vo) = 0.

Using the fact that divv = 0, we conclude that, second term is equal to zero. Additionally,
using nonnegativity of the second term, we finally get

d
Sl B<0 so Vi€ O.1) o (1,3 =0, (125)

Thus, using (125), we conclude that @ > 0 almost everywhere in QT . From this, we see that
U™ = pu™M and thus we can rewrite (124) in the following way:

(9 0,2) = (@v, V2) + (T, (u"")V©,Vz) = — K3 (Tn(0) @,2)

126
for all z € W12(Q), (126)

Similarly, from (122)-(123) we get (91)-(92). Now, we will show the upper bound on . Let
us first test the equation (126) using (® — Omax) , :
(90, (® — Omax) ) — (@V, V(0 — Omax) )
+ (Tn (W Va,V(o- a’rnaX)+)
== (T(®)®,(® — Opax), ) -

From this, using the fact that divv = 0, we have
<8t ((D - wmax)_;,_ 5 ((1) - wmax)+> + (V ((1) - wmax)+ Vv, ((l) - wmax).;,.)
=+ <Tn (Nmm) v ((1) - wmax)+ 7V ((D - wmax)+)
= =1 (Tn(0)®, (0 — Omax), ) -
Since divv = 0, this gives us the following inequality:
EE” (® = Omax), |2 < —K2 (Trn(w)w7 (0— wmaX)Jr) <0
so Vr € (0,T) || (o(t,)— a)max)Jr l2=0.

Thus, ® < @Wmax almost everywhere in QT Let us recall that m > @pnay and thus from (126)
we get

(9,0,2) — (@v,V2) + (T, (1" )\V,Vz) = — K (0?,2)  forallze W'(Q),  (127)
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which is exactly equal to (93). Now, let us test the equation (127) using (a) M) :
+

T 1K Onaxt
1 4 1 Wmaxt 4 1 4 K Wmax? +
Wmax
(1, vo,v (a)f 7> >
( " (u ) 1 4 K Wmax? T

- < i ( o ) >
=—K| 07, 0— .
I+ K> Omax? +

Using the fact that Vo =V ((x) — %) , we deduce that

li” ((J)— Dmax ) H2 _ szgjax (0)— Dmax )
2dt I+ 0nat ) .7 \ (14 komt)? 1+ K Omaxt )

nlv (o))
1+ K> Omaxt /

Thus, we have

2 dt 1+ K2 Omaxt /

S]]

2
<_i 602 _ O ax - ((J) o Omax >
(1 + K‘za)maxt) 1 + K> Omax! +

—Kz (w + wmax ) , (w _ a)max )2
1 + K Omax! 1+ Ky Omaxt /

<0.

1 wmax
+ K2 Omax?
where in Q7. Now, we will obtain the bound from below by testing the equation (127)

_ __ Onmin .
by (a) ]+K2wmint),.

(0. (0= r5ms) )~ (07 (0 ms) )
1+ 1 0nint ) _ 1+ 10 0nmint ) _
Omin
T, (U Vo,V -
+(n<u Vo, (w Hszmmt))

_— <wz, (w_wm) )
1+ K2 Wmin? / _

Again, we deduce that the second term is equal to zero and the third one is positive:

11” <(D— Dmin ) ”2_ KZ(’)%in (60— Dmin )
2dt 1+ K Omint )" (14 K Oint)* 1+ Ky Omint / _

)]
I+ K2 Wmint ) _

Thus, by integration and using @y < Wmax, We conclude that @ < almost every-
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Thus, we have
1d . 602- .
-4 <w,&) I3< -1 | 0*— i 2,<w7 nin )
2dt 1+ K Omint ) _ (14 1 Omint) I+ Ko Omint /

2
WOmin Omin
<—-K|w+ | o—
- 2 ( 1 4 15 Oyint ( 1+ K2wmint> _>

<0.

By integration and the fact that @y > @i, wWe conclude that @ > 5 +?2‘“‘3‘ — almost every-
min'

where in Q7.
For now on we will refrain from showing the attainment of initial data. The methodology
will be shown for a more complex case, that is, in the proof of Theorem 1. L

8. PROOF OF THEOREM 8

We use (V™, @™, b™) to denote a solution of the system (81)-(85), whose existence was
established in Theorem 11. Our goal is to let m — oo and thus prove Theorem 10.

8.1. M-INDEPENDENT ESTIMATES

Repeating the procedure from (106)-(107), we deduce that

sup [V ()[3+ [ Tu(w) Dy P < C, (128)
t€(0,T) Q7

sup |"(1)] <C, sup |9 ()] < C(n,k).

IE(O.T) t€(0,T> (129)

We multiply (92) by d/"(t) and sum from i = 1 through m to obtain
(atl)ﬂ’l7 bnl) _ (b"’lvm7 Vb"’l) + (Tn('un,m)me7 Vb"’l)

T (") DV
= (-p70" A
< + + 1+n—l|Dvm|2 ?

Using (29), (94), (90), the fact that % < 1 and divv" = 0, we get

1
(0™, 0™ +

(VD" VD) < (kn, [b"]).
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Using the Young inequality and Gronwall lemma, we get
1
sup [[6"(1)[3-+ [ IV [3dr < Cln ). (130)
1€(0,T) n.Jor
Using the equation (92) and (130), (128), (94), we conclude (in the same way as in (117)-
(118)) that
g m|(2
A 10" 312y dt < CnK). (131)

Testing the equation (93) by w™, we get
1d
2dt

Using the fact that divyv” = 0 and (90), (94) we get

||wm||%+ (wmvmjvwm) + (Tn(un,m)vwm’vwm) =—K ((wm)27wm) )

1d

1

mi|2 mi2
—— @ IV <0
2 yt” HZ }’l” HZ— P

and thus
/0 Ha)’”HdetSC(n,k). (132)

Using the equation (93) and estimates (128), (132), one can deduce (again, in the same way
as in (117)-(118)) that

T
/O 10,0 120y dt < C(n.k). (133)

8.2. TAKING THE LIMIT M — o

By the estimate (128) we can find a subsequence (which we do not relabel) such that
" —* ¢ weakly* in Wh(0,T)".
Using the Arzela-Ascoli theorem and the estimate (129), we conclude that
" — ¢ strongly in C(0,7)". (134)
Based on the definition (95) and the convergence (134), one can deduce

n
V' —v=Y cw; strongly in C(0,7, Wd]i;/z(Q)).

i=1
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Using (132), (133) and (90) and the Aubin-Lions lemma, we find a subsequence such that

o — o weakly in L? (0, T;WI’Z(Q)) ,
do' — do weakly in L2 (0, T;W_I’Z(Q)) ,
" =" weakly* in L* (0,T;L7(Q)),

" — strongly in L (0, T;LZ(Q)) .

Using (130), (131) and the Aubin-Lions lemma, we extract a subsequence such that

b —*b weakly* in L (0,7;W'*(Q)) N L= (0,T;:L*(9Q)) ,
bt — b weakly in L (0,7; W~ 1%(Q))
b" —b strongly in L2 (0, T;LZ(Q)) .

Having the above estimates, it is easy to identify the limit of the system (91) - (95) to obtain

n

(v w;) — (Gk (|v\2) v, VW,») + (Tk (u )D(v),D(w,»)) -0

(135)
foralli=1,...,n,
b bv,V T,(u"\Vb,V b fi (fﬁ) el 0
(b2) = (V) + (T (W)V0,V2) + | by — e | = 136)
Vze Wh(Q)aa. t € (0,T),
(01,2 = (@0,V2) + (T, Ve, Vz) + 1 (@7,2) = 0 .
Vze W'2(Q)aa. t € (0,7),
where
= % + % (138)

Now, we will show bounds for » from which we will conclude that ﬁ = u". By doing
so, we will show the existence of a solution to (75) - (78).

8.3. MINIMUM PRINCIPLE FOR B

Firstly, let us test the equation (136) with z =b_. We get
(bysb-) = (bv,Vb-) + (T,(1")Vb, Vb )

1 (47) IDO) P

= (b, .w,b_ — L b
(=byo,b-)+ 1+n- 1D’
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Using the fact that divv = 0 to the second term of left hand side, positivity of the third term
on left hand side and non-positivity of the second term on right hand side, we get

S 13 < (-brotb ) =

Thus, we deduce that 5 > 0 almost everywhere in Q7. From this, it follows that ,LALH =u"
and that, the positive part of b in (136) can be dropped. Thus, the existence of a so-
lution to the system (75) - (78) is established. Now, let us test the equation (76) with

=|b———1 | . Again, using divv = 0 and positivity of third term on left hand
k(l""Kmeint)Kiz
side and negativity of second term on right hand side, we get

<b,t,<b—bminl> >< —bo, (b_bmm]>
(1+K0maxt)® /) _ (1+ K0maxt)® /) _

The inequality can be rewritten in the following way:

L ( ! ) E
- 2
2dt k(14 0nmt)® /

IN

X 1
B (S
k(14 K Omaxt) k(14 K 0mnt)2 /

1 1
< 1& —b+ 1 (b_ 1 )
+ K2 Ormax? k(1 + K Omaxt ) = k(14 120mint) 2 /

<0.

Using integration from O to # and using the fact that bg’k > %, we conclude that b > %
k(14K Omint) 2
almost everywhere in QT and thus we prove (74).

8.4. REMAINING INEQUALITY

Now, we will establish (80). Let us test the equation (76) with
¢ > 0. Thus, we get

<b”’235> (bvvzfpf) ( AWV, sz)
= (0037 (FrBoir o)

f’ where ¢ € D(Q) and
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Using non-negativity of the last term of the right hand side and divv = 0, we get

<(\/E),a</’> + (va,%) + <Tn(u”)Vb,;7(i) — <T,,(u”)Vb,4(b’éVb>
(Vho.0).

27

N —

Let us observe that the last term of the left hand side is not positive. Thus, we get
((45),9) +(5(45) o)+ (395.59) = -} (V).
After integrating from O to 7, we get
(\/B(t),fp) - /(: (x/Bv,qu) dr+/0‘t (Tn(u")vﬁ,w) dr

> (Voit0) 4 [/ (vPo.g)a

9. PROOF OF THEOREM 7

Let (V*,b", ") be a solution to the problem (75)-(78), whose existence is guaranteed
by Theorem 10. Our goal is to pass with n — oo in (75)-(78) to obtain (54)-(56), and thus
to prove Theorem 9.

9.1. N-INDEPENDENT ESTIMATES

Proceeding as before, we get
ot
v OR+2 [ [ T iper) Pasde = 3. (139)
Thus, we deduce the following estimate:

sup ||V"(1)H§+/ Ti(u")[D(V")|dxdT < C. (140)
t€(0,T) Qf

Now, using bounds on @ (73) and b (74) and Korn inequality, we deduce

T
/0 V"[1§ 2 dxdt < C(k). (141)
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Using the equation (75) and the inequality (141), one can deduce

T
/0 19| 1 » dxdz < C(k).

(142)

2 3
Using standard interpolation inequality ||u HTO C|ull3 ||lu|{ , and (140), (141), we get

T " 10
[ Iiar <.
JO 3

Now, we will focus on uniform estimates for »". First, for arbitrary a > 0 we set z =

in (76) and obtain
(O, Ta(B")) = D"V, VT (b")) + (T (u") VB", VT, (b"))
n|2
- <—b”a)”+1Tk_$)1||gzn|2,Ta(b”)>.
Using the definition (30), we get
(O T (0) = 10
From the inequality (140), we obtain

[ (H()H a<b")) <ac.

Using the fact that divy” = 0, we get

(V! VT, (0")) = — (VB Ty(b")) = — (v, VOL(b")) = (divv", ®(b")) = 0

We also have
(Tu(u")VE" VT, (b")) = /QTn(u") VT, (b")|* dx.
Combining (144), (145) and (146), we get
H ") ||1+/T ) IVTa(b")|dx < Ca.

By integration of the above inequality from O to 7', we get

1€(0,T)

Using (30) one can show that

if " >a then O,(b") > —ab"

E

sup [©q ||1+/ T,(u") [VT,(b") 2 dxdt < CaT +2||©,(5"(0))]],

(143)

T.(b")

(144)

(145)

(146)

(147)
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and
if " <a then @,(b")= %(b”)z.
Thus, we get
2
5 )l < / 0. )dx+ [ /20, (0)dx
(H)>a @ b(t)<a (148)
C(a)[|©a(b" (1)) 11 +C(a).

Using (147), (148) and (60), the following inequality can be deduced:

sup 6" (¢ H1+ AR (b")* dxdt < C(a). (149)

re(0,T

Now, we test the equation (76) using z = W (which is a viable test function based on (74)),
where 4 € (0, l):

d \Vb"\z L (W) DO 1
) / T2 gx— [ —prar , .
di /g 1- My T T Tenpo)P (o)t
Thus, integrating from O to ¢ and taking supremum over 7 € (0,7), we obtain the following
inequality:

Vb |? r 1 1 1-2
;L/ To(u") 2 s < / Vo', —— | di+—— sup | (0" *ax.
o " )1+ 0 (b)* 1=24,c01)/2
Using (149) and (73), we can bound right hand side uniformly and finally obtain

T,(u") )
/QT (bn()‘l‘&wb Pdxdr <C(A™") ¥ A €(0,1). (150)

Now, we set z = bin in (76), and using the fact that divv" = 0, we obtain
d T(1") o2 T (u") D[ 1
Ind"(t)d. —/ Vb"'|“d o'+ ——— — ).
dt/ (1) o (b)? 7 Ve[ = +1+n*1|DV”|2 b
After integrating from O to 7, we deduce
u" Dv'? 1
— [ bt // )Vb“ddt / LD 1Y
/bn<1 n o | * 1+n=1Dv*[2" b"
Kk
< /0 (o, 1) + b}

With the proper usage of supremum, we obtain

wh Dy o1
sup — [ Inb"(1)dx +/ / Vb 2dx dt+/ <7 dt
te(l(;,pT) /b"<1 2 ‘ LtntDve 2 b

l1-

< 2/ (", 1)dt +2|| nb]*
0
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Using the fact that

Inb" (¢ :—/ Inb"(1)d Inb"(r)d
[nd" ()] anpr (<1} 1)+ onipr()>1) (t)dx

we obtain

sup [[Ind"(7) |+//
ZGOT

<2 | (", 1)dr+ sup 18" (0)||) + 2| Inb*
t€(0,T)

Dv')> 1
Vb Pdxdr / Te(u)IDv” 1Y o
| * (1+n‘1|Dv”|2’b”

Thus, by (73), (149) (taken with a = 1), (11), (60), (61), we get

( u") D)

Inb"
sup ||/In 1+n=1 D)2 b"

1e(0,T)

)dt<C (151)

Combining (151) with (150), (61), (60), we get

D(v)|?
sup ||Inb™(1) + / / Vb 2dxdi + / / dxd
re( opT I 5@}l () ‘*’1| b ( 1+n 1ID( )1?) (152)

<c(A™h v ae(o1].

We see that, based on (140), (29), forall k € N

DV 2
k / %dxdt <C.
orn{ur>k} 1 +n=1Dv"|

Additionally, based on (152) with some specific A i.e. A = %, (29), (73), (66), we have that
forall k € N

DV 2
/ DR <.
ornjur<kt 1+~ [Dv7|

Thus, we get

\Dv"|?
//QIH_]'D e <€ (153)

where C does not depend on k and n. Next, we will focus on estimates on 7,,(u") that are
uniform with respect to n and k . Using the definition (29), we get

(2 <T, (W) <T, o +l
nwnfn,ufnwn

. 1 0 n 1 n
mln{l,W}Tn(b ) <T,(u )gmax{l,E}Tn(b )+

and thus
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Due to (73), we finally get

CTy () < Ty (") S OT () + (154)
Thus, by (152)
r o 1-A1 2, IVT,(b")|
L[ e =c@) [ T

n 2
=C(/1)/ wdxdt:C(l)/ In (lf ),1 VT, (b")*dxdt (155)
Qrn{<nt (b Qrn{p<n} (b)'F

' Ta(p") 2 _
<C(A / VT,(b")|“dxdt < C(A .
<O [ T I8 Pt <)

Combining (149) (i.e. with a = 1) with (155), we get

sup || (0")' 2+ [ v (70"

1€(0,T)

) dt <C(A~ ) (156)

Using interpolation inequality || /]|

8 2
: <CIflly ||f||%72 and inequality (156), we get
3

8
| =2 <ca,
Q 3
and thus
n % -1
/QT I, (W] 2 < CA7) forall 2 € (0.1). (157)
Also, let us observe that (157) implies
/ (T (w)*]|? < C(q) forall g € {Li) and o € (0,1]. (158)
or q 3

Now, we continue with k-dependent estimates that will be useful to obtain n — oo limit. From
(152), maximum principle for ®" (73) and minimum principle for b" (74), we get

V[ 1
/QT (bn)wdxdmc(), &)

which combined with (149), yields
|, dxdt < c(A 1 k).

§ =,

Using the W!2 C L® embedding, we get

/OTH(b")HH3dxdz <c( k). (159)
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Finally, using the interpolation inequality

)2 1-2 |3
([ M YR

!

Wl Wl

and (149), (159), we conclude that
/ Hb" 3 dxdt < C(A 1K), (160)

Now, we proceed with k dependent estimates on the diffusion term. For any ¢ € (1, %), due

to (160) and (152), we get
/2
v 2\ (1+4)
qud;:/ (T"(“ V2] ) by
oT (bn +1
2—q

e veE, B
S (/QT Wd dt) (/Q (bn) 2 q dxdt)

<c@ k),

S VTG we

—_ [~ = |~

(1+l) 5

where A < %Tq 1, which implies that < 3. Therefore, we have the following

estimate:
= dxdt < C(A~" k). (161)

[, s

Thus, combining the above inequality with (66), (73), (74) and (160), we get

/ ||b"\| dxdt<c(/r1,k). (162)
Notice that from 725 > %5 = % + 75, the Holder inequality, (161) and (157), it follows that
/T|Tn(u”)Vb”|%dxdt <c(A' k). (163)
Q
Additionally, we can observe that due to (163), (154), (53),
80—
/T [(Tn(u")* VB"| ™ dxdt < C(A~k) for all a € [0, 1]. (164)
Q

In order to obtain uniform bound on d,4", it remains to estimate convective term b"v". Let
us observe that

n.n B < 7 7 .
15" 0.2 < v H%o lz IIB,o%V (165)
where %0% € (10/7,5/3), and thus %0% < 3=~ for some A* € (0,1). Thus, we can

conclude that based on (160), (143) and (165) we have
16" 102 < C(k, A7), (166)
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Using the equation (76) tested with z € Wl’% (Q), combined with inequalities (166), (163),
(73), (160), (140), we can conclude with the help of the following inclusion:

Wl,gsl():}? (Q) C WI,SO(Q) C CO%(Q) that
T |
|10 s < €27, (167)

Finally, we derive k-independent estimates for ®”. We set testing function z = " in (77)
and obtain

o3+ [ 1 Vo = - (0, 07).
Thus, integrating from 0 to T we get
/ T,(1") Vo' |>dxdi < C, (168)
which, after using (73) and (74), implies that
T 2
/O 0|2, dxdr < C(K). (169)
We see that due to the Holder inequality,

I, (1) Ve s 4 <

< |V (v

(170)

2
T () s -
6+

We see that 1 6+l € (15/7,8/3), and thus 16(’+f <8 ~ for some A* € (0,1). From this and
(168), (157) we obtain

17 (0") V& 161 <c@h. (171)

Thus, having (171), (143), (73) and (77), we can conclude that

A
/Hawnmﬂwdxdmc@ n, (172)
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9.2. PASSING TO THE LIMIT WITH N

Having (140), (141), (142), (143), (162), (167), (169), (172), we can find a subsequence

(which we do not relabel) such that
Visty o weakly® in L7 (0,T,L3,) L2 (0.7, W32 (9))

oV — 9y weakly in L? (0 T de (Q))

b —*b  weakly* in L7 (0,7, W"4(Q)) NL=(0,T,L' (Q)) for all g € [1,5/4),
)

ob" — b weakly in M (0,7, W~ 4(Q)) forall g € [1,80/79),
©" —~* @ weakly* in L* (0,7, W"*(Q)) NL=(0,T,L"(RQ)),
00" — dw weakly in L (0,T,W19(Q)) forall g € [1,16/11).

Now, using the Aubin-Lions lemma 7, we conclude that for o¢ € (0, 1) we have

Vi strongly in L* (0,7, W *?(Q) NLE;, (Q)) ,
0" = o strongly in L (0, T,W‘“(Q)) ,

5
b"—b strongly in L7 (0,7,W%4(Q)) forall g € {1 , Z) )

We can extract subsequences that converge almost everywhere

Vi almost everywhere in Q|
0" — o almost everywhere in Q7 ,
b"—b almost everywhere in Q7.

Moreover, from (160), (184), (143), (184) and Vitali lemma 4, we get

V= strongly in L7 (0,T,L9(Q)) forall g € [1,10/3),
b"—b strongly in L7 (0,7T,L9(Q)) forall g € [1,5/3).

Now, we will identify the limit of (77) as n — oo. Notice that (171) implies
T,(W")Vo" — uVe inLY(QT) forall g € [1,16/11).

Thus, using (179), (180), (178), we get

(173)

(174)
(175)
(176)
(177)
(178)

(179)
(180)

(181)

(182)
(183)
(184)

(185)
(186)

(187)

(@7,2) — (0v,V2) + (qu,Vz) =k (0%z)  VieEW'™(Q)aa e (0,T).

We need to show that £V = uV almost everywhere in Q7. To do so we use Lemma 4 and

(157), (183), (184) to get

T,(1n") — win LI(0,T,L(Q)) for all ¢ € [1,8/3).

(188)
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Then, from (188), (177) and Lemma 5, we conclude
(") Vo' — uVa in L9(0,T,L(Q)) for all ¢ € {1, j) . (189)

Using (189), (187) and the uniqueness of a weak limit, we get uVw = uVo. Now, we will
focus on obtaining a weak limit in (76). From (158), (183), (184) and Vitali lemma 4, for all
a € (0,1) we have

(T, (1")* — p® strongly in L9(0,T,L9(Q)) for all g € {1, 32) : (190)
From (164) and the fact that % < %, we get
(Tp(1")* VB" — 1%Vb weakly in L5 (O,T;L% (Q)) for all o € [0, 1]. (191)

Our goal is to identify this limit for all o € [0, 1]. We will proceed inductively. Define i = 81—1,
0o =0 and ;1 = o; + h. Notice that (191) holds for o due to (175). Assume that it holds
for ¢, that is

(Tp(1"))% VB" — 1%V weakly in L5 (0, T;L%(Q)) . (192)
Using (192), (190) with o« = h and g = % and lemma 5, we get

(T (W) % V" = (Ty(u)" (Tu(u") % VB

% Vb = p%+1Vh weakly in L33 (o, T;L%(Q)) 1
From (191), (193) and the uniqueness of the weak limit, we get
(T, (")) %1 VB — p%+1Vh weakly in L5 (0, T;L%(Q)) .
Thus, setting i = 81, we get
T,(W")VH" — Vb weakly in L (07 T;L%(Q)) . (194)

From (163), we deduce that 7,(u") VD" — uVb weakly in L4(0,T,L1(Q)) for all g € [1,80/79).
Thus, from the uniqueness of the weak limit and (194), we finally obtain

T,(n")Vb — uVb weakly in L9(0,T,L4(Q)) for all g € [1,80/79). (195)
From (183), (184), (29) and lemma 4, we can conclude that for all o € (0, 1)

(Te(W™)* — (Ti(1))? strongly in L9(0,T,L9(Q)) for all g € [1,e0). (196)
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From (140), (173), (196) with a = % Lemma 5 and the uniqueness of the weak limit,
we have

Te(u™)Dv" — /Ty (1) Dv weakly in L* (0,T;L*(Q)) . (197)

Now, using (197), (196) with o = % (174), (143), (179), we can pass to the limit in (75)
to get
2 _
(asw) = (G (W) v@v, V) + (Ti (1) D(v), D(w)) = 0 195
Ywe W2 (Q)aa e (0,T).

The solution is defined on time interval [0, T), however by repeating all previous steps it can
also be attained on time interval [0, T + €). We will consider such extended solution to obtain
stronger convergence results

(veow) — (Gk (|v|2) Ve, VW) (T (W) D), D(w)) = 0

(199)
Ywe W2 (Q) aa € (0,T +e).
First, notice that based on (179) and lemma 8 we have
V(1) — v(t) in L*(Q) for almost all 7 € (0,7 +¢). (200)

Let us pick time 7* € (T,T + ¢€) such that (200) convergence holds. Now, let us set w = v
(which is a viable test function) in (199) and integrate from O to ¢*

I\V(f*)l\%+2/m Te(1) DY) Pdxdr = |[vo -

By setting r = ¢* in (139) (having in mind that it is valid for extended solution) and passing
with n — oo, we get

imsup (17(°)[-+2 [ 70" [0 st ) = o]
n—oo Qf

By using (200), we get

Iv(t*) |13 +2limsup o T (u")|DV" PPdxdt = |[vo|[3. (201)
n—yoo !
By subtraction, we get
limsup - T.(W")|DV'|dxdt = /Qx* Ti () |D(v)|*dxdt. (202)

n—soo

Thus, using (202) and (197) (again, having in mind that it can be attained up to time T + €),
we conclude that

VT (W) DV — /T (W) Dv strongly in L> (O,I*;Lz(Q))
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and thus, due to the fact thatt* € (T, T + ¢€),
Ti(u™)|DV')? — Ti () |Dv|* strongly in L' (O,T;Ll (Q)). (203)
Having this, we can extract subsequence that converges almost everywhere
Ti(u™)|DV')? — Ti(u)|Dv]* almost everywhere in Q7 . (204)

From (153), we have

T n n|2
/ / Ku") DV dxdt < C.
o Tu() + VT () [P

Using (204), (183), (184) and Fatou lemma, we get

To(1)|Dv|? '
/ dedt:/ \Dv[2dxdi < C.
o Ti(u) Qf

Now, we can strengthen (176). We see that, based on (76) and (203), (185), (186), (177),
(195), we have

T T T T
/ Qb 2)dt = / (b, V) di — / (To(u")Vb", Vz) di — / (0", 2)di
0 0 0
) [Dv"[*
+/ (1+I’l llD n|2’ dt
T
—>/ (bv,Vz)dt—/ (,qu,VZ)dt—/ (bw,z)dt
0 0 0
T
+ [ (1) 0P 2)
forall z € L™ (0,T,W"9(Q)), where g € (80,0]. This means that

o,b" — 9,b weakly in L' (0,7,W~"4(Q)) for all ¢ € [1,80/79).

Using lemma 4 and (74), (73), (183), (184), we can deduce that

1 . 1
N ATOICORIINN Ly (205)

strongly in LP(QT) forall 1 < p < eoand forall 1 < A < oo

Combining (205), (195), we deduce that
/Tr (un 80
(1 )Vb” VK Vb weakly in LI(QT) forall g € [ 79)

1+A

(b (b)'"

Next, using (152), we can improve convergence result to

Tn n
VI G o VE Gy eakly in 12(Q7).

1+2 141

()" ()"
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Employing the same reasoning, one can show that

Tn n
W) gp Py weakly in L9(Q7) forall g € [1 80).
(b") b2 79

Finally, thanks to (160), (184) and Lemma 4, we get
b" — /b strongly in L7 (0,7,L1(Q)) forall g € [1,10/3).

Thus, based on lemma 8, we see, that there exists a subsequence (which we do not relabel)
such that

b"(t) — +/b(t) strongly in LY(Q) for all ¢ € [1,10/3) and almost all times 7 € (0,7).

This gives us

( b"(t),z) = (Mb(t),z) for all ¢ € D(€) for almost all times 7 € (0, T).

Obtained convergence results are sufficient to pass to the limit with n — oo in equations
(75)-(77) and the inequality (80) to get Theorem 9.

10. PROOF OF MAIN THEOREM

For an arbitrary k, we denote by (vk7 o ,bk) a solution to the problem (54)-(56), whose
existence was established in Theorem 9.

10.1. K-INDEPENDENT ESTIMATES

First, from (54) tested with v* and (58), we get

sup W03+ [ (14 Tw)) ID04) Pt < C. (206)
t€(0,T) Q

=

4
Thus, using Korn inequality and interpolation inequality || f|| *0 <A 1f 13 ,, we get

§ A e

W=

(207)

,0
3
j
3
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Moreover, from (58) we have

[l

Using (208), (206) and Holder inequality, we get

d; <c(A™h. (208)

SSA

T ka’ < |I\/ T (uk) D T(uk
H k(L") Dy or s S ‘ i (1*) Dy . k(1) -
) 5 6+51 (209)
< |[Vawond| me, ., <ca
Qr2 Q. est
due to 166+55f € (1,8/3). Notice that from (58) and (52), it follows that
/ 145 < o). (210)
Using (58), (210), (52) and the Holder inequality, we get
144
uk k (bk)
”VbHZ—)L < 144 Vb Hk
() S|
(211)

k
<ol |t Hb
3

Notice that for any A € (0,1) we can find l],?Lz € (0,1) such that g7 = 5 /11 + 5551
Additionally, 11,4, — 0" as A — 0T. Thus, by the Holder inequality and (52), (211), (210),
we get

H“kw’k‘ c(Ahnl)<ca™h). 12

o

<
QT 2-2, or =k =

i 5[]
From (58), (211), (210) and (212) we have

T 2—
sup (IOl + [inb Ol ) + / (HWHZ + 4]

8—54
3

AL
(213)

t(0,T
Tl o
k k -1
+/0 H” vot| L ar=cah.
Based on equation (55), we have
Wlosm e
54 .
7 weW‘*(87 ) @lol | gy =t
W’(7)(Q)
< su ’bkvﬁv ‘+| R ’+‘wkbk ‘+‘T DV? ‘
an | [(#470)] | (t70)| (0 0) (00 0)
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2
Let us note that W' 1% Q) cwhd(Q)c 03 §(€), and thus, by Holder and Young inequali-
ties, we have

k
Wl (I
v 7 1, (

oW =

lloll, s-2=1
T2

<c(|

Finally, by (213), (210), (207), (206), we get
T
I

Next, notice, that (56), tested with ©¥, and (52) imply

o VOl + ot

o 19l

AL o

—A
=

o+ ], H)

10
3

10
3

+Hb’<

+ H by pk

40

k < —1
ob HW4#<Q)dz <c(h. (214)

sup Hwk(t +/ bV Pdxdt < C. (215)
1€(0,T)

Using the Holder inequality and (215), (210), we get

o9t < |VERvat ], [ Vo,
(216)
<Hwa H ku o _C()L h.
Using (213), (52) and (216), we get
V@b, <c 217)
11
and
vro*
V(-—— <c(A™h.
H (bk+1> s (A7) (218)
Also, with the help of (218), (210), (52), we can write
16—.
/ -t 1‘16 2 gy 1 <. (219)

Using the equation (56) and inequalities (52), (207), (216), we deduce (in a similar way
as in (214)) the following:
T
I

1654
8,(0"” Des  dt<C(AT). (220)
WU (@)
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10.2. RECONSTRUCTION OF PRESSURE

We will show that there exists pressure p; € L2(0,T,L*(Q)) such that

(v w) — (Gk ((ka) vk®vk,Vw> + (Tk (uk) D(vk),D(w)) - (phdivw)

221)
Yw € W'2(Q) and almost all 7 € (0,T).
Combining Lemma 2 with (47) and (29), (31) we get
P = L(T (1M DV € L2(Q) for almost all 7 € (0,T), (222)
Ph=L(—G (VP evh) e L2(QT) for almost all 7 € (0,7), (223)

which are uniquely defined for a fixed k. Additionally, using the estimates (207), (209),
we have

H wl < CHTk(uk)ka o for almostall7 € (0,7),  (224)
I I

2
14|, =< |, for almostallr € (0,7),  (225)

3 3

Moreover, the following equalities hold:
(p’; ,A¢) - (Tk(uk)D(vk),V(Vq))) for all ¢ € W22(Q), (226)
2
(p’g,Aq;) S (Gk (‘vk’ > vk®vk,V2¢) for all 9 € W>2(Q), (227)
k _ k _
/ prdx = / prdx = 0. (228)
Q Q

Let w € WH2(Q). It can be decomposed (using Helmholtz decomposition) in the following
way:

w=Vp+VxA,
where @,A € W22(Q). Since div(V x A) = 0, from (54) we have
k K2\ ko k k k
(. V xA) - (Gk (’v ‘ ) @k, v (v ><A)> + (Tk (u )D(v ),D(V xA)) —0. (229)
We also see that due to divv* = 0, we have
Vi, Vo) =0. (230)
Since div (V x A) = 0, we can write

(p’f,div(V XA)) -0, (p’g,div(v ><A)) —0. (231)
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Thus, summing (231), (230), (229), (227), (226), and using the fact that
(T D04,V (v9) ) = (Tu(u)D(H), D(v9))

we get
2
(v{‘,,Vq)—i—V X A) — (Gk (‘vk’ >vk®vk,V(V¢+V xA))

+ (7 (1) DOH),D (V9 +V x 4))) = (. div (Vo +V x4)),

where pf = p’f + p’é. The obtained equality is exactly (221).
Next, using (224), (225) and estimates (207), (209), we deduce

£ (e

Now, based on the equation (221) for A € (0,1) and proceeding as in (214), we have

16-54 <C(H
Wb (@)

Consequently by estimates (206), (207), (232), we have

T 16-51

a,kaW?L% dr <C(A). (234)
10.3. TAKING THE LIMIT K — oo

s +HP'§H5> dr <c(A™). (232)
11 3

+HTk Dv

(C s+ Pl + |P2||g) o)

(@)

Based on (206), (207), (234), (213), (214), (215), (220), (210), (232), we can deduce the
existence of a subsequence (which we do not relabel) such that

Wy weakly® in L7 (0,7, L3, (Q)) N L2 (0, T, Wdlif(g)) , (235)
Wy weaklyin LY (07 T,L%O(Q)) , (236)
ok — v weakly in LY (07 T,W’l*q(Q)) forall g € {1 1?) (237)
bk —*b  weakly*in L (0,7, W"4(Q)) NL” (0,T,L'(Q)) forall g € [1,2), (238)
ob* — b weakly in M (0,7,W"4(Q)) forall g € [1,8/7), (239)
of —~* o  weakly* in L*(0,T,L°(Q)), (240)
00" — 9,0 weakly in L7 (0,7,W~"4(Q)) forall g € [1,16/11), (241)
¥ —~b  weakly in L7(0,T,L(Q)) forall g € [1,8/3), (242)
ph—=p1 weaklyin LI (0,T,L9(Q)) forall g € [1,16/11), (243)
Pk —py  weaklyinL} (0 T L%(Q)) (244)
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From Aubin-Lions lemma, we conclude that for & € (0, 1)

Vi strongly in L (0,7, W**(Q) N LE;, (X)), (245)
' —b strongly in L (0,7, W**(Q)) . (246)

We can extract subsequences that converge almost everywhere

sy almost everywhere in QT, (247)

b*—b almost everywhere in or. (248)
Thus, based on inequalities (213), (207) and Vitali lemma 4, we have

oy strongly in L9 (0,T,L9(Q)) for all ¢ € [1,10/3), (249)
b= b strongly in L7 (0,7,L9(Q)) forall g € [1,8/3). (250)

Using (219), (218), (250), (240), lemma 5 and the uniqueness of the weak limit, we get

ot = bo weakly in L7 (0,7,W"4(Q)) forall g € [1,16/11), (251)
bk o* b
H“;k - l—j_"b weakly in L7 (0,T,W"9(Q)) forall g € [1,16/11).  (252)

Our goal is to strengthen convergence result for ®*. To achieve this, we employ Div-Curl
lemma (see lemma 3). Let us define two 4-vectors

—1
a = (wk,cokvk—ukak), - (bk (1 +bk) a)k,0,0,0) .
Using (52), (207) and (216), we get

<c(Ah.

s g,
LT (Qf)

L=(QT)

From the equation (56), the maximum principle (52) and (218), we have

<C

HL“’(QT) - ‘ ) 2

k ook
v bw
1+
Using (240), (249), (216), (52) in case of convergence of d* and (252), (52) combined with
the uniqueness of the weak limit in case of convergence of ¢, we get

9,0k + div (wkvk> —div (ukak)

()

Hdivtﬁxak

L=(QT)

and

<C.

