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Strong inequalities for the iterated Boolean sums
of Bernstein operators

Li Cheng and Xinlong Zhou

Dedicated to Professor Heiner Gonska on the occasion of his 70th anniversary.

Abstract. In this paper we investigate the approximation properties for the it-
erated Boolean sums of Bernstein operators. The approximation behaviour of
those operators is presented by the so-called strong inequalities. Moreover, such
strong inequalities are valid for any individual continuous function on [0, 1]. The
obtained estimate covers global direct, inverse and saturation results.
Mathematics Subject Classification (2010): 41A05, 41A25, 41A40.

Keywords: Approximation rate, Bernstein operator, Boolean sum, strong inequal-
ity.

1. Introduction

For f € C[0,1] the classical Bernstein operators is given by

Bo(f,2) == ki::of (S) (Z) 2F (1 — z)" k.

Clearly, B, (f,-) is of degree at most n.

There are many papers dealt with the global approximation degree of Bernstein
operators. The final estimate is obtained in [7]. Denote || - || the maximal norm on
[0, 1]. There exists a constant C' > 0 such that for all f € C[0,1] and all n =1,2,...
the following strong inequalities are true:

012 (f, 1) <\l — Bl < C2 (f,

v (1.1)

1 >
Il )
N
where

p(r) = Vz(l—-x)
The first author is supported partly by National Natural Science Foundation of China No.11701246
and Scientific Research Foundation of the First-Class Discipline of Zhejiang Province (B) No.201601.



300 Li Cheng and Xinlong Zhou

and wi( f,+) is the second-order modulus of continuity of the function f € C]0,1]
given by

¢ ¢
w,(f,t):= sup ||A , 0=1,2,....
o(f,1) 0971;|| nod |l

It is well-known (see e.g. [2]) that this modulus is equivalent to the K-functional
K«f)(.f’ ) :

KY(f,t) .= inf — gl +t1¢'g [}

o(fr1) gece[o,l]{Hf gl + " lle’ g [}

Thus, the approximation behaviour of Bernstein operators can be completely charac-
terised by (1.1). In particular the maximal approximation degree can only be O(1/n),
i.e. the Bernstein operator is saturated with saturation degree 1/n. There are many
methods to increase the approximation degree of this operator. One of them is the
so-called Boolean sum. Let P, @ be operators, P,Q : X — X for some linear space
X. Then the Boolean sum of P and () is defined to be

P3Q:=P+Q— PQ.

For Bernstein operator B,, we will be concerned with iterated Boolean sums of the
form B, ® B, ®---® B, and will denote such an ¢-fold Boolean sum of the Bernstein
operator by @’B,,. The easiest way to see that @‘B,, is indeed an approximation
operator is to look at the error operator representation: with the identity operator I
one has

I-a'B,=(I-B,),
that can be easily verified by induction. From the last equality we obtain
®'B, =1-(I-B,)".

The right hand side of this equality represents really a linear combination of a fixed
Bernstein operator. Such combination were investigated in the past. The earliest ref-
erence in regard to such an approach which we were able to located is [11] (see also
[10)).

From the numerical point of view, this combination appears to be of interest, since in
the case of discretely defined operators, it uses only the data required by the original
operators, in the case of B, this is just the set of numbers

{ro01(5) et (1) s}

The operator &°B,, was introduced independently in [1, 4, 8, 9] and investigated, e.g.
in [3, 5] .

In 1994 Gonska and the second author of this paper (see [6]) obtain the following
result for &¢B,,:

Theorem 1.1. Let ¢ > 1 be fized. Then there is constant C' > 0 such that for any
feClo,1] and alln=1,2,...

17 - et Bl < e fu (1.2 + 1At (12)
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Furthermore, there holds the Steckin-type inequality

(f,f) mezkf V215 — & Be(f)] (1.3)

The o-saturation class is described as follows:
1
llf —a&'Bn(f)]| =0 (Z) <= [ is a linear function.
n

It follows immediately from (1.2) and (1.3) that for all 0 < o < 21
If =@ Bu(H)ll =02 = Wi(f,) =0(t*).

Thus, Theorem 1.1 covers global direct, inverse and saturation results for the Boolean
sum of Bernstein operator B,,. In this paper we will show that like (1.1) we have also
the strong inequalities for ©B,, in some weak form. To this end, denote E,,(f) to be
the best approximation constant of f via algebraic polynomials p,, of degree n, i.e.

We have
Theorem 1.2. Let ¢ > 1 be fixed. Then there are constants C' > 0 and A > 1 such that
for any f € C[0,1] and alln=1,2,...

o { (f, f)wl(f) }s max (I — & By(f)ll + B (k) (1.4)

n<k<An
< ?;X(Hf — @' Br(f)l| + Er(H)k™")

<ol (s ) vmom )

Moreover, if f is not an algebraic polynomial of degree less than 2, then for some
constants D, A >0 and alln=1,2,... there holds

D (1.92) < s I - @Bl (15)

\f) n<k<An
< paxllf - o'l < D (72 ).

We prove this result in the next section.

2. Proof of Theorem 1.2

Proof of Theorem 1.2. First we note that ®'B,, is invariant for linear functions. Hence
we conclude from (1.2)

17 - et Bl < e fu (1.2 + Bion (2.1)
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Let 0 < 01 < 02 < 1/2. We obtain from (1.3) for ¢ = 1,2

w2 (f, jﬁ) PRI < o SRV e B+ E(Dh)
k=1
< O max KIS - ' Bu(Pll + E(£K).

Noticing w?f(ﬁ t) /13 < Cw?f(f, t)/t3¢ for 0 < ty < t1, we conclude from (2.1) for
1<k<n

né
If =& Bull + BEu(H)k™ < 05 (w?f (f’ \},;) +n‘£E1<f>) -

It follows from the last two estimates that for i = 1,2

(1) B < it K - B+ B

o1 ) man)

Consequently, for some constant C' > 0

N

IN

ey K| — By + B (k)

S e 1A K (|| f — @ Be()l + Ex())E).

Let the maximum on the right hand side be reached at ng. So we have
n= g (|| f = & Buo (£l + Er(f)ng )
< Cn= 2 ng 2 (|| f = & By ()l + Ev(H)ng ).

In other words, for some ¢’ > 0 there holds ¢'n < ng. Therefore,

“ (f’ \/177> +E(fin™" < Cn 2 gt (|| f — & By (NIl + E1(f)ng )
< CC,VEI%?;n(Hf — & Be(Nl + Er(/)E)
< C,g%};(”f — & Be(Nll + EL(/)E).

Or for some constant A > 0
(o) + B < € s (17 - S BDl|+ Bi(OK
Cmax(lf — &' Bu(F)l| + B2 (k).

IN

IN

Clearly, by (2.1)

(1~ o B + Bk < € (w2 (1.2 ) + Bi(hn).

The first assertion (1.4) is proved.
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It remains to show the assertion (1.5). To this end we note that f is not an
algebraic polynomial of degree less than 2¢. Hence, w?f(f, 1) # 0. On the other hand, as
we mention at the beginning of this paper w?f( f5+) is equivalent to the K —functional
K 3,@ (f,+). Thus, for 0 <t <1 we have with some constant C' > 0 the inequality

Wy (F,1)/170 < Cwil(£,0) /8.
But E;(f) < Cw(f,1). Therefore,

B()% < Cut (f, ;ﬁ) .

Thus, (2.1) can be written as

1

¢ 20

If - Bl < cui (£.72).

Combining this estimate with (1.3) and using the same approach as above we obtain
(1.5). O
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On two modified Phillips operators

Gancho Tachev

Dedicated to Professor Heiner Gonska on the occasion of his 70th anniversary.

Abstract. In this note we introduce two new modified Phillips operators G and
G?. We obtain direct estimates for approximation of bounded continuous func-
tions, defined on [0,00) by Gh, as well as for approximation of unbounded con-
tinuous functions by G2. We improve some previous results on this topic.

Mathematics Subject Classification (2010): 41A25, 41A36.
Keywords: Phillips operators, exponential functions, quantitative results.

1. Introduction
The Phillips operator [20] is defined as

o0 k> k-1
Sy (fiz)=n Z e " (n]:") /e_”t EZt) ol f @) dt+e " f(0).
k=1 o

These operators preserve constant as well linear functions. Some approximation results
on these operators- commutativity, direct and strong converse inequalities, inverse
estimates, linear combinations etc. have been discussed in [8, 21, 22, 11, 14, 23, 24,
12, 15, 13] . Usually we denote the basis functions by
k

Snk(T) = efm%. (1.1)
In the last decade a lot of papers appeared devoted to such modifications of classical
positive linear operators, which preserve certain exponential type functions. For the
new modified Szdsz—Mirakyan operators we refer the reader to recent papers [1, 2, 3, 5,
4].In the same way , Gupta and Tachev [12] considered Phillips type operators fixing
e~t and e, A € R, but not both together. Very recently Gupta and Lopez-Moreno
in [13] defined a modification of the Phillips so as to fix both €% and e for any two
real numbers, different or not , a,b € R and studied their approximation behaviour.
In most of the results, mentioned above - the modification consists of modelling the



306 Gancho Tachev

basis functions (for example s, r(z) in case of Szdsz-Mirakyan operator) such that
certain exponential functions are reproduced. The second approach is to modify the
argument of the function, to be approximated. The start of this method was given by
the work of King [17] on the classical Bernstein operator and further developed for
the Szdsz-Mirakyan operator in [7]. To combine the both methods Aral, Inoan and
Raga generalized Szész-Mirakyan operator in [3] introducing the function p(x) in both
places - in basis functions, as well as in the argument of the approximated function.
Our method is different from all , mentioned above and we modify simultaneously the
basis functions s, x(z) and multiply the approximated function f by et A=—1,1.
The case of arbitrary A € R is similar and we omit the details. In [12] the following
modification of Phillips operator was introduced

o0

— nz —no, (x) nan( )) /efnt (nt)k71 f (t) dt + ef’nan(:v)f(o)_ (12)
(k—1)!
0
By Lemma 1 in [12] it follows for A € R
Po(eft;z) = 525" (1.3)
It was shown in [12] that if we choose
1
an(x) = %7 T e [0,00), (14)
then

P,(ehz)=e".
If we choose
an(z) = (1 — %), A>0 (1.5)
then from [12] we have
P, (et x) = €. (1.6)
Further we restrict ourselves in (1.5) for A = 1. Now we define our two modified
Phillips operators as follows:

Gy (fiz)=e" "ZSn k(o (z ))/sn,kq(t)f(t)et dt+e @ fo) ), (17)
0
where o, (z) = #(1 — 1). The second modification is given by
G2 (fiz) =e* nan w(an(@ / spa(OF (e tdt+e @) | (18)
0

where

= (141

Further we adopt that 2 in definition of G2 serves as an index and not as a power
factor. It is clear that

Gh(fi) = Py (f(1)e! ). (1.9)
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with oy, () from (1.7) and
Gh(fiz) = e"Py (f(t)e " x), (1.10)

with v, (z) from (1.8). We apply the operator G} to approximate bounded continuous
function f € C*[0, 0o)-the subspace of real-valued continuous functions , which possess
finite limit at infinity, endowed with the uniform norm. The operator G2 will be
used to approximate unbounded continuous f € C]0,00). In Section 2 we study the
approximation order of G} and compare our direct estimate with previous known
results on this topic. In Section 3 using some ideas from [2] we discuss an uniform
error estimate for the operator G2 measured in weighted norm.

2. Estimate for G}.

In Boyanov, Veselinov -[6] the uniform convergence of linear positive operators
was established. Later Holhog in [16] established the following quantitative estimate
for a sequence of linear positive operators:

Theorem A. [16] If a sequence of linear positive operators L, : C*[0,00) — C*[0, o)
satisfy the equalities

HLnBO - 1||[0,oo) = Qn
HLn(e_t) - e_wH[O,oo) = 571
HLn(e_%) - e_QIH[O,oo) = Tn

then
[ Lnf = fllj0,00) < [ flloo - n + (24 an) - 0™ (f, Von + 2B + 1), f € C*[0,00).

The modulus of continuity used in the above theorem is defined as:

(0) = s 1)~ S @)

Our first result states the following

Theorem 2.1. For f € C*[0,00) we have

IGLf = fllc,e0) < 20" (f, v/ ) » (2.1)
where
_ 1 n+1\ " 1
_ 1 —2t, 2 —
T = IGa(e™52) = e o) = - ( - ) < ST (2.2)

Proof. From definition of the operator GL-(1.9) and (1.4) it follows that
Gn(Lz) =1, Gule hx) =€,

ie. a, = B, = 0. Simple calculations and (1.3) imply (2.2). Now the proof follows
immediately from Theorem A. 0
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Our further uniform estimate is based on the suitable transformation which
reduces the uniform approximation problem on C*[0,c0) to that one on C[0,1]. This
observation was developed by Gonska in [10] and by Paltanea in [18] and quantitative
results were obtained in [19]. In [1] it was shown that the spaces (C*[0,00), | - [|c{0,00))
and (C[0,1], || - [[cjo,1)) are isometrically isomorphic. If we define

Y(t)=e", t€[0,00)
and S* : C*[0,00) — C*[0, 00) is a positive linear operator, reproducing the constant
functions , then the following statement was proved in [1] (see Theorem 9 there):

Theorem B. [1] If S* : C*[0, 00) — C*[0,00) , then for all f* € C*[0,00) and 0 < h <
%, the following inequality holds

1
15" = fllcro,eo) < 7157 (%) = Yllep,00)wi (f, h)
+ 1+ # ([15* (%) = [l cpo,00) + 21157 () — w||C[0,oo)):| wa(f, h). (2.3)

Here f = f* o4~ ! ie. f € C[0,1] and wy, wy are the usual first and second order
moduli of continuity. Our second result states the following:

Theorem 2.2. For f* € C*[0,00) we have

HG;f*—f*mﬂuw><:jwz(f,V%{Fl)7 (2.4)
where f = f* oy L.

Proof. The proof follows directly from Theorem B, (2.2) and the fact that G repro-
duces constant and e~ = (). O

3. Estimates for G2

In this section we study the approximation of unbounded functions, satisfying
certain exponential growth by the operator G2 with

o () :x(1+i).

Set p(z) =1+ €%, x € RT and consider the following weighted spaces
By(RY) = {f : R* S R: |f(2)] < My - (), = > 0},
Co(RY) = C(RY) N B,R*),
R+ = +Y .7 @ _ . . .
Co(RT) = {f € C,(RT): xlgr;o o) k¢ exists and it is finite, }
where My, ky are constants depending on f. All three spaces are normed with the

norm
|/ ()]

11 = sup
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Obviously we have
G%(1;2) =1, and G2 (e;x) = . (3.1)
Further from (1.10) we obtain
ft)

Gifia) =y (T s eetia)
< em”waPn (64 +1 O‘n(x))

= e[ fllg (7" +1)
= [IFlle (1 +€7).

Consequently we have

IGRflle < 1f1e
and we conclude that G2 maps C,(R") to C,(RT). Following the general result
obtained by Gadziev -[9] if we choose as a weight function p(x) = 1 + €29 g = 1,
instead of ¢(z) = 1+ e, to conclude that for each function f € CE(R™)

. 2 _
Jim [|GLf = flle =0
it is enough to verify the three conditions
. 20t iz o i
nlLII;O |Gre* —e“|,=0,1=0,1,2.

For ¢ = 0,1 this follows from (3.1). Unfortunately the condition for ¢ = 2 is not
satisfied. Indeed we have

G2 (e*;2) = €"P, (e*'e™!y2) = " P, (e'; o ()

n_ o, (nt1 n
:em.emx(n :ew%.
Therefore .
G?L (e2t; (E) _ eQw 62$ﬁ _ 6237
5 = D) — 00,
14 e2* 14 e2*
when © — oo for n > 2. This is the reason to choose ¢(x) = 1 + e instead of

o(z) = 1+ e**. Now , according to the Korovkin- type theorem, established in [9] we
need to verify
lim ||G2 (ex) — 3|, =0, (3.2)

n—roo
with )
an(z) = Z0FD
n
and using (1.3) we calculate

n n+1

t

1
t _t -2 T z
G (62;96) =P, (e 2;an(m)) = TOHD T
:emh?ﬂﬂ;l.

Therefore
t x
G% (6§;x) —ez GII# _e3 yzﬁil —y
- = 7 =9(), (3.3)
1+em 14 ev 1+y

where we set e =y € [1, 00).
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Hence
2
- _¥ [ I gl
9(y) x99 Y y
Consequently
2
Y _2n42 _
Hg”C[l,oo) < HTyQHC[l,m)Hy I — 1”6’[1,00)
_2n42 _
<™= =y Hon.00)- (3.4)

Simple computations imply

_2nd42 _ 1 1 n+2
I35 =y o = 7 (1 )

n+1)\" 2n+2
1
<, 3.5
2(2n + 1) (3:5)
where we used
1 2n+2 1
lim (1- =el< .
n— o0 2n + 2 2
It is clear that (3.2) follows from (3.3), (3.4), (3.5). Our next statement is:
Theorem 3.1. For each function f € C@(R"‘), o(x) =1+ e® we have
. 2 _
Jim (|G f = flle = 0.
Proof. The proof is straightforward corollary from (3.1) and (3.2). O

Remark 3.2. If in the definition of G? from (1.10) instead of

an(z) = o (1 + Tll)

1
an(z) = (1 - n)
then (1.3) implies in this case

G? (e z) = e®, G2 (e*';2) = e*”.

we use

But for the third test function of Korovkin-type theorem e = 1 simple calculations
show

. 2 . _ _
lim (G2 (1;2) — 1] = oo,

with ¢(z) = 1 + e?*. Similar examples for nonconvergence in weighted norm can be
found for Phillips operator in [13].

Remark 3.3. Further results for the operators G, G2, like representation of moments,

central moments, images of monomials, quantitative Voronovskaja-type and direct
estimates etc. will be subject of another paper.
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Remark 3.4. In [13] Gupta and Lopez-Moreno considered for Phillips operators differ-
ent Korovkin test system {1,#, e (1+")}. But in their settings we need to verify the
weighted approximation for two test functions with more complicated calculations,
than presented in our note.
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1. Introduction

It is well-known that any function f € L,(T') that is different from a constant
can be approximated by its Abel-Poisson means f(p, -) with a precision not better than
1 — p. It relates to the so-called saturation property of this approximation method.
From this property, it follows that for any f € L,(T!), the relation

Hf - f(g’ )Hp = O(]- - Q)a 0—1—,

only holds in the trivial case when f is a constant function. Therefore, any additional
restrictions on the smoothness of functions do not give us any order of approximation
better than 1 — p. In this connection, a natural question is to find a linear operator,
constructed similarly to the Poisson operator, which takes into account the smoothness
properties of functions and at the same time, for a given functional class, is the best
in a certain sense. In [19], for classes of convolutions whose kernels were generated
by some moment sequences, the authors proposed a general method of construction
of similar operators that take into account properties of such kernels and hence, the
smoothness of functions from corresponding classes. One example of such operators
are the operators A, ., which are the main subject of study in this paper.
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The operators A, , were first studied in [15] where, in the terms of these opera-
tors, the author gave the structural characteristic of Hardy-Lipschitz classes H, Lip
of functions of one variable, holomorphic on the unit disc of the complex plane. In [17],
in terms of approximation estimates of such operators in some spaces SP of Sobolev
type, the authors give a constructive description of classes of functions of several vari-
ables whose generalized derivatives belong to the classes SPH,,. In [13], direct and
inverse approximation theorems of 27-periodic functions by the operators A, , were
given in the terms of K—functionals of functions generated by their radial derivatives.

Approximations of functions of one variable by similar operators of polynomial
type were studied in [11], [4], [7], [10], [12], [6] etc. In particular, in [7], the authors
found the degree of convergence of the well-known Euler and Taylor means to the
functions f from some subclasses of the Lipschitz classes Lipa in the uniform norm.
In [12], the analogous results for Taylor means were obtained in the L,-norm.

In the present paper, we continue the study of approximative properties of the
operators A, ,. In particular, we extend the results of the paper [13] to the multivariate
case and prove direct and inverse approximation theorems of functions of several
variables by the operators A, , in the integral metrics. We also show that norms of
multipliers in the spaces L, y (T?) are equivalent for all positive integers d.

2. Preliminaries

Let d be an integer, let R?, Ri and Z? be the sets of all vectors k := (ky,...,kq)
with real, real non-negative and integer coordinates respectively. Set T¢ := R? /27 Z<.
Further, let L,(T?), 1 < p < oo, be the space of all functions f(x) = f(z1,...,7q)
defined on R?, 27-periodic in each variable with the finite norm

1£llp = 111, 0y = ([J6oraot)’s 1spo

ess supyera | f(%)]; p= o0,
where ¢ is the normalized Lebesgue measure on T¢.
Let (x,y) := 2191 +. . .+2qyq denote the inner product of the elements x,y € R9.
Let us set ey := ey (x) = /&%) k € Z¢, and for any function f € Li(T%), define its
Fourier coeflicients by

fk = /[Fd f(x)ex(x)do(x), ke z4,

where Z is the complex-conjugate number of z.
Set |k|; = 2?21 |k;|, and for any function f € L;(T?) with the Fourier series
of the form

S[fl(x) = Z ]?kek(x) = Z Z J?kek(x)7 (2.2)
kezd v=0 |k|;=v

denote by f (g,x) its Poisson integral (the Poisson operator), i.e.,

f(o,x):= /'er f(x+s)P(o,s)do(s), (2.3)
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where g € Rff_, x € R?, the function P(g,x) := > kezd o'¥ley (x) is the Poisson kernel,

k k
Q|k| _QI 1|_._Q‘dd‘.