LY(QT)

T
Vt’xck — (V,ﬁxc/‘)

<]

LY(QT)

& —a= (a) v — uVa)) weakly in L9(Q7) for all ¢ € [1,16/11),

ko= (b(l +b)7! m,o,o,o) weakly* in L*(Q7) .
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Thus, using Div-Curl lemma 3, we get

bk|a)k|2 N b|(x)|2
1+ bk 1+b

Plaok? . C e
However, we see that the sequence ll-:)b’»" is bounded in L=(Q7), so a weak sequence can

be extracted. Using the uniqueness of the weak limit, we get

in the sense of distributions. (253)

be'* |, blof?
1+ bk 1+b
Using (254) and (250), we can deduce that

/QT (bkwk)zdx - /QT o (6 +1) bf'fzfdx

weakly* in L=(QT). (254)

5 (255)
= / b+ 1) A2 g / (bw)?dx
Jar 1+b Jar '
From (250) and (240), we get
bo* — bw weakly in L2(QT). (256)
And using (255) and (256), we get
b*o* — bw strongly in L2(QT). (257)
Consequently, for a subsequence we have
v o* — bo almost everywhere in Qr. (258)
Using Vitali lemma 4, (258), (248) and (52), we get
(ot bo in 14(Q7 259
= 7, — @stonglyinL (Q") forall g € [1,00). (259)
Having the above convergence and (52), it is easy to see that
1 1 . T
oF -5 strongly in L7(Q") for all g € [1,00). (260)
Using (260) and (250), we conclude that
b
p* — = — strongly in LI(QT) for all ¢ € [1,8/3). (261)

)
Also, there exists a subsequence (which we do not relabel) such that

p.k — 1 almost everywhere in Q7 . (262)
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From (261) combined with (238), we deduce
p*Vbk — uVb weakly in LI(QT) for all g € [1,8/7). (263)

Thanks to (206), we can deduce that /7y (u¥)D(v*) — \/uD(v) in L*(QT), and thus, by (235),
(261) and the uniqueness of the weak limit, we have

\/ Ti(u9)D(V) — JuD(v)  weakly in L2(QT). (264)
Again, using (262), (213), (52) and lemma 4, we conclude that

Ti (1¥) — /1 strongly in LY(Q") for all ¢ € [1,16/3). (265)
Now, from (265), (264) and weak-strong convergence lemma 5, we can deduce
T (uk) Dvk — 1Dy weakly in L9(Q7) for all g € [1,16/11). (266)
Using (260), (251) and (238), we get

vV (b ok)

k_
o —Vb

V(bw)
kg pk
Vb = —_—
K ®

— Vb weakly in LY(QT) for all g € [1,16/11).

The convergence results obtained above are sufficient to pass to the limit in (54)-(56) to get
(24), (26), (28). Now, we will focus on obtaining (25). Let us denote by EX := [v}|? /2 + b¥.
Let us set w =¥z, z € W1’°°(Q) in (221) and sum it with (55) to get

(2h) () 9o5) o (s90.2) (5 ()0 () .59

1
= (ot a".2) 5 (26 (1P WP = WP =T (2) ) . v2)
First, let us observe that by (207), (31), (32), the sequence (2Gy (|v*|?) [v¥|? — [v¥|2 — T (|V*|?) ) v*

is bounded in LY (QT), and thus there exists a weakly convergent subsequence (which we
do not relabel):

(267)

(zck (|vk|2) VPR — 2 — T (|vk|2)> K S Oweaklyin L9 (Q7).  (268)
Using (247), (31), (32), we obtain
(2Gk (|vk|2) VK2 — VK12 =Ty (|vk\2)) V¥ — 0 almost everywhere in Q7 . (269)
Thus, by (269), (268) and the Egorov theorem, we conclude that
(2Gk (|vk|2) VR — 2 — T (|vk|2)> VS Oweaklyin L¥(Q7).  (270)
From (247) and (248), we have

EF 5 E almost everywhere in Qr. (271)
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From (207), (213) and (271) combined with the Egorov theorem, we have
EX ~E=E weaklyinL3(Q"). (272)

Now, we see that due to (207) and (272), vFEF is bounded in LY (QT), and thus has a weakly
convergent subsequence. This, Egorov lemma, (271) and (247) imply that

VEK “VE  weakly in LV (Q7) . (273)

Finally, using (266), (249), (243), (244) and weak-strong convergence lemma 5, we get

[ 80

Ti (U )D(FWE — uD(v)v weakly in L1(QT) for all g € 1,%> , (274)
[ 80

plka — py weakly in L1(QT) for all g € 1,79> , (275)
10

p’ﬁvk — pov weakly in L1(QT) for all ¢ € |1, 9) . (276)

From the equation (267) and (270), (273)-(276), (263), (257), recalling that weakly conver-
gent sequence is bounded, we deduce that

N

Thus, one can pass to the limit in (267) to get (25).

k q
QE HW*W(Q) dt < Cforall g € [1,80/79).

10.4. ATTAINMENT OF INITIAL DATA

In this part, we focus on obtaining initial conditions in a similar fashion as presented in
[4]. We start with v. Let us test equation (54) with ¢ € D(Q) such that div ¢ = 0 and integrate
from O to ¢

t 1
(vk(t),(p> — (v, 9) 7/ (vk®vk,D(p> dt+/ (Tk(uk)ka,Dq)) dx=0. (77
0 0
Using (249) and lemma 8, we obtain
VE(t) = v(t) in L*(Q) for almost all 7 € (0,T). (278)

Using (266), (249) and (278), we can pass to the limit in (277)

t t
(1), 9) — (v, @) — / (v@ v, D) di + / (4Dv, D) di = 0 for almost all £ € (0,T).
JO 0
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From this, we deduce

lim (v(t),9) = (vo, ). (279)

t—0t

The equality also holds for ¢ € L3, (Q). Indeed, let {@;} be a sequence of smooth functions
such that @; — ¢ in L?(Q). First, let us observe that by (235) we have

lim lim | (v(#),@;— @) | < sup [[v(z)[]2 lim [|@; — @[> =0.
(v(t), 9, — @) Sup lim [|g; (280)

J—eot—0t €(0
Now, using (279) we have

lim lim (v(1),9;) = lim lim (v(z), @)+ lim lim (v(t),Q; — @) = (vo, ).

J—reet—0t J—reot—0t J—reet—0t

From this and (280) we deduce that (279) also holds for ¢ in Lgiv(Q).
Now, testing equation (54) with v and integrating from 0 to 7, we get

t
IFOI+2 [ (7Dt D) dr = B,

Next, omitting second term of the left hand side and passing to the limit with k — co with the
use of (278), we get

[v(1)5 < [[voll5 for a.a. £ € (0, T). (281)
Using (279) and (281), we conclude that
lim |[v(r) — vo3 = lim 13 2-20v(1),
Tim [[o(r) = voll3 = tim ([v()]13+ vol}3 =2 (v(2).v0)) .
< [Ivol[3 + [Ivol[2 = 2 (vo, vo) = 0.

Similarly, we can show attainment of initial data for .

Now, we will concentrate on showing attainment of initial data by b. Before we proceed
further, we will establish more convergence results. By (262), (213), (52) and lemma 4,
we have

\/EH VI = \/g strongly in LI(QT) for all ¢ € [1,16/3). (283)
From (283) combined with (238), we deduce
\/Ewgk — /uVb weakly in L1(QT) for all ¢ € [1,16/11). (284)
From (238), (248), Lemma 4, we conclude that
bk — /b strongly in L9 (0,T,L(Q)) for all g € [1,4), (285)
Using (285) and lemma 8, we get

bk(1) — /b(1) in L*(Q) for almost all £ € (0, T). (286)
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Now, using (59) for almost all times ¢ € (0,7, we have

<\/b"7 > /(\/>v Vo d7:+/ <\/;Tk\/Eka,V(p>dr
25'/0 (\/bfka)k7(p)dr+(\/%,(p> Yo € D(Q),p > 0.

Using (285), (284), (249), (238), (261), (286) and letting k — oo, we get
(Mb(t),(p) / («fv Vo dr+/ < N V(p)dr

1 t
> i/ (\/l;a),(p d7+ (\/bo,(p) Vo € D(Q), ¢ > 0 for almost all 7 € (0,T).
0
Finally, letting t — 0", we get

timinf (\/5(1).¢) = (Vbo.p) Vo € D(Q).¢ 0. (287)

Note that the obtained inequality is also valid for ¢ € L?(Q), as before in (279), due to density
argument. Now, setting z = I{o<;<,) in (267) and integrating from 0 to 7, we get

13 13
/ (QE*, 1)dt = —/ (b"w",l) ar.
0 0
Thus,

1
/ B (x,1)dx + / v (x, 1) Pdx = — / (st 1) dr+ / B (x)dx+ / Ivo(x)|2dx.
Ja Ja Jo Jo Jo
Using (286), (278), (257) and letting letting k — oo, we obtain
. ot
/ b(x,t)dx+/ [v(x,1)|2dx = —/ (bo, l)d‘H—/ bo(x)dx+/ [vo (x)|*dx
Q Q 0 Q Q
for almost all € (0,7). Finally, letting t — 07, we get
limsup </ b(x,t)dx—i—/ |v(x,t)2dx) = / bo(x)dx+/ vo(x)|*dx.
0t \JQ Q Q Q
Thus, employing (282), we get
limsup [ b(x,t)dx = / bo(x)dx. (288)
JQ

=0t JQ

Notice that by (288) and (287) we get
timsup |/5(1) — v/Boll3 = timsup (116(0)l11 + l1bo]l1 =2 (v/5(0), v/0) )
t—0F t—0+
< 1bolls +[1bolls +2timsup (— (v/2(), /o) )
t—0t
< 2lJbo s — 2timinf (V/b(r), /bo )
t—0t

<2[bolli =2 (Vbo, Voo ) <0.
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Now, with the help of (238) it is straightforward to show attainment of initial data

Jim [b(e) = bolli < lim |[\/b() = v/boll2l|v/b(1) + Vol
1/2 5.
<2 sup [|b(@)["? lim |[/b(r) ~ /ool 2

t€(0,T)

=0.

This concludes the proof of the main theorem.
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1. INTRODUCTION

Let (X,d) be a metric space. On the family B (X) of nonempty, closed, bounded subsets
of X, we define the map dy: B(X) x B(X) — [0,0] by the formula:
VA,B € B(X) du(A,B)=inf{r>0:ACH(B,r) and BCH(A,r)},
the so-called Hausdorff metric on ®8(X), where H(A,r) denotes the r—hull of A. We shall
restrict this metric to the family €(X) of all nonempty compact subsets of X.

It is well-known that given an isometry i of (X,d), the function / defined by the formula:
VK € ¢(X) I(K):=ilK]={i(k): ke K}

is an isometry of the space (€(X),dy). The following question is much more interesting:
what does one need to assume about the space (X,d), so that all isometries of (€(X),dn)
can be obtained by the above formula from isometries of (X,d).

The main purpose of this paper is to answer this question for certain uniquely geodesic
metric spaces by proving the following theorem:

Theorem 1. Ler (X,d) be a uniquely geodesic, geodesically complete metric space, in which
geodesics do not split. Let I be an isometry of (€(X),dy). Then there exists an isometry i of
(X,d) such that:

VK € €(X) I(K)=i[K].



128 Kacper Kurowski

In the late 70’s and early 80’s, several authors started to investigate relations between
the isometries of the Euclidean space E” and those of the space (C(E"),dy), where C(E")
denotes the family of nonempty, compact, convex subsets of E".

In [4], the author showed that all isometries of (C(IE"),dy) are induced by the above-
mentioned formula from the isometries of [E. In [2], it was shown that the same holds for
the isometries of (€(E"),dy) and in [3] the authors generalized these observations to certain
non-Euclidean cases. In 2005, in [1] the author generalized the results for Euclidean spaces
to proper, uniquely geodesic, geodesically complete metric spaces, in which geodesics do
not split.

Theorem 1 generalizes [1, Theorem 2] by omitting the assumption that the metric space
we consider is proper, that is, that all of its closed balls are compact. Therefore, it applies to
all strictly convex normed spaces with the metric generated by the norm, instead of only the
proper, thus finite-dimensional ones.

The remainder of the paper is structured as follows: in Section 2, we recall basic defini-
tions regarding metric spaces and geodesics. Then we explore the behaviour of the Hausdorff
metric on the family of nonempty compact subsets. Moreover, we introduce the notion of
midpoints and midpoint extensions. The proof of Theorem 1 is presented in Section 3.

2. PRELIMINARIES

2.1. METRIC SPACES

Let (X,d) be a metric space. For x € X and r > 0, denote

B(x,r)={yeX:d(xy)<r},  Blxr)={yeX:d(xy)<r},
S(x,r)={yeX:d(x,y)=r},
which will be called an open ball, a closed ball and a sphere, respectively, with a centre x
and a radius r. If all closed balls are compact, we say that the space X is proper.
For A C X, r > 0 we define the r—hull of A as:

H(A,r):={x€X: (JacA) d(a,x)<r}=|]JBla,r).
acA

Let (X,d), (Y, p) be two metric spaces and let i: X — Y be such that p (i(x),i(y)) = d(x,y)
for all x,y € X. If i is surjective, we will call it an isometry; otherwise, we will call it an
isometric embedding.
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2.2. GEODESICS

Let (X,d) be a metric space and let I be an interval, that is, [ is of the form:
[avb]v [a7oo) ) (—oo7b] s (_°°7°°) 5

where a,b € R and a < b. Isometric embedding y: I — X shall be called a geodesic. In the
case when I = [a,b], we shall say that the geodesic y: I — X connects y(a) and (D).
If y(a) = y(b), v shall be called trivial. Let Dom(y) and Im(7y) denote the domain and
the image of 7, respectively.

We shall say that the metric space (X,d) is geodesic, if for all x,y € X there exists
a geodesic connecting x with y. If for all x,y € X all geodesics connecting x with y have
the same image, we shall say that X is uniquely geodesic.

Geodesic metric space (X,d) will be called geodesically complete, if for every non-trivial
geodesic ¥ there exists its biinfinite extension, that is, a geodesic y: (—oo,00) — X such that
)7|D0m(y) = 7. If for every non-trivial geodesic ¥ in X the image of every biinfinite extension
of yis the same, we shall say that geodesics do not split.

2.3. SPACE OF NONEMPTY COMPACT SUBSETS

Let (X,d) be a metric space. While the Hausdorff metric dy is a metric on the family
B(X) of nonempty, closed and bounded subsets of X, we will work with the family €(X) of
nonempty compact subsets of X. The two families are different precisely in the case when X
is not a proper metric space, that is, when there are non-compact closed balls.

The next two lemmas allow us to find the value of dy in some rather special cases.

Lemma 2. Let (X,d) be a metric space and let K € €(X). Let k,g € K be such that d(k,g) =
diam(K). Then d(K,{g}) = diam(K).

Proof. Notice that for all k € K we have d (gjé) < diam(K). Therefore, since g € K, we
have dy(K,{g}) < diam(K). On the other hand, for r < diam(K) we have k ¢ H({g},r).
so K Z H({g},r). Thus, du(K,{g}) > diam(K). Hence, d(K,{g}) = diam(K). O

Lemma 3. Let (X,d) be a metric space, x € X and r > 0. Let K € €(X) be such that K C
S(x,r). Suppose there are k € K and s € S(x,r) such that d(k,s) =2r. Then dy(K, {s}) =2r.

Proof. First, notice that for A < 2r we have k ¢ H({s},A), so K € H({s},A). There-
fore, dy(K, {s}) > 2r. Now, notice that for all k € K we have d(k,s) < d(k,x) +d(x,s) =
2r, so K C H({s},2r). Also, {s} C H({k},2r) C H(K,2r), so du(K,{s}) < 2r. Thus,
du(K,{s}) =2r. O
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The following lemmas show that the Hausdorff metric dy has fairly nice properties when
we deal with the family €(X).

Lemma 4. Let (X,d) be a metric space. Then, for K,C € €(X) we have:
dy(K,C) :=min{r>0: KCH(C,r) A CCH(K,r)}.
Moreover, we have:
VK,C€€(X) VkeK ceC d(k,c) <du(K,C).

Proof. Let K,C € €(X). Let us fix k € K. For each n € N, there exists ¢, € C such that
d(k,cn) <du(K,C)+1/n. Since C is compact, we have a subsequence (cy,, ), and ¢ € C such
that ¢,,, — ¢ as m — co. Passing to the limit on a subsequence we get d(k,c) < du(K,C), and
the second claim follows.

Since k € K was arbitrary, we have K C H(C,du(K,C)). In the same fashion, we get that
C CH(K,duy(K,C)). This, by the definition of dy, proves the first claim. O

Lemma 5. Let (X,d) be a metric space and let K,C € €(X). Then at least one of the
Jollowing two possibilities must occur:

o JkeK YeeC dlke)>dy(K,C);

e deeC VkeK d(k,c)>du(K,C).
Proof. Suppose neither of the two possibilities occur. Set K is compact, so the map k —
min {d(k,c): ¢ € C} reaches its maximum M, on K. Thus, K C H(C,M;). Similarly,
the function ¢ — min{d(k,c): k € K} reaches its maximum M, on C, so C C H(K,M>).

Let M = max(M,,M,). By our assumption, M < di(K,C), which is in a contradiction with
the definition of dy (K, C). O

2.4. MIDPOINTS AND MIDPOINT EXTENSIONS

The following subsection is dedicated to the study of midpoints and midpoint extensions.
The lemmas will be used extensively in the proof of the main result.

Definition 6. Let (X,d) be a metric space and let x,z € X. Point y € X shall be called
a midpoint between x and z, if:

d(x,y)=d(y,2) = %d(x,z).

The set of all midpoints between x and z will be denoted by Mid(x,z). In the case when this
set is a singleton, we shall denote its only element by mid(x, z).
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Lemma 7. Let (X,d) be a metric space and let x,y,z € X. Suppose that
d(x,y),d(y,z) <D andd(x,z) >2D
for some D > 0. Then y € Mid(x,z) and all the above inequalities are, in fact, equalities.
Proof. By the triangle inequality:
2D < d(x,z) <d(x,y)+d(y,z) <D+D=2D.

Therefore, all inequalities above are, in fact, equalities. In particular, we get that:
1
Fdxz) =D =d(xy) =d(y2).

Thus, y € Mid(x, z) and we have proved all the necessary equalities. U

Corollary 8. Let (X,d) be a metric space and let x,z € X. Then

Mid(x,z) = B <x, d(’;’ J ) nB (z, d@;’ Z)) .

Proof. Denote D == B (x, @) NB (z, d(x’z)). Inclusion Mid(x,z) C D follows from the

2
definition of Mid(x,z). On the other hand, if y € D, then d(x,y),d(y,z) < @ and by
Lemma 7 we get that y € Mid(x, z). Therefore, Mid(x,z) 2 D. O

Lemma 9. Let (X,d) be a geodesic metric space. Let x,z € X and y € Mid(x,z). Let
Yot [—a,0] = X and ¥,: [0,a] — X be geodesics connecting x with y, and y with z, re-
spectively, where a == d(x,y). Then y: [—a,a] — X defined by the formula:
Yo(t), if —a<t<0,
vy = g U0
%e(t), if 0<t<a,

is a geodesic connecting x with z.
Proof. First, let us notice that we only need to check that d(y(s), y(¢)) =|s —¢t| for s <0 and
t > 0. Thus, let s < 0and ¢ > 0.

Notice that:

d(¥(s), v(t)) < d(¥(s),7(0)) +d(¥(0),v(x))
= d(Yy () %y(0)) +d(%2(0), %e(1)) = 0= s +1 =0 =[s —1].
Therefore, d(y(s),¥(t)) <|s—t|. On the other hand, we have:

2a—d(y(s),v(t)) = d(y(—a),y(a)) —d(¥(s),y(t)) < d(y(—a),¥(s)) +d(y(t),¥(a))
=d(Yo(—a), Yey(8)) +d(%z(t), Hz(a)) =a+s+a—t =2a—|s—1]|.
Hence, d(y(s),¥(t)) > |s—t|. Since we have proved inequalities in both directions, we have

an equality, and, since s <0, r > 0 were arbitrary, ¥ is a geodesic connecting y(—a) = x with
Y(a) =z O
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Lemma 10. Let (X,d) be a uniquely geodesic metric space. Then for all x,z € X there exists
a unique midpoint between x and z.

Proof. First, notice that Mid(x,z) # 0. Indeed, since X is geodesic, there is a geodesic
7 [0,d(x,z)] = X connecting x with z and y; (=5 dlxz )) € Mid(x,z).

Next, let us fix y,y’ € Mid(x, z). Since X is geodesic, there are geodesics Yy, Yay : [—a,0] —
X connecting x with y and y’, respectively, and geodesics %, Yz [0,a] — X, connecting y
and y' with z, respectively, where

a=d(x,y) =d(x,y') = d(y,z) =d(Y,2).

Note that since y € Mid(x,z), we also have d(x,z) = 2a.
Let us define functions y, ¥ : [—a,a] — X by the formulas:

Yot), if —a<t <0, Yor (), if —a<t<0,
,}/(t) — X)( ) ) ')/(t) — Xy ( ) .
%e(t), if 0<t<a, Yo(t), if 0<r<a

By Lemma 9, yand ¥ are geodesics in X, connecting x with z. Therefore, since X is uniquely
geodesic, images of these geodesics are equal.

Now, notice that for every ¢ € [—a,a] we have:

d(x,y(t)) = d(y(—a),y(t)) =t +a=d(Y(-a),Y (1) =d(x,Y (1)),

which means that each element of the image of these geodesics is uniquely determined by its
distance from x. Thus, y(r) = ¥ (¢) for ¢ € [—a,a] and, in particular, y = ¥(0) = ¥'(0) =
This shows that Mid(x, z) is a singleton. O

Lemma 11. Let (X,d) be a uniquely geodesic metric space and let x,7 be its elements. Then

{mid(x,2) } = mid({x}, {z}).

Proof. One can easily verify that {mid(x,z)} € Mid({x},{z}) by calculating appropriate
distances. Fix K € Mid({x},{z}). Since dy({x},{z}) = d(x,z), we have:

KCH({ y 4 Z)) NH ({ 4 Z)> B(x,d();’z)> mB(z,d(’;Z)) — Mid(x.2),

where the last equality follows from Corollary 8. Thus, K C Mid(x,z) and, since K # 0 as an
element of ¢(X) and Mid(x,z) = {mid(x,z) } by Lemma 10, we have K = {mid(x,z)}. O
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Lemma 12. Ler (X,d) be a uniquely geodesic metric space. Let K,C € €(X) be such that
there is a unique midpoint in €(X) between them. Then dist(K,C) = du(K,C).

Proof. By the definition of the Hausdorff metric, we have dist(K,C) < dy(K,C). Suppose
that dist(K,C) < du(K,C). Then there exist k € K and ¢ € C such that d(k,c) < du(K,C).
Let g := mid(k, c). There exists r > 0 such that

B(g,r) CB(k,D)NB(c,D) and r<

where D := dy(K,C). Let G be the only element of Mid(K,C). We have two possibilities:
either B(g,r) C G or not.

In the first case, let ¥ be a geodesic connecting g with k. Denote G := G\B(g, 7)U{g}and
g:=7Y(g). Clearly, G € ¢(X) and we have g € G but g ¢ G. We will show that G € Mid(K,C).
Let us notice that G C G C H(K,D)NH(C,D).

Next, we will show that H(G, D) = H(G,D). Since G C G, we have H(G,D) C H(G,D).
Now, fix x € H(G, D) and suppose that x ¢ H(G,D). Then, there exists g’ € B(g, ;) such that
d(g',x) <D.

Notice that if d(g’,x) < %, then

d(g,x) <d(g,g")+d(¢, X)§4+2SF<D

so, d(g,x) < D. Since g € 5, this means that x € H(G,D), despite our assumption. Oth-

erwise, let ¥ be a geodesic connecting ¢’ with x. Then (%) € B(g,r) \ B(g, %) C G and
d(x,Y (%)) < D. Indeed, we have:

<d(Y(5),8)—d(g,g) <d(Y(5),8) <d(Y(%),8")+d(¢g) <

+-<r

N~
S

r_r_r
42 4

and
d(x,Y(5) =d(Y(d(¢,x),Y (%)) =d(¢,x) -5 <D—
Thus, x € H (E,D), despite our assumption.

We see that in both cases x € H(G, D). Thus, H(G,D) C H(G,D),s0 H(G,D)=H(G,D).
Therefore, we have dy(K, G),dy(C,G) < D, which, combined with dy(K,C) = 2D and
Lemma 7, gives us G € Mid(K, C). Since g€ G but g ¢ G and G € Mid(K,C), we have
a contradiction with the uniqueness of the midpoint between K and C.

If B(g,r) Z G, let g € B(g,r)\ G and G := GU{g}. Clearly, G € €(X). Since G C G,
we have K,C C H(G,D) C H(G, D). On the other hand, we have G C H(K,D)NH(C,D) and
B(g,r) C B(k,D) NB(c,D), which implies that G = GU{g} C H(K,D) NH(C,D). Thus,
du(K, G),dy(C,G) < D, which, combined with di(K,C) = 2D and Lemma 7, implies that
G € Mid(K,C). Since g ¢ G, but g € G and G € Mid(K,C), we have a contradiction with the
uniqueness of the midpoint between K and C.

<D.

DI~

Therefore, our assumption that dist(K,C) < dy(K,C) leads to a contradiction. Thus,
dist(K,C) = du(K,C). O
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Lemma 13. Ler (X,d) be a uniquely geodesic metric space and let x € X, r > 0. Let F C
S(x,r) be an element of €(X) such that there exists F' € Mid({x},F). Then F' is the only
element of Mid({x},F).

Proof. Denote F = {mid(x, f): f€F}. Note that dy({x},F) = r, which implies that
du({x},F') = du(F',F) = 5. We will show that F' = F, which will prove the uniqueness as
F does not depend on the choice of F’.

First, notice that since F C S(x,r), we have r = d(x, f) for all f € F. Therefore, by
Corollary 8, for all f € F we have {mid(x, /) } =Mid(x, f) = B (x,5) NB(f,%), where the
first equality follows from the uniqueness of midpoints in X. Therefore,

( 2 2 2 fLEJF 2 fLer 2 2
Hence, F' C F.

Now, let us fix f € F. There exists f € F such that f = mid(x, f). By Lemma 4, there
exists f' € F' such that d(f’, f) < du(F',F)=4%. Since F' C H({x},%) = B(x,%), we have
d(x,f") < 4. Since F C S(x,r), we have d(x, f) = r, which, combined with the previous
inequalities and Lemma 7, gives us f’ € Mid(x, f). As midpoints are unique in X, we have

f'=f. Thus, f € F’ and, since f was arbitrary, F C F’. O

Lemma 14. Let (X,d) be a uniquely geodesic metric space and let x € X, r > 0. Let F C
S(x,r) be nonempty and finite. Then there exists a unique midpoint in €(X) between {x} and
F.

Proof. Consider the set F := {mid(x, f): f € F}. This set is nonempty and finite, so it
is an element of ¢(X). One can check that r = dy({x},F) and dy({x},F),dy(F,F) = 5.
Therefore, F € Mid({x},F). Hence, by Lemma 13, the claim follows. O

Lemma 15. Let (X,d) be a metric space and let i be an isometry on this space. Then:

1. Vx,z€X i[Mid(x,z)] =Mid(i(x),i(z)),

2. Vx,y,z€X y=mid(x,z) < i(y) = mid(i(x),i(z)).

Proof. All statements follow from the definitions. L

Definition 16. Let (X,d) be a metric space and let x,y € X. Point z € X will be called
a midpoint extension by x over y, if y € Mid(x,z). The set of all midpoint extensions by x
over y will be denoted by Mex(x,y). In the case when this set is a singleton, we shall denote
its only element by mex(x,z). If z € Mex(x,y) is such that y = mid(x, z), then z will be called
a regular extension (rex.) by x over y.
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Lemma 17. Let (X,d) be a uniquely geodesic, geodesically complete metric space, in which
geodesics do not split (UGUGC space for short). Then for every x,y € X there exists a unique
midpoint extension by x over y.

Proof. Choose x,y € X. First, notice that if x =y, then x = mex(x,y). Therefore, let us
assume that x # y. Denote a := d(x,y). Let ¥, : [—a,0] — X be a geodesic connecting x with
y and let %, be its biinfinite extension. Then z := ¥y, (a) is a midpoint extension by x over y.

Now, fix 7’ € Mex(x,y). Let % : [0,a] — X be a geodesic connecting y with z’. Then, by
Lemma 9, the function y: [—a,a] — X defined by the formula:

Ayt ), if—aStSO,
ey = 0
Y (t), if0<t<a

is a geodesic connecting x with z’. Let 7 be its biinfinite extension. Notice that it is also
a biinfinite extension of ¥,. Since geodesics in X do not split, these extensions have the
same image.

Now, notice that the map R > ¢ + (|—a —1/,|t|) € R? is injective and for every r € R we
have:

d(x,1y(0) | _ [d(rg(=a), (@) | _ |l=a—t]] _ |d(¥(=a),¥(1))| _ |d(x,7(t))
d(y, Yo (1)) d(¥y(0), ¥y (1)) i d(¥(0),7(1)) d(y,¥(1))|

This, combined with the fact that % and 7 have the same image, means that each element
of this image is uniquely determined by its distances from x and y. Moreover, it also implies
that %, (1) = (r) for all r € R, so, in particular,

2= Yyla) = ¥(a) =7
Therefore, since 7 € Mex(x,y) was arbitrary, the set Mex(x,y) is a singleton. O

Corollary 18. Ler (X,d) be a UGUGC space. Let x € X, r >0 and y € S(x,r). Then
mex(y,x) is the only element of B(x,r), which is at least 2r away from y.