In what follows, the expression f(g,x) means the Poisson integral, where g is a vector
with the same coordinates, i.e., 0= (g, ..., 0). In such case, we have

ZQ Zek

v=0 k|1=v

Let f € Li(T?). For p € [0,1) and r € N, we set

) =Y Ar(0) Y Aeer(x), (24)
v=0

[k[1=v

where for v =0,1,...,7 — 1, the numbers A, ,(¢) =1l and for v =r,r+1,...,

r—1 r—1 j j
HOEDS (j)( 0" =) 1_!Q d% v, (2.5)

j=0 7=0
The transformation A, can be considered as a linear operator on Li(T?) into itself.
Indeed, A, (0) =0 and for all v =r,r+1,... and p € (0,1),
r—1 v
Z ( ) (1—0)70" 7 <rg"v"~', where 0 < q := max{1 — p, 0} < 1.
J=0

Therefore, for any function f € Li(T?) and for any 0 < ¢ < 1, the series on the

right-hand side of (2.4) is majorized by the convergent series 27| f||, Z ¢’ v L
v=r

Leis [11] considered for f € L,(T!), 1 < p < oo, the transformation

—~d“f(x) (1— o)

Loo(f)a) =y o 2,

reN,
k=0

where

df(x) _ _9f(ex)

dn 9o =1
is the normal derivative of the function f. He showed that if 1 < p < co and
1£(:) = Lol DO, =O((A = 0)"/rt), 01,

then d”f/dn" € L,(T").
Butzer and Sunouchi [4] considered for f € L,(T!), 1 < p < oo, the transformation

r—1

k+l — In k
Byr(f)(a) = 3 (—1) 5 8 () E RO

k!
k=0
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where fk} .= () for k € 27, and f1+} .= f(k) for k —1 € 2Z,, where
Flo) = i~ [ ) fo— ) Lot
z) = lim —— T+u @ — u))5cot - du.
€

They proved the following theorem:

Theorem A. [4]. Assume that f € L,(T'), 1 < p < oco.
i) If the derivatives fU}, j = 0,1,...,7—1, are absolutely continuous and f{"} €
L,(TY), then

1(0,) = Bos (), = O((= o) /1), 051 . (2.6)

i1) If the derivatives fUt j=01,....,r—=2,r>2, are abiolutely continuous,
= e L(TY), 1 < p < oo, and relation (2.6) holds, then fi"=1} is absolutely
continuous and fit € L,(TY).

These results summarize the approximation behaviour of the operators L, , and
B, in the space L,(T'). In particular, Leis’s result and the statement i) of Theorem
A represent the so-called inverse theorems and the statement ¢) is the so-called direct
theorem. Direct and inverse theorems are among the main theorems of approximation
theory. They were studied by many authors. Here, we mention only the books [3],
[8], [18] which contain fundamental results in this subject. The result of Leis and
Theorem A are based on the investigations in the papers [5], [2], where the authors
find the direct and inverse approximation theorems for the one-parameter semi-groups
of bounded linear transformations {T'(¢)} of some Banach space X into itself by the
“Taylor polynomial” Z;é(tk JkN)A* . where Af is the infinitesimal operator of a
semi—group {T'(t)}.

The transformations A, , considered in this paper are similar to the transforma-
tions L, , and B, , as they are also based on the “Taylor polynomials”. The relation
between the operators A, , and the “Taylor polynomials” is shown in the following
statement.

Lemma 2.1. Assume that f € Ly(T?). Then for any numbers r € N, o € [0,1) and
x € T¢,
r—1 Aj; ;
ajf (Qv X) (1 B Q)J
Agr(/)) = : : (2.7)

loJed 4!

=0

Proof. With respect to the variable g, let us differentiate the decomposition of the
Poisson integral into the uniformly convergent series

Flox)=>¢" > fex(x), 0€[0,1), xeT" (2.8)
v=0 k|1=v
We see that for any j =0,1,...

MZZ v o’ Z Frex(x). (2.9)

: —
ol — (v —J)! ey
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Since
v ; ; v
Z<<>(1_Q)]QV_] = ((1_Q)+Q) :17 V:0717"'7
— \J
7=0
then
r—1 ; ; r—1 v
a]f 0,X 1"@ 14 P ~
> 0o Lo 3 (Ma-oie Y fead
J=0 v=0j=0 k|1 =v

r—1

() ) 10V Y Fuenlx) = Ap (H)(x). a

v=r j=0 |k|1=v

3. Direct and inverse approximation theorems

3.1. Radial derivatives and K-functionals

If for a function f € L;(T¢) and for a positive integer n there exists the function
g € Li(T?) such that

0, it k|1 =v<mn,
— N d =
gk = v! T it k= v >n, keZ* v=0,1,...,
(v —n)!
then we say that for the function f, there exists the radial derivative g of order n for
which we use the notation f[™.
Let us note that if the function fI'l € Li(T9), then its Poisson integral can be

presented as
(o 5) = (F(o. N (x0) = o & F (%)
1 e,x) = (flo. )" (x) = " =5 =

In the space L,(T%), the K—functional of a function f (see, for example, [8, Chap. 6])
generated by the radial derivative of order n is the following quantity:

Ko(6,f), = inf{ If = All + 6", - Al e Lp(Td)}, 5> 0.

€1[0,1), Vx e T (3.1)

3.2. Main results

Let Z¢ denote the set of all vectors k := (ky,...,kq) with negative integer
coordinates, Z{ := Z*NR% and YV := Z{ UZ%. Let also L,y (T?) be the set of all
functions f from L,(T?) such that the Fourier coefficients fi =0 for all k € Z¢ \Y.
Further, we consider the functions w(t), ¢t € [0, 1], satisfying the following conditions
1)-4): 1) w(t) is continuous on [0, 1]; 2) w(t) is monotonically increasing; 3) w(t)#£0
for all t € (0,1]; 4) w(t) — 0 as t — 0; and the well-known Zygmund-Bari-Stechkin
conditions (see, for example, [1]):

(Z):/:wl(tt)dt:(’)(w@)), (zn):/: w(t) 4y O(@),neN,d—W—s—.

tn+1 an

The main results of this paper are contained in the following two statements:
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Theorem 3.1. Assume that f € L,y (T%), 1 < p < oo, n,r € N, n < r and the
function w(t), t € [0,1], satisfies conditions 1)—4) and (Z). If

frl e LT and K, (8,7777) = 0w(@), 550+, (32)
p

then
If = Agr(Allp =0 (01 =0 "w(l-0), o—1-. (3:3)

Theorem 3.2. Assume that f € L,y (T9), 1 < p < oo, n,7 € N, n < r and the
function w(t), t € [0,1], satisfies conditions 1)—4), (£) and (Z,). If relation (3.3)
holds, then relations (3.2) hold as well.

Remark 3.3. For a given n € N, from condition (Z,,) it follows that
1~ : f —n
im in (07"w(d)) >0

or, equivalently, that
1-90)" "w(l—9p)>»(1-0)" as po— 1-—.

Therefore, if condition (Z,,) is satisfied, then the quantity on the right-hand side of
(3.3) decreases to zero as g—1— not faster than the function (1 — ). Also note that
the relation ||f — A, ()|l =o((1 —0)")), ¢ — 1—, only holds in the trivial case

when

n—1 N

F) =Y > fee(x),

v=0 |k|1=v
and in such case, the theorems are easily true. This fact is related to the so-called
saturation property of the approximation method generated by the operator A, ,. In
particular, in [15], it was shown that the operator A, , generates the linear approxi-
mation method of holomorphic functions which is saturated in the space H), with the
saturation order (1 — 0)" and the saturation class HI’;’I Lip1.

3.3. Norms of multipliers in the spaces L,y (T%)

Before proving Theorems 3.1 and 3.2, let us give some auxiliary results. In partic-
ular, the following Lemma 3.4 shows that norms of multipliers in the spaces L,y (T9)
are equivalent for all d. In our opinion, such a result is interesting in itself.

Let M = {p,}32, be a sequence of arbitrary complex numbers. If, for any
function f € L1y (T?) with Fourier series of the form (2.2), there exists a function
g € L1y (T¢) with Fourier series of the form

Sl =>m > Aer),

v=0 keY: k|1=v

then we say that in the space LLy(Td) the multiplier M is defined. In this case we
use the notation g = M(f).

Let By, 1 <p < oo, be a unit ball of the space L,y (T%), that is, the set of all
functions f € Ly y (T%) such that |||, < 1.
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If M: L, y(T?%) — L,y (T%), then the norm of the operator M is the number

M)
M . L= sup [[M(f)ll, = T
Ly,y (T%)—=Lyp, v (T9) fE€Bpy FEL, v (Td), ”f”p
f#0

We also denote by ||M||L the norm of the operator M : L, (T!) — L,(T*).

p(T)—Lp(T*)

Let us note that if M is a continues operator from L,y (T¢) to L,y (T?), then
M is called the multiplier of series of the form (2.2) of (p,p)-type (see, for example,
[9, Ch. 16]).

In [16], the authors proved that the norms of the multipliers M, which are defined
in a similar way, for the Hardy spaces H, (D) and H,(D!) are equivalent for all d € N.
Without going into the details, we note that the space H), (D9) can be considered as the
space of all complex-valued functions f : T¢ — C such that |f| € L,(T%) and fx)=0
for all k € Z4\ Z% (see, for example, Theorem 2.1.4 [14]). Here, we complement the
result of [16] and show that the norms of the multipliers M : L,y (T?) — L,y (T%)
are equal as well.

Lemma 3.4. Assume that 1 < p < o0, d € N and M is a multiplier generated by a
sequence of complex numbers {1, }52,. Then

M| M| (3-4)

Loy (T Ly (18 Ly () Ly(Th)

Proof. Let f € L,y (T%). Note that for almost all x € T¢, the multiplier M can be
defined by the following rule:

M(f)(x) = lim M(f)(e,x), (3-5)

o—1—

where for 0 < o < 1 and x € T,

M(f)(@, X) = Z )\VQV Z ﬁ(ek(x).
v=0

keY: k|1 =v
If f € L,(T), then this rule has the form
1 In| T Lint
M(f)(g, t) = gl_lgl_ZMmQ fne .
neZ
For any f € L,y (T%), we set M(f)(z) = M(f)(o,x), where for 0 < p; < 1 and
x € T?, the point z := (p1e'™1, ..., pge'”@) belongs to the unit polydisc

D .= ce: i 1}.
{z€CT: max |z <1}

Therefore, the function M(f)(z) is a d-harmonic function in D? and according to the
assertion (c) of Theorem 2.1.3 [14], we have [M(f)(¢-)[, < [[M(f)|,- On the other
hand, by virtue of Fatou’s lemma,

M, < lim inf [M(£)(e)ll,,
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hence, for 1 < p < oo,

IM), = Jim MO, ), (36)
If p = oo, then instead of the last relation we have
/ M) (w)g(w)do(w) = Tim [ M(£) (e, w)g(w)do(w)
’]I‘d

for any function g € Li(T%), i.e., we have convergence in the weak L;-topology of
space Lo (T9).

Let f € L,y (T?), f #0, z be a fixed point in D’ and 0 < 0 < 1. In the disc D,
consider the function u,,(w) := f(p, zw). Applying Lemma 3.3.2 [14], we consistently
have the following equality and estimate for the integral of [M(f)(g-)[P for 0 < p < 1

and 1 < p < oc:
/|M (o, w)[Pdo(w /da /|M Upw ) (w)[Pdw

/ Mt 2 (w0 / Jugnlz) ”ﬁ) o(w)

M)
e [ o)
Td

weTd Hugw

M]||P Uow||Pdo(w
g eedzas
Td

= M /(0. w)[Pdo(w). (3.7)
1 1
Ly(TH) = Ly(T") J.
T

IN

IN

In the case p = oo, we similarly obtain the estimate

IM(f) (0, ww)| = [M(tgw)(w)|
= pl_igl_ IM(tgw)(pw)| < maX IM(tgw ) (w))]

IN

M , 3.8
| I\Lmjy(w)%w(w)Urjngglf(g ww)l. (3-8)

From (3.7) and (3.8) in view of (3.5) it follows that for 1 < p < oo,

M ,
| - IM() (2l
Lp,y (TY) =Ly y (T?) 021 fer, v (T4) lIf (o, ')||p
< My N (3.9)
Lp(T)—Lp(T)

To prove the reverse inequality let us consider the continuation operator @, given on
L,,(']I‘l)7 1 < p < o0, by the formula

Q(g)(whwl) = g(w1)7

U= (wg,...,wg) € T4 L.

where w; € T, w
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It is easy to show that the continuation operator (Q is a linear isometry of the space
L,(T') in L, (T?). Therefore, taking into account the relation Q(M(f)) = M(Q(f)),
which is satisfied for any function f € L,(T"), we obtain
IM(AI, = 1QM) I, = IMQN)I,
< [IM] QUL

Lp,y (T") =Ly v (T%)

= [IM]] 1711,

Lp,y (T%)—=Lp,y (T?)

This implies the estimate

M| ., < M

Ly(TH) =Ly (T) Lpy (T =Ly y (19

which in combination with (3.9) gives the relation (3.4).

3.4. Auxiliary statements

Let
d

d
1 1
j=1 j=1
Lemma 3.5. Assume that f € L1y (T?%), 0< o<1 and x € T¢. Then
X) = / f(x+s)P(p,s)do(s). (3.11)
Td

Proof. By virtue of the definition of the set L; y (T?), we have

x)=Y ¢ > feen(x). (3.12)

v=0 keY: |k|1=v
On the other hand

P(Q, X) _ Z Z ki4...+kq (ei(kllererkdwd) + e*i(klﬂllerJrkd!Ed)) -1

= 1+ Z 0" Z ex(x). (3.13)

v=1 keY: |k|1=v
Therefore, the right-hand side of (3.11) is equivalent to the right-hand side of (3.12). O

Lemma 3.6. Assume that f € L,y (T9), 1 <p<oo,r=0,1,... and 0 € [0,1). Then
the following relations are true:

9"f (o) /1l
| oo, SO0 aT (3.14)
and
(7] 1/l
HAQ,r(f)”p < CQ(T) (1 — Q)rv (315)

where the constants Cy(r) and Ca(r) depend only on .
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Proof. It is easy to see that the function 9" f (9, x) /90" can be considered as the image
M;(f)(x) of the multiplier generated by the sequence {p1 ,}52, where u1, = 0 for
v=0,1,....,r—land gy, =v-(v—1)-...- (v —=r+1)" " for v > r. Similarly,
the function A[QT]T( f)(x) can be considered as the image Ma(f)(x) of the multiplier
generated by the sequence {2, }52 such that pys, = 0 for v = 0,1,...,r — 1 and
w2, = v A (0)/(v —r)! for v > r. Therefore, to prove estimates (3.14) and (3.15)

it is sufficient to apply Lemma 3.4 and the estimates (23) and (22) for the norms of

the corresponding multipliers in the space L,(T") from [13]. O
For any f € L,(T4),1<p<o00,0<p<landr=0,1,2,..., we set
aT‘f (Q7 )

. (3.16)

p

My (o, f,r) == 0"

= | crtepr

do"

p

Lemma 3.7. Assume that f € Lp,y(’]I‘d), 1 < p < 0. Then for any numbers n € N
and ¢ € [0,1),

Cg(’fl)(l - Q)nMP (IQa f7 n) S Kn (1 - 0, f)p
< ) (IF ~ Awn(Pllp + (0 — 0" My (0 F.) ), (317)

where the constants Cs(n) and Cy(n) depend only on n.
Proof. First, let us note that the statement of Lemma 3.7 is trivial in the case, when
f is a polynomial of the form

10=3 3 e,

v=0 ‘klle

as well as in the case, when g = 0. Therefore, further in the proof, we exclude these
two cases.
Let g be a function such that g} € L,(T?). Using Lemma 3.6, we get

Hm Ha"(f —9)(e)  9"9(e,")
o™ p oo™ do™ P
< amii=fl | Teted)

Setting C3(n) = min{l,1/C;(n)} and taking into account relations (3.1), (3.16) and
the inequality [|g!™ (o, )|, < ||g!™|l,, We see that

Cs(n)(1— 0)"My(o, f,n) < If = gllp + (1= 2)" g™ ||,

Considering the infimum over all functions g such that g™ € L,(T%), we conclude
that

CS(n)(l - Q)nMP (Q, f, 7’L) < Kn (1 -0 f)p .
On the other hand, from the definition of the K—functional, it follows that

Kn(1— 0, ), < IIf = Agn(F)llp + (1= )" || AL ()

(3.18)

p
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According to (2.7) and (3.1), we have

nl NEE [n]
AL () = (Z”(g’”()(l@)’“) )

ok k!

"L ((F(o, )W ()] (x
= 2 ( (Q )Z)kk(')) ( )(1—g)k.

Since for any nonnegative integers k and n

(o N ENH () = ((£(2, )™M ()" (%), (3.19)
we obtain

S ((fo, N ()M (x)

ok k!

(1-o)".

This yields

[n] < ”Z_:l I(Cf (e D™ )M,

Qkk" (1 - Q)k? (320)

where by virtue of Lemma 3.6 and (3.16)

- Ci(k)o*
(e DA, < Myle. ) 1L (3.21)
Therefore,
n—1
n Cy(k
AL < Mo f.m) 30 D (3.22)
k=0 )
Setting
n—1
C4(n) = max{1, Z Ci(k)/k!}
k=0
and combining relations (3.18) and (3.22), we obtain the right-hand inequality in
(3.17). O
Lemma 3.8. Assume that f € L,(T%), 1 <p<o00,0<p<1andr =2,3,... such
that L
/ 9'4(¢,) (1—¢)"td¢ < . (3.23)
o Il OC7
P
Then for almost all x € T?,
1 ! 8Tf(<,X) -1
—A = 1-¢)" . .24
£ = A0, 109 = 2y [ TG00 (3.24)

Proof. For fixed r = 2,3,... and 0 < p < 1, the integral on the right-hand side of
(3.24) defines a certain function F'(x). By virtue of (3.23) and the integral Minkowski
inequality, we conclude that the function F' belongs to the space Lp(']Td). Let us find
the Fourier coefficients of F' and compare them with the Fourier coefficients of the
function G := f — A, (f).
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Since for any v =7r,r+1...,

V—

(7"—1)!.1(;/_@'/91("_7"(1— Q)" td¢ = 291 1_913_@ (1—Q)j7

(=)

then in view of (2.9) for a fixed g1 € (o,1), we have

5 {(S% S P

'f I/T 7‘
ZZTV_I“G“ /c S

v=r |k|;=v

Z Z eex(x S( )( (1—o1) - 7j(1—g)j). (3.25)
=0

v=r |k|;=v

Now if in relation (3.25), the value p; tends to 1—, then we see that the Fourier

coefficients Fj of the function F are equivalent to zero when k| = v < r and for
|k|1 Z r,
r—1

~ ~ v S ~
Be=h(1-X (j) (1=0)0" ) = (1= Ar(o) i (3.26)
=0
Therefore, for all k € Z? we have Fy = (1- /\W«(g))ﬁ{ = Gyx. Hence, for almost all
x € T, relation (3.24) holds. O

3.5. Proof of main results

Proof of Theorem 3.1. Assume that the function f is such that fI"—" ¢ L,y (T%)
and relation (3.2) is satisfied. Let us apply the first inequality of Lemma 3.7 to the
function fI"="). In view of (3.1) and (3.16), we obtain

Cy(n)(1 = 0)" M,y (0, f,) < Ko (1 - 0, f“’"])p.
This yields

My (o, fr) =0(1)(1—0) "w(l—9), 0—1-. (3.27)
Using relations (3.16), (3.27), (£) and the integral Minkowski inequality, we obtain
HIoFCH | =t -9
|55 -9 d<</M (€ for)
1
ca-g [ Ha—o (-9 ea-0) eo1- B29)
e

Therefore, for almost all x € T?, relation (3.24) holds. Hence, by virtue of (3.24),
using the integral Minkowski inequality and (3.28), we finally get (3.3):
L -9t
F=AorDlly < gy [ MG, ¢
|| 4 ( )”p (7"* 1) 0 ( ) C

:(’)((l—g)r_”w(l—g)), o—1—. O
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Proof of Theorem 3.2. First, let us note that for any function f € Lp(’JI‘d) and all fixed
numbers s, € N and p € (0,1), we have

JALL N, = HZ o) Y2 e

|k[1=v

max{s,r}—1 Ul
: v, s+r—1
< 2r||f|p< Z (st)!—’— Z q"v )<oo,
v=s v>max{s,r}
s—1
where 0 < ¢ = max{1 — g, o} < 1. In the case where s > r, the sum Z is set equal
v=s

to zero. Put g :=1—27% k€N, and Ay := Ar(f) :== A, +(f). For any x € T¢ and
s € N, consider the series

x) + f) AP = AL (H (). (3.29)
k=1

According to the definition of the operator A, ,, we see that for any g1,02 € [0,1)
and r € N,

Agy e (Agz,r(f)) =Apr (Aghr(f)) :
By virtue of Lemma 3.6 and relation (3.3), for any k € N and s € N, we have

4 = AL = (Al A - AL - v

|4 = e () = |AEL L0 = An() )

1f = A1 (NI, 1f = Akl

GOy Py

= oFiaih) ro(phntm) ko Gw

Therefore, for any s < r —n,

p

IN

HAE:] - AE:]—1H =0 (w(l—0k-1))=0 (w(T(k*l))) , k— oo (3.31)
P
N
Consider the sum Z w(2'7%), N € N. Taking into account the monotonicity of the
k=1

function w and (Z), we see that for all N € N,

N 1
Sl <u) ¢ [ wea=um s [ 408 o

N~ TIn2
h—1 1-N

Combining the last relation and (3.31), we conclude that the series in (3.29) converges
in the norm of the space L,(T%), 1 < p < co. Hence, by virtue of the Banach—Alaoglu
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theorem, for any s = 0,1,...,7 — n, there exists the subsequence
NJ
SN (%) = X)+ > (AN - AL (D), =12 (332)
k=1

of partial sums of this series, converging to a certain function g € L,(T?) almost
everywhere on T? as j — co.

Let us show that ¢ = f¥1. For this, let us find the Fourier coefficients of the
function ¢. For any fixed k € Z¢ and all j = 1,2, ..., we have

Gic = / S ()i(x)do(x) + / (9(0) = 53 (%)) (x)dor(x).

Since the sequence {SJ[{% }]‘”;1 converges almost everywhere on T¢ to the function g,
the second integral on the right-hand side of the last equality tends to zero as j — oco.
By virtue of (3.32) and the definition of the radial derivative, for |k|; = v < s the
first integral is equal to zero, and for all |k|; = v > s,

/T ) S ()@ (x)do(x) = Ay (1 — 27N9)

J

I I
mfk fk~

— —
j—oo (v —8)!

Therefore, the equality g = f[*! is true.

Hence, for the function f and all s = 0,1,...,r — n, there exists the derivative fI*

and fI¥l € L,(T9).