Proof. Denote y = mex(y,x). Lety” € B(x,r) be such that d(y,y”) > 2r. Then, by Lemma 7,
x € Mid(y,y"), soy” € Mex(y,x). Thus, as midpoint extensions in X are unique, y’ =y”. [

Lemma 19. Let (X,d) be a UGUGC space. Then for every x,y € X the singleton {mex(x,y)}
is an rex. in €(X) by {x} over {y}.

Proof. Since mid(x, mex(x,y)) =y, by Lemma 11, we have:
Mid({x}, {mex(x,y)}) = {{mid(x,mex(x,y))}} = {1}

Thus, {mex(x,y)} is an r.ex. in €(X) by {x} over {y}. O
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Lemma 20. Let (X,d) be a UGUGC space. Let K,G € €(X) be such that there is an r.ex. in
&(X) by K over G. Then

VgeG keK dk,g) <du(K,G).

Moreover, the above inequality is, in fact, an equality.

Proof. Let us notice that by Lemma 4, for all g € G there exists k € K such that d(k,g) <
dy(K,G). We need to prove the uniqueness. Suppose there exist g € G and k1, k;, € K such
that d(ki,g) < du(K,G) fori € {1,2}. Let C € €(X) be r.ex. by K over G. Then there exists
ce€Csuchthatd(g,c) <du(G,C) =du(K,G). By the definition of C we have G =mid(K,C)
so, by Lemma 12, we have dist(K,C) = du(K,C) = 2dy(K,G). Thus, d(k;i,c) > 2du(K,G)
forie {1,2}.

By Lemma 7, the inequalities d(g,c),d(k;,g) < du(K,G) and d(k;,c) > 2duy(K,G) for
i € {1,2} give us that g € Mid(k;,c) and d(k;,g) = du(K,G) for i € {1,2}. Thus, ki,k; €
Mex(c, g). Therefore, by the uniqueness of the midpoint extensions in X, we have k; = k».
This proves the uniqueness, and we have the equality d(ki,g) = du(K,G) as needed. O
Lemma 21. Let (X,d) be a UGUGC space. Let K,C € €(X) be such that there is a singleton
{x} e Mid(K,C). Then, at least one of the sets K, C is a singleton.

Proof. Denote D :=dy(K,{x}). By Lemma 5, at least one of the following two statements
is true:

e JkeK VeeC d(k,c)>du(K,C)=2D;
o dceC VkeK d(kc)>du(K,C)=2D.

Suppose the first possibility occurs with k € K as above. Since K,C C H({x},D) = B(x,D),
by Lemma 7, for every ¢ € C we have x € Mid(k,c), or, equivalently, ¢ € Mex(k,x). Since
midpoint extensions in X are unique, C is a singleton. If the latter possibility occurs, we can
analogously prove that the set K is a singleton. L

Lemma 22. Let (X,d) be a metric space and let i be an isometry of this space. Then:

1. ¥x,yeX i[Mex(x,y)] = Mex(i(x),i(y))
2. Vx,y,z€X z=mex(x,y) < i(z) =mex(i(x),i(y));

3. Vx,y,z€X zisanrex. byxovery < i(z) is an rex. by i(x) over i(y).

Proof. All statements follow directly from the definitions and Lemma 15. U
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3. PROOF OF THE MAIN RESULT

The proof of the main result is divided into three steps:

1. We prove that K € €(X) is a singleton if and only if /(K) is a singleton,

2. We show that if, additionally, we have I({x}) = {x} for all x € X, then I(F) = F, where
F is a finite subset of a sphere,

3. We prove that for arbitrary isometry I of (€(X),dn) there exists an isometry i of (X,d)
such that /(K) = i[K] for all K € €(X).

The first step, established in Lemma 23, plays the key role. Indeed, it allows us to construct
an isometry i of (X,d) such that I(K) = i[K] for all singletons K. In the last step, we show
that this equality is in fact satisfied for all K € €(X).

Lemma 23. Let (X,d) be a UGUGC space. Let I be an isometry of (€(X),dy). Then
1[&(X)] = &(X), where &(X) denotes the family of all singletons of X.

Proof. We shall prove that I [€(X)\ &(X)] C €(X)\ &(X). Suppose that this inclusion is
not satisfied. Then, there exists K € €(X)\ &(X) such that I(K) € &(X).

There exist k,g € K such that d(k,g) = diam(K). Denote D := d(k,g). By Lemma 2, we
have D =dy(K,{g}). Letc :=mex(k,g). Then D=d(c,g) =du({c},{g}) and 2D =d(k,c).
Therefore, k ¢ H({c},r) for r < 2D, so K € H({c},r) for r < 2D. Thus, 2D < dy(K,{c}),
so, by Lemma 7, {g} € Mid(K, {c}).

Since, by assumption, /(K) € S(X), there exists k' € X such that /(K) = {k'}. Fix
¢ €1({g}) and let ¢" := mex(K',g'). Since D = dy(K,{g}) = du({K'} ,1({g})), we have
d(K',g') < D and because of that, d(g’,c”") < D. Denote C" := I({c})U{c"}.

Since d(g',¢") <Dand du(I({g}).1({c})) = D, we have du(I({g}),C") < D. Also, since
du({K'} . 1({c})) = 2D, we have dy({K'} ,C") > 2D. Note that D = dy({k'} ,1({g})), so,
by Lemma 7, we have I({g}) € Mid({k'} ,C"). Denote C := I~'(C"). By Lemma 15, we
have {g} € Mid(K,C). Therefore, since K ¢ &(X), by Lemma 21, we have C € &(X).

Note that X satisfies the assumptions of Lemma 19. Therefore, in €(X) there are r.ex.’s by
{c} over {g} and by C over {g}. Thus, by Lemma 22, there are r.ex.’s by I({c}) over I({g})
and by C” over I({g}). Hence, by Lemma 20, for each of the sets /({c}), C” there exist
unique ¢’ € I({c}) and ¢ € C” such that: d(g’,¢’),d(g’,¢") < D. Since mex(k',g') =" € "
and d(g',¢") < D, we have ¢’ = ¢”’. Moreover, since I({c}) C C" =I1({c})U{c"}, we have
d=¢" =" =mex(K,g'). This proves that for every g’ € I({g}) we have mex(k',g') €
I({c}).

Furthermore, Lemma 20 also states that d(g’,c’) = D. Therefore, d(g',mex(k’,g’)) = D
for every ¢’ € 1({g}) and, because of that, also d(k’,g') = D for every g’ € I({g}). This
shows that I({g}) C S(k', D).
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Now, fix ¢ € I({c}). By Lemma 4, there exists g’ € I({g}) such that d(g’,¢') <D =
du(I1({g}),1({c})). We have proved that mex(k’,g’) is the only element of I({c}) such
that d(g’,mex(k’,g")) < D and we have d(g’,mex(k’,g’)) = D. Thus, ¢ = mex(k’,g’) and
d(g',c') = D. This implies that d(k',¢") = 2d(g’,¢’) = 2D. Since ¢’ € I({c}) is arbitrary,
we have I({c}) C S(¥',2D).

We found that 1({g}) C S(K’,D) and I({c}) C S(k',2D). Furthermore, by Lemma 15,
since {g} € Mid(K,{c}), we have I({g}) € Mid({k'} ,I({c})). Therefore, by Lemma 13,
we know that Mid({k'} ,I({c})) = {I({g})} and thus Mid(K,{c}) = {{g}} by Lemma 15.
Hence, by Lemma 12, we have:

2D = du(K,{c}) <d(g,c) = D,

which implies that D < 0. However, since D = d(k,g) = diam(K) and K is not a singleton,
we have D > 0, a contradiction.

Hence, we have I [€(X)\ &(X)] € €(X)\ &(X). Since / is a bijection, the above inclu-
sion implies that / [S(X)] 2 &(X). Because /™! also is an isometry, we get I~! [S(X)] D
S(X). Thus, we obtain S(X) =1 {I‘l (& (X)H D I[&(X)]. We have proved inclusions in
both directions and 7 [S(X)| = &(X) as needed. O

Remark 24. Let (X,d) be a UGUGC space. Let I be an isometry of (€(X),dn). Since
I[6(X)] = &(X), the function i: X — X defined by:

vxeX {i(x)}=1({x})
is an isometry of (X ,d). Therefore, map J: €(X) — €(X) defined as follows:
VK € ¢(X) J(K)=i"[I(K)]
is an isometry of (€(X),dy) and J({x}) = {x} for every x € X.

Lemma 25. Let (X,d) be a UGUGC space. Let I be an isometry of (€(X),dy) such that
I{y}) ={y} foreveryycX. Letx € X and r > 0. Then I(F) = F, where F is a finite subset
of S(x,r).

Proof. Denote F' :=I(F). First, let us notice that dy({x}, F') = r and therefore dyy ({x} ,F') =
dy(I({x}),I(F)) = r. This shows that F’ C B(x,r). Furthermore, since, by Lemma 14,
there is a unique midpoint in €(X) between F and {x}, Lemma 15 states that there must
also be a unique midpoint between F' = I(F) and {x} = I({x}). Therefore, by Lemma 12,
dist(x, F') = r which, combined with F’ C B(x,r), gives us F/ C S(x, r).

Letus fix f € F and let fN:: mex(f,x). Then d(x,f) =rasd(x, f) =r. We have d(f.f) =
2rso, by Lemma 3, dy(F,{f}) =2r. Thus, dg(F',{f}) =du(I(F),1({f})) = 2r. Therefore,
there exists a € F’ such that d(a, f) = 2r. Since, by Corollary 18, f is the only element of

B(x,r) suchthatd(f, f) =2rand F' C B(x,r), we have f =a € F'. Since f € F was arbitrary,
we have F C F'.
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Next, let £/ € F’ and let f' := mex(f’,x). Then d(x, f') = r. We have d(f', /') = 2r and
F' C S(x,r), which, by Lemma 3, implies that dy(F’,{f'}) = 2r. Therefore,

du(FAS'}Y) = du(I(F),1({f'})) = du(F'.{f'}) = 2r,

so dy(F,{f"}) = 2r. Therefore, there exists b € F such that d(b,{f"}) = 2r. Since F C
B(x,r) and, by Corollary 18, f” is the only element of B(x,r) such that d(f’, f') = 2r, we
have f'=b € F. Since f’ € F' was arbitrary, we have proved that F’ C F.

Since we have proved inclusions in both directions, we have F = F' = [(F) as needed. [J

Proof of Theorem 1. Since I is an isometry of (€(X),dy), by Remark 24, we know that
there exists an isometry i: X — X such that for all x € X we have i[{x}] = I({x}). Remark
24 also states that the function J: €(X) — €(X) defined by the formula J(-) = i~![I(-)] is
an isometry of (€(X),dy) such that for all x € X we have J({x}) = {x}. Note that if we
prove that J(K) = K for all K € €(X), then I(K) = i[K] for all K € €(X) as needed.

Let us fix K € €(X). Suppose that J(K) # K. Then K € J(K) or K 2 J(K). Let us
first consider the former possibility, that is, suppose that K € J(K). Thus, there exists k €
K\J(K). Since J(K) is compact, there exists kX’ € J(K) such that d(k,k") = dist(k,J(K)) > 0.
Denote pt == 3d(k,k').

Since k ¢ J(K), the family {B(%, %d(k,%)): ke J(K)} is an open cover of J(K). Since
J(K) is compact, there exist &, ..., k}, € J(K) such that {B(k},d(k,k})): i € {1,...,n}} is
a finite subcover of J(K).

Take A > 21 +diam(J(K)) and fix i € {1,...,n}. First, we shall prove that d(k,k}) < A.
Indeed, we have:

d(k,k;) < d(k,k')+d (K k) =2u+d(K k) <2u+diam(J(K)) < A.
There exists a geodesic Y : [O,d (k,kf)] — X connecting k with k.. It has a biinfinite exten-
sion Y. Let ¢; == Y (). Since, by definition, Yupom(y,,) = V> We have % (0) = k and
Y (d(k,k;)) = k. Therefore, since d(k,k;) < A and ¥ is a geodesic, we have:

A =d(k,c;) = d(k, k) +d (K, c;).

Denote S == {cy, ..., cn}. Since d(k,c;) = A foralli € {I,...,n}, we have S C S(k, 7).
This shows that for r < A we have {k} € H(S,r) and, since {k} C K, also K € H(S,r).
Therefore, dy(K,S) > A.

Fix i€ {1,...,n}. We have B(k],3d(k.k})) C B(ci,A — ). Indeed, since

1 1 1

we have:

B (k;, %d(k,k,’-)) B (ci, Sk k) +d(k;,c,-)> C B(end—p).
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Since {B(k.,3d(k,k})): i € {1,...,n}} is a finite subcover of J(K), we have:

JK)C|JB (k;, %d(l@k;)) C UB(ciA —u) € |JB(ci,A — ) =H(S, A — ).
i=1 i=1

i=1
Next, since for all i € {1,...,n} we have d(k,k) > 2u, the equations
A =d(k,c;) =d(k,k})+d(ki,ci)

tell us that d(k},c;) <A —2u. Therefore, as all k; are elements of J(K), we have S C
H(J(K),A —2u). Hence, by the definition of the Hausdorff metric, dy(S,J(K)) < A — .

Since § C S(k,A) is finite, by Lemma 25 we get J(S) = S. We arrive at a contradiction,
because
A < du(S,K) = du(J(S),J(K)) = du(S,J(K)) <A —u

implies that A < A — u which is impossible, since p > 0. Therefore, K C J(K).

We have proved that if J is an isometry such that J({x}) = {x} for all x € X, then for
all K € ¢(X) we have K C J(K). Notice that the isometry J~! also has the property that
J71({x}) = {x} for all x € X. Therefore, we can use the above approach to the set J(K) €
¢(X) to prove that

J(K)CJ ' (J(K)) =K.

Therefore, K C J(K) and J(K) C K, so K = J(K). Since K € €(X) was arbitrary, we have:
VK € €(X) J(K)=K,

which, as we mentioned at the beginning, ends the proof. O
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1. INTRODUCTION

The reason for writing this paper is the studying of differential equations with fractional
order derivative. Fractional calculus has its origins in the 19th century. Abel, Liouville
and Riemann introduced the concept of Riemann-Liouville derivative. However, solving
fractional differential equations with this derivative requires defining the initial condition
of the fractional order. Nevertheless, in 1967 the Caputo derivative was proposed and this
fractional derivative can be applied to model various physical phenomena, because the initial
condition can be given as a derivative of integer order.

What makes fractional calculus so interesting is the fact that fractional derivatives are non
local operators. Thanks to this property, they are able to model the memory effects e.g. in
fractional Stefan problem (see e.g. [5], [14], [15] and [16]). An equally interesting area of
research deals with inverse problems in which we want for example to determine the order of
fractional derivative which characterizes the diffusion. It is interesting from an application
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point of view, because very often it is difficult to measure this parameter directly (see e.g.
[4] and [8]).

To prove the existence and uniqueness of the solution of some fractional differential equa-
tion, first we have to define the domain of an appropriate fractional operator. It is necessary
in order to define the space in which we want to find the solution of the equation.

In order to better explain our motivation, we recall that the fractional integral operator I*
defined on L*(0,T) is given by the formula

1
() = 7/ (t—1)% ' f(t)dr for feI?(0,T), Rea > 0. (1)
F(Ot) 0
Moreover, by 9% := %I =@ we denote the Riemann-Liouville derivative and by D% we de-
note the fractional Caputo derivative given by the formula D%u(r) := 9%*[u(-) — u(0)](z). We
are especially interested in the research of the time fractional diffusion equation

0%(u—ugp) —div(A(t,x)Du) = f, t€(0,T), x€Q, )
where A = (a; ;) is R™" valued.
It is proved that I%(L?(0,T)) = [L*(0,T), oH'(0,T)]« (see [6]). Moreover, we know that
9% : [L*(0,T), oH'(0,T)]q — L*(0,T)

is an isomorphism, and d%I1%*f = f for f € L>(0,T), [*d%f = f for

f€L*0,T), oH'(0,T)]q. From the above considerations, we understand that the charac-
terization of the image of fractional integral operator I* is necessary in order to define the
domain of the Riemann-Liouville derivative.

The purpose of this paper is to provide the characterization of the interpolation space
[L*(0,T), oH'(0,T)]4 in terms of some subspace of Sobolev-Slobodeckij space. It is a well
known result, but it is difficult to find a complete proof in literature. This is the reason why
the authors decided to provide a detailed and direct proof of this result. We were inspired by
Theorem 11.6 and remark 11.5 in [9]. However, in this paper we present an alternative proof
of Theorem 11.6 and remark 11.5 from [9].

The analysis of that proof is the first step to characterize I*(LP(0,T)) for p # 2. However,
in this case we will need more sophisticated spaces in order to describe the interpolation
space [LP(0,T), oW'?(0,T)]s. We suppose that it would require using Bessel potential
spaces.

Our paper is divided into seven sections. In Section 2, we present some basic definitions.
In particular, we recall the definition of the complex interpolation space and we define some
fractional Sobolev spaces which are very important for our further considerations. Then, in
Section 3, we formulate the main result. In Section 4, we recall the definition and some
useful properties of the strongly continuous semigroup. Moreover, we find the infintesimal
generator of the translation semigroup. Finally, we will formulate another interesting char-
acterization of the complex interpolation space. In Section 5, we are going to prove the
Hardy’s inequality. Furthermore, we will present some imbedding results. In Section 6, we
will prove the main result of the paper. In Section 7, the reader can find an appendix in which
we collect some basic results that are used in the article.
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2. NOTATION

Let us recall some definitions which will be very useful in our further considerations.

Definition 1 (Chapter 11, Section 11.1 in [11]). Let Xo, X| be a couple of Banach spaces
with norms || - ||o and || - ||1, respectively. Then (Xo,X1) is an interpolation pair if there exists
a Hausdorff vectorial topological space X such that X; — X fori=0,1.

Definition 2 (Def. 11.1.2 in [11] - Complex interpolation method). Let (Xo,X|) be an inter-
polation pair. By F(Xo,X1) we denote the set of functions f:S={z€ C:0<Rez< 1} —
Xo + Xj such that

1. fis continuous and bounded in S,
2. fisanalyticin S ={z€ C:0 < Rez < 1},
3. f(it) e Xoand f(it+1) € X, forallt € R,

4. functions t — f(it) and t — f(it + 1) are bounded and continuous with respect to the
spaces Xo and X1, respectively.

We provide the space F(Xo,X1) with the norm
I1f 117 (xp,x1) = max{sup||.f (it) |, sup [.f (1 +i)[|x; }
teR teR

We define the space
[Xo. X1Jo ={f(0) : f € F (X0, X1)}

with the norm

¢lle = inf{[lfllrcxyx,) : F(6) =@}

Definition 3 (Def. 1.3.2.1 in [3]). Let Q be an open subset of R" and 1 < p < +oo. We
denote by W*P(Q) the space of all distributions u defined in Q, such that

1. D%u € LP(Q), for |a| < m, when s = m is a nonnegative integer,

|D%u(x) —D%u(y)|”
// e— yl”*op dxdy < +eo

for |&t| = m, when s = m+ o is nonnegative and is not an integer.

2. ue W"P(Q) and

We define a Banach norm on W*P(Q) by

||M||me { Z /|Da ‘pdx}
lot|<m
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in the case 1., and by

1
Dute) DU
lelosioy = { iy + X[, [ P2 Wy

|o[=m

in the case 2.
Definition 4. Let T > 0 and o € (0,1). By H*(0,T) we denote the space

H*(0,T) :==W**(0,T)

and provide it with the norm

1
T Ju(x) — u(y)? 3
leleior = { W+ [ [ oy |

Definition 5. Let Q = (0,T). We define

oH' (Q) = {u:uc HY(Q), u(0) = 0}.

3. THE MAIN RESULT

Our purpose is to show the following theorem:
Theorem 6. Let T > 0. Then, for all o € (0,1), we have

[L*(0,T), oH'(0,T)]e = oH*(0,T),

where
H*(0,T) for o€ (0,3),
oH(0,T) =< (H3(0,T): T L0 < oo} for =1
{H*(0,T) : u(0) =0} fora € (3,1),
and the norm is defined by
llell e 0,7 . fora#}1,
H”H()Ha(oﬁr) = 2 |u()? !
(HuHH%(O + ML ar)* ora =1,

T

where

|
T Ju(x) —u(y)? 2
”””H“ 0,7) {””HLZ 0,T) +/ / x— y|1+2a T oir2a dxdy ¢
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4. SEMIGROUPS AND THEIR PROPERTIES

Definition 7 (Def. 1.1 in [13]). Let X be a Banach space. A one parameter family T (t),
0 <t < oo, of bounded linear operators from X into X is a semigroup of bounded linear
operators on X if

1. T(0) =1 (I is the identity operator on X),
2. T(t+s)=T(t)T(s) for everyt,s > 0 (the semigroup property).

Definition 8 (Definition 2.1 in [13]). A semigroup T(t), 0 <t < oo, of bounded linear oper-
ators on X is a strongly continuous semigroup of bounded linear operators if

liir(r)lT(t)x =x forevery xeX.
2
Definition 9 (Section 1.1 in [13]). The linear operator A defined by
T(t)x—
D(A) = {x eX: hﬂ?% exists in X}
2

and
T _
Ax = lim X=X

eD(A
i ; for x (A)

is the infinitesimal generator of the semigroup T (t), where D(A) is the domain of A.

Proposition 10 (Section 1.5.a in [1]). For every strongly continuous semigroup (T (t))r>o0,
there exist constants ® € R and M > 1 such that

IT()] < Me™” 3)
forallt > 0.
Definition 11 (Section L5.a in [1]). For a strongly continuous semigroup (T (t));>0 we call
@ ;= inf{® € R: I My > 1 such that |T(t)|| < Mgpe® V1t >0}

its growth bound. Moreover, a semigroup is called bounded if we can take ® = 0 in (3), and
contractive if ® =0 and M =1 is possible.

Theorem 12 (Thr. 1.10 in [1]). Let (T (¢))r>0 be a strongly continuous semigroup on the
Banach space X and take constants @ € R, M > 1 such that

1Tl < Me®"

fort > 0. For the generator (A,D(A)) of (T(t))r>o0, the following properties hold.



146 Karolina Pawlak, Adam Kubica

1. If A € C such that R(A)x := [;° e T (s)xds exists for all x € X , then A € p(A) and
R(A,A) =R(A).

2. IfRed > @, then A € p(A), and the resolvent is given by the integral expression in 1.

3. [IR(A,A)] <

%for all Red > .

Definition 13. Let —oo < a < b < +oo. On the Banach space L' (a,b), 1 < p < eo, we define
the right translation semigroup by

(T(1))(x) = { fe=t) f3=1>a

ifx—t<a
Sforallt > 0.

Remark 1. We observe that the one parameter family {T,(t) };> defined in Definition 13 is
actually a semigroup. To this purpose, we show that {T,(t)};>0 satisfy the conditions of
Definition 7. Let f € LP(a,b) and 1 < p < co. We have

1.
(T,(0))(x) = { f(&) ifx>a,

0 ifx<a,

but we always take x € (a,b), so (T,(0)f)(x) = f(x) for x € (a,b). Hence, T(0) = 1.
2. Lett,s > 0. We get

(T,()T(s) ) (x) :{ (T,(s)f)(x—1) ifx—t>a,

0 ifx—t<a
fx—t=s) ifx—t—s>a,
0 ifx—t—s<a

Thus, {T.(t)}i>0 is really a semigroup.
Remark 2. Let (T:(t))i>0 be the right translation semigroup. Then
T,(1)=0

forallt > b—a.

Remark 3. The right translation semigroup (T,(t)),;>0 defined on the Banach space L (a,b),
1 < p < oo, is a contractive semigroup, as shown below. We see that:

(i) ift € [0,b—a), then we have
00 = [ 1O P = [ Irnlas
b— t
= [irepas < [ 1rras = 11y
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for1 < p <ooand

17-(2)f || 1=(a.p) = esssup | T(1) £ (x)| = esssup |f(x—1)|

x€(a,b) x€(a+t.,b)
= esssup |f(s)] < esssup|f(s)| = [|fllL=(ap)
se€(a,b—t) se€(a,b)

Jor p=eo,
(ii) ift > b— a, then we have
1T () fll 2o (ap) = O < 1 f 1o (ap)s

for1 < p <o

Hence, for 1 < p < oo we get
HTr(t)”L/r(a,b) <1 forall t>0.

Proposition 14 (Section I1.2.b in [1]). The generator of the (right) translation semigroup
(T:(1))i>0 on the space X := LP(a,b), 1 < p < oo, is given by

Af i=—f
with domain:

D(A) = {f € L”(a,b) : f absolutely continuous and f' € L (a,b)}.

Proof. Let B: D(B) — L”(a,b) be the infinitesimal generator of the semigroup (7,(¢)):>0
according to the Definition 9. We want to show that B = A.
1. In the first step, we will show that B C A. We take f € D(B). From Definition 9 we know
that

L) f—f

Y o
Bf 1111617[ in L (a,b). 4)

Let ¢,d € (a,b). We have LP(a,b) < LP(c,d) < L'(c,d), and hence

/dwdx_/dgf(x)dx </d FOSC = I _ g ax
¢ t c e !
:‘Trov—f_w
t L'(c.d)
<C’Tr(l)f_f_Bf
o t LP(a,b)

From (4) we know that the right hand side of the above inequality converges to 0 as ¢ | 0.

Thus, we have 4 d
/wdxfﬁ*/ Bf(x)dx. ®)
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We have t — 0T, so we can assume that 7 is so small that ¢ —¢ > a. Due to this observation,
we can write

[T =I L et [ s

t c

= [ et [ pwac=—1 7 swaed [ g

t Je—t td t

Using the Lebesgue Differentiation Theorem, we get

1 /d f(x)dX‘Fl /C f(x)dxH%0+ —f(d)+ f(c) forae.c,d € (a,b). (6)
tJa—t tJe—t
From (5) and (6) we have
d
£(d) = f(c)+ / (=Bf)(x)dx forae. c,d € (a,b),

We set ¢o € (a,b) such that

d
£(d) = f(co)+ / (—Bf)(x)dx forae.d € (a,b).

Let 4
f(d):= f(co) + /C (—Bf)(x)dx foralld € (a,b).

Then we have f = f a.e. in (a,b) and f(co) = f(co). Thus,
f(d) = flco) + /d(—Bf)(x)dx foralld € (a,b).

If we take dy,da € (a,b), then we have

- ~ di -
Fla) = Feo)+ [ (=B

and
dz ~
dz) c() +/
Hence, we get
- - d, ~
fldr) = f(dy)+ (=Bf)(x)dx foralld,,ds € (a,b).

Jdy

Thus, according to the Theorem 28, f is an absolutely continuous function with derivative
(almost everywhere) equal to —Bf € LP(a,b). Thus, we have

D(B) C D(A) and A|D(B>:B. @)
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2. In the second step, we will deduce that B = A. To this purpose we make the following
observations:
(i) Translation semigroup is a contractive semigroup, so

IT-(0) || p (ap) < Me®

for all + > 0 with M = 1 and @ = 0. Hence, from Theorem 12, we obtain that 1 € p(B).
(ii) We will also show below that 1 € p(A). We know that

1 € p(A) < there exists the bounded operator (A — 1)~ on L (a,b).
We can see that for f € LP(a,b)
A-D'f=uesf=A-Nusf=—u—u,

where u € D(A). Thus, 1 € p(A) if and only if for all f € LP(a,b) there exists a unique
solution of the following equation:

f:fu/fu )

and this solution belongs to D(A). It is easy to see that the solution of (8) is given by
4 o
u(t) = —/ & f(s)ds.
a

Thus, we have

(=700 = [ fo)ds == [ e f(5)ds = ~(7 =)0,

Ja

and from Young’s convolution inequality we get

HA=D)7" Fllorp) = If *€ 5 iriap) < le™* It @l Fllran) = le™” —e I fll o (ap)-

Hence, we have 1 € p(A).
(iii) Due to (7) and observation (i), we obtain

(I=A)(D(B)) = (I-B)(D(B)) = L’ (a,b).
Moreover, using observation (ii) we get
D(A) = (I—A)""(LP(a,b)).

Hence, we get
D(A) = (I-A)"'(I-A)(D(B)) = D(B),

and then A = B. O
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Now, we introduce some facts which will be necessary to formulate another characteriza-
tion of complex interpolation space.
Let X and Y be two Hilbert spaces which we assume to be separable with

X C Y, X dense in Y with continuous injection. ©)]

Let G(¢) be a continuous semigroup on Y, that is:

Gir)eB(Y,Y) V>0, G(0)=I,
VyeY, |[|G{t)y—ylly =0 ast]O, (10)
G(t)G(s) =G(t+s) Vi,s>0.

Let A be the infinitesimal generator of G(¢), with domain D(A), which is a Hilbert space
for the norm of the graph (||y||2 + ||Ay|\12,)% We assume that

D(A) =X (with equivalent norms) (11)

We also assume that
JC>0Vt>0 HG(t)||B(y7y> <C. (12)

Theorem 15 (Chapter 1, Thr. 10.1 in [9]). Let XY satisfy (9) and let G(t),> be any semi-
group which satisfies (10), (11) and (12). For 6 € (0,1), the following three statements are
equivalent:

a€[X,Y], (13)
There exists a function u which satisfies:
a=u(0), 1% e L2(0,00,X), (14)
%9 € 12(0,00Y), 0=3+a,
1“1 (G(t)a—a) € L*(0,00Y). (15)

Furthermore, the norms

1

oo 2
e, and (ol + e VGwa-aljar)

are equivalent.

S. AUXILIARY LEMMAS

In this chapter we will present the proof of the famous Hardy’s inequality. In Section 5.2.
we will show that the space of smooth functions with compact support is dense in H% (0, 4-0)
forO< o < % Moreover, in Theorem 23 we show an important imbedding result, which we
then use in the proof of Theorem 6.
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5.1. HARDY’S INEQUALITY

Now, we formulate the convenient form of Hardy’s inequality, which will be necessary
for us in the proof of Theorem 23.

Definition 16 (Chapter 1, Section 1.4.4 in [3]). Ler 1 < p < +ooand a. € R. By LP**(0,+o0)
we denote the space of all measurable functions u defined in (0,+o0) such that

HMWW@#%VZA ()% |Pdt < +oo
in the case when 1 < p < 4o, and
a0y = esssup rulr)] < oo
>0

in the case when p = oo

Theorem 17 ([Chapter 1, Section 1.4.4 in [3] - Hardy’s inequality). Let 1 < p < 4o0. We
define two linear operators H and L by

m@@:%A}@w,

@mm:%jﬁmm&

If 1 < p < +oo, then H is linear and continuous in LP*(0,+0) if and only if o +% <1,
while L is linear and continuous in L?**(0,+c0) if and only if o+ % > 1. In both cases the
norm of the operator is bounded by | o + % —17\

Proof. 1. Case 1 <p < Hoo.
(i) We will show that H is continuous in L”%*(0,+oo) if and only if o + % < 1.

e First, we assume that o + % < 1 and we want to show that the operator H is continuous
in L7%(0,+o0), that is
1 13
- / u(s)ds
tJo

We perform some calculations:

(!

oo

< Cllullra(o o) (16)
LP-(0,+o0)

P
dt

%/;tu(s)ds

;“(i%:u@yn)

p 't P )
14| - / u(s)ds> = /
LP(0,+0) rJo Lr(04) 7O
o '
s=e e
0 (

1 sln P
;/ u(ey)eydy)‘ dt
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X "X p

= / em(ex/ u(ey)eydy> e'dx
R oo

-k

x X p
e ef"eﬁ/ u(ey)eydy‘ dx

_ S ) N
=/ | u(e”)e’dy
R oo

dx

p

/ EN@H=1) Y51 (N gyl iy
R|J—

X —
= / e
R —

(et =) @Dy |
()=

dx
)y X
Plu(e”) ‘/ g(xfy)(aJr%*l)zZ(y)dy

V4
Moreover.