Now, let us prove the estimate (3.27). By virtue of (3.16), (3.30), for any k € N and
€ (0,1), we have

My (0, A = Ap-r,r) < || A7 = AL |
P
W(l_Qk—l)) ( w(l — o) )
O\ ———"F)+0 | ———=
( (1—or)" (1—or-1)"
— O <2k’nw(2fk‘+l) 4 2(k71)nw(27k))
- 0 (2““—1)%(2—(’6—1))) NS (3.33)
By virtue of (3.16), (3.14) and (3.3), for any r € N and ¢ € (0, 1), we obtain
1f = A (Nl w(l—p)
M, (0, f — Ay (f),r) = O(1) 2" e _ g L oo 1—.
(0 = g (D) =0 o 0 (F0)
Therefore, for N — oo,

M, (o5, f—An(f),r) =0 (M) =0 (2MNw(2™)). (3.34)

N

Consider the sum ZQ(kfl)"w(Q*(kfl)), N € N. Since the function w satisfies the
k=1

condition (Z,), the function w(t)/t"™ almost decreases on (0, 1], i.e., there exists the
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number C' > 0 such that w(t;)/t} > Cw(tz)/th for any 0 < t; < t3 < 1 (see, for
example [1]). Therefore,

N
Q(kfl)nw(Qf(kfl))
k=1

N
S C<2(N—1)nw(2—(N—1))+/ 2(t—1)nw(2—(t—1))dt>
1
1
dr
< (N=1)n, ,(9—(N—1) / w(7)
< C<2 w(2 )+ s T In2

= 02N V(D)) —0(2Vw(e ™)), Nooo.  (335)

Putting ¢ = ¢, and taking into account relations (3.33), (3.34), (3.35) and

we get

M (QN7f7 ):M (QNa.f*Sr 1(f) )

= M(gN,f A, +2Ak_Ak1 ) @(ZQk Dn, 2(k 1))>

k=1
= 002YMw@2 ™M) =0(1-0y) "w(l—0y)), N —oc. (3.36)

If the function w satisfies the condition (Z,), then sup (w(2t)/w(t)) < 0o (see, for
te[0,1]

example [1]). Furthermore, for all ¢ € [0,, |, 0], wehave 1 -0, <1—0<2(1—p, ).

Hence, relation (3.36) yields the estimate (3.27).

Now, applying the second inequality in Lemma 3.7 to the function fI"~", we get

Ko (1= ) < (1577 = g,

+ (1=0)"Mp(o, f, 7“))- (3.37)
By virtue of (3.16) and (3.27), we see that for ¢ € [1/2,1),
o (g, ) -1
—|| 1-¢)"'d
B ['r 1 _ C)n—l
= / |6 o X

- /M (€ 1,7) _CC)nlc

Cl/g w(ll_COdC_O( (1-0), o—1—. (3.38)

IN
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Therefore, we can apply Lemma 3.8 to the function fI"~". Taking into account (3.16),
we obtain

P = g0 = gy [ (660 B —ac

(n—1 ¢
Using the integral Minkowski inequality and (3.38), we conclude
- _ 1 ' (1—¢n!
[r—n] _ A [r—n] < - / M
H.f Q,Tl(f )”p — (’I’L- 1)' 0 p((afﬂ’) 44_11 dC
= Ow(l-9), o—1-. (3.39)

Combining relations (3.37), (3.27) and (3.39), we finally get (3.2).
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Abstract. We consider positive linear operators acting on C(K), where K is a
metrizable Bauer simplex. For such an operator L we investigate the limit of
the iterates L™, when m — oo. Qualitative results and rates of convergence
are obtained. The general results are illustrated by examples involving classical
operators.
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1. Introduction

Iterates of positive linear operators were investigated in many papers and from
several points of view. General criteria for their convergence can be found in [1],
[2], [13], [14], [20], [21], [23]. Rates of convergence of the iterates were established
in [6], [10], [16], [17], [18], [20], [21], [28]. The relationship with Korovkin theory
is presented in [6], [7], [8], [22]. Iterates are essentially used for representing some
strongly continuous semigroups of operators: see [7], [8], [17], [28]. Iterates for g-
Bernstein operators are studied in [24]; the case of complex operators is considered
n [11]. In the above papers analytical methods were used and also methods from
probability theory. Results based on spectral theory can be found in [9]; fixed point
theory is used in [3], [4], [30], [31], [32], [33].

This paper is devoted to the study of iterates of positive linear operators on
Bauer simplices. General definitions and results are presented in this introduction;
see also [5], [7], [8], [25].

Section 2 is devoted to the iterates of operators preserving affine functions.
An example concerning a finite dimensional simplex is discussed in Section 3. Other
examples are presented in Section 4.

Throughout the paper we shall use the following notions.
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Let E be a real locally convex Hausdorff space and K a convex compact subset
of E. Let C(K) be the space of all continuous real-valued functions on K, endowed
with the usual ordering and the supremum norm. By Hervé’s theorem [5, Th.1.4.3],
[7, p.57], C(K) contains a strictly convex function if and only if K is metrizable.
Throughout the paper we shall suppose that K is metrizable.

The set of all probability Radon measures on K will be denoted by M;" (K). For
each z € K, ¢, stands for the probability Radon measure concentrated on {z}.

The Choquet-Meyer ordering < on M;" (K) is defined as follows: for every yu,v €
MH(K), p < vif u(f) < v(f) for every convex function f € C(K). A measure u
which is maximal with respect to < will be simply called a mazimal measure.

Let A(K) be the set of all affine functions for all h € C(K). The barycenter
of u € Mjt(K) is the point » € K for which u(h) = h(r), h € A(K); in this case
wu(f) > f(r) for each convex function f € C(K).

There are several equivalent properties defining a Choquet simplex. We need the
following one:

K is called a Choquet simplex if for every x € K there exists a unique maximal
measure y, € M; (K) having x as barycenter.

The set of the extreme points of K will be denoted by ex(K).

A Choquet simplex K such that ex(K) is closed will be called a Bauer simplez.
In this case . is supported by ex(K); moreover, if u, = &,, then z € ex(K).

If K is a Bauer simplex, then the operator P : C(K) — A(K) defined by

Pf(x) = p(f), feCK), z€ K

is linear, positive, and Ph = h for all h € A(K).

P is called the canonical projection associated with the Bauer simplex K.

Let L : C(K) — C(K) be a positive linear operator such that Lh = h, for
every h € A(K). For each x € K let v,(f) := Lf(z), f € C(K). Then v, € M} (K)
and z is the barycenter of v,. In particular, if z € ex(K) then v, = &,, so that

Lf(x) = f(x), x € ex(K), f € C(K). (1.1)
Moreover, if g € C(K) is convex, then v,(g) > g(x), = € K, i.e.,
Lg>g. (1.2)

We shall need the following result [26], [27], [7, Th.1.5.2].

Lemma 1.1. Let u € Mfr (K) with barycenter r and let u be a strictly convex function.
If u(uw) = u(r), then p = &,.

2. Iterates of positive linear operators preserving the affine functions
In the sequel, K will be a metrizable Bauer simplex.

Theorem 2.1. Let L : C(K) — C(K) be a positive linear operator such that Lh = h,
he A(K). Let u € C(K) be a strictly convex function. If

lim L"f = Pf, [ €C(K), (2.1)
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then
Lu(z) > u(z), v € K \ ex(K). (2.2)

Proof. Let © € K. As in the preceding section, let v, (f) := Lf(x), f € C(K). By
(1.2), Lu(x) > u(x). Suppose that Lu(z) = u(z). Then v,(u) = u(z), and Lemma
1.1 yields v, = &, i.e., Lf(x) = f(x), f € C(K). By induction, L™ f(z) = f(z),
f € C(K). Now (2.1) shows that Pf(z) = f(x), f € C(K). This means that p, = &,
which entails x € ex(K). O

For K = [0, 1] the above result was obtained in [29] and [12, Corollary 2].

We shall prove that the converse of Th. 2.1 is also true. Having applications in
mind, let us consider a sequence of positive linear operators L,, : C(K) — C(K)
preserving the affine functions, i.e.,

L,h="h, he A(K), n>1. (2.3)
Fix a strictly convex function v € C(K).
For n > 1 and s € (0, +00) define
an(s) := m}z{LX(Pu —u —ns(Lyu —u)). (2.4)

For z € ex(K) we have Pu(z) — u(x) = Lyu(x) — u(x) = 0, so that a,(s) > 0.

Lemma 2.2. Ifns > 1, m > 1, then

1 m
0<Pu—L'u<ay(s)l+ (1 - ns) (Pu — u), (2.5)

where 1 is the constant function of value 1 defined on K.

Proof. Since P preserves the affine functions, we have v < Pu by virtue of (1.2).
Moreover, Pu € A(K), and so Lyu < L, (Pu) = Pu. By induction we get L)'u < Pu,
and this is the first inequality in (2.5).
From (2.4) we derive

an(8)1 > Pu—u—ns(Lyu — u).

This implies

L (Pu — an(s)1) + (1 - 1) u < Lyu.
ns ns

1
Since 1 — — > 0, iterating over m > 1
ns

(1 _ (1 - nls)m) (Pu— an(s)1) + (1 _ nls)mu < LM,

This leads immediately to the second inequality in (2.5), and the lemma is proved. [

Lemma 2.3. Let n > 1 be fixed, and suppose that for a given strictly convex function
u € C(K) one has

Lou(z) > u(x), z € K \ ex(K). (2.6)
Then lim ay(s) = 0.

5—> 00
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Proof. Since a,, > 0 and a,, is decreasing on (0, +00), we have [ := lim a,(s) > 0.
S— 00
Suppose that I > 0. Let

A :={x e K: Pu(z) —u(z) — ns(Lyu(z) — u(x)) > 1}.

The sets A, are closed and the family (Ag)s~o is descending. For each s > 0, A5 and
ex(K) are disjoint, so that (2.6) implies ﬂ Ay = (0. Since K is compact, there exists

5>0
t > 0 such that A; = (). Then a,(¢) < [, a contradiction. O
Theorem 2.4. (i) Let 0 < ¢ < 1. Then
m (&) 1 "
0<Pu—L"u<a,(m)1+ <1nm°’) (Pu —u), (2.7)
for all m,n > 1.
(i) If (2.6) holds for a given n > 1, then
lim L'f=Pf, feC(K). (2.8)
m—o0

Proof. (i) is a consequence of (2.5), with s = m®. From (2.7) and Lemma 2.2 we
infer that lim L)'u = Pu. This fact, combined with Corollary 3.3.4 of [7], leads to
m—r o0

(2.8). O
In the sequel we shall suppose that the limit
T(t)f = lim L™ f
exists in C'(K) for each f € C(K), each ¢ > 0, and each sequence of positive integers
(k(n))n>1 such that nl;rr;o @ =t.
Denote a(s) = sup{a,(s) :n > 1}, s> 0.
Theorem 2.5. (i) Let 0 < ¢ < 1. Then for all t > 0,
0 < Pu—T(t)u < a(t®)1 + (Pu — u) exp(—t'~°). (2.9)
(i) If sll)rgo a(s) =0, then
tlinéloT(t)f = Pf, feC(K). (2.10)

Proof. Let t > 0 be fixed. If nt® > 1, from (2.5) we get
0 < Pu— LE™y < a(t)1 + (1 — t) (Pu —u).
n C

k
Choosing k(n) such that lim k) =t, we obtain (2.9).

n—soco N

If lim a(s) =0, (2.9) yields
§—00
lim T'(t)u = Pu.
t—o0

Another application of [7, Cor. 3.3.4] concludes the proof. O
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3. An example and a quantitative result

Let K be the canonical simplex of R%, that is
K={zecR:2,...20>0, x1+... + x4 < 1}.
The canonical projection associated with K is defined, for every f € C(K) and z € K,
by
Pfz)=Q1—-z1—... —24) f(0) + 21 f(v1) + ... + zaf(va), (3.1)
where 0, v1 := (1,0,...,0),...,v4 :=(0,...,0,1) are the vertices of K.
Let f € C(K); suppose that there exists a constant Q¢ > 0 such that for all z € K,

d
f(x) = FO) < Qp >, (3.2)
i=1
d
|f(x) — f(v)] < Qy (12xj+2xi>, j=1,...,d. (3.3)

Then, for x € K,

Consider the strictly convex function v € C(K), u(z) = Z z7, v € K. Then

79
i=1

d
Pu(zx) = Z Xi,
i=1
so that for the above function f we have

[f(z) = Pf(z)] < 2Qf(Pu(z) — u(z)), z € K. (3-4)
Let L, : C(K) — C(K) be a positive linear operator preserving affine functions.
From (3.4) we get
Ly f = Pl < 2Q¢(Pu— Lj'u). (3.5)
Finally, (3.5) and (2.7) yield
L' f — Pf| <2Qy (an(mc)l + (1 - 1) (Pu— u)) ,

nme
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ie.,

1 m d
L f(x) — Pf(x)| < 2Q; [an(mc) + <1 - nmc> P x)‘| . (39)

Moreover, in the context of Theorem 2.3 we derive from (3.4):
IT()f - Pf| < 2Q4(Pu—T(t)u). (3.7)
Combined with (2.9), this gives

d
T(@)f(z) = Pf(x)] < 2Qf [a(tc) + (exp(—t'7)) Y @il - a?i)] - (38

i=1

Remark 3.1. If f € C1(K), i.e., f has continuous partial derivatives on the interior of
K which can be continuously extended on K, then (3.2) and (3.3) are satisfied with

Qf::max{‘gf :izl,...,d}.
Li || 0o

4. Examples

In this section we present examples of sequences (L, ),>1 of operators preserving
affine functions and satisfying the fundamental condition (2.6).

Example 4.1. Let B,, n > 1, be the Bernstein-Schnabl operators associated with the
canonical projection P and the arithmetic mean Toeplitz matrix (see [7, p. 381]). Let
u € C(K) be a strictly convex function. Suppose that for a given n > 1 and a given
x € K one has Byu(xz) = u(x). According to Lemma 1.1, we infer that B, f(x) = f(z),
for every f € CO(K). In particular, B,h?(z) = h?(x), for all h € A(K). Now [7,
(6.1.16)] leads to P(h?)(z) = h*(z), h € A(K). From [7, Cor. 3.3.4 and Remark to
Prop. 3.3.2] we deduce that z € ex(K). So (2.6) is satisfied for the operators B,,.

Example 4.2. Let U,, n > 1, be the genuine Bernstein-Durrmeyer operators on a
simples K in R? (see [34], [19], [35]). If u € C(K) is strictly convex, then U,u >
Bpu > u [19, Th.8]. If Uyu(x) = u(x), then Byu(z) = u(x), and from Ex. 4.1 we
know that z € ex(K). So (2.6) is satisfied for the operators U,

Example 4.3. It was proved in [28, Example 2.4] that (2.6) is satisfied for the classical
Meyer-Konig and Zeller operators on C|0, 1].

Example 4.4. The case of the Bernstein-Schnabl operators on the unit interval, asso-
ciated with a continuous selection of probability Borel measures on [0, 1], is considered
in [28, Example 3.3]. The operators satisfy (2.6).

For all the operators presented in the above examples one can apply Lemma 2.2
and, consequently, one can obtain the corresponding quantitative results derived from
Theorems 2.2 and 2.3.

Other examples and quantitative results can be found in [18], [28], [29].
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1. Introduction

It is well known that Choquet Theory provides a unified approach to inte-
gral representations in several areas of mathematics: potential theory, probability,
function algebras, operator theory, group representations, ergodic theory (see, e.g.,
[1-3, 10, 14]). Particularly, the Choquet boundary is an essential tool in Korovkin
approximation theory (see, e.g., [2, 3, 5, 9, 11, 12]).

In this paper we are concerned with the Choquet boundary for subspaces of
parabolic functions and linearly separating subspaces of continuous functions. For
other results concerning boundaries, parabolic functions, linearly separating subspaces
see, e.g., [1-4, 6, 7, 10, 12, 14] and the references therein.

Section 2 is devoted to subspaces of parabolic functions. We recall some known
results about the Choquet boundary of such a subspace, motivated by their relations
with Korovkin theory. The relation between the Choquet boundary and the set of
peak points is also investigated.

In Section 3 we study the Choquet boundary for linearly separating subspaces.
Important results in this direction were obtained in [6,13], and the references therein.
Our main result is Theorem 3.1. We start with Proposition 48 from [13] and add a
supplementary hypothesis; then we construct an example showing that without this
hypothesis the conclusion in not generally true.
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Throughout the paper we use the following definitions and notations.

For other definitions and notations see, e.g., [1-3], [10].

For a compact Hausdorff space X, let C'(X) denote the Banach space of real-
valued continuous functions on X, equipped with the supremum norm. Let S be a
subset of C'(X).

A subset B of X is called a boundary for S if for each f € S there exists b € B
such that f(b) = Ir}%nf.

Let M(X) be the space of all Radon measures on X and My (X) the set of all
Radon positive measures on X. Let

ML(X) = {p € My (X) : p(1) = 1},
For z in X let e, be the corresponding Dirac measure on X.
If S is a subset of C'(X) and pu,~ are in M (X), we write p <g v (or, simply, p < 7)
if u(s) <~(s) for all s in S.
The Choquet boundary of X with respect to S is the set
Ch(S)={zeX:peMUX),p<e, = pu=ey}

If S separates the points of X, then C'h(S) is a boundary for S (see [4]).
Let us consider the set of peak points with respect to S (see [1, p. 39]):
PSY={zeX:3feS f(x)< fly) foral yeX~{z}}.

It is easily seen that P(S) C Ch(S).

If S is a linear subspace of C(X), then

Ch(S)={zeX:pne Mi_(X),MS =ez|g = I =€z}

2. The Choquet boundary for subspaces of parabolic functions

Let E be a locally convex Hausdorff space over R, and K a compact metrizable
convex subset of E. We denote by A(K) the set of all continuous real-valued affine
functions on K and by exK the set of all extreme points of K.

Theorem 2.1. ([1, Proposition 1.4.3]) The Chogquet boundary of the subspace A(K)
coincides with exK.

We shall see that the Choquet boundary of the linear subspace of C'(K) generated
by A(K) and f € C(K), coincides with K.

Let f € C(K) be convex. Then, it is known that f has a right Gateaux derivative,
given by

Df(x:y) = lim flatty) — fl@) . flet+ty) -~ fz)
L0 t t>0 t

for all ,y such that x € K,z +y € K.

We will say that f is smooth provided that for all x € K the mapping

a; : K =R, a,(y)=Df(z;y—2) isin A(K).

Now let f € C(K) be strictly convex. Note that such a function exists since K
is metrizable (see [8]).
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Let S(f) be the subspace of C'(K) spanned by A(K) and f. The functions
belonging to S(f) are called parabolic functions. These subspaces were studied by
C.A. Micchelli [9]. In particular, in [9, Proposition 3.1] he proved that, under the
assumption that f is strictly convex and smooth, then e, € U(S(f)) for all z € K,
where

US(f)) = {pne My(K):v € MI(K), Yy, = Msy =7 = B}
This implies

Theorem 2.2. If f € C(K) is strictly convex and smooth, then Ch(S(f)) = K.

In [11, Proposition 2] it was shown that the results due to C.A. Micchelli remain
true if we omit the hypothesis that f is smooth. Then we get the result.

Theorem 2.3. If f € C(K) is strictly convex, then Ch(S(f)) = K.

From this it follows that if f € C(K) is strictly convex, then the subspace of
parabolic functions S(f) is a Korovkin subspace of C(K). This result was proved in
[5] in the case when K is a compact convex subset of R™ and in [9] in the general case
under the hypothesis that f is smooth.

As far as the peak point set of S(f) is concerned, we state the following result.

Theorem 2.4. Let K be metrizable, and f € C(K) be strictly conver and smooth.
Then P(S(f)) =K.

Proof. Let x € K and consider the function
s: K =R, s(y) = fly) — f(x) —a,(y) forall yekK.
Then s € S(f),s(x) =0,s(y) >0 for all y € K ~ {z}. Thus z € P(S(f)). O

Remark 2.5. If f € C'(K) is strictly convex but is not smooth, it is possible to have
P(S(f)) # K.

This is shown in:
Example 2.6. Let K =[—1,1] x [-1,1] and let
f:K%Rv f(z7y):x2+y27\/17y2 forall (‘T,’y)GK

Then f is strictly convex on K. By Theorem 2.3 we have Ch(S(f)) = K.
But P(S(f)) = K ~ {(z,£1) : |z| < 1}.

3. The Choquet boundary for linearly separating subspaces of C'(X)

Let H be a linear subspace of C'(X) which separates the points of X. H* denotes
the dual of H, equipped with the weak *- topology.
Let us consider the map

¢: X - H* ®(x)(h) =h(z) forall z€X, heH.
® is easily seen to be a homeomorphism between X and ®(X). Now set

Y =@ (®(X)).
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Then Y is a compact convex subset of H*. We have (see [10,13])
exY = ®(Ch(H)). (3.1)
Let us denote
Ht={heH:h>0}.
(H*)" ={h* e H* : h*(h) >0 forall he H'}.
Proposition 3.1. (see, [Prop. 46, 13]). Let us consider the following assertions:
VH=H"—HT,
) (H*)" n(=(H*)") = {0},
) 0 ¢ ©(X),
)0¢Y,
) For all x € X there exists h € H such that h(z) # 0,
) There exists hg € H such that ho > 0,
) (H*)T has a compact base.

Then we have:
()= (5) <= (1) <= (6) = (1) = (2), (6) = (7), (2) and (5) <= (6).

Let F be a subset of C(X) and set
OF)={zeX : peM(X),p<pe, = pu=ey}
We need the following lemma.

Lemma 3.2. If F is a subset of C(X), the following properties hold:

(i) O(F) = 0(gF) for allg € C(X),g > 0.

(ii) Suppose that there exists fo € F, fo > 0 and for all x € X there exists f € F
such that f(z) < 0.

Then O(F) = N{Ch(gF) : g € C(X),g > 0}.

(iii) If there exists fo € F' such that fo > 0 and —fo € F, then O(F) = Ch (%)

Proof. (i) Fix g € C(X),g > 0and y € O(F). Let p € M (X) be such that u <4r e,.
Then

9(x)
/X F@) 25 @) < fy) forall [ € F, (3.2)
Let us define v € M4 (X) by

9(y)
From (3.2) it follows that v < e,, and hence
v =ey. (3.3)
Let now t € C(X), and set
ho 99,
g

From (3.3) we obtain y(h) = h(y), i.e. pu(t) = t(y) for all t € C(X). Thus p = e,.
This means that y belongs to d(gF). So we have 9(F) C 0(gF).
Now (gF) C 9 (%gF) = (F), i.e. 3(F) = d(gF).
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(ii) We have O(F') = 0(gF) C Ch(gF) for all g € C(X), g > 0. This yields
O(F)CcnN{Ch(gF):g€ C(X),g > 0}.
Let now z € X, x ¢ O(F). Then there exists u € M (X) such that
U =<p €, (3.4)

[ e (3.5)
From hypothesis there exists f € F such that f(z) < 0.
Then (3.4) implies u(f) < f(z) < 0. So
w# 0. (3.6)
From (3.5) and (3.6) we deduce that there exists a compact subset K of X such that
v ¢ K,
p(K) > 0. (3.7)
From Urysohn’s Lemma we see that there exists a continuous function &k : X — [0, 1]
such that
k(x) =0, k|g=1. (3.8)
Then (3.7) and (3.8) imply
(k) > 0.
From hypothesis there exists fy € F' such that fo > 0. By (3.4) we have

p(fo) < fol(x).
Let us consider the function v € C'(X) given by

v=fo+ Jo(z) —M(fo)k

(k)
We have
v>0, p)=uvx). (3.9)
Now we define v € M (X) by
#1(0) = 25 duty). (3.10)

From (3.9) we deduce (1) = 1; thus
v e M(X). (3.11)
Let f be arbitrarily chosen in F'. Then we have

1 1 1
y <f> — () < s (o)
This implies
T <ipe (3.12)

Suppose now that v = e, i.e. v(g) = g(z) for all g € C(X). Let t be arbitrarily
chosen in C(X). Let us denote
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From v(g) = g(x) and from (3.10) we deduce u(t) = t(x) . This means that p = e,
which contradicts (3.5). Thus we have

v # eg. (3.13)
Now (3.11), (3.12) and (3.13) imply

1
x ¢ Ch (vF) .
So xz ¢ N{Ch(gF): g€ C(X),g > 0}. This completes the proof of (ii).
(iii) Let fo € F be such that fo > 0 and —fy € F. Then the constant functions 1 and
—1 belong to %; hence 0 (f%) =Ch (712) . From (i) we deduce 9(F) = 0 (f%) and
so I(F) =Ch (%)
Thus Lemma 3.1 is completely proved. O

In what follows we need the following definition. A subset F' of C(X) is called
linearly separating (see [6, p. 55]) if for all z,y € X,z # y there exist f,g € F such
that

f@) fy) ‘
0.
HE T
Remark 3.3. It is easily seen that F' is linearly separating if and only if for all x,y €
X,z # y, and for all ¢ € R there exists f € F such that f(x) # cf(y) (see [13]).