LP(R)

- 1=¢*
0y = I uuuw - / ulnlran'= [ jeuer)peds
_/ |€ (Z+

ePdx= [ a0 dx =},
Thus, inequality (16) is equivalent to

| [ aay

Now, we show (17). We notice that

< Cllé| o r)
Lr(R)

(7
X
[ Va)dy = (B v (o),
where
1
By =4 ¢ ez,
0 if x <O.
Furthermore,
oo 1 1
E :/ e(a+;—1)xdx:
1E e = |

l-a—1
Finally, from Young’s inequality for convolutions we get

H / (ot b

Da(y)dy

= ||E * | (w)
LP(R)

. 1
<Ellp il @) =
Thus, we have (17), and hence (16)
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e We want to show that if H is continuous in L”%*(0,+-), then « —}—% < 1. We prove

it by contradiction. We assume that o +% > 1. We will show that there exists
u € LP*(0,+o0) such that the following inequality fails:

%/Otu(s)ds

We take ug(t) = tf(a+%>x( 1 )(t) for some R > 0. Then

< Cllullgra(o,1o)- (18)
L1’~°‘(0,+°°)

=l

R R
4kl 01y = [, 1l (O)7de = [ 17 dr =21nR

“R R

and for OH—% > 1 we have

oo oo 14
HHuRllip,a(O_*w):/O t“P|HuR(t)|Pdt=/0 1P dt

o

1 t
f/ ug(s)ds
tJo

p
dt

1/t g1
7/0 s P}(%?R)(s)ds
11 g4t r -
f/s rds dt—i—/ t%P
tJ1 R
4 1
%sia*ﬁds

R
R

p
dt

1 (R _, 1
f[sal’ds
rJ%
R
ﬁs rds

P oo
m+/zW*U
R R

s=t

P
dt

Il
-
=
Q
|
=

P
dt

a1
ot

1
—oa—5+1

I
—
=
-
=
§

1
S= R

1 —
—a—p+1 s=R |p

dt

N
1
-5+l

1
—o—ptl

=1
14
dt

s=t
N

1
—o— 5+l

1
—o—p+l

§=

| ==

s=R |p

dt

s

—a—%+1 1

s=x

7tp(a—1)|Ra+ll;1 _tf(X*I*IfFI‘pdt
Elma—g 1

+/°° ;zp(afl)‘RoH»%fl _R7a7;+1|pdt
R [—o— 241
R 1 i i
-/, oty R
RIT2 7

1

TP ST
|[—o— 5 +1]

1_ _oa—1 A
|R**» I_g@ P+l‘p/ PO gy
R
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= —}—007

because p(a—1) > —1.
Ifa+1%: 1, then

p
dt

HHMR||£P~‘X(07+00)_/O l‘ap|HuR([)|1’dt:/0 £0P

1 1
7/ ug(s)ds
tJo

Sy l/t ey (s)d pdt
= o o s X(#R) s)as
Roapll [" ot |P = ap|l (K a1 |P
=/t ;ﬁs Pdsdt—i—/Rt ;ﬁs rds| dt
R R R
"R (a-1) 't ol P "0 (a-1) R ol P
=/, P /ls rds dt+/ 24 /1 s rds| dt
R R R R

R t p oo R P
=/t ! [silds dt+/ 1! [ s \ds| dt
IR IR JR YR
R -
=ﬁ t’l(lnz+lnR)sz+(2lnR)P/ t71dt = oo
1 R
R

Thus, inequality (18) fails for ug.

(i) We will show that L is linear and continuous in L”*%*(0, +-0) if and only if o + % >
1.

e We want to show that if o +% > 1, then the operator L is continuous in L% (0, +oo).
It means that we are going to show

e

We perform similar calculations as for the operator H:

H: /t " u(s)ds _ @ C /t mu(s)ds)

< Cllullpa(0,100)- 19)
LP-%(0,4-c0)

p P

LP-%(0,4-c0) LP(0,+20)

e (j / mu(s)ds)
e (; /l:u(ey)eydy)
o (e—x / ) u(ey)eydy>

o —x 27 Y\,
e eP/ u(e’)e’dy
X

ot /w u(e’)e’dy

oo

p
dt

0

V4
dt

p
e dx

p
dx

p
dx
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“J.
=)o

)= “ P (@)

1

/ " @i g gy

X

Furthermore,

/ T =) Y@ 5D 4 9y
X

/ T @) YO E) o0 gy

p
dx

p
dx

p

LP(R)

* 1=¢*
1000y = 6001y = [ P = [ (e e

_ x(at+d) N7 :/~ Pdx = llill?
Ll ey = [l rde = g,

Thus, inequality (19) is equivalent to
‘ / LTI g0

X
Now, we show (20). We notice that

< Clldll o (m)-
LP(R)

[ i)y = () )

where
£ 0 if x>0,
()= lest=tr 4y 2
Next, o
1 1
E :/ gy —
1Bl = [ P

Finally, from Young’s convolution inequality we get

’ / I D0
X

Thus, we have (20), and hence (19).

= ||E *dl| 1)
LP(R)

<Elpwyllilrw) = o
P

We want to show that if L is continuous in L”%*(0,+eo), then o +

(20)

1 _
7_1H””U’(R)-

% > 1. We prove

it by contradiction. We assume that o +% < 1. We will show that there exists

u € LP%*(0,+e0) such that the following inequality fails:

e

< Cllul[Lra(0,100)-
LP-%(0,4-00)

2y
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_(oH—%)%(l R

R’

We take ug(t) =t )(t). Then

R R
—ap—1
”uR”IL)Pﬂ 0‘+°°>:/¢ tap‘uR(t)V’dtZA t%Pt=*P~1dt = 21InR,
R R

and for OH—% <1 we get
HL“RHZP-a(o,er) :/o taP‘LuR(t)|Pdt = '/0 1o

5] 1 5] 1
— ap| oy
= g

14
dt

l/ ug(s)ds
tJt

P
dt

L 1 /R R o1 |P
:/ toP t/ “bds dt+/ 1P| — / s “Trds| dt
L t
. ‘R Y
7/ ple=1) / s %D ds dt+/1 t"(“*”/ s % vds| dt
' t
—(X—*-‘rl s=R |p
_/ pla=1) s dt
a—f—i—l s=1
R —05—7+1 s=R|p
+ IP(O‘_U Si dt
E a_7+1 s=t
1
R Oc+ ‘pdt

— a —_ =

1 —a-1L _a-1
+/ 7tp(a—l)|R et eyt hegy
bl-a— g4
1

_ 11 |R7(Xf%+l _Ra+%7l|p/? tp(afl)dt
| —o— S+ 1P 0
‘R
/ | 1 +1|ptp(ocf1)|Rfocfll,+1 _t7a7§+1|pdt
7(x7

= +oo’

because p(a — 1) < —1.
If o0 4 1 =1, then

[ /0 1P| Lu(t)|Pdr = /0
= [T [T s
0 tJt (E R)
R
dt+/ tor
R

1
R 1 R _ 1
:/lapf/sal’ds
0 tJx

1/°°
— u
tJt R

dt

dt

1 R, |
f/sapds
tJi
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14
dt

1
:/Rt”“’"” /Rs*""%ds pdt+/Rt”(°‘*‘> /Rs*“’%ds
0 x L t
+ I L R LR P
:/z /sdsdt+/t /sdsdt
0 5 5 '

L R
_ (21nR)P/Rf1dz+/ = (InR — Int)Pdi = 4o,
0 ]

Thus, inequality (21) fails for ug.

2. Case p = +oo.
@

e We assume that o < 1, and we want to show that the operator H is continuous in
L>%(0,+o0), that is
1 13
= / u(s)ds
tJo

‘We observe that for all # > 0

t* l/tu(s)ds <ta71/t|u(s)|ids
tJo - 0 s

1
< esssup|sau(s)|t°‘_]/ —ds =
>0 (U

S C”M”Leo,a (07_5_00) . (22)
L%(0,+c0)

-« ||Sa”(s)||L°°(0,+oo)-

Thus, we have

esssup
t>0

1/t 1
@ (t / u(s)ds) ’ < ()=

and hence we get (22).

e We would like to show that if H is continuous in L*>%*(0, +ec), then o < 1. We prove
it by contradiction. Suppose o > 1. We will show that there exists u € L%*(0, +o)
such that the inequality (22) fails.

We take u(t) =t~ %. Then,

[[t4]| L= (0,+0) = €SS SUP [t ¥ (r)| = €ssSUp 1 = 1
t>0 t>0

and for o > 1 we have

(5 s

1
¢! / s %ds
0

[ Hu ()| z(0,4-0) = €SS SUP
>0

= esssup = +oo0,

>0
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(i) We assume that o > 1, and we want to show that the operator L is continuous in
L%(0,+o0), that is

1 oo
f/ u(s)ds < Cllul| =00, 400)- (23)
rJr L=%(0,4-00)

We observe that for all # > 0

t* 1/wu(s)ds <ot /N\u(s)|ids
tJt - Jt s
<1 1

< o tocfl/ 2 s — o ()
_esss>s$1p|s u(s)] [ ads par ] IO VETCNES

Thus, we have

esssup
>0

1 [ 1
(3 uosas) | < 1L gt

and hence we get (23).

e We would like to show that if L is continuous in L*%(0,+co), then @ > 1. We
prove it by contradiction. We assume that o < 1. We will show that there exists
u € L%(0,+o0) such that the following inequality (23) fails.
We take u(t) =t~ %. Then,

[[tt]| (0, +0) = €SS SUP [1¥U(r)| = esssup 1 = 1
>0 t>0

and for & < 1 we have

t* (1/ u(s)ds)‘
tJt
t‘x’l/ s %ds
t

([ Lua(2) || L=t (0,4-0) = €SS SUP
>0

= esssup
>0

5.2. IMBEDDING RESULTS

Definition 18. Let Q C R". We denote by D(Q) the space of all C* functions with compact
support in .

Remark 4 (Chapter 1, Section 1.3.2 in [3]). Let Q be an open subset of R". In general,
D(Q) is not dense in WP (Q).
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Definition 19 (Def. 1.3.2.2 in [3]). Let Q be an open subset of R". For s > 0, we denote by
WP (Q) the closure of D(Q) in WP (Q).

Theorem 20 (Theorem 3.40 in [12] ). For0 < o < % there holds
H (0, +00) = H*(0, +o0).

Proof. We know that H§* (0, +oo) is the closure of D((0,+c0)) in H*(0,4-0). Therefore, it
is enough to show that D((0, +eo)) is a dense subset of H%(0, +o0) in order to get the desired
result. We will use the following characterization of the dense subspace of Banach space X:

A subset W C X is dense if and only if {g € X* : (g,u) =0 forall u € W} = {0}.

Let F : H*(0,+o0) — C be a linear, continuous functional and F(¢) = 0 for all
¢ € D((0,+0)). We would like to show that F' = 0.
First, we note that

F(x)=0 if x€D(]0,+e))and x(0) =0. (24)
Indeed, if x € D([0,+<0)) and x(0) = 0, then we define

0 if x € [0, €],
Ze(x) = { x(x—¢) ;fx> €.

Then J is continuous on [0, +oo). Moreover, ye — x in H' (0, +o0), because
o £ =~
| -2 wPds= [C1x WP+ [ 7' —e) =1/ (v)Pdx
_/ lx' (x) |2dx—|—/ %' (x) — ¥ (x+€)’dx - 0as e = 0",
Next, if (xg)% =N * Xe is a standard mollifier, then (xg)% — x in H'(0,40) and

(%¢)e € D((0,420)). In particular, (xe)e — ¥ in H%(0,+o0), because from Corollary 2.8.
in [10] we get

12 = 2l r0(0, 4000 < 12 = 2126 4o 126 = X1 0 1)

From the observation that (y)e — x in H¥(0,+oo) and the fact that F' is continuous in

H*(0,+00), we get

£
2

F(x) = lim F((e)

so we have (24). We recall that for w € H*(R) we can write

) =0,

£
2

w(x) = wy(x) +we(x) forxeR,

where
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is the odd part of the function w and

we(o) = 5 b0(0) + ()]

is the even part of the function w. Hence, we define F : H*(R) — C such that

Fw:= Fwe|(

0,+00) "

Then, w, (04 EH %(0,+oc0) and F is well defined. We notice that F is a continuous linear
operator. Moreover, we observe that

if € D(R) such that ¢(0) =0, then F¢ = 0. (25)

Indeed, F¢ = F"d)e‘(o .., and ¢e|(0_+w> € D([0,+e0)) such that ¢e‘(0 +°Q)(O) =0, because 0 =
#(0) = ¢,(0) + ¢.(0) =0+ ¢.(0) = ¢.(0). From (24) we get F"(])e‘(oﬁw) =0, and hence we
obtain (25).

Thus, it is enough to show that F = 0. To this purpose, let 7 € D(R) and n(0) = 1. Then
for all y € D(R) we have

(F,y) = (F,y —ny(0)) + (F,ny(0)) = (F,ny(0)).
Thus, for all y € D(R) we obtain
(F,y) = y(0)(F,n).
We put a := (F,n), so for all y € D(R)
(F,y) =ay(0).
Hence, we can write F := a8, where 0 denotes Dirac delta function. Next
FeH *R) o F(E)(1+|EP) T e [A(R).
However, F(£) = a. Thus,
FeH *“R)<a(l+[E}) % e [*(R)
& laf? [ (1+[EF) dE <+

We observe that

[ a+15R) g =+

for o € (0, %], so we get a = 0. Therefore, for all y € D(R) we have (F,y) = 0, and hence
F=0.
From the fact that F = 0, we can deduce that F' = 0. Indeed, let ¥ € H*((0, +o0)). We set

v(x) ifx>0,
V@) = { 5(—x) ifx<0.
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We show that v € H*(R).
v(x) —v(y)|? oo e |5(x) — 9 (y)[*
/ e[+ T yit2a dxdy _/ / - y|l+2(x T —yit2a dxdy
[0 J5(=) —70)P
+/ / e y|1+2oc T yioa dxdy
o |5(x) — v(—y)|?
+/ / |x y|1+2o‘ ——————dxdy
0 [p(—x) = 9(=y)|?
+/ / |x y|1+2(x ——————"dxdy
400 ptoo | ‘2
/ / - y|l+2a T oir2a dxdy
400  ptoo ‘ ‘2
+/ / \x+y|1+2°‘ Trpyrr2a P
oo e |(x DIE
/ / \x—l— |1+2a o oir2a dxdy
+oo  ptoo ‘ ‘2
/ / — y|1+2a T oiiraa dxdy

+o0 +oo| |2
<4/ / |x y‘1+20¢ a4 dy,

where in the last inequality we used the fact that |x — y| < |x+y| for all x,y > 0. Moreover,

|\v\|§2(R)=/O 19() |2dx+/ (—x) 2dx—2/ ()P = 2052,

Thus,
2 "y
VI 77y < 4Pl e(0,400))-
Furthermore, from definition of /' we obtain
Fyv=Fv=0,
because F = 0. To sum up, we have F¥ = 0 for all # € H*((0,40)). Hence, F = 0.
U
Remark 5. Let T > 0. Proposition 20 holds also for Q = (—ee,T) or Q = (—o0,0) instead
of Q = (0,+e0). Hence,

1
HF(0,T)=H*(0,T) for 0<oa< 3
Indeed, let f € H*(0,T) and let n € D(R) such that suppn C [0,3T] andn =1 0n [0, %7).
Then, we have

f(@) = fOm @) + (@) (1=n)@).
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Moreover, we observe that f1n € H*(0,+e0) and f(1 —1n) € H*(—oo,T). Thus, there exists

o)) suc. c (0,2 — £,
@1 € D((0,4-0)) such that supp @y C (0,5T) and ||¢ anH%(()*m) < £. Furthermore,

there exists ¢, € D((—eo,T)) such that supp 9> C (T, T) and || ¢, — f(1—1)
Hence, @1+ @2 € D((0,T)) and

£
HH%(im_’T) <3

(@1 +®2) — fllaeor) <&

It is worth mentioning that the results presented in Theorem 20 and Remark 5 hold for all
1 < p < 40 and for any bounded and open subset of R”, which we present in the following
theorem:

Theorem 21 (Thr. 1.4.2.4 in [3] ). Let Q be a bounded open subset of R" with a Lipschitz
boundary; then D(Q) is dense in WP (Q) for 0 < s < %

Corollary 22 (Chapter 1, Section 1.4.2 in [3]). Under the assumptions of Theorem 21,
WP (Q) is the same space as W*P (L) when 0 < s < %

Theorem 23 (Thr. 1.4.4.4 in [3]). Let 1 < p < +oo. We assume that s > 0 and s = m+ o,
where m is an integer and & € [0,1). For all u € Wy'* (0, ~+o0) such that s — 1% is not an integer,
the following property holds:

x5 @) € [P(0, 4-00),
and we have the estimate
D | Lo 0,400y < Cs, 2, 0) ™ lwoun(0,420) (26)
Jor all o € N such that oc <'s. In particular, for all o € N such that o < s the following

estimate holds:

—s+a

e Do) < s, Py 0t (0,0 @7

Proof. Suppose that we have
X7Vl 0, 4w) < C(5,,0)Vwor(0,400) for v ED((0,+e0)). (28)
If u € D((0,+o0)), then (28) with v = u™ gives (26) for u € D((0,+o0)) and & = m. Fur-

thermore, using Hardy’s inequality we will get (26) for all o € N such that o¢ < m. To this
purpose, we observe that for all o € N such that @ < m we have —s+ o+ 1+ % < 1, because

1 1 1
—st+a+l+-—<les—a>—<m—a)+0>—.
p P p

The last inequality holds, because if p > 1, then 6 € [0,1) and (m—a)+0c>1+0>1> %
If p = 1, then s can not be an integer, so in this case 6 € (0,1) and (m—a)+oc>1+0 >

-1
17p.
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Due to the above observation, we can use Hardy’s inequality with the operator H. Thus, for
all & € N such that ot < m and u € D((0,+c0)) we have

xostotl (i /xu(OHrl)(s)ds) H
0 LP(0,4o0)

= [ H @) (0 (o, 1)

,s+au(a) HLI’(O,+0<>) _

[

Hx73+oc+l (o+1) HLI’

e o
- |—s+06+%| "
’i:[l 1 +m (m)
Sy YT
oo | —s+B+1] o
= C(s, p) ¥~ “ul™ | (0 1er)-
Hence, we get
U u]| 1o ey < Cls, P U™ 100, ) 9)

for all o € N such that ¢ < m and u € D((0,+o0)). Combining (28) with (29), we get

7s+ocu(oz)

I ler(0. o) < Cl5:p, )™ llwon(o 1) foru € D((0,400))  (30)

and for all o € N such that o« < m.

Now, we are going to show (28).

Remark: If s is an integer, then 6 = 0 and ||x_"v|\Lp(0’+m> = ||VHLP(O’+°°). Thus, if s is an
integer, we immediately have (28) with C(s,p,0) = 1.

Hence, we have to derive (28) only in the case when s = m + ¢ and s is not an integer.

1. Case: ¢ < %. Let

w(x) = l/O.x[v(l‘) —v(x)]de. €1))

X
We have the following identity:

v(x) = x)+ / y) (32)

which we will show below. Indeed,
1y
e 1 fx = Jo () —v(y)]dt
x)+ / W) gy L / (t) — v())dr + / sl —vildr
X y X JO X y

_ ! /xv(t)dt+v(x)+/wi/yv(t)dfdyf/xw@dy
/ (t)dt +v(x +/ / t)dtdy
+/ / 1)didy / @dy
:_;/ V(1)dt +v(x +/ t)dt/ yizdy
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+/ / —dyv(t /Qdy
:7/ v(t)di +v(x / dz+/ /@dy

=v(x).

Hence, we have (32). We want to show (28). First, we show the following estimate:
27 WllLo (0, 4e0) < IVlIwor(0,400): (33)

To this purpose, we perform the following calculations:

e
Jo
</ x o 1/\ f)*v( )|Pdtdx = //'v xGP+1 ” drax

/ / i x—1) Gp+1 B dnas */ / ||x—t|0p+1 dtdx
//m|v z|"P+1 dtdx<||v||wwo+w)

where we used Jensen’s inequality. Thus, we have (33). We notice that if o < %, then

1 /O () = v(x)dt

X .

P
dx

(—o+1)+ % > 1. Hence, from Theorem 17 we deduce that operator L is continuous in

LP179((0,+90)) in the case when & < %. So, using Hardy’s inequality we get

xfo/wwd H < P o - (34)
fom [T e

Indeed,

oo
x Yy

eGP,
LP(0,+00) XJx Y LP(0,4-00)

- HX—GHL((”) (x)

y

P Lol W(x
~1-po X

LP(0,+0)

LP(0,+ee)

14 _
= lprHx 6WHLP(0,+oo)-
Due to (32), (33) and (34) we have

- - o [T
I sl0m) < e+ [0 [y

LP(0,4o0)
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< llwer(o.+e0) +

<1
(14

provided that o < % Thus, we get (28) for o < %

p —c
m [ x WHLI’(O,er)

=) Vllwor(o.se

2. Case: 0 > %. Notice that identity (32) is inconclusive if o > % Our aim is to show
(28) by using Hardy’s inequality. For ¢ > 1 Theorem 17 states that operator H is continuous
in L71=9((0, +oo) Thus, we have to derlve the identity similar to (32), but in this identity
the element H ( ) must appear. Notice that

/Om% :/ l.fy[V()—V(y)] oy
[ Lo [0
_/“ /A—dM—A %?@:0

Hence, from the above observation and the identity (32) we get

v(x) = —w(x) — /Ox @dy. (35)

From Case 1. we have (33). Thus, it is enough to show the following estimate:

g

in order to get (28). Indeed, using Hardy’s inequality we get

ol b G

- x*cﬂﬂ(@) ()
17Hxa+1“4x)

P
LP(04) 1-

p ™ Wl 2 (0,4-00) (36)

LP(0,4o0)

LP(0,40)

LP(0,+oo)

LP(0,4-o0)

- 7w £ (0,4-00)-

Thus, again from (33), (35) and (36) we get

. i s
”x%mmwsu“mmmmw+wa/”wu
0y LP(0,+0)

_ 14
< [lwor (0,4 + Wl Lr(0,400) < (1 7 7p6) [V[lwo.r(0,400)-

1—po
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This gives us (28) for ¢ >

To sum up, from Case 1. and Case 2. we get (28) for ¢ # % Further, we recall that (28)
implies (30), that is
ety ||L1’(0,+w) <C(s,p, G)Hu(m)HW"-P(O,er)

for u € D((0,+e0)) and for all o € N such that o0 <'s.

Let u € Wy %7 (0,+0). Since D((0,+e0)) is dense in Wy 7 (0, +o0), there exists a se-
quence {uy }nen © D((0,+00)) such that |[u, — ul[ymic.r(o 1) — O When n — co. We can
rewrite (30) replacing u with u; — uy

[l

@™ =) 100 400) < Cls, 2y )™ = 4™ o (0, 00)-

Due to the fact that [[u, — u|wm+0.r (g 4e0) — 0 When n — oo, we have ||u£,m) —ulm [Wop(0,4e0)

— 0 when n — . Hence, {uf,’”) }nen is a Cauchy sequence in W, 7 (0, +c0). From the

o (%) o is a Cauchy sequence in LP(0,+co),

so it is convergent in LP(0,40) to some v € L”(0,+0). On the other hand, ul® — u(® in
LP(0,4oc0). Hence, v = x5+ %(®),
Now, we observe that for all € > 0 there exists N; € N such that for all n > N;

above inequality we can deduce that {x™

”x—s-&-auElOC) _x—s+au(a) ||L1’(0,+w) <€ (37)
and there exists N, € N such that for all n > N,
™ — 1™ |l yon(0 40y < - (38)

Moreover, the inequality (30) holds for terms of the sequence {uy },en

U 10 o) < C(s, P, O) 1™ o 0,40)- (39)

We set N3 = max{N,N,} and we choose some n > N3. Thus, from (37), (38) and (39) we
get

-5 —s (x
3+ocu(oc) s+ocu( ) —stoy,

—x o0y + %2

x

2r(0,400) < lIx ll2r(0,+20)

< e+C5,p, ) uf” Hwou 0.+

< &+C(5,,0) (" = 4 fayosio, 1) + 1™ lwoir(o, 1))
<e+C(s,p,0) e+ |u” ||Wo,p<o,+m))

= &(C(s,p,0) +1) +C(s,p,0) |1 llyes(0,1)

for all € > 0. Going to the limit with € — 0, we obtain

7s+(xu((x)

I Ir(0.+22) < €, P, 0) 1™ [lwoun o, 4-o)

for all u € Wy P (0, +o0). This gives us (26) for all u € Wy (0, +e0), provided that s — %
is not an integer. Furthermore, inequality (27) is a consequence of the definition of the norm

- |\WS=P(0.+oo)- O
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Lemma 24. Let Q be a bounded, open subset of R" with a Lipschitz boundary T'. Then for
allu e W(‘; P (Q) such that s — ); is not an integer the following property holds:

dist(y,T) %Dy € 17(Q) (40)
or a o SS, and we nave the following estimate:
for all |a| d we have the following esti
Idist(y,T) =1 D] 1) < C(s, p, &) ullwsr(q)- (41)

Proof. Letu € D(Q). We set x € I' and let V be an open neighbourhood of x in R”. Without
loss of generality, we may assume that

1. V has a form of a hybercube in some local coordinates {y,...,y,}
V={01,--om):—aj <yj<aj1 < j<n}
2. there exists a Lipschitz function ¢ defined in

Vl:{(y17,,.,y,171) c—aj<yj<aj,l <j<n-—1}

and such that u
90Nl <5 foreveryy' = (1, yn1) €V,

QNV ={y=0\,y) €V iy < 00)},
NV ={y=0\y)€V:ym=00)}

Using a partition of unity, we may assume that supp u C V. For y’ € V' we set

uy (1) = u(y', @) —1).

We notice that for almost all y € V/ we have uy € Wy (R..). Indeed, we have

i (1) — s (1)
p — P Y Yy
Wy = W+ [ e dds
) (1) — s (1)
= t)|Pdt / / dndt
a;n/ |u, 1) dt + - |t1—t2\"+GP 1dty

= L [, 15500001 ~0la

1% u(y () —11) — Su(y, () —12)|P
+/ / Iyn ) ) 3),,( () )| diydty
Jr, Jr,

|t1 _ t2|n+6p

X [ ey
a<m yn<@(y) ayn e !
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|37 (y yn) glu(ylvzn)|p
+/ / Vi zn dy dz < too
n<®(y') Sz <p(y —Zn|"+6p Intien

for almost every y' € V', because

DPu(y) — DBu(z)|P
. / DBu( Pd+ / / | dydz < 4o,
[ull =) D u(y)|Pdy v Jorw  y—apror y

IBl<m

From Theorem 23 we get t ~*u, € LP(R ) with

—s p 4 14
I uy/”Lp(]R+)§K ”uy’” 5(R+)

where K does not depend on y’. We integrate this inequality in y'. Then, using the substitution
yn = @(y') —t, we have

/ / t_sp|uy’|pdtdy/ :/ / t_Sp|u(y/,(p(y’) _t)lpdtdy,
v/ JR,
=G /V / [00) =l Pl )l dyndyf
:Cl/ (¢(y)—yn)7sp\u(y)|pdy
Qnv

and

Py \u (tz)\ ddidy!
—/ Z/ W (1) Pdedy

o<m

+// / o (0) — @) dndidy'
v IR, R+ |t1—t2\”+"" 1Ry

Z | u(y ,(y') —1)|Pdidy’
a n

Ot<m
‘7'4 ya(p y)—tl)—— (y (p( )_IZ)‘p
+/ / / = dtidtrdy’
V' JRy JRy ‘t17t2|n+c¥p
_Cz/ / y yu)lP dy,,dy
a<m Yn<(P
y y”) fu(ylvzn”p
+C / / / L d dZ d /
V! Jyp<o(y') Jz<o(y Vi — Zn|TOP YndZpdy

<G Z/ |DPu(y \de

|Bl<m
ﬁ B P
/ / |DPu(y) — DPu(z)| dydz
onv Jonv |y—z\”+°"’

\ﬁl*m
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< maX{C27C3}||M||p,;(Q)v
where C1,C; and C3 depend only on the boundary of Q. Therefore, we get
[(@() =yn) ull () < Cllullws),

where C depends on the boundary of Q. Furthermore, for x € I we have @(x') = x,, and
using the fact that ¢ is a Lipschitz function with constant M, we obtain

190) =l = lxw = yn+ @) = () < [ —yul +90) — ()]
< P =yl + M =Y | < (M + Dx—y| < \/2(1+M?)[x—y].

Thus, we obtain )
\(p(y ) _yn‘

V2(1+M?)

dist(y,I') = inf |[x — y| >
ist(y,[) = inf [x—y| >
for y € Q. Due to the above observation, we obtain

[[dist(y, 1) "ul|r(0) < Cllullws(o)-

Thus, we have (40) for |a| = 0. Performing similar calculations for D%u, when |a| < s, we
get the desired result.

O

6. PROOF OF THE MAIN RESULT

Firstly, we need to show the following proposition, which then we use in the proof of
Theorem 6:

Proposition 25. Let T > 0. We denote
ﬁl(_T7T):{f€Hl(_TaT):f(t):O fOl‘ IE(—T,O)}

and
LH(-T,T)={f € *(~T,T): f(t) =0 for te(-T,0)}.

Then, for o € (0, 1), the map

r_ f(t) fO}"[ € (OaT)a
fo_{ 0 forte(~T,0)

is an isomorphism from [L2(0,T), oH'(0,T)]q onto [L*(=T,T),H (=T,T)]q. i.c.
[L*(0,T), oH'(0,T)]q = [L*(~T,T),H' (~T,T)]q. 42)
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Proof. 1. In the first step, we show that the map

= | f@) forte(0,T),
fo_{O forr € (-T,0)

defines an isomorphism from oH'(0,T) onto H'(—T,T), i.e

H'(0,T) = H'(-T,T).
To this purpose, we must show that f — f is the bijection between (H'(0,T) and H'(—T,T).
We take f € oH'(0,T). Itis easy to show that f € H'(—T,T). Indeed, if f € oH'(0,T),
then f € L*(0,T). Thus, f € L*(—T,T), because HfHLZ(fT,T) = ||fllz20,r)- Moreover, we

know that there exists f” in a weak sense and f’ € L2(0,T) and f(0) = 0. We calculate (f)’
in a weak sense. Let ¢ € C°((—T,T)). Then

T T T
(/fmdmw:/fmdmm:ﬂnwmfﬂmwmf/f%wmm
-T 0
/ fOe()dr / F)e(t)de

where we used the fact that £(0) = 0. Hence, (f) = f"in a weak sense. Moreover, using the
above observation we get

[ [ )P+ / 7 (1)t = / 1fOPdr+ / \7/(0)Par
= [F1s@Pars [ 17 0Par = 111 gy <+

Therefore, the map f — f is an isometry between oH' (0, T') andH ( T,T), soitis injective.
Furthermore, it is surjective. Indeed, we take arbitrary g € H' (=T,T). Then we know that
g€ H'(~T,T) and g(t) = 0 for ¢ € (—T,0). Hence, 8lor € H! (O,T), because

Hg\(o_T)HHl(O,T) = ”gHHl(fT,T)’

Moreover, from Theorem 5. in Chapter 5.6.2 in [2] we know that if g € H 1 (=T,T), then there

exists a function g* € ol ([=T,T]) such that g = g* almost everywhere. Hence, g has a con-
tinuous representative g*, which is defined on [T, T]. Further, g*(t) = 0 for t € (—T,0).
Due to the fact that g* is continuous on [T, T], we deduce that g*(0) = 0. Hence, g(0) =
in a trace sense. Thus, 8lor € ()HI(O7 T) and g]((m = g almost everywhere. Therefore,

H'(0,T)=H'(-T,T).

2. Now, we will show that

= [ f(t) forte(0,T),
fo_{O forr € (—T,0)
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defines an isomorphism from L2(0,T) onto L2(—T,T), i.e.
L*(0,T) = L*(~T.,T).
We can see that f — f is a bijection between L2(0,T) and L2(—T,T). Firstly,
I Iz 7.7y = 120,15

so map f +— f is an isometry. It is also surjective, beacause for g € Zz(—T7 T) we can
take g on € L?(0,T) and g on =& almost everywhere. Therefore, f + f is an isometric

isomorphism and L2(0,T) = L2(~T,T).
3. In the third step, we show that

F(L2(0,T), oH'(0,T)) = F(L*(~T,T),H (~T,T)), (43)

where F(Xp,X)) is defined for an arbitrary interpolation pair (Xp,X;) in Definition 2. We
take g € F(L*(0,T), oH'(0,T)). From Definition 2, we know that

g:S— L*0,T)+ oH'(0,T)
and
1. gis continuous and bounded in S,
2. gis analytic in S°,
3. g(it) € L*(0,T) and g(it + 1) € (H'(0,T) forall € R,

4. functions ¢ — g(it) and 1 — g(it + 1) are bounded and continuous with respect to the
spaces L2(0,T) and oH'(0,T), respectively.

For all z € S, we define

8(z) =¢g(2),
where (2)(t) fi (0,T)
— 2)(t orre (U, 1),
8(2)(t):{ g fort € (—T,0).

We want to obtain that

§—8
is an isometric isomorphism between F(L*(0,T), oH'(0,T)) and
F(L*(~T,T),H'(=T,T)). For all z € S, we have g(z) = u ; + us ., where u; ; € L*(0,T)
and up ; € oH'(0,T). Hence,

g(z) = ’ZIZ‘FLZZVQ

where iy, € L*(—T,T) and ir>, € H'(~T,T). As a result, we get

g(Z) = ’/ZI/Z"”/ZZVZ
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We want to show that g is continuous in S. Let zg € S. We have

18(z) = 8oz 7401 (-7.1)

= inf{{lurz — urz |l gy + 2z — w2zl g7y 2 8(2) — &(20)
= (urz+uzz) = (7 +u2z)}

= inf{|[u1; — U1 ||L2(0,T) U2, — U2 5 HOH‘(O,T) 1 g(z) — &(z0)

= (1 ztunz) — (g +Huzg)}

= |lg(z) —g(ZO)||L2(o,T)+ oH!(0,T)"

Since g is continuous in S, we have the following implication:
220 = 18(2) —8(z0) |l 20,7+ ot (0,7) = O-
From [|g(z) — &(z0) ||ZZ(—T,T)+H1(—T,T) = llg(z) —&(z0)l2(0,7)+ o' (0,7)» We deduce that
z—20 = [18(2) — g(ZO)HZZ(fr,THﬁl(fT’T) —0.

Therefore, ¢ is continuous in S.

Furthermore, we want to prove that ¢ is bounded in S. Indeed, we have

Hg(z)HZZ(_TJ)JFHI(—T,T)
= inf{]|u1 ; P(-T.1) + ‘|"‘A2Tz||1?11(_T7T) 18(2) =ur tuag}

= inf{{lur 2 0,7) + lu2ellomior) - 8(2) = w1 +ua )

= ||g(Z)||L2(o,T)+ oH(0,T)"

We know that g is bounded in S, so we know that there exists M > 0 such that
8@ 20,1+ gm0y <M forallz€S.

From
Hg(Z)||z2(,T,T)+ﬁ1(,T1T) = ||g(Z)HL2(O,T)+ 0H'(0,T)

we deduce that ||g(z)||; ( < M forall z € S. Hence, g is bounded in S.

~T,T)+H(~T,T)

Now, we check if g is analytic in S°. We take zo € S°. We know that g is analytic in S, so
there exists g’(zo), and we have

g(z0+h) —g(z0)
h

!(z0) = li 44
g (20) lim (44)

in the norm topology on L?(0,T) + ¢H'(0,T). A candidate for g'(zo) is

#G0)(1) = { gl e 0%
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We will show that

§(zo+h)—&(z0)
h

lim

=0. (45)
h—0

L[X(~T,T)+H'(~T,T)

¢'(0)

We can see that

glzo+h) —8(20) = Uiz ihtUazih— (ig, +2g,)
e —d) = ;

Hence, we obtain

Hg(Z0+h) —8(20)

o
. g (z0)
= inf{

- (ull.z() + MIZ,ZO)'

L2(~T,T)+H'(~T,T)

Wagth— W2z
h 2,20

Wzoth —Ulzg 7
L,zo

2(-T.T) H'(-T.T)
Bao+h) —8(@0) S Mgt i — (g ting) = o=
Bt 8] _ i) = Manth Hibah =W Ti0a) (7 )
:inf{ Math g e Ty :
12(0,T) oH'(0,T)
glzo+h) —g(z0 U1,z + Uz +h — (U0 + U220)
%—g/(zo): = Zo+h — = (U +1tz)
g(zo+h) —g(z0
L2(0,T)+oH' (0,T)
From (44), we have
h) —
GO ) 0
h—0 L2(0,T)+oH'(0,T)

so from the above calculations we deduce that

. ||8(zo+h) —g(z0) 57—
1 S\WWOT ) —5\0) 5
hl—% h ¢'(z0)

=0.
L2(~T,T)+H'(~T,T)

—

Hence, we have (45), and thus we obtain that §'(z0) = g'(zo) for all zp € S, so & is analytic
in
Furthermore, we know that g(ir) € L*(—T,T) because

186 Iz2 -7y = 18 g2 _r.py = 8(0) 207

Moreover, we know that the map ¢ ~ g(it) is bounded with respect to the space L(0,T’), so
from the equality ||g(ir) ||Z2(7T 7y = l8(i0)l2(0,r) we deduce that 7 — 2(ir) is bounded with

respect to the space L2(—T, T). Furthermore, we know that the map ¢ — g(if) is continuous
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with respect to the space L*(0,T). It means that if ¢ — #o, then | g(it) — g(ito) lz2(0,r) = O
We have

18(it) = &(ito) | g2 1.ry = 18 it) = g(it0) lp2 1.7y = 18 (i) = g(it0) | 2(0,7)-
From the above calculations, we obtain the following implication:
t = to = 1|8(it) = &(ito)l 2 7.7y = O,

so t ~ g(it) is continuous with respect to the space iz(—T, T). In the same way, we can
show that g(it + 1) € H'(—T,T), because

18+ 1)l .z = 180+ Dll s gy = it + Dl .7

Thus, 7 — g(it 4 1) is bounded with respect to the space H' (—T,T), because ¢ — g(ir +1) is
bounded with respect to the space oH' (0, T'). Moreover, we know that the map ¢ + g(it + 1)
is continuous with respect to the space oH'(0,7). It means that if r — to, then ||g(it + 1) —
g(ito+ V) ym1 0,7y — 0. We have

—_~

&t +1) — g(ito + 1)”171(77"77“) = ||lg(it +1) — g(ito + l)Hﬁl(fT_,T)
= llg(ir +1) = g(ito + 1)l 1 0.7y
From the above calculations, we obtain the following implication:

t— 1) = Hg(lt+ ]) 7g(lt0+ 1)”[}1(77"’]‘) — 0,

s 1 — g(it + 1) is continuous with respect to the space H'(—T,T).
As the result, we get § € F(L2(—T,T),H'(—T,T)). Furthermore,

18l 27y 0t (1)) = max{,sg]g 18672775 ,S;g 18U +in) g1 (g}

= max{sup (i) [z2(_p.y-5up {1+ i0) Iz}
teR teR :
= max{sup [[g(ir)|| 20,y sup I8 (1 +it)[| ;171 (0,7}
teR teR
= ||g||f(L2(0,T), oH(0,7))"
Hence, we have (43).

4. Now we are ready to show (42). Take f € [L*(0,T), oH'(0,T)]. We know that f = g(a)
for some g € F(L*(0,T), oH'(0,T)). Let f = g(ct). We will show that

fe=7

is an isometric isomorphism between [L?(0,T), ¢H'(0,T)]q and [L*(~T,T),H' (=T, T)]q.
From 3., we know that § € F(L*(—T,T),H'(~T,T)),so f € [L*(~T,T),H'(~T,T)]y. Fur-
thermore,

Hf“[ZZ(fT,T)ﬁ‘(fT-,T)]a - inf{|‘g‘|f<z2(7T7T)71-]1(7T7T)) (g(a) =f}
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=inf{llgll 72 (0,7), ot (0.7) * 8(0) = f} = |12 00,7, o1 (0.1
As the result, we get (42).

Remark 6. Let T > 0. Then L*(—T,T) is a closed subspace of L>(=T,T).

Proof. Let (fy)nen C L*(=T,T) and || - le2-r.m) — lim, .. f, = f. Due to the fact that
L?(—T,T) is complete, we get f € L>(—T,T). Take & > 0. There exists N; > 0 such that for
all n > N¢ we get

0 T 0
z 2 _ 2 FoN 2 2
e> =S rry = [ 1FOPdr+ [ 170 —s@)Par= [ 170Pdn.
Hence, 0
og/ F(6)[2dr < e
-T

for all € > 0. Going to the limit as € — 0, we obtain

0
[ 1r@Pr=o
J=T

From the above equality, we deduce that f = 0 almost everywhere in (—7,0) and
f € L*(—T,T). Otherwise, there exists a set A C (—T,0) of Lebesgue measure zero such that
f(t)#0fort € A. Hence, |f(t)| >0 fort € A and there exists § > 0 such that [, | f(¢)|*dt > §.

Then
0= / (1) 2dt = /|f |2dt+/ 02t > 8,
which is a contradiction. O

Proof of Theorem 6. We divide our proof into two parts.
1. We show that
[L2(0,7), oH' (0, T)]a = oH*(0,T). (46)

Take f € [Lz(O T) 0H'(0,T)]. From (42), we can deduce that
fe[l2(=T,T),H (=T, T)]4. Now, we would like to show that

[22(_T7 T)7ﬁl (_Ta T)]Ot — [Lz(_Ta T)aHl (_T7 T)]Ut (47)
From Definition 2, we have

[=sla),
where g € F(L*(=T,T),H'(=T,T)) i.e.

¢:S={z€C:0<Rez <1} L*(~T,T)+H"(-T,T)

and
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1. gis continuous and bounded in S,
2. gisanalyticin S" = {z€ C:0 < Rez < 1},
3. g(it) € [*(~T,T) and g(ir + 1) € H'(~T,T) forall € R,

4. functions ¢ +— g(it) and t — g(it + 1) are bounded and continuous with respect to the
spaces L?(—T,T) and H'(—T,T), respectively.

Due to the fact that L2(—T,T) < L>(—T,T) and H'(—T,T) < H'(—T,T), we can write
g:S={z€C:0<Rez <1} L*(~T,T)+H'(~T,T)

and

1. gis continuous and bounded in S,

2. gisanalyticin S = {z€ C:0 < Rez < 1},

3. g(it) e L*(~T,T) and g(it+1) € H'(=T,T) forall t € R,

4. functions ¢ — g(ir) and ¢ — g(it + 1) are bounded and continuous with respect to the

spaces L?>(—T,T) and H'(—T,T), respectively.

Therefore, we get g € F(L*(—T,T),H'(~T,T)) and f = g(e). So, from Definition 2, we
can deduce that f € [L*(—T,T),H'(~T,T)]q. In this way, we get an algebraic inclusion

[L2(~T,T),H (=T,T)]¢ C [L>(=T,T),H" (=T, T)]q.

However, we still must show that [L2(—T,T),H" (—T,T)]4 is continuously embedded in
[L>(=T,T),H"(=T,T)]q. Indeed,

&l 72 (—7.7). 1 (—7,1)) = max{sup|[g(it) || 27,1}, sup lg(L +it) || 1 (7.7 }
teR teR

< max{su it)||; ,Su T i)l
{supllg(in) (.7 sup le(1+i0) .1}
= gl r@ 1.1y -1,y

Moreover,

Il 2= 7) 10 (7.7
=inf{|lgll 727,11 (-11)) 18 € FLA(=T.T),H'(-T.T)), g(e0) = f}
<inf{|[gll ze2(-r.r)m0 (-11)) "8 € FL(-1,1).H'(-T.T)), g() = f}
< inf{”g”]_-(p(,Tj)f]l(,T7T)) RS f(zz(*T: T),Ifll(fT7T)), gla)=f}

= ||f”[ZZ(7T,T),I~NI'(*T-,T)]a’
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Then we get (47). Furthermore, from Theorem 30 we know that

[L2(=T,T),H (~T,T)|q = H*(-T,T) (48)
with equivalent norms. Thus,
feH*(~T,T) (49)
and
||f~HHa(7T7T) < CHfH[LZ(fT,T%H]( T.7)] < CHfH T,T)J?l(fT.,T)]a (50)

=Cllflli20,1), o' (0.1

Due to the fact that f € H*(—T,T), using Definition 3, we have f € L?(—T,T) and

/ /T |f y)|2dxdy < oo,

\x— I?

Then we get f € L?(0,T) and

/ /T |]L(Cx y|1+2a2d dy—/ / x|f(y|1f2ad dy +/ /T ‘f‘x y|1+2a|2d xdy
:/ / = y|1+2¢xd xdy +/ /T |f|x y1+§26|2dXdy
/ / — y‘1+2adx‘1y 2/ / - y|1+2adx‘iy

o[ [ O

‘We can notice that

") —fO)P T 1) —Ffo)I°
/ / - y‘l+2a e ylir2a dxdy </ / - y|1+2a o2 dxdy < e

Thus, f € H*(0,T) and

T 2
1.2y = 11 7200,1) +/ / %dxdy

T f(x) = F)? 112
<yt [ [ |1+2a VO =T ddy = 17 3o r.ry

Using (50), we obtain
Iflgeo.r) < CUf 20,0, ot (0,7)]-

Therefore,
[L*(0,T), oH'(0,T)]o < H*(0,T). (51)
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We notice that for o # % we have
£ loreo.ry = 1 f lze0,r) < ClF 2 0,7), o1t 0.7))-

Hence, for o € (0, ! 5) we have (46). Now, we do some calculations in the case when o = 5

// |f()|cx y\z ddy

T

-1, /TL{ e e [ /T\fﬁ §|(2y asdy+ | ', \If—yv
=f [, ){yy;"" V= y|2y)|2

22/ If(y)\z/ |x—y\‘2dxdy+/ /fo_y|2|2dxdy

_z/ 1y \/ (v—x) dedy—i—/ /T|f(x ® ey

:z/OTVdey—z/OT'f / /Tlf - |2y)l2

Therefore,

/Tlf //T £ () f(y dd+—\|fHLzOT<+°°

because f € H2(—T,T) and f € L*(0,T).

As aresult, for oo = % we get
1 "))
f€H2(0,T) and / “———dy < +oo. (52)
JO y

Thus, for o0 = % we have f € OH%(Q T). Moreover,

2 2 TIfO)P
T

H2 (0,1)

||f||L20T+// Xifféy dd+/T|f

T 2 T 2
||f||Lz . +// |f(x) . y)ldd +/ \fy)l

T
Wlrn+ [ [ f(y PO =TI ey + 21120
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, T T F(x) — FO)P
=(1 +?)||f||i2(—T,T) Jr/,T [T B TR

x—y]?

N
< (HE)(Hflliz et [T )
— a2,

Thus, using (50) again, we have

Hf”OH%(OJ <C|Ifll [L2(0.T), oH' (0,T)] *

)

m\-—

Hence, we obtain (46) for @ = 2

It remains to consider the case o € (2 1). We have to show that if

f€L*0,T), oH'(0,T)]q for o € (3,1), then f(0) = 0. Indeed, from Proposition 25 we
know that if f € [L2(0,T), oH'(0,T)]q, then f € [L*(—T,T),H'(~T,T)]. Moreover, from
(49) and (50) we have

[Zz(_Tv T)vﬁl(_Ta T)]OC — Ha(_TvT)v
and hence f € H*(—T,T). From Chapter 1.4.4 in [3], we know that

HY(~T,T) < C**3([-T,T)) forae (% 1),

Hence, if f € H*(—T,T), then there exists a function f* € C% O‘_’([ T,T]) such that f = f*
almost everywhere. Hence, function f has a continuous representative f*, which is defined

n [T, T]. Furthermore, f*(t) = 0 for t € (—T,0). Since f* is continuous on [~T,T], we
get £*(0) = 0. Hence, f(0) = 0 in a trace sense and f = ﬁ so we deduce that f(0) = 0.
Therefore, (51) implies that

0,1)°

[L2(0,T), oH'(0,T)]q < oH*(0,T)

for a € (%7 1). Thus, we get (51) for a € (%7 1). In our previous considerations, we proved
that (51) holds for & € (0, 3]. Hence, we get (51) for all & € (0,1), and it finishes this part
of the proof.
2. We will show that

oH*(0,T) < [L*(0,T), oH"'(0,T)]q. (53)

Take f € oH*(0,T), and define

s | flt) forte(0,T),
f(t)*{o fgrte(fT,O).

e First we show that f € H*(—T,T). Notice that oH%*(0,T) is a subspace of H*(0,T).
Thus, f € H*(0,T). From Definition 3, we deduce that

feI*0,T) and T|f VO =FOP 4y < e (54)
an - y‘1+20c y :



180

Karolina Pawlak, Adam Kubica

Therefore, f € L>(—T,T), because Hf”Lz(—Tj) = [|fllz2(0,r)- In order to show that
f € H*(~T,T), it remains to Verify if

|2
/ / Ix y|1+2a V=TI iy < o, (55)

First, we show (55) for a = j Using the calculations from the first part of the proof,
we obtain

/T /T |f~()|2_f|(zy)2dxdy
2/Tlf Ve, Z/T\fy)|2 //Tlf y)l"‘dxd

Vil TIf(x)—f()? 2
<2/ //7|dd <SPy <

because f € OHE(O,T). Thus, we get (55) for a = % and hence f € H?(—T, T).
Moreover, we get the following estimate:

T T | f ra 2
712 _ A 1) —f0IF
I gy = W+ [ [ ey

T T |f _F 2
T

<1 £II12 2 < 2 .
<o +2MA12,y o <3Py

Thus, we can write

< V3|1l (56)

H7 OT
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H

I(-
Now, we show (55) for a € (0, 1), but o 75 . Using the similar calculations as in the
case when o0 = % we get

[ [t aar<a [ Uha [ [TEHE v

Again, the second integral is finite due to the (54). We use Lemma 24, in order to show
that [ ‘fym‘ dy < +oo. We know that f € oH*(0,T), so f € H*(0,T) for o € (0, 1)
and f € {u € H*(0,T) : u(0) = 0} for & € (4,1). From Theorem 20, we know that
H{(0,T)=H*(0,T) for ¢ € (0, %) Thus, we can use Lemma 24, and we get

2 T 2
/0 |f}f§2| yé/o %@SC(&PJ)WH%&(OJ) 57

for a € (0, %) Moreover, for o € (%, 1) we define

7(0) ift €(0,7),
F(t) = { fQT —1) ifre (T,27).
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We have F € H*(0,2T), because
2T 2T ( )|2
1F e 02r) = IF 720,27 +/ / dedy

_/ |f(x 2dx+/ |f2T —x 2dx—|—/ / |f|)(cx y|1+20‘ dxd

+/ /"If CLEt s (S

‘x y|1+2a

2T T f(x) = f2T —y)
/ / \x y|1+2a dxdy

2T 2T |£(2 2 2 T
+/ / f@T —x) — ST —y)| dxdy:Z/ |f(x)2dx

|)C y|1+2a

T1f) = fO))? —fO)P
// |x y|1+2a dXdy"‘// |2T _ y|1+2adXdy

Tf(x) —
+// |x— 2T—0—y|1+2“dd +// |x— y|1+2°‘ dd

<2lsar 4 | [ LD vty <4111,

where we used the fact that |27 —x—y| > |x—y| and |x — 2T +y| > |x — y| for all
x,y € (0,T). Furthermore, F(0) = F(2T) = f(0) = 0. Hence, F € H{(0,2T) for
oc (%, 1). Therefore, we can use Lemma 24 for function F, and we get

TGP, (TIFGP, T FO)P
I Vi s | V2 ars [ At 027 Y (s)

< C(s,p,0)|IFfeo2r) < C(s, 2. 0)If o)

for a € (%, 1). Thus, from (57) and (58) we obtain

Tl 2
/o a dy < C(s,p,0)||flligeo1)

for o € (0,3)U(3,1). Hence, we get (55) for o € (0,1), but & # 1, and then
fe H*-T,T) for a € (O,%) U (%7 1). Moreover, from Lemma 24 we obtain the
following estimate:

") - FO)P
| Wrry =17y + / [ yw dudy

T -TOR,
‘fHLZ o) T o y|l+2(x y

2 T 2
Wl +2 / If(y\ oo [ [ UAIOR
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T T~ f)P
< U + 2060, o + [ L dvay

= (142C(5,p, N f e(o.7) = (14+2C(5 2, FPyaor)
for o € (0,3)U(3,1). Therefore, from the above calculations and from (56) we have

1A le -1,y < ClIF lopeco,r) (59)
for a € (0,1).
From Theorem 30 we get
H*(~T,T) = [L*(~T,T),H (~T,T)]a
with equivalence of the respective norms. Therefore, we have
fe[L*(~T,T),H' (—T,T)]q, and we obtain the following estimate:
172 rrym —r, < ClFlaara)- (60)

We recall that the right translation semigroup (G,(f)),;>0 is defined in Definition 13. It
follows from Proposition 14, that A = f% is the infinitesimal generator of the right
translation semigroup (G (t)),>0 , which is defined on the space L*(—T, T ). Moreover,
from Proposition 14 we know that D(A) = H'(—T,T). Therefore, from Theorem 15

we get that if
f € [L2(7T7 T)le(fTa T)](X = [Hl(fTv T)’LZ(,T’ T)]I,O“
then
—l z 0z 2 2
12 (Gr(t)f—f)EL (07°°7L (_TvT))'
Furthermore, from Theorem 15 we obtain the estimate

1

< 1 <~ 2 ~
(170 + P60 ~ gyt ) < Uiz rmianirne

(61)
Further, from Definition 13, we obtain
1 ~ ~
1727 %Gr (1) f(x) = f(x)) =0
for x € (—T,0) and ¢ > 0. Hence, we have
173G ()]~ J) € 20,00, L3(~T.T)). (62)

We define a new family of operators (G,(t)),>0 such that for all t >0
G (1) : [*(~T,T) — L*(-T,T)

and
G, (t)h:= G.(t)h,
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where i € L*(—T,T). We want to use Theorem 15 for X = H' (—T,T),Y = L*(~T,T)
and for (G, (t));>o. To this purpose, we must verify if (G,(t));> satisfies (10) i.e., if it
is a continuous semigroup.

Let h € L*(—T,T). We have

1.
~ = h(x) ifx>—T,
Gome={ o
but we always take x € (—T,T), so (G,(0)h)(x) = h(x) for x € (—T,T). Hence,
G, (0) =1

2. Lett,s > 0. We get
( (x—1) ifx—t>-T,
ifx—t<-T

GG ={
fz —t—ys) ifx—r—s>-T,
0

(

ifx—t—s<-T
Gr(t + 5)h) (%)
3. We know that forall# >0 G,(t) € B(L*(~T,T),L*(—T,T)). We want to show that

t
G, (t) e B(L2(—=T,T),L2(—~T,T)). Let t > 0. We can easy see that for € L*(—T,T)
we have

h(x—t) f0<x—1<T,

@i ={ o 1050
G,(t)h € L*(~T,T). Further,

GOl 22772211

= sup{[|G, (f)i’HLZ 1y he LX(-T,T), 1Al 27y <1}
= sup{[|G,(t )hHLZ ~T,T) the P(-T,T), HEHLZ(fT,T) <1}
<sup{[|G(D)hllp2 gy h € LP(=T,T), |[hll2_gp) < 1}

=G Ollg2(-1.1).02(-1.1))>

so we have G, (r) € B(L*(—T,T),L*(~T,T)).
4. We know that

Vhe L*(=T.T), ||G(t)h—hl2(_77)—0 ast 0.
We would like to show that
Vhe P(~T,T), ||G(t)h—Dhllp2(_r.0)—0 ast]O. (63)
We take b € L2(—T,T) and let t,, — 0 as n — +oo. Then we have
|G (t)h = Rll2( 7.7 = IGr(t)h =Rl 2. — O as n — eo.

Hence, we get (63). Moreover, from 1. — 4. we deduce that (G,(t)),>0 satisfies (10).



184

Karolina Pawlak, Adam Kubica

e Now, we would like to verify if (G,(t)),>0 satisfies (11). By A we denote the infinites-

imal generator of the semigroup (G,(t)),>0. From Definition 9 we have
e [*(-T,T) for heD(A),

where

Gr(t)h—h

D(A) = {7; e L*(—T,T) Zlif(l)l Gr(1) exists in L?(—T, T)}
t

So A : D(A) — L*(—T,T). Further, reasoning in exactly the same way as in the proof
of Proposition 14 (see Proposition 33 in Appendix), we get

with domain:
D(A) = {h € L*(~T,T) : h absolutely continuous, and &’ € L>(—T,T)} = H'(—T,T).

Hence, (G, (t));>0 satisfies (11).

Due to the observation that (G,(1)):>0 satisfies (10) and (11), we can use Theorem 15
with the semigroup (G,(7));>0. Moreover, from (62) we get

1

172Gy (1) f — F) € LP(0,0,L*(~T.T)).
Thus, from Theorem 15 we obtain that for o € (0,1)
fe [ﬁl(fTvT%zz(*TvT)]l—a = [ZZ(7T: T)vﬁl(fTvT)}a
and
o 1
1y < C(W gy [ A D1GA0T = I gyt )

(64)
However, we observe that

. . o ;
(12 iy + [P U607~ Tt
. :
- 1 o~
= (g [ P20 - gy )

Hence, from above equality and from (61) and (64), we get

1Al @2y i crrye < Ml crn.a . (65)
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Using Theorem 25, we get
€ [L2(07 T)a OHI (07 T)]OZ

and we have )
1A iz20,7), ot (0,70 = Hf“[zz(,r,T)ﬁl(,T,T)]a- (66)
Thus, from (59), (60), (65) and (66), we get
£ liz2 0,7, o 0,1)]0 < ClIf llgreo.1)- (67)

Hence, we have (53).

7. APPENDIX

Definition 26 (Young’s convolution inequality). Suppose that 1 < p < g < oo and é = %+
% — 1. Then for any functions f € LP(R") and g € L"(R"), the function f x g is defined almost
everywhere (everywhere if ¢ = o0), belongs to L1(R") and f x g = g f almost everywhere
and

1f* 8llzawny < If1lze o) I8l rr)-
Definition 27 (Def. 3.1. in [7]). Let I C R be an interval. A function u : I — R is said to be
absolutely continuous on I if for every € > 0 there exists & > 0 such that

i
Z (by) —u(ay)| < e

for every finite number of nonoverlapping intervals (ax,by),k=1,...,1, with [a;,by] C I and

l
Z |bk —ak| < 0.
k=1

The space of all absolutely continuous functions u : I — R is denoted by AC(I).

Theorem 28 (Thr. 3.30 in [7]). Let I C R be an interval. A function u: I — R belongs to
ACioc(I) if and only if

(i) u is continuous in I,

(ii) u is differentiable L'— a.e. in I, and u' belongs to L} .(I),

(iii) the fundamental theorem of calculus is valid; that is, for all x,xo € I,

u(x) = u(xo) + / i (1)t

J X0
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Example 7.1 (Example 1.8. in [10]). For 0 < 0 < 1, 1 < p < oo we have
(L7 (R"),W'P(R"))g,, = WOP(R")
with equivalence of the respective norms.
Definition 29 (Chapter 1, Section 7.1 in [9]). For s € R, we define
HY(R") = {v:veS'(R"),(1+]yP)?0 e LX(R")},
and provide it with the norm
sy = (14 92 20l 2 gy
which makes it a Hilbert space.
Theorem 30 (Chapter 9, Section 9.1 in [9]). For s € R
HY(Q) = [L*(Q),H"(Q)]g, Om=m—s, m integer, 0<86<1. (68)

Theorem 31 (Thr. 9.1. in [9]). Assume that Q is an open and bounded set in R" with smooth
boundary. Then H*(Q) coincides (algebraically) with the space of restrictions to Q of the
elements of H*(R™").

Theorem 32 (Thr. 9.2. in [9]). The norm of H*(Q) defined by (68) is equivalent to the norm
lullgs @) = inf|U|psrny, U €H(R"), U=u ae onQ.

Proposition 33. The generator of the semigroup (G(t)),>0 on the space X := Zz(—T, T)is
given by
Af i =—f

with the domain
D(A) = {f € L*(~T,T) : f absolutely continuous and f' € L*(—T,T)}.

Proof. Let B: D(B) — L*(—T,T) be the infinitesimal generator of the semigroup (G,(t));o.
We want to show that B = A.
1. In the first step, we will show that B C A. Take f S D(B). From the above observation,

we know that -
gf: hmw
t10 t
Letc,d € (—T,T). We have L>(—T,T) < L?*(c,d) <= L'(c,d), and hence
[d Gr(t)f();) 7f(x)dx7 /déf(x)dx < /d Gr(t)f()tc) 7f(x) *Ef(x)
Gr(t)f_f Ef

. —

e [X(-T,T). (69)

dx

L'(c,d)
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Gr(t)f_f B 7

et

Lz(—T,T).

From (69), we know that the right hand side of the above inequality converges to 0 as ¢ | 0.

Thus, we have

4G () f(x) = f(x) >0t 955
/c wdx +0 / BF(x)dx.

(70)

We have t — 01, so we can assume that # is so small that c —¢ > —7'. Due to this observation,

we can write

[1GI=T0 LG e [ Feas

t t

Using the Lebesgue Differentiation Theorem, we get

1 /d f(x)dx—l—% /_l Fdx 2 —F(d)+ f(c) forae. c,d e (—T.T).

tJd—t

From (70) and (71), we have

7(d) = Fle) + / B dx forae.c.d e (—T.T).
We set co € (a, b) such that

F(d) = F(co)+ / j(fé F)(x)dx forae.d € (—T,T).

Let
(d) = F(co) +/ x)dx foralld € (—T,T).

Then, we have f = fae.in (~7,T) and f(co) = f(co). Thus,
f(co —l—/ x)dx foralld € (—T,T).

If we take dy,d; € (—T,T), then we have

~ ~ di
Flay) = fleo) + [ (-Bf)(x)ax

and

~ ~ d _~
Fla) = fleo) + [ (-Bf)x)as

(71)
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Hence, we get

~ d2 -
f(d) :f(d1)+/(1 (—=Bf)(x)dx foralld,d, € (—T,T).
1
Thus, according to the Theorem 28, f is an absolutely continuous function with derivative
(almost everywhere) equal to —Bf € L?(—T,T). Thus, we have

D(B) c D(A) and A|,; =B. (72)

2. In the second step, we will deduce that B = A. To this purpose, we make some obser-
vations:
(i) The semigroup (G,(r)),>0 is a contractive semigroup, so there is

||Gr(t)“L2(7T,T) <1

for all 7 > 0. Hence, from Theorem 12 we obtain that 1 € p(B).
(ii) We will also show below that 1 € p(A). We know that

1 € p(A) < exists the bounded operator (A — 1)~ on L*(~T,T).
We can see that for f € L?(—T,T)
A-D'f=ief=A-Disf=-i-q

where ii € D(A). Thus, 1 € p(A) if and only if for all f € L*(—T,T) there exists a unique
solution of the following equation:

f=—i —i, (73)

and this solution belongs to D(A). It is easy to see that the solution of (73) is given by
.t ~
a(r) = —/ & f(s)ds.
-T
Thus, we have

t rt
((A=D"P0) = [ e Fds =~ [ eI f5)ds = ~(Fre ™)),
-7 -T
and then from Young’s convolution inequality we get
H(A—1)71f|\L2(7T,T) = Fxelzrn <le”lucrnlflecrn
=le™" —e | fll2,1)-

Hence, 1 € p(A).
(iii) Due to (72) and observation (i), we obtain

(1-A)(D(B)) = (1-B)(D(B)) = L*(~T.T).
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Moreover, using observation (ii), we have

D(A) = (I -A) {(L*(~T.T)).

Hence, we get

D(A) = (1-A)"'(1-A)(D(B)) = D(B),

and then A = B.
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1. INTRODUCTION

In this paper, we find a special solution to the space-fractional, one-phase, one-dimensional
Stefan problem

u,—%D“u:O in{(x,7):0<x<s(t), 0<t<eoo},
u(Ot)—cl, u(t,s(t)) =0 fort e (0,0), (1)

$(1) = —=(D%u)(s(r),1) for 7 € (0,°0),
where we assume that & € (0,1), s(0) = 0 and ¢; > 0. This is a non-linear problem with
a pair of unknowns (u,s), where u may be regarded as temperature of a medium or density
of a transported substance, while s : Ry — R denotes a moving boundary of the domain. We
consider one-phase problem, hence we assume that u(x,#) = 0 for x > s(z).

By D% we denote the fractional Caputo derivative with respect to the spatial variable given
by

D%u(x,t) = ﬁ /Ox(x —p) “ux(p,t)dp. 2)
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The problem (1) may be derived from the balance law, assuming the following non-local
form of the flux:

[ =D%(x,t) in{(x,1):0<x<s(t), 0<t<oo}
Q(x’t)f{ 0 in {(x,1) :5(t) <x<eoo, 0 <1< oo} )

The idea of representing the diffusive flux in terms of space-fractional Caputo derivative was
proposed in paper [5], where the model of infiltration of water into heterogeneous soils was
considered. Motivation to study problem (1) comes from [6], where the author considered
one-phase, one-dimensional Stefan problem with diffusive flux given by (3). It is worth
mentioning that the existence of a unique classical solution to the problem

U — 2-D% =0 in {(x,1):0<x<s(t), 0<t<T},

uy(0,6) =0, u(t,s(t))=0 forre (0,T), @
u(x,0) = ug on (0,b),

$(t) = —(D%u)(s(t),t) fort € (0,7),

where T,b > 0, s(0) = b, was proved in [3]. The aim of this article is to obtain the exact
formula for a solution in the case when b = 0 and with a positive, constant Dirichlet condition
on the left boundary, i.e. problem (1). The results of this article come from the author’s PhD
Thesis. It must also be mentioned that the self-similar solution to space-fractional Stefan
problem was obtained independently in the recent paper [2]. However, here we give an
independent proof of this result.

Before we proceed to the construction of the self-similar solution, let us recall some pre-
liminary facts from fractional-calculus, which will be used in the paper. We begin with the
definition of the fractional integral and the Riemann-Liouville fractional derivative.