Remark 3.4. If F' separates the points of X and f + 1 belongs to F for all f € F,
then F' is linearly separating.

Remark 3.5. If F is linearly separating and h € C(X), h(z) # 0 for all € X, then
the set hF is linearly separating.

Remark 3.6. A linear subspace H of C(X) is linearly separating if and only if for all
z,y € X, x # y, we have ®(z) # 0 and ®(y) does not belong to the line generated in
H* by 0 and ®(x).

Remark 3.7. Let H be a linear subspace of C[0,1], dim H = 2. Then H is linearly
separating if and only if H is a Tchebycheff subspace. If H is linearly separating, then
there exists hg € H such that hg > 0.

The following result is essentially contained in [Proposition 48, 13]. Here we
introduce at 3° the additional hypothesis that there exists hg € H, hg > 0. We shall
construct an example in which, without this hypothesis, 3° does not hold, that is

0= d(H) S N{Ch(fH): f € C(X),f >0} S Ch(H).

Theorem 3.8. Let H be a linear subspace of C(X). Then:
1° O(H) c Ch(H). If H contains the constant functions, then O(H) = Ch(H).
20 9(H) = O(fH) for all f € C(X), f > 0.
30 If there exists hg € H,hg > 0, then
H

O(H) = N{Ch(fH) : f € C(X),f >0} = Ch <ho) .
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49 If H is linearly separating, then the following assertions are equivalent:
a) O(H) #10,
b) there exists hog € H,hg > 0,
¢c) H=H"—-HT,
d) (H*)"n (=(H*)") = {0}.

Proof. 1° is obvious.
29 and 3° follow from Lemma 3.1.
49 is a consequence of Proposition 3.1.

Example 3.9. Let X = [-2
and defined for all z € [—2,2] as

1
hl(x) = *53:7 hQ(:C) =1- ‘I|,

B ]_7|£L'+1|7 if $€[*2»0]3

Let us denote by H the linear subspace of C[—2,2] generated by hy, ho, h3.

,2]. Consider the functions hq, ha, hs, belonging to C[—

345

O

2,2]

We identify the functional ¢ € H* with the vector (¢(h1),¢(h2),¢(hs)); so, we

identify H* with R3.
®([—2,2]) is the following curve in R3:
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From Remark 3.6 we have that H is linearly separating. Since 0 € Y = ¢o(®([-2, 2])),
from Proposition 3.1 we deduce that H does not contain strictly positive functions
(this fact can be easily proved directly).

By Theorem 3.1 we have

o(H) = 0.
From (3.1) we deduce
Ch(H) = {-2,-1,0,1,2}.
Let us prove that
N{Ch(fH): f€C[-2,2],f >0} ={-2,0,2}. (3.14)

Let t € {—2,0,2} and f € C[-2,2], f > 0. Let p € M}([—2,2]) be such that

plpm = el (3.15)
Then we have u(fhs) = f(t)hs(t) = 0. This yields

suppu C {—2,0,2}.

Hence there exist a,b,c € [0, 1] such that

atbte=1, (3.16)

1= ae_s + beg + ces.

From (3.15) and (3.16) we obtain

f(=2)a— f(2)c = f(t)h(?)
—f(=2)a+ f(0)b— f(2)c = f(t)ha(t)
a+b+ec =1.

It is easily seen that this system has a unique solution, and we deduce p = e;.
This means that ¢t € Ch(fH). So we have

{—2,-0,2} C N{Ch(fH): f € C[-2,2], f > 0} C Ch(H) = {-2,-1,0,1,2}.

(3.17)
Let us consider now the functions f1, fo € C[—2,2] defined by
La+2x+1]), 2€[-2,0]
— 3 bl 9 I
fl(“")_{ 1, z € (0,2].
[, x € [-2,0],
Falz) = { s(1+2jz—1)), ze(0,2].

It is easy to verify that

1
5(6_2 +eg + €1)|f1H = 6—1|f1H7

1
5(672 +eo+e2)lpm = elpn.

This means that —1 ¢ Ch(f1H),1 ¢ Ch(f2H). Hence —1 and 1 do not belong to
N{Ch(fH) : f € C[-2,2], f > 0}. From (3.17) we deduce (3.14).
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An elliptic Diophantine equation from the study
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Abstract. We present the elliptic equation X242 = Y2 as the first in a sequence
of Diophantine equations arising from some new results in the theory of partitions
of multisets with equal sums. Two proofs for Theorem 2.3, showing that the only
integer solutions to this equation are (—1,1) and (-1, —1), are given.
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1. Introduction and motivation

For a positive integer k > 2 and an arbitrary positive integer n, in the papers [2] and
[1] the authors introduced the sequence (Qx(n)),,>1,

27T n

Qr(n) = %/0 H (k — 2+ 2cos st) dt. (1.1)

An enumerative formula for Qr(n) is given by the number of ordered partitions of
[n] ={1,...,n} into k disjoint sets A1, ..., Ax with the property that o(A1) = o(Ax), where
o(A) denotes the sum of all elements in A.

Clearly, Q(n) is a monic polynomial of degree n in k — 2. Moreover, in the paper [2]
is proved that

Qu(n) =) N(d,n)(k-2)""", (1.2)
d=0
where for each d = 0,...,n, the coefficient N(d,n) is the number of ordered partitions of [n]

into 3 subsets A, B, C such that |B| = d and 0(A) = o(C'), where |B| is the cardinality of B.
Therefore, Qx(n) has non-negative integer coefficients, and each coefficient has a com-
binatorial meaning in terms of partitions of the set [n]. A simple direct computation of the

The second author is supported by an EPSRC PhD studentship.



350 Dorin Andrica and George C. Turcas

integral (1.1) shows that for n = 3,4,5,6 and k > 2, we have

Qr(3) = (k—2)° +

Qr(4) = (k—2)" + 4(k 2)+2;

Qr(5) = (k—2)° + 8(k — 2)* + 6(k — 2);

Qr(6) = (k—2)° +12(k — 2)3 + 16(k — 2)* + 6(k — 2).

The sequence Q(3) is indexed as A084380 in OEIS [10], where it is mentioned that it
does not contain any perfect squares, i.e. the elliptic equation X3 4+ 2 = Y2 has no solutions
in positive integers. This is linked to a Catalan-type conjecture related to Pillai’s equation
XY —YV =m, with X,Y,U,V > 2 integers. The conjecture states that for any given integer
m, there are finitely many perfect powers whose difference is m (see [13], Conjecture 1.6).
For m = 2, it was computationally checked that the only solution involving perfect powers
smaller than 10'® is 2 = 3% — 5. The number of such solutions is linked to A076427 in OEIS.

Motivated by the property that the sequence Qx(3) does not contain any perfect
squares, in the papers [2] and [1], the authors suggested the following problems: study if
the sequence Qx(n) contains any n — 1 powers, where n = 4,5 or 6. These are equivalent to
the study of the following Diophantine equations:

X' 44X +2=Y%
X°+8X%+6X =Y
X% +12X° +16X% +6X =Y°.

Using effective methods for identifying integral points on curves, we will discuss these equa-
tions and variations of them in a following series of papers.

In Theorem 2.3 of the present paper we prove that the equation X3 + 2 = Y? has
only integer solutions (—1,1) and (—1,—1). We give two proofs for this statement. In the
first we use the fact that Q(+/2) has trivial class group, property that allows us to pass from
factorisations of ideals to nice factorisations in the ring Z[+/2]. The second proof uses the
geometry of the elliptic curve defining the equation.

2. The equation Y2 = X3 42

Although the family of Mordell equations Y2 = X®4 D, where D € Z\ {0} (see [7]) was
extensively studied, we were unable to find in the literature an explicit solution for the case
D = 2. In this section, we give two different solutions to the problem of finding all integral
x,y satisfying the aforementioned equation. In the first one we combine factorisations in the
ring of integers of Q(+/2) with an elementary solution to a particular cubic Thue equation.
Our second solution relies on the geometric structure of the elliptic curve defined by the
given affine equation.

Before going further, let us make a few remarks about the finiteness of the set of integral
points on various curves. For any bivariate polynomial f € Z[X,Y], let Cy := {(z,y) € @2
f(x,y) = 0} be an affine algebraic curve. The points of Cy with coordinates in Q are called
rational and, in general, for any S C Q, we denote by C(S) = C; N S?. Curves can be
classified by their genus, a non-negative integer associated to their projectivization. The
genus is a geometric invariant. A classical result in number theory is the following theorem

Theorem 2.1 (Siegel, 1929). If f € Z|X,Y] defines an irreducible curve Cy of genus g(Cy) > 0,
then Cy(Z) is finite.
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If additionally gf(Cy) > 2, this result is superseded by the notorious Falting’s theorem,
which says that C(Q) is also finite. Although both Siegels’ and Faltings’ theorems are
milestones in number theory, they are “ineffective” results, meaning that their proof does
not even allow one to control the size of the sets known to be finite. Therefore, they cannot
be used to explicitly determine C¢(Z) or Cf(Q).

Effectively finding rational points on curves is an incredible difficult task and a very
active topic of research. The toolbox for determining C'f(Z) became a lot richer starting with
the monumental work of Baker on linear forms in logarithms. As one of the first applications
to his theory, Baker proved the following result.

Theorem 2.2 (Baker, 1969). Suppose f(X,Y) = Y2 - ap X" —apn1 X" — oo —ao €
Z[X,Y], the polynomial anX™ + --- + ao is irreducible in Z[X], an # 0 and n > 5. Let
H =max{|ao|,...,|an|}. Then, any integral point (z,y) € Cf(Z) satisfies

max(|z|, |y|) < expexp exp{(nlO"H)”z}.

Bounds on such solutions have been improved by many authors, but they remain
astronomical and often involve inexplicit constants. Let us proceed to the resolution of our
Diophantine equations.

To settle the conjecture posed by Andrica and Bagdasar in [2] and [1] which inferred
that X342 does not contain perfect squares when X runs through the set of positive integers,
we prove the following theorem.

Theorem 2.3. The only solutions of X> + 2 = Y? in the set of integer numbers are (—1,1)
and (—-1,-1).