Definition 1. Let L > 0, o > 0. For f € L'(0,L) we introduce the fractional integral I* by
the formula

1%f(x) = ﬁ /0 “(x—p)* 1 (p)dp. (5)

If o € (0,1) and f is regular enough (for example, f is absolutely continuous), we may define
the Riemann-Liouville fractional derivative as

9 3) = S ) = [ g ) ),

X

Here, I'(+) denotes the Gamma function given by the formula
[(z) = / e 't ldr.
JO

It follows from (2) that D¥f = I'=%f’. Thus, we may represent the diffusive operator
%DO‘ equivalently as 5 5
5D = aﬂ*“ux = 9%, (6)

Let us now recall the superposition property for fractional integrals.
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Proposition 2. [4, Theorem 2.5.] Let o, B,L >0, f € L' (0,L). Then,
1P f=r2Py.

One of the fundamental issues in solving the fractional differential equations with the
Caputo derivative is to investigate whether the operator /* acts like an operator inverse to
DY. Here we cite Lemma 2.21 from [1], however, instead of L™ we assume L? regularity.

Proposition 3. [1, Lemma 2.21] Let L > 0, o € (0,1). Then, we have
1
(DU1)(5) = (5) for FELO.L), p> 1

(I*D*f)(x) = f(x) = £(0) for feAC0,L].

Now, we present an analogous result in the case of the fractional Riemann-Liouville deriva-
tive.

Proposition 4. [4, Theorem 2.4] Let o € (0,1) and L > 0. Then,
%I%f = f for feL'(0,L).
If f € L'(0,L) is such that d*f € L' (0,L), we have

xo‘fl

r(a)llfaf(O), where 1'=%f(0) ::)lcii%lliaf(x)

9% f(x) = f(x) -

We note that the limit is well defined, because by the assumption I' =% f is absolutely contin-
uous. In particular, if f additionally belongs to L”(0,L) for p > ﬁ, then

199%f = f.

Now, we present how the fractional operators act on polynomial functions.

Proposition 5. Let o € (0,1), B > —1. Then,

Iocx[i _ F(ﬁ+]) xﬁ+a
Fa+p+1)

and for B >0
CB+1) 5
af _poa b __\PT)  p-a
0% = D% F(ﬁ+1—a)x .

We finish this section with a result concerning a sign of the operator %DO‘ f in the
extremum point of f. Here, we replace the regularity assumptions which appear in [3,
Lemma 7] with more natural ones. Next, we will make use of this lemma in order to show
that our self-similar solution is non-negative.
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Lemma 6. Let o € (0,1), f:[0,L] — R be an absolutely continuous function such that there
exists y > ¥ such that ' € H*"Y (e, L) for every € > 0. Then, %Daf is continuous on (0,L]
and

1. if f arttains its local maximum at xo € (0, L) which is a global maximum on [0,xo), then
(%D“f)(xo) < 0. Furthermore, if f is not constant on [0, x|, then (%D“f) (x0) <

2. if f antains its local minimum at xo € (0,L) which is a global minimum on [0, xy], then
(%DO‘ f)(x0) > 0. Furthermore, if f is not constant on [0, x|, then (%Da f)(x0) >0.

Proof. Let us begin with the proof of continuity of %D“ f- To this end, we take xj,x € (0,L).
Let us assume that x; < x. The case x < x; can be shown analogously. We note that for every
O0<e<y<lL,

M- a)(520%)0) = 5 [ 0=p) 7 D+ 5 [ =)o ()
fa/ 0= p)dp+ 5 [ 6= L) - Feap
Fe-e
1

Let us denote dfg(x) := N )aif (x—p)~%g(p)dp. Then, taking arbitrary € € (0,x;),
we obtain

d d
I'l—o) a—xDo‘f(x) — EDO‘f(xl)

<a [lw-p =) )| dp

+T(1—a) [92Lf — f'(€)] (x) — 9L — £'(e)] ()|
+] /(@) (1 —&) " — (x—&) 7],

The first term tends to zero as x — x1, because convergence under the integral is uniform. By
[3, Corollary 1], we have

10U =€) = Frgy L =)l = ldp € ol ),

where the space oH'*7 is defined in [3, Corollary 1]. Hence, we obtain that d¢[f’ — f'(¢)] €
HY(g,L) < Cle,L]. Thus, continuity of %DO‘ S on (0,L) is proved. We will prove only the
part of the claim concerning maximum, because the proof of the second part is analogous.
We define g(x) = f(xo) — f(x). Then g is non negative on [0,x], g'(xo) = 0 and %D"‘g =
—%D"‘f. We note that by the Sobolev embedding g € C%P[e, L] for f = o +y— % > o and
for every € > 0. Hence, for every 0 < € <x < xo we may estimate as follows:

&' ()| =g (x) — &' (x0)| < clx—xol” (7

and

X0
g(x)S/ | |dp |x xo\ﬁH. (8)

I3
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Using these estimates we may differentiate under the integral sign as follows

(50000 = g (55 ) 6= 2 0)ap) ()

B mloop“;?o (50 =) 0) ~ gy ) o= 2) e (o)

and the limit is equal to zero by the estimate (7). Integrating by parts we obtain further

(%D“g)(xo) = 7%/{)){0@0 7p)*0‘*1g’(p)dp = 7%1}3}@0 *P)iailg(p)
PR O g ) o p et

By (8), the limit equals zero, hence we arrive at

d o _ ofa+1) [* -
D o—1 O / _ o—2 d
(5;P%8)(x0) = —a) 8( )+7r(1 ~) o (xo—p) " "g(p)dp
and B 5
(aD“g)(xo) >0, which implies (aD“f) (x0) <O0.
Furthermore, from the formula above we obtain that if f is not a constant function on [0, xo],
then (£.D%f)(xo) < 0. O

2. SIMILARITY VARIABLE

We would like to find a scale-invariant solution to problem (1). In order to find the appro-
priate scaling, we introduce

u (x,1) := Au(A%, A%) for a,b,c,A > 0.
Let us perform the calculations
u (A%, APty = A0t (x,1) and up (A%, APt) = AUl (x,1).
Next, we have

a )L a * - arc a
FO-a) 5 D% () = 5 [ p) i p)dp=5- [ (o) A u(2p. 20

Substituting A?p = w, we obtain

9 A
(1 —0)d%u* (x,1) = ﬂ.ca—/ (x —wA =) " %u(w, APt)dw
0

X
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Adx
_ A“‘”C% / (A% — w) ™ %ug(w, A21)dw
JO
_ l“(aJrch(%Dau)(lax,lbt).

Hence, if u satisfies (1)1, then

d
0=A"A7"ul(x,1) — r%*awmjpw (x,1).
X
We are looking for a self-similar solution, so if we take ¢ = 0 and suppose that u = u*, we
arrive at
b=a(a+1).

Motivated by the above calculation, we introduce the similarity variable & = xt~ @ and we
define 1
F(&)=F(xt o) :=u(x,t).

Let us rewrite the equation (1); in terms of function F. Then

1 1 1
w(t) = o T ), ) =T ) ©)

and
r0-a) L pfuen) =@ 2 [ p)y e (prap
ox ’ ax Jo

g [ e 1
= a/ (x —wt ) "*F (w)dw
0

1
Xt G
:t_a%l%/t (xz_ﬁ—w)_aF’(w)dw
0
— (1 — ! %D“F(é). (10)

Hence, if u satisfies (1), recalling the identity (6) we obtain

1 / o/ _
—aSFE) - (E) =0,

3. A SELF-SIMILAR SOLUTION

In this section, we will proceed as follows: at first, we will solve the auxiliary problem
for function F with boundary conditions F(0) = ¢y, I' "*F’(0) = ¢, on the interval [0,R],
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where R > 0, ¢ < 0 are arbitrary constants and ¢; comes from (1),. Then, we will propose
the formula for the family {s®}z-o and we will choose the constant ¢; = ¢>(R) such that

the pair uf(x,1) = FR(xt_l%a) and s¥ is a solution to (1)1, (1)3 . Finally, we will choose
R = ¢o > 0 such that F(cg) = 0, which will guarantee that the pair (10, s%) satisfies the
whole system (1).

Lemma 7. Let us consider the problem

{ OUFE) = —g=F(E)  for 0<E<R an
F(0)=cy, I'"®F'(0) = c3,

where ¢; > 0, R> 0, c3 < 0 are fixed constants and I'=*F'(0) := limg_,oI'~*F'(&). Then,
there exists exactly one solution to (11) which belongs to

XRerer i={v € C'((0,R]) : E'7% € C([0,R]), v(0) =cy, I'"*V/(0) =cy}.

Furthermore, the solution is given by the formula

IS k k . .
2 a a élﬂx) [T, (i +i—1)
F(&)= - INo+1 , 12
&)=t pigyy & @+ s k;(ura NCEDICEE) R
where the series is uniformly convergent on [0, R]. Finally, if we define
u(x,t) = F(xt~Ta), (13)

then u(0,t) = ¢y and u satisfies (1)) on {(x,1) : 0 <x < Rtﬁl,O <t < oo},

Proof. At first, we will rewrite (11) in the integral form. Let us assume that ' belonging
to Xg ¢, o, satisfies (11). We apply I% to both sides of (11);. Since F' € L'(0,R), from
identity (11) we obtain that 9*F’ € L'(0,R) as well. Hence, we may apply Proposition 4 to

obtain
oa—1 1

FI(E) = e I%(EF) (&), (14)

[(a) a+1

Integrating this identity and applying Proposition 2, we arrive at

e T MIEE)

F()=c1+
We note that
5 ! 5 . !/
| PP wap=EF @)~ [TF)ap. ie. 1EF) =EF-IF,
Denoting by E the identity operator, we get

F(‘S)ch+r(o§il)cz+al

MU= EE)F(E)
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The above identity may be written in the following form:

F(E) = Gl&) +KF(E) 15
where o )
Gl&) =1+ gy KF(E) = MU= EE)F Q).

Let us find a solution to (15). Applying the operator K to both sides of (15), we obtain
KF(§) =KG(&) +K*F (&),

and thus
F(E)=G(&)+KG(E)+K*F(&).

Applying subsequent powers of K to (15), we arrive at

F(é):iKkG(§)+K”HF(§) forany ne€N. (16)
k=0

We note that if F belongs to C([0,R]), then K"F — 0 uniformly on [0,R]. Indeed, using
Proposition 5, we may calculate that

LB+ ppean

o B~
I%(I4+-8E)EP = IF'B+a+2)(B+1)

Hence, we have

) | 3 ) met D et k(e +1) +3
IK"F(£)| < ”FHC([O,R])W(I (I+EE)"1 = |Fllcqor) §(1+a)”/i:((:1((0(‘+ 1)3_1) )
Er Ty (k+ Gr) _LtD)  nog

< 2|1F o,y R"*HY

= ”FHC([O,R]) C(n(ot+1)+1) I'(n+ 14 an)

Thus, we may pass to the limit in (16) to obtain
F(§) =Y K'G(&). (17)

k=0
We will show that the series is uniformly convergent on [0, R] and we will find its sum. First,

we note that for any n € N\ {0} we have (I —EE)"1 = 0. Thus

) > 1
FO=*rorn & ira

(1= EE)Ee.
Furthermore, from Proposition 5 we infer that

141~ EE)EP = —7Fflgfjj)z)éﬁ*““. (18)
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We will show by induction that for every k € N, k > 1 we have

1

iyl EBNE" = (=6 &“M (19)

T((o+1)(k+1))
For k = 1, applying (18) with 8 = o, we arrive at

1 o o __ o o
F(1+a)1 (I-EE)E* =& +11“(2oc+2)’

which is (19) with k = 1. Let us assume that for a fixed k > 1 identity (19) is satisfied. Then
e, (i +i—1)

I'((a+1)(k+1))
Using (18) with B = (1+ o)k + a, we get

1

il (- S0ITE" = 14— EE)|(-§ )

! @ (1[0 k4 o] 1 agisaa
m[ “(1—EE)H1E H(za+z—1 ok s20+2) g (1 okt 2ot
wviitpo I o +i—1)
:(_(SH— )k-H(: m

Hence, by the principle of mathematical induction, we obtain (19). From (19), it follows that
the function F defined by (17) is given by the formula

F)=ca+=—"+

5“‘1)" e, (o +i—1)
I+a ) T((a+D)k+1))

E¥+T(a+1)E" Z(

F( 1)

We will show that the series above is uniformly absolutely convergent. Indeed, let us denote

R(l+0{ Vk+o Hk 1(la+l—1)

T Mok T((a+ )k+1)
Then,
A :Ra+]k(a+l)+a F(ac+1)k+a+1)
ag l+a T((a+Dk+2(a+1))
R T((a+Dk+a+2) RO B, (a+1)k+a+2)
< = —> 0 as k — co.
o+1T((a+Dk+a+24+a) o+l INa)

Thus, by the Weierstrass and d’Alembert criteria the series in (12) is uniformly absolutely
convergent. Now we will check whether F' defined by (12) actually satisfies (15). Let us

calculate KF. We note that |
—I*(I—EE)¢e; =0
a+1 ( g )Cl )

hence

) a k . .
E*+T(a+1)E*Y <—5” ) I (o +i—1)

S\ l+a ) T((a+1)(k+1))

KF(E) = —1%(~¢F) {F(ain
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Integrating the series term by term and using (18), we obtain

1 o
WI (I-EE)F (&)

a §2a+1

T et 1TR2(a )
1 o 1 \*¥ 5(1+(x)k+2a+1 k

TS 22 <1+oc) M rawr2y ke Joa+i-1
B a §2a+1 u oo 751+0¢ H{(: (iOt+ifl)
Ta TRy T ,;2( 1+a> 1“((11+oc)(k+1))

B gaNf T (ia+i—1)
= c28” Z( l+a ) r((11+a)(k+1))‘

Hence, we have verified that the function F' given by (12) satisfies (15). Furthermore, the
solution to (15) belongs to Xz ¢, ,. Indeed, F given by (12) is continuous as a uniform limit
of a sequence of continuous functions. By (15), we obtain F(0) = ¢ and

(I'4F)(0) = ca+ 11— (D11~ EB)F)(0) = cr+ - (I~ EB)F)(0) = 2

In order to show £!=%F’ € C([0,R]), we differentiate the series in (12) term by term.

{5 Z( élw)knf_l(mil) _éali(wa)k M Goti=1)
dé l+a ) T((a+1)(k+1)) S\ l+ta ) T((a+1)(k+1)+1)

(20)
We will show that this series is absolutely uniformly convergent on [0, R]. Let us denote

L (RYFENS TR (ie4i— 1)
bk_<1+a) r((a+11)(k+1)+1)'

Then,

beer  RY™E [(k+1)(a+1)—1T((o+1)(k+1)+1)

by  1+a T((o+1)(k+2)+1)
<R1+0‘ L((a+1)(k+1)+2) R™*B(a,(a+1)(k+1)+2)
“14a I((a+1)(k+2)+1) (I+a)(cx)

— 0, as k — oo.

Hence, the series in (20) is uniformly absolutely convergent, which leads to E'=%F’ ¢
C([0,R]). Now we will show that F satisfies (11). Since F’ € L'(0,R), we may apply D* to
both sides of (15) to obtain

e

e FE),
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where we made use of Proposition 3 and Proposition 5. The right-hand-side is absolutely
continuous, hence by differentiating the identity above we arrive at

J ¢
—D*F(§)=———F'(&).
ox (&)= 1+« (&)
The identities (9) and (10) finish the proof. |

Lemma 8. Let F be a solution to the problem (11) given in Lemma 7. Then, for every R > 0
there holds F' < 0 on (0,R). Furthermore, function u defined by (13) satisfies u; > 0, uy <0

on{(x,t):0<x<Rtv++1,0<t<oo}.
Proof. Since ¢, < 0, by (12) we have
F'(E) = — as € —0.

Indeed, the derivative of the series in (12) vanishes as & — 0 and c2E%! — —o0 as £ — 0.
Hence, F is decreasing in the neighborhood of zero. We note that F satisfies the assumptions
of Lemma 6, because by Lemma 7 it is absolutely continuous and smooth away from the
origin. Let us assume that F admits a local minimum at point § > 0. Then, F'(&y) = 0 and,
since F is not constant, by Lemma 6 we obtain (%DO‘F )(&o) < 0. It leads to a contradiction
with (11). Thus, F’ < 0. The final part follows from (9). 1

In the next lemma, we obtain the family (uR,s®)z~¢ of solutions to (1); and (1)3.

Lemma 9. For every ¢y > 0 and every R > 0, the functions

sR(t) = Ra, 1)
~ I 1+ \ K 1k . .
w(x1) +r(acz+1) XTET T (o 1 Z:<(1+; ) FIEEZIEZT)T/;HI)))
(22)
where R
Cr=— (23)

o0 _R1+11 , (io+i—1)
(1+a) |:1+Zk_l ( l+a T((o T DRTT) }
satisfy the equation (1)3. Moreover, u® is a solution to (1)1 with s(t) = s%(t) and uR(0,t) = c;.

Proof. We note that uf(x,t) = F (xt’l%a) where F is the solution to (11) with ¢, equal to
¢ whenever ¢ given by (23) is well defined and negative. It is enough to show that the
denominator in the definition of ¢&; is positive. To this end, let us recall the formula for the
function F given by (12). By Lemma 8, for any ¢; < 0 there holds F’ < 0. Thus, we have
also D*F < 0. Applying Proposition 5, we deduce that for any ¢; < 0

o = (RN T (e +i—1)
DPF(R) = c2 1+k§<1+a) C((o+ Dk+1)
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This implies that

_Rl+a k k Go+i—1
1_"_2 Hlfl(l +l )>0
l+o ) T((a+1k+1)
Hence, for every R > 0 the constant ¢ given by (23) is well defined and negative. By
Lemma 7, the function  fulfills (1); with s(z) = s®(¢) and uR(0,#) = c;. Moreover,

ET IO (&) = (1) (x, 1),
hence, I'"%F’(0) = & implies (I'~%uR)(0,1) = &1~ @ 1. Now we will show that (uF, sR)g=o

given by (21) - (23) satisfy (1)3. Let us calculate D%u®(x,t) for uR given by (22). From
Proposition 5, we get

—xlte )k]’[f.‘_l(ia—i—i—l)

D%uR (x,1) = &2t~ e N e Z( (14+a)) T((a+Dk+1)"

Hence, for s¥ given by (21) we have

e e (—RYONTTIE (e +i—1)
tzHD R(SR(Z) ) cz—i—czZ( ) F(((X+1)k+1)

Applying (23), we obtain

—D%R (R (1), 1) =t @
u(s()?) +1+a dt

s (0)-

Hence, the functions s® and u® defined by (21) and (22) satisfy (1)3, which completes the
proof. O

It remains to choose R > 0 such that the pair (uR,s¥) given by Lemma (9) satisfies

uR(sR(1),t) = 0.

Theorem 10. For every c| > 0, there exists c¢o > 0 such that the pair (u,s) := (u,s),
where (U, 5°) come from Lemma 9 with R = cy, satisfies the system (1). Furthermore,

Vx>0 u(x,-),u(x,-),uc(x, ) € C([sil(x),oo)), (24)
V>0 u(,t),u(-,1) € C([0,s(2)]), ux(-,2) € C((0,s(2)]) (25)

and
Vi >0 %D“u(-,t) € C([0,s(1)])- (26)

Finally, u> 0, uy > 0, uy <0on {(x,1): 0<x<s(t), 0<t<oo}.
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Proof. Let us show that there exists co > 0 such that the pair («*, s%) given by Lemma 9 with
R = c satisfies uf(sR(t),t) = 0. For £ = xt~ T, the function uR defined in (22) is given by

uf(x,1) = F(§) = e1 +a2g(8),

g we [ —EFNE T (loti— 1)
Tas1) " ° ,;1( 1+oc) @t DED)

We note that g(0) = 0, and since ¢, < 0, by Lemma 8 we infer that g is increasing. Applying
Lemma 6, we obtain that %DO‘ g < 0. Recalling that & is given by (23), we arrive at

Rg(&)
(a+1)D%g(R)

We would like to find R > 0 such that F(R) = 0. We note that

where

g(8) =

F(§)=c1—

Rg(R)

T )

Since the denominator is positive, it is enough to show that there exists a positive zero of the
function

h(R) := c;(a+1)D%g(R) — Rg(R).
We note that since D%g(0) = 1 we have 7(0) = ¢;(a¢+ 1) > 0. On the other hand, since g is
absolutely continuous and g(0) = 0, we may write g(R) = I*D%g(R). Applying %D“g <0,
we may estimate as follows:

D%g(R)
I'a)

D%(R)R*
[la+1)

IDg(R) = s [ &= tpgpiap> [ ®=pap=

Hence,

a

h(R) = e1(1+ a)D%g(R) — RI“D%(R) < ¢1 (1 + a)D%g(R) —RD“g(R)ﬁ.

Recalling that D%g > 0, we arrive at h(R) — —oo as R — oo. Hence, since & is continuous,
we may apply the Darboux property to deduce that there exists co > 0 such that i(co) = 0,
which implies F (co) = 0. Moreover, for s(7) = cotl%a there holds u(s(t),t) = u(cotl%a,t) =
F(cp) =0. The regularity results (24) and (25) immediately follow from (9) and regularity of
F established in Lemma 7. To show (26), we note that since F satisfies (11), the continuity
of EF (&) implies %DO‘F € C([0,R]). This, together with identity (10), leads to (26). O
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Abstract: We consider equations describing motion of an incompressible heat-conducting fluid in
a bounded domain. We assume the slip boundary conditions for velocity and the Dirichlet condition for
temperature. First, we prove the existence of a strong-weak stationary solution which is unique under
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1. INTRODUCTION

The paper is concerned with equations describing incompressible viscous heat-conducting
motions in a bounded domain 2 C R3. We study the problem which consists of the Navier—
Stokes equations coupled with the heat equation. The system is complemented with the
slip boundary conditions for velocity and the Dirichlet condition for temperature. Thus, the
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problem under consideration is as follows

vi—VAV+V-Vv+Vp=a(0)f inQ xRy,

divi=0 inQ xRy,

6, — A0 +v-VO =v|D(v)> inQ2 xR,

viiD(v)Tq =0, o=1,2, onSxR.,

v-i=0, 6=6 onSxR,,
Vi=o=vo, Oli=0=6p inQ,

(1

where S = dQ, v = v(x,1) = (vi(x,1),v2(x,7),v3(x,2)) is the velocity of the fluid,
x = (x1,x2,x3) are the Cartesian coordinates, p = p(x,t) is the pressure, 6 = 0(x,t) is the
temperature of the fluid, f = f(x,7) = (f1(x,1), f2(x,1), f3(x,2)) is the external force field,
a € C'(R), 6 = 6(x) is a positive function defined on Q (we assume that § € H'(Q)),
v > 0 is the viscosity coefficient, s is the constant conductivity coefficient. Moreover,
D(v) = {v,-xj + iji}i,j=1,2,3 = Vv + VT denotes the double velocity deformation tensor, 7 is
the unit outward vector normal to S and Ty, & = 1,2 are tangent vectors to S such that 7z, ¢,
o = 1,2 form an orthonormal basis in R3.

Our aim is to prove the existence of a global strong-weak solution to problem (1) which is
close to a strong-weak stationary solution. By a stationary solution to (1) we mean functions
w=w(x) = (w(x),wa(x),ws(x)), ¢ = g(x) and ¥ = ¥ (x) which satisfy the problem

—VAw+w-Vw+Vg=a(d)g inQ,
divw=0 inQ,

—2AY +w-VO =v|Dw)]> inQ, )
viiD(w)Tq =0, o=1,2, onS,
w-i=0, ©®=6 onS.

In order to obtain the main result of the paper we introduce the functions u = v —w,
n=p—gq,x=0—19, h= f— g which are solutions to the problem

uy— VAu+u-Vu+Vn
=—w-Vu—u-Vow+[a(x+9)—a(d)]|f+a(d)h inQ xR,
divu=0 inQ xRy,
X —»A+u-Vy
=W Vy—u-VO+v|Du)+2vDu) :Dw) inQxR,, O
viiD(u)T =0, a=1,2, onSxRy,
u-n=0, x=0 onSxR,,
I/t|,:():V()7W7 X|t:0:6077-9-

In Section 2 we present notation and the main results of the paper which are formulated as
Theorems 3, 8. Theorems 3—4 are concerned with the unique solvability of problem (2), and
Theorems 7—8 contain results concerning stability of a stationary solution and the existence
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of a strong-weak solution to problem (1). In Section 3 we formulate auxiliary results used
in the proofs of the main theorems. In Section 4 we present the proofs of Theorems 3
and 4 concerning the uniqueness of a stationary solution. Finally, in Section 5 we derive
a differential inequality for a solution to problem (3). Next, using this inequality together
with the Galerkin approximations we prove Theorems 7 and 8.

To prove Theorems 3, 8§ we use methods similar to those from paper [15] in which equa-
tions (1)1 » 3 complemented with the Dirichlet boundary condition both for velocity and tem-
perature were considered. The temperature on the boundary was assumed constant. The
applied methods are adapted to the case of the slip boundary conditions for velocity and
temperature which is not constant on the boundary.

In [13] and [14] system (1)1 > 3 is also studied. Both papers are concerned with the initial-
boundary value problem in a cylinder complemented with the slip boundary or Navier’s
condition for velocity. The stability of a two-dimensional solution to the problem in a set
of three-dimensional solutions is studied. Moreover, the existence of a global strong-weak
solution to problem (1) close to the two-dimensional solution is proved.

I. Kagei examined in [6] and [7] the existence, uniqueness and large time behaviour for
the two-dimensional system (1)1 53, where the left-hand side of equation (1)3 additionally
contains the term —e; - v, e2 = (0, 1).

The stability of a stationary solution to the Navier—Stokes system with the nonhomoge-
neous Dirichlet boundary condition is studied in [8]. The existence of a weak solution to
the nonstationary problem which tends to a solution of the stationary problem as t — oo, is
proved.

Moreover, [2]-[5] and [9]-[11] are devoted to various solvability and large time behaviour
questions for the Boussinesq system, that is, the system of equations (1) 5 3, where the term
v|D(v)|? disappears.

2. RESULTS

Before stating the results we introduce the following notation. Let Ny = NU {0} and let
©Q C R3 be an open set. Norms in the Lebesgue spaces L, (£2), p € [1,0] and in the Sobolev
spaces W,'(Q), p € [1,o0] are denoted by || -[|z, and || - |wy, respectively. In the special case
of the space H" () = W,"(£2) the norm is denoted by || - || z=. We also use the notation:

V={uecH(Q):divu=0in Q,u-i=0on S}.
Let I C R be an open interval. Then H>!(Q x I) denotes the space of functions u with the
norm

2
2 2
lull g2 @xry = (||MTHL2(Q><I)+ Yy ||Df”\|L2<9x1>> ;
0<|er|<2

whereDgzaxof]..ﬁg", of=0g+...+ 0, &, €Ng,i=1,...,n.
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Let X be a Banach space. By L,(I;X) we denote the space of all measurable functions
u : I — X with the norm

1/p
el = ( fluolgar) " if1<p<e

and
llutl| . (7:x) = esssup,e; [|u(t)]-

Moreover, C(I;X) denotes the space of all continuous functions u : I — X with the norm
[lull o xy = suprer [|u(®) -

First, we will formulate the main results concerning the stationary problem (2). We as-
sume that 6 € H'(Q) and introduce the function ©% = © — 6. Then problem (2) takes the

form A =
—VAw+w-Vw+Vg=a(d+0)g inR,

divu=0 inQ,
—2AY +w- VO = v|D(w)[>+2A0 —w-VO  inQ,

4
viD(w)Tq =0, a=1,2, onS§, @
w-n=0 onS,

3=0 onS.

Definition 1. We call a function (w,d) € V x HY(Q) a weak solution to problem (4) if the
Sfollowing integral identities hold

%/ D(w) :D(l//)dx+/ W~un/dx:/ a(d+0)gydx Yyev )
Q Q Q
and

%/ V1§~V(pdx+/ w-Vddx

Q Q
_ v/ |ID>(W)|2q)dx+%/ Vé-V(pdxf/ w-VOpdx YocHLN(Q), (©)
Q Q Q

where D(w) : D(y) = Zij:lDij(W)Dij(W)’ w-Vwy = Zij:l wiw i W, 8Y = Y7 &Y
Definition 2

1° We say that a function (w,q, ) is a strong-weak solution to (4) if (w, ) is a weak so-

lution to (4), (w,q) € H*(Q) x H'(Q) with [, qdx =0 and (w,q, ) satisfies equation
(4)1 almost everywhere in Q.

2° A function (w,q,9) is called a strong-weak solution to (2) if (w,q, B) is a strong-weak
solution to (4), where & = 9 — 0.

Our results referred to the stationary problem read as follows.
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Theorem 3. Let Q C R? be a bounded domain with a boundary S € C3. Let g € Lo.(Q),
0 cH(Q), 0<0<1/8 acC'(R), |a(d) <a+ad° |o(d)| < a3 for ® €R,
where a;, i = 1,2,3, are constants such that a; > 0, ap,a3 > 0, Assume that 0 > 60, almost
everywhere in Q, where 0, is a positive constant. Then there exists a strong-weak solution
(w,q,9) € H*(Q) x H'(Q) x H'(Q) with [, q(x)dx = 0 to problem (2). Moreover,

1wl + llgll it +110 = Ol < @(llglee + 1181 1) (N8l + [V OIIL,),

where @ = @(||g||L.. + 0| 1) is a continuous increasing function.

Theorem 4. Let the assumptions of Theorem 3 hold. Assume that
lglle. + V8], < 81,

where 81 > 0 is a sufficiently small constant. Then there exists a unique strong-weak solution
to problem (2).

Now, we formulate results concerning the nonstationary problem. First, we define a weak
and strong-weak solution to problem (1).

Definition 5. Let T > 0 be given and let (w,¥,q) be a strong-weak solution of problem (2).
We call a function (u, ) a weak solution to problem (3) if

U € Loo(kT, (k+1)T: Lo(2)) N Ly (KT, (k+ 1) T3 V), w € Ly(kT, (k+ )T V"),
X € Lo(kT, (k+ 1)T: Ly (Q)) N Ly(KT, (k+ 1) T HL(Q)),  x € Lo(kT, (k+ 1)T:H ' (Q))

forall k € Ny and
d [ v '
—/ ul,lldx—l-f/ ]D(u):]D)(l//)dx—l—/ u-Vuydx
dt Jo 2 /o Q
:—/ W-Vul//dx—/ u-le[/dx—i-/ (a(O+yx)—a(¥))fydx
Q Q Q
—l—/ o(3)hydx VyeV
Q
in the sense of distributions on (kT,(k+1)T),
i/ x(pdx—i—%/ Vx~V(pdx—|—/ u-Vyodx
dt Jo Jo Q
:—/ W-VX(pdx—/ u-Voodx
Q Q
+v/ |]D)(u)\2(pdx+2v/ D(u): D(w)gdx Vo € H(Q)
JQ Q

in the sense of distributions on (kT,(k+1)T),

u‘t:kT = I/l(kT),
Xli=kr = X (KT)
for all k € Ny.
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Remark. In the above definition ul,—o = u(0) = vo—w, x|i—0 = x(0) = 6y — O and the
initial conditions u|,—yr = u(kT), X |,—r = X (kT) for k € N mean that the initial data at the
pointt = kT are the terminal values u(kT) and ¥ (kT) of the functions u and ¥ in the interval
[(k— 1)T,kT), k€ N.

Definition 6

1° The triple (u,),n) is called a strong-weak solution to problem (3) if (u,)) is
a weak solution to (3) with initial conditions u|,—yy = u(kT),X|i=xr = x(KT) for all
k€ No, (u,n) € (Leo(kT, (k+ 1)T;H' (Q)) N Ly (KT, (k+1)T; H*(2))) x Ly(kT, (k+
)T;H (Q)) with [ondx =0 and if (u, 0, ) satisfies (3); almost everywhere in
Q x (kT,(k+1)T) for all k € N.

2° A function (v,0,p) is called a strong-weak solution to (1) if (u,x,n) is a strong-weak
solution to (3).

Our next result is concerned with the stability of a strong-weak stationary solution under
small nonstationary perturbations.

Theorem 7. Let the assumption of Theorem 4 hold. Let vo € V, 0y € Lp(Q), 6y > 6, almost
everywhere in  and let T > 0 be given. Assume that f € C(Ry;Le(Q)) and

sup || flleqrr,k+1)1): L) < O1- 7
keNy
Moreover, let
ID((0))Z, + (O Iz, + |2 (O)]Z, < ¥ (8)
and
Ih(t)|7, < &y forallt € R, )

where 8y, > 0 are some constants. Let (w,%,q) be the strong-weak solution to problem (2)
which exists in virtue of Theorems 3 and 4. Assume that (u,x,n) is a strong-weak solution
to problem (3). If v and &; (i = 1,2) are sufficiently small then

D)7, + lu@)llz, + 1Oz, <y forallt € Ry, (10)
Moreover,

2 2
ullzz21 0w e e 1yry) T 1N e 1y 7501
20y ez IV, 7,y < €T, (D

where ¢ = ¢(T) does not depend on k.

To prove the global existence theorem for problem (1) we apply the Galerkin approxima-
tions. We get
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Theorem 8. Let the assumptions of Theorem 4 hold. Let vo €V, 8y € Lr(2), 6y > 6, almost
everywhere in Q and let T > 0 be given. Assume that f € C(R;L.(R)) and conditions
(7)—(9) are satisfied. Let (w,¥,q) be the strong-weak solution to problem (2) which exists
in virtue of Theorems 4 and 5. If v and &; (i = 1,2) are sufficiently small then there exists
a unique strong-weak global solution to problem (1)

(v,8,p) € H*Y(Q x (KT, (k+1)T))
X (C([kT, (k+1)T); Ly (2)) N Lo (kT, (k+ 1) T; H (Q)))
X Ly(kT, (k+ 1) T;H(Q)), (ke Ny),

with [o pdx = 0. Moreover, 0(kT) > 0, almost everywhere in Q for k € N.

3. AUXILARY RESULTS

In what follows we use the following lemmas.

Lemma 9. Ler Q C R3 be a bounded domain and T > 0. Let 8y € L»(L) and assume that
6y > 0. almost everywhere in  and 0 > 0, almost everywhere in 2, where 0, is a positive
constant. Let (v, 0, p) be a strong-weak solution to problem (1). Then

0 > 0. almost everywhere in 2 x R...

Proof. Notice that the following identity holds:

1d

24 —0, V(6—6,) V
2d;/9(9 9)(pdx+%/g (60-0.)-Vodx

+/ v-V(GfG*)(pdx:v/ D) Ppdx Vo € HY(Q).
Q Q

Since (6 — 6.)_ = (6 — 6,)_ =0on S, inserting ¢ = (60 — 6,)_ = min(6 — 6.,0) yields

11/(979*)%”%/ \V(Gfe*)_\zdx:v/ ID()2(6 — 6.)_dx < 0.
2dt Jo Q JQ

Hence,
/(G(t)—e*)Q_dxg/ (60— 6.)% dx =0,
Q Q

SO

0 > 0. almost everywhere in 2 X R.. O
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Consider the following stationary Stokes system with the slip boundary conditions

divT(v,p)=h inQ,
divv=0 in Q,

_ (12)
v-n=0 on S,

viiD(v)Tq =0, « =1,2, onS.

Lemma 10. Ler Q C R3? be a bounded domain with a boundary S € C* and let (v,p) be
a weak solution to problem (12). Then v € H*(Q), Vp € L,(Q) and

Wl + VPl < ez,

The assertion of Lemma 10 follows from the regularity theory for general elliptic equa-
tions and systems (see [1], [12]).

4. EXISTENCE OF A STATIONARY SOLUTION

The purpose of this section is to present proofs of Theorems 3 and 4. To prove Theorem 3
we need the following lemma:

Lemma 11. Let Q C R3 be a bounded domain with a boundary S € C2 Let0< o0 < 1/8,
o€ C(R) and

()] < a1 +aa|B|°  for ¥ €R, (13)
where a;, i = 1,2, are constants such that a; > 0, ay > 0. Let g € Lo(Q), p1 = %, P2 = é,
r= %, 51 = %, 5y = %, ph= pfjl, sh= S,-Sl]’ i=1,2r =15 Assume that (w,q,9) is
a strong-weak solution to problem (4). Then

Wllzz + gl + 1131 < eF, (14)

where

F = 27 2 2 é 20 é o ‘Y/l 2
= (llgllz. +lglz, + gl N0z + ll8llzy. + 101, slley, +lsllz, )
2

3 /
2P 1

[

o - 2 -
+llellz, + ||g|\222p,2 +IVelz, + VO,

Proof. The proof is similar to the proof of [15, Lemma 3.2]. Inserting y = w € VN H*(Q)
into (5) we obtain

\% : N _
f||]D)(w)||% :/ a(+0)gwdx.
2 2 Jo

By the Korn inequality we obtain

) . _
Wiz < ellighelwlie, (D12, +181Z,,) + gl wlz.],
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where ¢’ = % >16,q = q,q:l. Hence by the Poincaré inequality

Wlle < e[llglle(IDNE, +1011F,) + llglz.)]
and therefore
apl/4 / A
iz < el D" +cle) gl + lgllF,) +cllgl. 1813, (15)
where € > 0.
Next, inserting ¢ = 9 into (6) we get
%Hvénﬁzzv/ \D(w)|21§dx+%/ vé-védx—/ w-VO3ddx
Q Q Q
< c(wlF2 +IVOll, + IV81Z )V,

which yields . B
1Bl < cllIwllze + V617, +1V8Ilz,)- (16)

We need an estimate of ||w]|,. Therefore we rewrite (4)1 .45 in the form

—VAW+Vg=0a(3+0)g—w-Vw inQ,

divw =0 in Q,
viD(w)Tq =0, oa=1,2, on S,
w-n=0 onsS.

By [1], [12] it follows the inequality
Wllw2 +11Valls < c([lo(D +6)gllLs +[lw- VwliLy)- (17)
Let 6 =3/2. Then (15) gives
/ anl/4 =
lw- VWL, <clwliz < (gl +llgllZ,) +el| 8]+ cllglZ 18139
Moreover,

lec(D +8)sgllLy), < c(llglly, + Hﬁ‘lli’;am lgllzy , +116117
2

3 3
271 50

lgllzy ,)-
P

3.
271

Hence,

Wlhyz, + 1194l
q11/4 2 2 2 1512 3 5
<el|9))y (Il + Igllz, + sz l1ONZS + lgllzy  + 11612, llgley, +llslz, ,)-
2 2

1

Next, we use (17) with 6 = 2. Proceding in the same way as in [15] we get
a1/2 27 2 2 11412
w2+ 1 Vgllz, < €l 8122+ [+ glE, + glIZ 18132 + lgllzy .

+161T,  llglzy , +llglly, ) +lgle +lgllz, - (18)
50D 5P 21)2

3.
27

Using (13) in (18) and assuming that € is sufficiently small we get (14). O
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Now, we consider problem (4)3 ¢ for given w.

Lemma 12. For given w € H>(2)NV and § € H'(Q) there exists a unique weak solution
O € H}(Q) of the problem
—2AS +w-VO = v|D(w)[>+ A6 —w-VO  inQ,

. 19
=0 onS. (19

Moreover, the solution satisfies inequality (16).

Lemma 12 follows by applying the Lax—Milgram theorem.

Now, let us fix w € H*(2) NV and introduce an operator T : H>(Q) NV — H*(Q)NV
such that 7w = w* given by the formula

g/ ]D)(w*):]])(l,l/)dx+/ w-vwwdx:/ a(d+0)gydx VyeV, (20
Q Q Q

where ¥ € Hé () is a weak solution to problem (19).

Lemma 13. Let Q C R3 be a bounded domain with a boundary S € C3. Let g € Ly(Q),
6 € H'(Q), 0 < 6 < 1/8 and condition (13) hold. Moreover, let |/ (¥)| < a3 for & € R,
where az > 0 is a constant. Assume that for i = 1,2 we have w; € Hz(_Q) NV, wi =Tw;,
where 19,- is the solution of (19) corresponding to w;. Then

Wi = w3l < e[(ID1 ]l + VOl gl
+(willy + Iwally) (8l + D] lwe = wallyy. @D

Proof. We substract (6) for i = 2 from (6) for i = 1 and then insert ¢ = 1§1 — 1§2 Using the
Poincaré inequality we obtain

191 = Dol < e[|l + [willw + w2l + [1V0]12,) [wi = wally,- (22)
Since w} € H*(2)NV,i= 1,2, satisfies (20) there exist ¢; € H'(Q), i = 1,2, such that

—VA(Wi —w3) + V(g1 — ) _
:(06(191—|—9)—(X(‘L92—|—9))g—|—W2~VW2—W1~VW1 in Q,
div(iwj —w3) =0 in £,
(W] —wh)in= on S,

where by the mean value theorem

lo( +6) — a(B2 4 6)|
=&/ (B(D1+0)+(1—B)(Dr+0))| |9 — Ba| az|h — |, Be(0,1).
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Therefore, w| —wj satisfies the inequality

Wi =w3llg2 + IV (g1 — g2) I,
<c[ll(D1 —D2)gll, + (w1 —w2) - Ywi [z, + lwz - V(wi —w2)||1, ]
< c[lllIdr =Dl lglley + lwe = wallyy (willyy + llwally)]-

Hence in view of (22) inequality (21) follows. O

Now we can prove Theorems 3 and 4.

Proof of Theorem 3. By Lemma 13 the operator T : H>(Q) NV — H*(2)NV is con-
tinuous and compact since the imbedding H>(Q) NV — W, (Q) is compact. Assume that
w € H*(Q)NV is a solution to the equation

w=ATw,

where A € [0,1]. Then w satisfies (14). Therefore, by the Leray—Schauder fixed point theo-
rem there exists a strong-weak solution to problem (4) which implies the existence of strong-
weak solution of problem (2). U

Proof of Theorem 4. Let (wj,qi, 1§i), i = 1,2, be two different solutions to problem (4).
Repeating the proof of Lemma 13 we get the inequality

Wi =w2ll g2 + V(g1 = g2) 1z, + 151 = Dl
< c[(IDnllg +1IVOlLy + willz + lIwall2) (1 llglza)] Iwe = wall -
By Lemma 11 it follows that
willz + w2l 2 + 191 |t + V6|2, < cF.
Therefore if 6; is sufficiently small then
cF(1+lgllLy) < 1.

Thus, we get the uniqueness of problem (4). Therefore, the uniqueness of a solution (w, g, )
to problem (2) also follows. O

S. STABILITY OF THE STATIONARY SOLUTION AND
EXISTENCE OF A SOLUTION TO PROBLEM (1)

The aim of this section is to prove Theorems 7 and 8. First, we will derive differential
inequality which is essential for the proof of stability of the stationary solution. We start with
some lemmas.
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Lemma 14. Let the assumptions of Theorem 3 hold and let T > 0 be given. Let
f € C(T,(k+ 1)T];Le(2)) for all k € Ny. Assume that (w,q,9) is the stationary solu-
tion which exists in virtue of Theorem 3. Let (u,),n) be a sufficiently regular solution to
problem (3). Then

d \4
S, + i)+ e 1D, + L1 )

< c(&)(IVull 1IN, + IV O, NullZ, + el [ VwZ,
1Al RIEN O N2y + X IZIAIZ,) +ellulF in (T, (k+1)T), k € No,
(23)

where € > 0 is a constant and the constant ¢ = c(€) does not depend on k.
Proof. Let us rewrite equation (3); in the form

uy —divT(u,m)
=—(u-Vu—(u-Viw—w-Vu+|o(x+9)—a(d)|f+a(d)h inQ. (24

Multiplying (24) by u and integrating over £2 we get
1d
2 dt
:f/ u-kudx+/ a(ﬁ)hudx+/ (a(x+ ) — o)) fudx

Q Q Q

v
lullZ, + 5 ID @)1z,

1/2
< elllf -+c(e) | 9wl Il + Dol + i, (1o ax )+ IR,

where we used the inequality |a(x + ¥) — o(9¥)| < asz|x|, which follows from the mean
value theorem. Continuing and using the fact that 0 < o < 1/8 we have

| &

v
lullZ, + 5 D@17,
< ellullgp +e@) IVWIZ, lullz, + IR, + 121710 e + Il IA1Z)- @25)
< é€|lulljte wllz, llullz, s Ly Ly T XL I s )-

N =
U

t

Next, multiplying equation (3)3 by ) and then integrating over Q gives

1d
S il VIR, == [ wevarde— [ w-Voxdsiv [ |DG)Prdx
2 dt Q Q Q
4
+2v/ D(u) : D(w)xdx= Y I (26)
Q i=1

Estimate the terms /; on the right-hand side of (26). We have

=0, bL<e|llf,+c@)IVOILluli, 5 <cl|Vuli,lixlL.
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Applying the Gagliardo—Nirenberg interpolation inequality

1/2y. 11/2

Vlles < el lvily,™  forve {Vu,x} @27)

we get

1/2 1/2 2 2
Iy < cl|Vall g [Vl 12112 2l < €1Vl + @)1Vl s 1 2l

2 2 4 2
< e(|[Vullg +112ll7) + @ NVullz, 121z,
Moreover,
2 2 2
Iy < cl|Vull L, IVwlsllx e < ll 2l +c(@)[[VullL [[Vwliz,-

Using the above estimates in (26) we obtain

| &

2 2
ANz, + ol Vllz,

< e(|Vullg + I llg0) + @) IVallz, 12, + IV OZ, lullZ, + [ Val 2, IVwZ,)-
(28)

| =
U

Adding inequalities (25) and (28), assuming that € is sufficiently small and applying the
Korn and Poincaré inequalities we get (23). O

Lemma 15. Let the assumptions of Lemma 14 be satisfied. Then

d 2 2 2
DL, + el + )
6 2 2 2 2 2 2 :
< el g +HlIwllyp el ALz, AIL,) i (KT, (k+1)T), k € No,
where the constants ¢ do not depend on k.

Proof. Multiplying (24) by —div T (u,n) and integrating over Q yields

v d 2 . 2
24 ), + divE ),
=/ u-VudiVT(u,n)dx—i-/ u-deivT(u,n)dx—i-/ w-VwdivT(u,n)dx
Q Q Q
f/ a(ﬂ)hdivT(u,n)dxf/ [o(x + ) — a(®)]f divT(u, ) dx.
Jo Jo
Hence,

vd 2 . 2
7 7 1P, + [l divT (e, m)IIZ,
< e[| divT(u,n)|7,

1/2
(e)| - Sl + oVl + ol + i (] 101 ax)

+|h|%2+||<a<x+ﬁ>—a<ﬁ>)xf|%2]

where the constant ¢ do not depend on k.
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To estimate ||u - Vu||%2 we use interpolation inequality (27), so we get
e VulZ, < ellulli IVallZ, < ellullz [ Vullg [ Vullz, < ellVullg +c(e)lul?-

Using the Holder inequalities and the Sobolev imbedding to estimate the other terms on the
right-hand side of (25), and then assuming that € is sufficiently small we obtain

d .
EHD(M)Hi2 +ol|divT(u, )iz, < c(|lullf + HWII%VJ Va7, + [ VwIZ el 71
2 2 2 2 2
+{|AlIZ 101178 + 1All7, + 1Az 2 )Iz,) -
Next, since by Lemma 10
ull gz + IVl < <l T(u, 1) |2s.

the assertion of the lemma follows. O

Lemmas 14 and 15 imply

Lemma 16. Let the assumptions of Lemma 14 hold. Then

d 2 2 2 2 2
o el + DL, + 1201z, + ellull + 2 l7)
6 2 2 4 2 2 2
< c(llully + Il lullzs +IVulz 1z, + IV O, [l

HIRIZ, + RIS + 120, 1 A17.) in (KT, (k+1)T), k € No,
(29)

where the constants ¢ do not depend on k.

Now, introduce notation:

X(0) = [Du(t) |7, + lu)IZ, + lx (©)]1Z,.

Y () = [lu(t) |7 + 12 @) 17

A) = [wligyy + IV, +IVOIIZ, + 1/ ()]l
G(1) =)z,  B=VIlz-

Lemma 17. Let the assumptions of Lemma 14 and Theorem 4 be satisfied. Assume that

sup Iflleqr, ke yr);) < 61, X(0) <y,  G(t) <&y forallt €R,.
€Np

If the constants 'y and J; (i = 1,2) are sufficiently small then

X(t)<y foralltekT,(k+1)T], k € No.
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Proof. Inequality (29) yields

dx
o tax< c2(X3 +AX +G+BG), fort e (kT,(k+1)T), k € Ny,

where c¢1,cy > 0.
From Theorems 3 and 4 it follows that

A(t) <301 forallt € (kT,(k+1)T], k € Ny,

where ¢3 > 0.

Assume that &) is so small that c;¢36; < 5. Then we have

ax
o +C—21X <o (X3+G+BG) forallr € (KT, (k+1)T), k € N.
Next, assume that for some k € Ny
X(kT) <.
Let
t, =1inf{t € (kT,(k+1)T) : X () > v}. (30)
Then

‘LX(,*) + %‘yg (P + 8y +cadry),

dt
where B < ¢4, ¢4 > 0. For &, and 7y so small that
(P +8+ed) <5
we get
%(Z*) <0.

This is a contradiction with (30). Hence
X(t)<y forrel[kT,(k+1)T].
This ends the proof. O

Lemma 18. Let the assumption of Lemma 17 hold. Then

2 2
lullzz21 0w e e 1yr)) T 1N e ey 1)
2112, e s 1y IV, e ey < €(T)7-G1)

Proof. Integrating (29) with respect to time from k7 to (k4 1)T we get

2 2
NllL, ez e 1y 2y + VXL ey 7y < €(T)Y- (32)

The other norms of (31) are estimated by using (32) and equations (3) 3. O
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The proofs of Theorems 7 and 8. The assertions of Theorems 7 and 8 follow by the
Galerkin approximations. We choose in V a special basis which consists of eigenfunctions
of the Stokes operator with the slip boundary conditions, and in H} () we take a basis
composed of eigenfunctions of the Laplace operator with the Dirichlet boundary condition.
We repeat the proofs of Lemmas 14—18 (with slight modifications) to obtain inequalities (10)
and (11) for the Galerkin approximations. Passing to the limit yields assertion of Theorem 7
and the existence of a strong-weak solution to problem (1).

In order to prove the uniqueness of a solution to problem (1) we have to show the unique-
ness of a solution to problem (3). Let (u;, Xi,Ni), { = 1,2, be two solutions of this problem
and let U = u; —up, K = X1 — X2, H = 11 — m». Using the definition of the weak solution
(see Definition 5) we get

d
EHU||%2+VHD(U)||%2
:72/ U‘Vulde72/ U‘VwdeJrZ/(a(ﬂ+%1)*a(19+%2))Kfde
Q Q Q

< c([IVaal, + IV ) IV N30 + € U7 +C()IKIIZ, A7, (33)

and
d 2 2
S IKIIL, +25| VK],
:—2/ U~V751de—2/ U-Vﬁde+2v/ |D(U)*K dx
Q Q Q
v / D(U) : D(us)K dx +4v / D(U) : D(w)K dx
Q Q

<c[(IVallz, + IVOIZ, + [ VuzlZ + IVwIZOIU 0 + U1 IKIIZ, ]+ €llK -

(34)
Now, adding (33) and (34), and using Theorems 3, 4 and 7 we obtain
%(\\Ullﬁﬁ IKIZ,) + (U3 + IK]I7)
< c(y+8) (U7 + 1K) +e(|Ul72 + IKI[7)
+e(IVllz, + IVl ) U117 (35)
Assuming that ¥, d; and € are sufficiently small inequality (35) we obtain
d 2 2 2 2
27 UL, + KL, ) + e CNU T + 1K)
< c(IValz, + IVl )N 13+ €l|U 72 (36)

In order to derive an estimate for the norm ||U sz we consider the equation

U —divT(U,H)+U-VU
=—U-Vuy—uy-VU—w-VU -U -Vw+a'Kf inQxR,.
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Multiplying the above equation by —divT(U,H) we have

| &

IDW)IZ, + | divT(U, H)|Z,

<
U

t
< e divT(U, H)|7, + (&) [V, + w2l IwlZ ) IVU I,

+(IVWIZ, + IVl Z) U N, + IKIZ L] -

Hence for sufficiently small &
d
L D(U)IIZ, +¢llUI7 < e(y+8)IUIG2 +edillKIZ, + el Vuallgn U171 37
Adding (36) and (37) we get
d
E(HD(U)II%2 +IUIIZ, + 1K1Z,) + (Ul + K 7)< cUIVallZ, + [VulZ) N0 17
for sufficiently small €, ¥ and ;, which implies that

U@l + 1K ()| g1 = 0.

This completes the proof. O
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1. INTRODUCTION

We consider Weierstrass elliptic functions based on the lattice
A={mA+ndy: mn € Z} =: [M, 2], /A ¢ R,
given by the formula

I 1 1
@) =5+ w%{o} ((Z_w)z - wz) :

It is a wide class of meromorphic functions, periodic with respect to A and of order two.
We refer the reader to [5, 6] for a general description of dynamical and measure-theoretic
properties of &, depending on the lattice A. Some results on specific parametrized families
of Weierstrass elliptic functions can be found there as well. For an introduction to the theory
of iterating complex functions see e.g. [3].
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Even fixing the type of the lattice A, i.e., the shape T = A, /A, of the corresponding period
parallelogram of @, we still obtain an incredible richness of dynamical behaviour and prop-
erties of Weierstrass functions. We are particularly interested in two families of functions:
those based on triangular lattices, i.e., satisfying e**/3A = A, and those based on square
lattices, that is lattices such that iA = A. Let us specify the families WV, and W; we are
interested in.

The family W; consists of all Weierstrass elliptic functions based on triangular lattices.
Formally,

W, = {fA .= pr,: C— T, where Ay = (1,632, 2 € (C\{O}}.
All Weierstrass elliptic functions based on square lattices are members of the family W, i.e.,
Wi = {f1 =g, : C—C, where Ay = [A,Ai], A € C\{0}}.

Since most of the considerations are the same for both families, we are not to restrictive
about the notation. We will point out the differences when necessary.

The dynamics of these functions is fairly rigid because of the close relationship between
trajectories of critical values. Therefore, there are only a couple of possible structures of
the Fatou set that may occur — we will list them in the next section (Lemma 5 and Lemma 6).
In this paper, we will show that one of the cases, i.e. when f) satisfies the so-called Misi-
urewicz condition, appears very rarely.

The notion of Misiurewicz maps derives from the paper [9] by M. Misiurewicz, where the
author studied, among other topics, the real quadratic family g, (x) = 1 —ax? in the case when
8a 18 non-hyperbolic and the critical point O is non-recurrent. We refer the reader to [1] for
a nice discussion concerning various definitions of the Misiurewicz condition in the complex
case. For the considered families of Weierstrass elliptic function we introduce the following
definition.

Definition 1. A function f; from the family W; or W satisfies the Misiurewicz condition
(equivalently A is a Misiurewicz parameter) if all singular values of f; belong to the Julia
set and the set P(f; ) NC (the finite part of the postsingular set) is bounded and disjoint from
the set Crit(f3 ) of the critical points of f3.

In other words, every singular value of f is either a prepole or has a bounded trajectory
staying at a positive distance from the set of critical points Crit(f3 ). This may seem more
restrictive than the definition introduced by Graczyk, Kotus and éwiatek in [4], as we demand
that all singular values lie in the Julia set, but after analysis of dynamics of functions from
the considered families it will become clear that the above definition is natural in this case.
Note also that the definition includes the case (sometimes referred as pure Misiurewicz) when
all singular values are preperiodic.

It was proved by M. Aspenberg in [1] that the set of Misiurewicz maps has the Lebesgue
measure zero in the space of rational functions of any fixed degree. Next, this result was
extended in [2] to the exponential family, which is one-dimensional space of entire transcen-
dental maps. In this paper, we generalize these results and prove the following theorem.
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Theorem 2. For the families W, and W, the set of Misiurewicz parameters has the Lebesgue
measure zero in C.

We will prove this result in two steps. First, we deal with parameters to which we can
apply similar technique as in [1, 2] and show that the following theorem is true:

Theorem 3. For the families W, and W, the set of parameters A for which there exists in
the Julia set J(f;,) a critical value which is not a prepole and has a bounded trajectory not
accumulating on the critical set Crit(f3 ) has the Lebesgue measure zero in C.

Because of the close relationship between all critical trajectories in the considered fami-
lies, the assumptions of Theorem 3 imply, in particular, that all critical values of f; (except
for the pole 0 in the case of a square lattice) are not prepoles and have bounded trajectories
in J(fy) separated from Crit(f3 ), hence f is a special case of a Misiurewicz map.

However, in order to deal with all Misiurewicz parameters, we need to consider one more
case, i.e. when all critical values of f; are prepoles. Therefore, at the end of the article we
will prove the following lemma.

Lemma 4. For the families W, and W, the set of parameters A for which all critical values
of fy, are prepoles is countable.

Note that Theorem 3 and Lemma 4 imply the main result of the paper, i.e. Theorem 2,
since elliptic functions have no asymptotic values.

The proof of Theorem 3 in general follows the Aspenberg’s approach from [1], repeated
in [2] with some changes for the exponential family. Note, however, that in our case we
face new difficulties: we have to deal not only with infinite degree of maps and essential
singularity at co, but also with prepoles which become essential singularities in C for iterates
of considered functions. That is why we have to be sure that we can stay away from poles and
essential singularities in order to proceed with calculations. Some minor but crucial changes
had to be done especially in the section 3.1, where we prove existence of a holomorphic
motion and the so-called transversality condition and for measure estimates in a big scale in
the section 3.4 (see Lemma 19).

Lemma 4 is proved at the end of the paper. We describe the condition that all critical
values are prepoles by an analytic equation depending on a countable number of parameters
(this is possible because of the close relationship between critical values of considered func-
tions). Next, using postsingular stability, A-lemma and the nonexistence of invariant line
fields (see [10, Theorem 1.1]), we show that roots of the equation are isolated, hence there
are only countably many parameters for which all critical values are prepoles.
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2. DYNAMICS OF FUNCTIONS FROM FAMILIES Wr
AND Wy

Recall that an elliptic function has no asymptotic values, so the postsingular set P(f3 )
is the closure of the critical trajectories. Moreover, the Fatou set of any Weierstrass elliptic
function contains neither wandering domains, nor Baker domains, nor Herman rings (see [6,
Lemma 5.2, Theorem 5.4]).

Take any function f; € W,. It has three critical values e, e; and e3, all with the same mod-
ulus and forming the angle 27i/3 with each other on the complex plane, i.e., e; = e2™/3¢;
and e3 = e*™/3¢|. Recall that the triangular lattice is invariant under the rotation by the angle
27i/3, thus the homogenity properties (cf. (3) in [6]) give that the same relationship holds for
every iterate of critical values, i.e. fJ(ez) =e>™/3f(e1) and f}(e3) = e*™/3 f(e1). More-
over, for any n > 0, the derivative f; (f](e;)) is the same for i = 1,2,3. As a consequence
we obtain the following result (see [6, Proposition 5.3]):

Lemma 5. For any function f; € W;, one of the following cases occurs:

1. J(f,) =C.

2. For some period n and multiplier 0 < 8 < 1, there exist exactly three (super) attracting
or parabolic periodic cycles in F(f),) of period n with multiplier 3.

3. There exists exactly one (super) attracting or parabolic periodic cycle in F(f3 ) which
contains all three critical values.

4. The only Fatou cycles are Siegel discs.

Since the dynamics of all three critical values is basically the same, it is enough to know
one of them to determine the other two. In particular, if the assumptions of Theorem 3 are
satisfied, then every e; is not a prepole and has a bounded trajectory in J(f), ), separated from
Crit(f3 ). On the other hand, if one critical value is a prepole, so are the other two.

In case of square lattices, take some f} € W,. We have the following critical values: ej,
e» = —ey and e3 = 0, which is a pole of fj, so the situation is even more rigid than before. By
the definition, f) is even, so e; and e; share the same trajectory, which actually determines
the dynamics of fj since e3 is always a pole. Thus, there are only three possibilities (see [6,
Proposition 5.4]).

Lemma 6. For any function f; € W, one of the following cases occurs:

1. J(f,) =C.
2. There exists exactly one (super) attracting or parabolic periodic cycle in F(f3).

3. The only Fatou cycles are Siegel discs.
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Now, if the assumptions of Theorem 3 are satisfied, then all critical values are in J(f3 ).
Moreover, the trajectory of e; and e, which are not prepoles in this case, is bounded and
separated from Crit(f; ). And just as for triangle lattices, if e; or e, is a prepole, then all
critical values of f are prepoles.

As we mentioned at the beginning there are various definitions of the Misiurewicz con-
dition in the complex case. One of the classical definitions, sometimes referred to as pure
Misiurewicz, demands that every singular value is preperiodic, i.e., is eventually mapped onto
a repelling periodic cycle in the Julia set. This condition, however, is very restrictive and we
usually introduce more general definitions very often depending on the family of functions
under consideration. In our case Definition 1 was inspired by the close relationship between
critical trajectories of functions from families W, and Wi.

3. PROOF OF THEOREM 3

Denote by M the set of parameters A satisfying the assumptions of Theorem 3 and by
e), € J(fy) the critical value of f; (which is not a prepole) with bounded trajectory not
accumulating on Crit(f3 ). It follows that for every A € M we can find some & > 0 such that

O;L(e;t)ﬂ(B(Crit(f,l),S)UB(oo,S)) —0, (1)

where Oy (e) = Uy>1 f7 (ey) is the forward trajectory of the critical value e, and balls are
taken with respect to the spherical metric. The set of parameters for which (1) holds for any
critical value e, € J(f;) of f; will be denoted by M. Note that

M=JM,), and & <& = Ms > Ms,.

n>1

Similarly to the case of the exponential family (cf. [2]), we will show, following Aspen-
berg’s idea in [1], that parameters from M are rare in any neighbourhood of Ay € M.

Theorem 7. For families W, and W, if Ay € M, then for every & > 0 the set Mg has
the Lebesgue density strictly smaller than 1 at Ay.

Obviously, Theorem 7 implies that p (M) = 0 for every & > 0, where p is the Lebesgue
measure on C. Hence,

p(M) <Y u(My,) =0,

n>1
which is exactly the conclusion of Theorem 3.

In order to prove Theorem 7, we will focus on parameter Ay € M and its neighbourhood
B(Ag, ) in the parameter plane. We will see how the assumptions on the critical value e;, and
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dynamical properties of families W; and W, imply exponential expansion on H, the closure
of the forward trajectory of e, under f . This leads to the existence of a holomorphic mo-
tion i : H x B(Ag,r) — C conjugating the dynamics of f), and nearby maps f;, A € B(Ao,r),
on a neighbourhood of . Next, we will use the expansion property and the absence of line
fields for Misiurewicz elliptic maps to derive nice distortion properties binding space and
parameter derivatives in a small scale. This allows us to control the growth of the parameter
ball B(Ag,r) to a big scale, where in turn we can estimate the measure of those parameters
which cannot belong to M s C M.

3.1. HOLOMORPHIC MOTION

Take a parameter Ay € M for either one of those two families. As we have just seen, all
critical values of fy are in the Julia set J(fy,). Recall that the Fatou set F(f3,) has neither
wandering domains, nor Baker domains, nor Herman rings. Moreover, fj, is expanding on
the closure of the critical trajectory, hence the close relationship between trajectories of all
critical values excludes the existence of Siegel discs. We conclude that the Fatou set must
be empty, thus J(f3,) = C. Now, pick one of the critical values in J(f3,) which is not a pole
and denote it by e, . Here and in the following sections we use the spherical metric and
derivatives, unless otherwise stated.

Consider H = 0, (ey, ). the closure of the forward trajectory of e, under f;, . It is com-
pact, forward invariant, contains neither critical nor parabolic points. Hence, by Theorem 1.2
in [10] (compare also with [4, Theorem 1]), H is a hyperbolic set, i.e., there exist real con-
stants C > 0 and a > 1 such that

(f3,)'(2)] > Cd" forallz€ H andn > 1.

Now, look at the nearby maps f;, A € B(Ag,r), either in W, or in W;. We will follow
the proof of [8, Theorem III.1.6] locally in a neighbourhood of the hyperbolic set H to show
that if » > 0 is sufficiently small, there exists a holomorphic motion

h: H x B(Ao,r) = C

such that ;, = id, the map hy, := h(-,A): H — H, is quasiconformal for each A € B(Ao,r)
and i(z,-): B(Ay,r) — C is holomorphic at every z € H. Moreover, it respects the dynamics,
ie.,

hl Of)l() :f)L Oh)L on H.
First, notice that H contains no prepoles of f; . Fix an N € N such that
VeeH, |(fy)(2)]>2a

for some constant @ >> 1. Now, take a neighbourhood N of A such that even in a bigger
neighbourhood N = B(N, €), for some & > 0, there are neither critical points of f3,, nor
prepoles of f;, of orders 1,2,...,N.
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Now, we want to choose a sufficiently small radius » > 1 in the parameter space. We do it
in two steps, decreasing N if necessary, so that the following two conditions are satisfied:

1. VA € B(Ag,r), N contains neither critical points nor prepoles of f of orders 1,2,...,N.

2. WA EB(o,r), Y2eN, (Y@ za>1.

It is possible since the critical points and poles depend analytically on the parameter A and
the derivative (f}')'(z) changes continuously with A.

The choice of r > 0 guarantees the expanding property for all functions f;, A € B(Ao,r),
where the constants C > 0 and a > 1 might have changed.

Lemma 8. There exist numbers C >0, a > 1 and r > 0 such that whenever f;{ (z) € N for
j=0,....kand A € B(Ag,r), then

(/) (2)] > Ca.

The next step is to introduce an appropriate adapted metric defined for z € A as follows:

1 N—1

a0 = L 14 @)

Choosing N carefully we get d(z) < C; for all z € V. Additionally, we can modify Cy, so
that the estimate remains valid for every function f, A € B(Ag,r), decreasing r if necessary.

Let us compute derivative | |4 of the function f := f;, with respect to the adapted metric
forze N.

N-1 N—1
gy MERIIEVCEN T I
7@l =1 @Iy = - =
CONITOICTIE SR VOTC]

N (™) @)= 1) a1
= 21+ > L

hence |(f3,)|a > const > 1 on N.
Take a nearby function g := f3, where A € B(Ag, r) for sufficiently small r > 0, and z € V.

N-1 N-1
€@E T I (@) & X (o8 (@)
' (2)la = 1¢'(2)] =— =% == £ @la-
EpACRIC WL 0@
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Since |(f3,)'(z)]a > const > 1 on N, if follows that if r > 0 is sufficiently small (decreasing
N if necessary), then for any A € B(Ag,r)

|(fi)]a=C>1 on N.

This is a consequence of the form of the derivative with respect to the adapted metric as we
consider only finitely many iterates, there are no prepoles of f; of orders 1,2,...,N in N/
and values of functions and iterates (which are holomorphic, bounded and equicontinuous
on ) depend continuously on A.

We proceed exactly as in [8]. Let € > 0 be such that for every z € H, B(z,€), C N (the ball
with respect to the adapted metric). If r > 0 is sufficiently small, then for every A € B(Ag,r)
we have f) (B(z,€)4) D B(f3,(z),€)a- Hence, for every n € N and z € H, the set

W= {w L FEw) EB(f,I{O(z),e)d for k = 0,1,...,n}

is nonempty and its diameter does not exceed 2eC~". Therefore, there exists a unique
point /1 (z) such that f3(hy(z)) € B(fj (2),€)q for all n € N. We immediately get
ha (fa,(z)) = f2.(ha(z)). Moreover, h;, is continuous and injective.

Since the holomorphic motion h: H x B(Ag,r) — C respects the dynamics and
fa,(H) CH, we get
Ja (i (H)) = ha(fo,(H)) C by (M),

thus the set H, := hy (H) is fj-invariant and by the Lemma 8, it is a hyperbolic set for f; .

Now, we want to obtain the so-called transversality condition (cf. [1]), which says that
the critical value e; of f; cannot follow the holomorphic motion /; (ey,) of the critical
value of f;  in the whole parameter ball B(Ag,r). In the triangular case, it follows from the
non-existence of invariant line-fields for Misiurewicz maps proved by Graczyk, Kotus and
éwiatek in [4, Theorem 2]. For the case of square lattices we refer the reader to the more
general result [10, Theorem 1.1]. For convenience, we will use notation analogous to [1].

Recall that there is a strong relationship between the trajectories of critical values of func-
tions in both families WW; and W, in particular the trajectory of e; determines the dynamics
of f. Consider a holomorphic function x : B(4g,r) — C given by

x(A) = ey —hy(ey,)

which is exactly the difference between the critical value of f) and the holomorphic motion
of the critical value of the starting map f;, (we assume that the radius of the parameter
ball is so small that there is only one critical value of f} close to e, ). Note that &, (e,)
always belongs to the hyperbolic set 7, . Obviously x(1g) = 0. Our aim is to show that A
is an isolated zero of x.

Lemma 9. The function x is not identically zero in any ball B(Ay,r) in the parameter plane.
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Proof. Suppose that x(A) = 0 on some ball B(Ag, ), which means that for any A close to Ay
the trajectory of the critical value e stays in the appropriate hyperbolic set ;. It follows
that the trajectories of all critical values of f;, except for the pole e3 in the case of square
lattice, lie in some hyperbolic set. Thus, the parameter A is postsingularly stable, since
trajectories of all critical values of f; behave the same way for all parameters A close to Ay.
We can, therefore, extend £ to a quasiconformal conjugacy on the consecutive preimages
of e; and next, by the A-Lemma (cf. [7, A-Lemmal]), to a quasiconformal conjugacy on the
whole Julia set J(f3,) = C between f3, and f;, for any A € B(Ao,r). In this case, however,
there would be an f; -invariant line field on J(f3,) which cannot exist by [10, Theorem 1.1]
(cf. [4, Theorem 2]). O

Therefore we have
xX(A) = og (A — 20)* + o1 (A — 2)* !+ )

for some K > 1 and o # 0. This property will be crucial to obtain distortion estimates in
the next section.

3.2. DISTORTION ESTIMATES

In this section, we derive distortion estimates based on the expansion property near the hy-
perbolic set H. It is rather technical and mainly follows the analogous proofs in [1] and [2].
We decided however to keep it in a very detailed form for the convenience of the reader and
also because of are minor but crucial differences.

Recall that we have chosen the neighbourhood A of the hyperbolic set H and r > 0, so
that for all functions f;, A € B(Ag,r), we have the expansion property stated in Lemma 8.
Assume, moreover, that A/ is closed, bounded (hence compact in C) and for some § > 0

NN (B(Crit(f3),8) UB(s,8)) = 0.

From now on, when we take some 8’ > 0 for which {z : dist(z,H) < 118’} C N, we
always assume r > 0 to be so small that {z : dist(z,H; ) < 108’} C N for each A € B(Ag,r).
This means that 7, , the hyperbolic set for f;, is well inside A.

The neighbourhood N was chosen so that for some N > 1, @ > 1 and for all z € N,

A € B(Ay,r), we have |(f3')(z)] > a. Thus, for every z € N we can find a number r(z) >0
such that

113 (@) = 17 (W) = alz—w| 3)

for all w € N with |z — w| < r(z) (decreasing slightly @ > 1 if necessarily). Since A is
compact and r(z) changes continuously, we can find a universal 7 > 1 such that (3) holds for
every z,w € N with |z —w| < 7. This implies exponential expansion in a small scale.
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Lemma 10. There are constants 5,C>0 and a > 1 such that for every A € B(Ao,r) and for
every z,w €N, if f1(2), f] (w) € N and | f] (z) — ( )| <8 for j=0,... .k then

f3 (@) = fE ()] = Callz—wl.

Proof Every integer k can be written in the form k = pN + ¢, where ¢ < N — 1. For some
C,8 > 0 we can estimate for all A € B(Ag,r)

1f2(z) = fr(w)| > Clz—w| forall z,w € N with |z —w| < §.
If we take z,w € N\ satisfying assumptions of the lemma, then
f1(@) = fAw)| = @£ (2) = f{(w)| = a"CY|z—w| > d"Clz—w)|
for a = av and some C > 0. O

We will use the expansion property in the following distortion estimates to show that in
a small scale parameter and space derivatives are comparable. For A € B(Ag,r) and n > 0,
put
En(A) = filex) and  pu(A) = fi(halen,)) =ha(f7 (ex,))-
Then &, (1) is the forward orbit of the critical value for f;, while u,(A) is the holomorphic
motion of the critical orbit for f; , hence u,(A) € H;. In particular, x(A) = Ey(A) — po(A).

The following lemma will be used several times in our distortion estimates (see [1] for
references).

Lemma 11. Letu, € Cforn=1,...,N. Then

<exp (Z |u,,> —1.
n=1

Let us begin with the Main Distortion Lemma concerning control of the space derivative
in a neighbourhood of the hyperbolic set.

N
Hl—i—un—l

Lemma 12. For every € > 0, we can find §' > 0 and r > 0 arbitrarily small with the following
property: for any a,b € B(Ay,r), if |&(A) — ik (A)| < &' for all k <n and A = a,b, then
‘ (fa)'(ea)

(1Y (es) 1‘ <&

Proof. First, we will show that for an arbitrarily small € it is possible to choose &’ > 0 so

that
(/3)(uo(2))
(f7)((A))
provided |&(A) — (1) < &' for all k < n.

1‘ <e @)
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By the expansion property, and since |f; | > Cgl on N for some Cs > 0, we can estimate
for any A € B(Ao,r)

)~ £ )
LT G

<c52|fl 1(2) = (&)
< Cymax|f7(2) g 1520~ &(2)
Z (2~ & (3] €,

where max |f (z)| is bounded on B(Ag, ), since N contains no poles of f){ forj=1,...,N
and A € B(A,r). Using Lemma 11, we obtain the inequality (4) if 6’ > 0 is small enough.

Secondly, for any & > 0, if 8’ > 0 and r > 0 are chosen sufficiently small, then for every

t,s € B(Ao,r),
‘ () (mo(1))
(f3") (ko(s))
Put ay ; = f; (u;(A)). Since each ay ; is analytic with respect to A, it can be expressed as
follows: a; ;= ay, ;j(1+c;(A—29)' +...). Moreover, by Lemma 10 and (2) we have

1’92. 5)

n < —Clog|x(1)| < —Clog|A — Ao|, (©6)

where constants depend only on &’ and not on n. Thus, if ¢ = Z;?;(l} Cj,

() uo (1) ﬁij g, i(I+cit—20)"+..)  1+en(t—2g) +...
(f8) (o(s))  j=oasi oo j(1+ci(s—20) +...)  L+en(s—20) +....
Now, both the numerator and the denominator can be made arbitrarily close to one if only

r > 0 is small enough, since they are of orders 1+ O(|t — A|'log|t — A9|) and
1+ O(|s — A|'log|s — Ao|), respectively.

Putting together (4) and (5) we complete the proof. OJ

Next, we compare space and parameter derivatives.

Lemma 13. Ler € > 0. If 6' > 0 is sufficiently small, then for every 0 < 8" < &', there exists
r > 0 such that the following holds: for any A € B(Xo,r), if |E(A) — ()] < &' for k <n
and |E,(A) — ty(A)]| > 6", then

10O N
U o) =8

Proof. Note that
Ea(A) = () + (f7) (Ho(A))x(A) + En(A), )
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where |E, ()| < &1]&,(A) — un(1)] independently of n, for any small € > 0, if only 8’ >0
was chosen small enough. To verity this we will proceed similarly as in the first part of
the proof of Lemma 12. First, we can write

(/2)"(ko(4))x IZ[f (1 (2))(5(A) — p(2))
Sn(A) — unl) o S —min@)

By the expansion property (Lemma 10) we can estimate as follows:

AEONED -mA) |1 &) @)
Err(2) — iy (A) I’S a [P == T

Ci max | f7(2)|1€(4) - ()

< 7C710j7n|§n(l) — U (A)],

for M" = max{|f} (z)| : z € N, A € B(g,r)}, which is finite by the choice of \. Applying
Lemma 11, we obtain the desired estimate.

Put again f) (1j(A)) = ay ;. then (f7)'(Ho(R)) =TT}Z 0@ Now, differentiate &, with
respect to A. By the Chain Rule, we get

n—1 n—1
ai k
£,(A) =t (A) +2' (1) Ham +x(4) Z, @ kag . +E,(4)
/
- A)+EN (A
—Hakl "(A) +x(A ZL 7( ) ()
j=0 ap.,j H] 09A,j
In the following, we want to show that x'(4) is the leading term in the above expression.

Recall that 8” < |&,(A) — t,(A)| < &'. Thus, by (7) and the estimate on |E,(1)| we have

n—1

(1—2)8" <[x(A)[[Tlaz,;| < (1 +&)8" (8)
Jj=0

Now, we need to estimate \Z%ﬂ Note that, since p;(A) = fi(uo(;t)) € H,., we get

lay, ;| =13 (ui(A))] < o |fx(2)\ and |ay j| >Ca, C,a>0.

Since a; ; are uniformly bounded for every j and A € B(Ao,r), then, by Cauchy’s formula,
also ), ; are uniformly bounded by some M’ > 0 on a slightly smaller ball B(2g,’). We get

!
a, .
A,J

an.j

n—1

A < gn—::né.

Jj=0
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Thus, using (6), we get
a .
()Y
) D
where C’ > 0 depends only on &’. Moreover, up to a multiplicative constant,

—[x(A)[log [x(A)] _ —[(A —A)"[log|A —Ao| _

()] B (A = 2o)K~1|

< [x(A)InC < [x(A)|C'(—log|x(A)])C,

—|A —2o|log|A — . ©)
Let us estimate

(A
Mo (<10 400 2+ 4150
- —1
(/7)) (1o(2))¥ (2) [ay ;' ( )
G

MMLG ) +E )

X(4) [Maz ;x'(A)
By (9), the first summand tends uniformly to zero as A — Ay. To see what happens with
the second summand, note that |, (A1) + E} ()| is uniformly bounded by Cauchy’s formula,
since {4,(A) and E,(A) are bounded. We have also seen that [[Jay_ ;jx(2)] is bounded (from
both sides) independently of n. Therefore, by (8), we get
x(A) 1
X(A)| ~ 0"(1—¢g)

‘naa,jx’m’ - ’Hax,jx(l) (&))

thus also the second summand tends uniformly to zero as A — Ag. This completes the proof.
O

’x |A — 2ol

Combining Lemma 12 and Lemma 13, we obtain the following result.

Corollary 14. Let € > 0. If 8’ > 0 is small enough and 0 < 8" < &', we can find r > 0 such
that for every A € B(A,7), if |E(A) — wi(A)| < &' for k <nand |E,(L) — pa(A)| > 6", then

g
ey =&

3.3. DISTORTION IN AN ANNULUS

As we have seen in the previous section, we need to move away from A in the parameter
ball B(Ay, r) in order to have nice distortion estimates. That is why we will restrict our con-
siderations to an annular domain. This approach gives us a powerful tool, which is bounded
distortion of &,, and leads to the control of the growth of B(Ag, ) under &,.
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Consider an annulus in the parameter space
A=AAosr1,r2) ={A:r1 <[A —2o| <ma}.
Note that, by (2), for some constant C > 1 and any 41,4, € A,
O\ K1
'(z)
n
where K is the degree of x(.) at Ag. Therefore, from Corollary 14 and Lemma 12, we con-
clude that if r» > 0 is small enough, then
I K—1
0 ()
1

¢’ (Z)IH <&@

for some C > 1 and all A;,Ay € A, as long as |E(A) — w(1)| < & for k < n and
| (A) — ta(A)| > 8" forall A € A.

X (M)
¥ (%)

Lemma 15. Let € > 0. If 6’ > 0 and %l,/ are sufficiently small and 0 < 8" < &', then there
exists an r > 0 such that any parameter ball B = B(Xo,r2) C B(Ao,r) has the following
property: Let n be maximal such that |§,(A) — py(A)| < &' for all A € B. Let r| < ry be
minimal such that |5, (A) — U (A)| > 8" for all A € A = A(Ao;r1,12). Then 1} < 1 and there
exists some 0/, 8" < 8{ < &', such that

A (ttn(20):8"(1+£),8[(1—£)) C &x(A) C A (un(20):8"(1 - ), 81(1+¢)).

Moreover; &, is at most K-to-1 on B.

Proof. Note that the parameter circle 3. = {4 : |A — Ag| = r} for small r > 0 is mapped
under x(.) onto a curve that encircles A9 K times so that x(;) is close to a circle of radius
agrX. Moreover, |, (A) — ta(Ao)| = |y (f3,(€25)) = f3 (e3,)| is arbitrarily small for small
radii in the parameter space, since H and #, can be as close to each other as desired for
A € B(X,r). Thus, if r is small and |&,(A) — , ()| > 8", then

180 (A) = n(A)] > Plpn(A) — ta(A0)] (10)

for some big P >> 1 depending only on 6" and r. Arguing again like in the proof of
Lemma 13, we get for every € > 0 we can choose 6’ > 0 and r > 0 so that

1&0(A) = ta(2) = (f7) (ea)x(A)| < &11Ex(R) — a(A)] (11)
forall A € B(A,r).

If 7 is minimal such that |&,(A) — , ()| > 8" for all L € A(Ao;ry,r2), then for some A,
with [A; — Ap| = r1 we have
1&a(M) — (A1) = 8" (12)
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On the other hand, from the definition of n, we obtain that for some A, with |1, — Ag| = r2,
Ent1(A2) = fay1(A2)] > &' But

[En1(A2) = i1 (M) = £, (En(R2)) = o, (11 (A2))| < M'|Ex(R2) — 1 (22)),

where M’ = max{|f; (z)| : z € N,A € B(Ao,r)}, which is finite since N contains neither
poles nor essential singularities of f; . Therefore, we get

6/
18n(A2) — n(A2)] > R (13)
Moreover, by (11), for every A € B(Ag,r), if r > 0 and 8’ > 0 are small enough, then
1 n
el @A) < 1) B < ) (e @ 9
Using (12), (13), (14) and Lemma 12 we can estimate as follows:
i/ < M/‘én(AQ) 7#}1(2'2” < 1+& (f}’é)’(eb)x(lz) /(1 JF“?l)2 X(lz) )
8" 7 &(M) — ()] T T=a () (ea)x(M) | T T—e [x(A)

Thus, we can choose 6” > 0 so small that |1 < -5 independently of .

Now, we want to see how many times &,(A) — i, (A) orbits around 0 as the parameter A
moves along the circle ., r > r;. To establish this, let us look at the expression %
By (11) we have

EA) —(A) () (e ’
[60(2) — ()] 18(2) - unu 1=

50 it is the same to ask how many times (f7)’(e;)x(A) encircles 0. By Lemma 12, (f3)'(e;)
is essentially constant on B(Ag,72), so the number we are looking for is K, the same as for
x(A). Furthermore, (10) implies that |, (A1) — i, (Ao)| is much smaller than |&,(A) — u, (4)].
This means that &,(4) orbits around ,(4o) = &,(Ag) also K times, close to some circle
centered at 1, (Ag). By the Argument Principle, the degree of &, is at most K.

In order to prove that the shape of the considered set is really close to round, let us take
A1, Ay with |A) — Ag| = |A2 — Ag| = r. Then, again by (14) and Lemma 12, we obtain the fol-
lowing estimates

én(ll)—un(lo)‘<1+e &) —t(M)| _ (1+€)° (f3,) (e, )x(A1)

én(AZ)*,un(AO) “1-¢ gn(AZ)fun()Q) o (178)2 (f)r[z)l(e/lz)x()ﬁ)
_(+e) () (en)x(M) | (1+4€) [x(M1)
T2 [(ff) (en)x(R2) | (1-€)? [x(22)

For r small enough, last expression can be arbitrarily close to 1 independently of n. This
means that the set &,(¥) is close to a circle centered at &,(4g) = tn(Ao) and of radius
|1 (A) — iy (Ao)]| for any |A — Ag| = r, so the annulus A is mapped onto a slightly distorted
annulus, whose shape can be controlled independently of n. This completes the proof of
the lemma. O
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Using the notation of the previous lemma, we obtain from its proof and Lemma 12 the fol-
lowing important corollary:

Corollary 16. If 6’ > 0 and r > 0 are small enough and n is maximal such that
[E,(A) — n(A)| < &' forall A € B(Xo,12), then for all A" € B(Ay, ) satisfying |A' — Xo| =12
we have |E,(A") — uy(A)| > 257/[,

3.4. MEASURE ESTIMATES

By now we know how to control the behaviour of &, in a small scale. In this section, we
will derive measure estimates in a large scale, i.e. when a parametric ball attains some fixed
size under &,. Recall that we consider f;, A € B(Ap,€), for some small € > 0 and that A
is the parameter satisfying assumptions of Theorem 3. Assuming that » < € is so small that
z and its holomorphic motion 4 (z) are close enough for all z € H and A € B(Ay,r), from
Lemma 15 and Corollary 16 we get the following fact:

Proposition 17. There exist §' > 0 and 0 < r < &, depending only on f,, such that for
any 0 < ry <r, if n is the biggest number for which diam(&,(B(Ao,r2))) < &', then we can
find two discs Dy i Dy such that D1 C D C D, where D = &,(B(Ag,r2)), with the following
properties

diam(D &

M =4M', diam(D;) = —

diam(Dy) M
and Dy is centered at li,(Ao) € J(fy,). The degree of &, on B(2g,r) is bounded above by K,
depending only on the family f;, A € B(Ag, €).

The next step is to estimate the Lebesgue measure of the set of those parameters A for
which some iterate f7 (e ) either turns back to a neighbourhood of a critical point or escapes
close to infinity. First, however, we need to know how many iterates are required to cover
a neighbourhood of infinity and critical points

Us = B(Crit(fy,),8) UB (e, 8), 15)

for an arbitrarily small 6 > 0. To be more precise, we want to estimate the number of iterates
of fp, A € B(Ag, r) for some r > 0, after which the image of a small disk intersecting the Julia
set covers Usg.

Recall that the Julia set J(f) is the closure of the prepoles of f; (see e.g. [3]), thus
any open disc intersecting the Julia set after a finite number of steps will cover under f3
the whole C (elliptic functions have no omitted values). Moreover, since poles move holo-
morphically with the parameter A, the number of steps is locally constant in the parameter
plane.
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Lemma 18. Let D be an open and bounded set disjoint from Ug, containing an open disk of
radius d > 0 centered at the Julia set of some [ = f). Then we can choose an N, depending
only ond, f and Ug, such that

inf{meN: f"(D)>Us} <N.
Proof. Cover J(f)\Us with a collection of open disks D, of diameter d centered at z €

J(f)\ Us. Since the prepoles of f are dense in J(f), for every D, there is a minimal n = n(z)
such that

f'(D:) D Us.
Since f" is continuous, n(z) is constant in some neighbourhood of z. Moreover, J(f) \ Us is
compact in C, hence we can find an integer N such that n(z) < N for every z. OJ

Note that we can choose r > 0 so that the statement holds for every f3, A € B(A,r) and
possibly slightly bigger N, which depends only on d > 0 for r small enough. It is possible
since the dependence on A is analytic, hence continuous.

We know now that (D) 5 Us for some m < N. We will estimate the measure of those
points from D that get mapped into Us under f/ for some j < m. Recall that f = f; is
a Weierstrass elliptic function and D is an open and bounded set disjoint from Ug. In particu-
lar, DN B(e0,8) = 0. The following lemma is similar to an analogous one in the exponential
case [2], however, because of the presence of poles, we need to be much more careful. Let
u denotes the Lebesgue measure on the Riemann sphere C and recall that the derivatives are
spherical and Uy is given by (15).

Lemma 19. Assume that D is an open set disjoint from Ug and f™ (D) 2 Ug for some integer
m. Then there exists a constant C > 0, depending only on f, m and Ug, such that

u({zeD: fl(z) € Us for some 1 < j <m}) > Cu(D).
Proof. Let us define
F={z€D: f/(z) €Us for some 1 < j <m}

Divide F into m pairwise disjoint subsets, i.e., the following domains of the first entry map
to Us:
Fi={zeD: f(z) €Us} = f~'(Us)ND,
Fy={zeD: f*(z) € Us but f(2) ¢ Us} = f~*(Us) N~ (C\Us) ND,
Fy={z€D: f°(x) € Us but f(2) ¢ Us, f*(2) & Us},

Fn={z€D: f"(z) € Usbut f/(z) ¢ Us for j <m—1}
m—1
=f"Us)n () f/(C\Us)ND.

J=1
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Then, obviously, F = FfUF, U...UF, and the sets Fi,...,F,, are pairwise disjoint. More-
over, since D is bounded, the definition assures that no F; contains an essential singularity of
f7, so the spherical derivative of f/ is well defined everywhere in F; for j = 1,...,m. Notice
also that

D\F={zeD:f(z) ¢ Us,....f (¢U3}—ﬂf (C\Us)nD

Since @\ Us is bounded, the set D\ F contains no poles of any f/for j=1,...,m, hence,
also, no essential singularity of f".

To estimate the degree of f™ on D\ F, recall that f is periodic with respect to an appro-
priate lattice and on every period parallelogram the degree of f equals two. The set C\ U is
bounded in C, i.e. it is contained in @\B(oo7 d), so it intersects finitely many, say ng, period
parallelograms. Hence, the degree of f on C\ Uy is bounded by 2n5. Now, every iterate
of f that we consider, maps a subset of C\ Us back into C\ Us. Thus, the degree of f? is
bounded by (2n;5)* on the set f~! (C\ Us) N(C\Us), etc. We conclude that the degree of
f™on D\ F is at most (2ns)™ and this number depends only on f, m and §.

Moreover, on every Fj, the spherical derivative |(f/)’| is bounded from above by some
constant ¢; = ¢;(f,m,8). On the other hand. on D\ F the quantity |(f™)’| is bounded from
below by a constant a = a(f,m,d) > 0 (there are neither poles nor essential singularities
of f™ and we are far away from Crit(f™)). We get the following estimates:

u(Us) < Z/| (Y (2)Pdu(z) Z max c; Y u(F) =:Ciu(F). (16)
J= lF/ j=1 N
Denote g(w) = {z € D\ F : f™(z) = w} for w € C\ Us. Then
wO\F)= [T 10" @I duw) < @ns)"a 2 (C\Us) = xp (€\Us) - 45,
T\Us zeg(w)
Finally, for some constant Mg depending only on 8§, we have
u(Us) > Ms u (C\Us) . (18)

Combining (16), (17) and (18) we obtain

W(F) > (Ua)>*u(<C\U) 1‘; W(D\F),

at
which implies that

W(F) = Cu(D)
for some constant C = C(f,m,9). O
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3.5. CONCLUSION

To conclude the proof of Theorem 7, recall that f is a Weierstrass elliptic function from
W, or W with A9 € M and consider nearby maps f;, A € B(Ag,r), for some small r > 0.
Take an arbitrarily small 6 > 0 (e.g. such that Ay € M ). We want to show that the set Mg
has the Lebesgue density less than one at Ag.

Assume that r > 0 is so small that critical points of f;, A € B(Ag,r), are §/4 close to
appropriate critical points of f3 — it is possible since critical points depend analytically on A
and we have only finitely many periodic families of critical points for Weierstrass elliptic
functions. Then we have

VaeB(or)  Ussja C B(Crit(fy),8) UB(ee, ), (19)

where Ug is given by (15). In what follows, we will estimate the Lebesgue measure of the set
of parameters A, for which some iterate of a critical value ¢; falls into Uss 4, hence A & M.

Let 6’ > 0 and r > 0 be chosen so that the statement of Proposition 17 is satisfied and
all our expansion and distortion properties hold. Consider a parameter ball B = B(Ag, r,) for
any rp < r and let n be the largest integer for which the set D := &£,(B) has the diameter at
most §'. Let the discs D C D C D; be as in Proposition 17.

Lemma 18 implies that there exists an N > O such that fﬁ (D1) 3 Usj, for some
m < N, independently of the center of D;. Because of the inclusions D1 C D C D, and
since diam(D;)/diam(D;) = 4M’ we get, by Lemma 19,

u({zep: @ eUsp}) = Cu(p) (20)

for some constant C depending only on the family f;, the set Us and N. Since we have only
finitely many steps to consider, we can decrease, if necessary, the radius » > 0 so that for

every A € B(Ag,r),
J1Gn(A) €Uspy = Guam(A) = f7'(8n(R)) € Usg/a
forany m < N.

Lemma 20. It is possible to choose 8" € (0,8") so that for every ry, 0 < ry < r and for every
A € B(A,r2)

Cntj(A) € Ussyy for some j<N = A €A(Ao;ri,n),

where ry > 0 is minimal for which |E,(X) — w,(A)| > 8" for all & € A(Xo;r1,72).

Proof. We can choose 8” > 0 as small as desired, provided r > 0 is small enough. Thus, to
ensure that for any A € B(Ag,r) with |§,(A) — ,(A)] < 6” and for all j <N

|§n+j()~) *.un-&-j(l” < bj‘én(k) 7un(l)| < &'
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it is sufficient to choose 8” so small that b < g—,/, where
b=max{|f; (z)| :z€N,A €B(Ay,r)}, 1 <b <o,

Next, we know that 1, ;(A) € Hy C N (if r is small) and N'NUs = 0. Therefore, if
0’ < 8/4,then &, j(A) ¢ Uss 4 for all 4 satisfying [E,(A) — pa(A)| < 8. O

We get the following inclusions:

Ahoiri.n) 2 {2 € B: Guun(A) € Ugya} 0 &t ({zeD: @) € Uspa}) . @D

Recall that inside the annulus A = A(Ag; r1,r2) we have the bounded distortion of &, i.e.
1 () A P ()
C'\n - ér/l()tz) - I3l '

Moreover, if r > 0 is small enough and |4; — Ag| = r;, i = 1,2, then since diam(&,(B)) < &',

&) — ()| < 1

and, by the choice of ry,
&0 (A1) = a(A1)] = 8"

Consequently, applying Lemma 12 and (11), we get, like in the proof of Lemma 15

8 _ 1 |&) —p()| _ Lte (f3) (e, )x(A1)

8" T1—g|&u(A2) —a(A2) | ~ (1—€)2 | (/7)) (en,)x(22)
_(1tep (f3) (en)x(A)| (14 |x(M)| _ (1+¢)° <m>
T(1=e)? | () (en)x(A2) | (1—¢)* [x(A2)| ~ (1—€)3 \r2

and therefore
r1 K > 1—¢ 3 &
3 “\l+e¢ 8
As a consequence, we obtain uniform bounds on the distortion of &, on the annulus A

L&)
< Slam)

for all A1, 2, € A, where C depends only on §” and &'

<C (22)

In order to estimate the Lebesgue measure of the set {4 € B(Ao,72) : Entm € Usg 4} for
any radius O < rp < r and appropriate m < N, let us denote

E={zeD: f}(z) €Usp}
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and fix an arbitrary point zo € A. By (21), we have &, (E) C A, and hence, by (22),

wE< [, 1EEPE) < ClEG)PE E)).

/
&(E) <
On the other hand, since the degree of {y is bounded by K on A,

pa) = [ X G au) < CKIE )| D).
D z€& (w)nA
Therefore, by (20) and since r; /r, < 0.1 (see Lemma 15), we get the following inequalities
(&, 1 (E)) >C 218 (z0)| 2 R(E) > €218 (z0)|Cp(D)

cc cC* 99
> A) > ZZ 1u(B).
> p(A) > % 100M®B)

Thus, for some g € (0,1), g = q(8',8",8), we have that

By (21), this implies that

1 ({A € B:&j(A) € Usgy for some j > n}) > qu(B).

By (19), if the critical value e, falls under f) to Uss /4, then the parameter A cannot be in
Mg, SO
({2 € B(ho,r2) : A ¢ Ms}) = qu(B(Ao,r2)).

Since it holds for an arbitrarily small r, < r, the Lebesgue density of the set M at Ay is at
most 1 —¢g < 1. This completes the proof of Theorem 7.

4. PROOF OF LEMMA 4

To finish the proof of Theorem 2 we need to deal with the case when all critical values are
prepoles. First, recall that every Weierstrass elliptic function has a countable family of poles
which are exactly the lattice points. Poles of f) are given by

pis(A) = jA+ke®™PA, kel

for f; € W, and by
pj’k(k):jk—}—kil, j kel

for f € W;. These are obviously analytic functions of 1.
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Suppose now that Ag is a parameter for which all critical values of f;, € W, UW; are
prepoles, i.e.
Ta(eay) = Pjx(2o) (23)

for some n > 0. In case of a triangle lattice, € is any of the three critical values (then

27mi/3 4mi/3

for remaining critical values we have analogous equations multiplied by e and e

respectively), while for a square lattice we take ey # 0.

Consider the function
8(A) = filer) —pjk(A)
in a neighbourhood of Ay, where numbers j,k € Z and n € N are fixed. It is a holomorphic

function of A for A close to Ay, and by (23) we have g(A9) = 0. We have two cases: either
g is an open map and Ay is its isolated root, or g(A) = 0 locally.

If the second condition holds, for all parameters A close to Ay, the dynamics of critical
values is the same. To be precise, all critical values of f; are mapped onto fixed poles after
fixed number of iterates. We can argue exactly like in the proof of transversality (Lemma 9) —
parameter Ay is postsingularly stable and we can find a conjugacy between f; and f;, defined
on branches of consecutive preimages of critical values. The conjugacy may be extended to
a quasiconformal map on the Julia set J(f, ), conjugating f; with fj for all 4 close to Ay.
Therefore, there exists an f -invariant line-field on J(f}, ), contrary to [10, Theorem 1.1]
(cf. [4, Theorem 2]). This case cannot happen.

It implies that g is not constant, and hence Ay is its isolated root. Consequently, there is
no A close to Ay for which critical values of f; are eventually mapped onto these poles after
n iterates (in the case of a square lattice, this does not concern 0, which is always a pole),
hence the set of parameters satisfying (23) is discrete. Since there are only countably many
such equations, we conclude that the set of parameters A for which all critical values of f;
are prepoles is countable. This completes the proof of Lemma 4.

Notice that this does not prove that the whole set of parameters for which all critical values
are prepoles is discrete. Moreover, results of Jane Hawkins and her collaborates show that
these parameters accumulate similarly to a family of consecutive prepoles of a meromorphic
function. Still, they form a countable set with the Lebesgue measure zero in C.
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