A few remarks are in order before giving the proof of this theorem. Since the genus
of (the projectivization of) the curve determined by this equation is 1, we can use Siegel’s
theorem to deduce that there are finitely many points with integer coordinates. By Theorem
2.2, we know that if (z,y) € Z? is a point lying on this curve, then

max(|z|, |y|) < expexp exp((330 ~2)32).

Although theoretically one could now run a for loop through all possible values of x and
check for which x> + 2 is a perfect square, the triple exponential bound presented above is
astronomical and way out of the current computational limitations. In practice, one could
check values of = up to 10*®, but could not hope to even get close to the aforementioned
triple exponential. We proceed with the first proof of for our theorem.

3. Proof to Theorem 2.3

We will make use of the following proposition.

Proposition 3.1. The only solution (a,b) € Z* to the equation

a® +3a’b 4 6ab® + 2b° =1 (3.1)
is (a,b) = (1,0).
Proof. Write f(X) = X 4+ 3X? 46X + 2 € Q[X]. It is an irreducible polynomial and let
6 € Q be any root of f. Denote by L = Q(6), the number field obtained by adjoining 6 to
Q and write Oy, for its ring of integers. L is a degree 3 extension over Q and has signature
(1,1). We are going to denote by o1, 02,03 : L < C its three different complex embeddings.

It can be checked that ring of integers Oy is Z[0, §%] and, making use of Dirichelt’s unit
theorem, one can compute the group of units

OFf = (£1)-(—6° =30 — 1) = (2/2Z) - L.
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The element p := —6? — 360 — 1 is a fundamental unit, Normy, o() = 1 and Normy, jo(—1) =
—1. The equation (3.1) can be written as
3
Normyp, ;g(a —b-0) = H(a —b-0;(0)) =1, where a,b € Z.
i=1
The above implies that a — b0 is a unit of norm 1 in Of, hence
a—b0 = u" for some n € Z. (3.2)

We are going to use p-adic analysis to solve this last equation. We first need a local field
Qp into which there are three distinct embeddings of L, equivalently a prime number p such
that the polynomial X® + 3X?2 4+ 6X + 2 has three distinct roots in Q,. We find p = 79 to
be such a prime and the distinct roots are

f1 =19—-32-79 (mod 79%)
B =20—7-79 (mod 79%) € Qro.
fs =374+38-79 (mod 797)

The root 6 of f is mapped to r1, 72 and r3 respectively, under the embeddings of L into Qrg.
Under the same embeddings, the fundamental unit 4 = —6% — 3¢ — 1 maps to

w1 =55—37-79 (mod 79%)
pe =13 —21-79 (mod 79?) € Qro.
ps =20—22-79 (mod 79%)

By embedding the equation (3.2) into Qr9, we obtain that a — b - 6; = pi and hence a =
ui +b-0; for i = 1,2 and 3. One obtains the equality

(03— 62) - p1 + (61 — 03) - o + (02 — 01) -z =0
and since pip2ps = Norm(p) = 1, we can rewrite this as
(63 — 02) + (61 — 03) - ()" + (B2 — 61) - (p2p3)"™ = 0. (3:3)

Now p3us = 62 (mod 79) and p2p3 = 65 (mod 79). Since the left hand side of (3.3) must
be equal to zero modulo 79, we can check that n is divisible by 13. Hence n = 13 - m for
some m € Z.

We have that (u3u3)'® =1 +8-79 (mod 79%) and (pou3)'™® = 1+ 36-79 (mod 79?).
We can now use Lemma 5.2 in [5] to expand

(05 — 02) + (61 — 03) - (uops) ™™™ + (02 — O1) - (p2pp3)* ™ =D ax - m",
k=1

with klim lax|l7o = 0 and it can be checked that ||ai||zo = 797" and ||ax||7e < 7972 for every
—00
k > 2. Using Strassmann’s theorem (see Theorem 4.1 in [5]), we obtain that the only value

of m for which Y ax - mP vanishes is m = 0.
k=1
This proves that n = 0 and replacing in (3.2) we obtain (a,b) = (1,0) is the only
solution to the equation in the statement, as claimed. O

Remark 3.2. We have used the computer algebra package Sage [12] for basic modular arith-
metic computations. The equation (3.1) is a Thue equation. It was proved that the latter
have finitely many solutions and algorithms that find all of them have been implemented in
various computer algebra packages. One can consult [3] for a very efficient such algorithm.
The known methods for solving general Thue equations are involved, making use of Baker’s
bounds for linear forms in complex and of complicated reduction methods such as the one
in described in loc. cit. In the above proof, we made essential use of the fact that the right
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hand side of (3.1) is 1 and that the ring Or has only one fundamental unit to apply p-adic
analysis techniques successfully.

We now return to the proof of our theorem. Let K = Q(v/2) and denote by Ox = Z[/2]
its ring of integers. The later is a Dedekind domain, i.e. it is Noetherian, integrally closed in
its field of fractions Frac(Ox) = K and all its non-zero prime ideals are maximal. For any
element o € Ok, we are going to denote by (0) C Ok the principal ideal o generates.

Suppose that z,y € Z \ {0} are such that *> = x> + 2. Therefore, in Ok we have the
factorization (y — v/2) - (y + v/2) = 2* and the same holds for the ideals generated by these
factors. It is known that ideals of Ok factor uniquely into prime ideals. Suppose the prime
ideal p C Ok divides both of the non-zero ideals (y —+/2) and (y ++/2). Then, p must divide
the ideal generated by the difference y + V2 — Y+ V2 =22 =23, As (\/5) C Ok is the
only prime ideal of Ok that lies above 2, we must have p = (v/2). Hence, the ideals (y —v/2)
and (y + /2) are coprime outside of (v/2). From the previous factorization, we deduce that
for every prime ideal p # (v/2), if p divides (y — v/2), then p* divides the same ideal.

To see what happens in the case p = (v/2), let u € Gal(K/Q) be the non-trivial Q-
automorphism of K. Given a rational prime p, Gal(K/Q) acts naturally on the ideals p of
Ok that lie above p. Write p* for the ideal obtained from p by applying u to every element
in p. As u(v/2) = —v/2, we note that (v2)* = (=v2) = (v/2), i.e. u stabilises the ideal
above 2. Notice that (y — v/2)* = (y + v/2), hence the powers of (1/2) that divide the ideals
(y —+/2) and (y 4 +/2) are equal. Since the product (y —v/2) - (y +/2) is a third power, we
conclude that the power of (v/2) dividing (y — v/2) must be divisible by 3.

It is an easy exercise, using for example the Minkowski bound, to prove that the class
group of K is trivial. In particular, this means that every ideal of Ok is principal. Considering
the remarks above, we have

(y — V2) = (x0)* = (23), as ideals, where o € Ok.

We deduce that y — /2 and z} are the same up to a unit in the ring O, that is there
exists a unit v € U(Ok) such that y — v/2 = u - 3.

By Dirichlet unit’s theorem we know that U(Ok) is isomorphic to T - Z, where T is
the finite group formed by the roots of unity that lie in K. It is an easy exercise to verify
that U(Ox) = (—1) - (1 — v/2), so 1 — v/2 is the fundamental unit of Ox. Observing that
every element v € U(Uk) can be written as u = (1 — v/2)* - (uo)® where i € {—1,0,1} and
up € U(Ok) C Ok, we derive that

y—V2=(1-v2)" a3,
for some i € {—1,0,1} and z; € Og. The element x; is of the form a+ bv/2 for a,b € Z. For

each choice of i € {—1,0,1}, by equating the coefficients of /2 in the left and right hand
side of the above equation, we obtain an equality of the form

fla,b) = -1 (3.4)
where f € Z[z,y] is a homogeneous cubic polynomial. When f is reducible (3.4) can be
easily solved using factorization in Z. If this is not the case and f is irreducible, the equation
(3.4) is a cubic Thue equation. It is known (see for example [3]) that the latter have finitely
many integral solutions and routines for determining them have been implemented in various
computer algebra packages. We will appeal to Proposition 3.1 to find the solutions of the
latter type of equations that arise here.

Let us analyse each of the three cases.
Casel.i=—-1=y—+v2=(1-+v2)""(a+b/2)>
Hence,
y—v2=—a®—6a’b—6ab® — 4b®> + V2 (—a3 — 3ab — 6ab® — 2b3) .
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Using that 1,+/2 are linearly independent over Q, we obtain the following two equations:

y = —a® — 6a’b — 6ab® — 4b° (3.5)
and

1 =a® + 3a®b + 6ab® + 2b°. (3.6)
The variable y is an indeterminate and every solution (a,b) to (3.6) will determine a value
for y. From Proposition 3.1, we know that the only solution in integers to the last equation
is a =1 and b = 0. Substituting, we see that this corresponds to y = —1, which implies that
r=—1.
Case 2.1 =0=1y— 2= (a+b/2)>
Expanding the right hand side, we see that

y—V2=d®+6ab’ + V2 (3a2b+ 2b3)
and since 1,v/2 are linearly independent over Q we must have
—1="0-(3a" + 20%).

Trying b = £1, we see that 3a> + 2 = T1 is not solvable. Hence this case does not give us
any solutions.

Case3.i=1=y—2= (1—\/5)-(a+b\/§)3.
This gives us
y—V2= a® — 6ab + 6ab® — 4b° + /2 (fa3 + 3a®b — 6ab® + 2b3) ,
which implies that
3 2 2 3
1=a" —3a"b+ 6ab” — 2b".

By making the substitution ¢ := —b in the last equation we obtain the one discussed in Case
1. Therefore}7 using Proposition 3.1 once again we find a = 1, b = 0 and hence y = 1. Using
that y? = 2® + 2, we get that = —1. The proof of our theorem is now complete.

In the proof above we made explicit use of the fact that Q(+/2) has trivial class group,
information that allowed us to pass from factorisations of ideals to nice factorisations of
elements in the ring Z[v/2]. In general, for D € Z the ideal class group of Q(v/D) can be
arbitrary large so our first strategy will not work for more general Mordell equations. The
second proof of our theorem can be adapted to find all the integral solutions of Y2 = X2+ D
for any fixed D € Z.

The given problem is one of explicitly determining the integral points on the affine
curve given by Y2 = X® + 2. These can be found by exploiting its rich geometric structure,
as presented below.

4. Alternate proof to Theorem 2.3

The geometry of the curve is better captured by its projectivization
E:=Y*7Z =X*+22% e P*(C), (4.1)

a non-singular projective curve of genus 1, which contains the point O =[0:1:0] € P2 (Q),
commonly called “the point at infinity”. The point at infinity is the only one on the projective
curve that does not naturally project on our chosen affine model. The set of complex points
on E can be given an abelian group structure for which the distinguished point O acts as
the identity element. The group law is given by chord-tangent formulas and therefore it is
easy to see that E(Q) is a subgroup of E(C). By a famous theorem of Mordell, we know that
E(Q) 2T x Z" (as abstract abelian groups) where T is a finite group, commonly called the
torsion subgroup and r is a positive integer called the rank.
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Using the Lutz-Nagell theorem (see Corollary 7.2 in [11]), it is easy to deduce that T’
is included in {O, P, —P}, where P = [-1:1:1] and —P = [—1: —1 : 1] are inverses of each
other under the group law. Using the formulae for addition on the elliptic curve, we compute
all the values of 2- P,...,12 - P and observe that none of them is equal to the origin O.
For example, 5- P = [108305279/48846121 : 1226178094681/341385539669 : 1] # O, and the
larger multiples of P involve denominators that are too big to fit in one line. In his seminal
article [9], Mazur gave a classification of all the possible isomorphisms types for the torsion
group of an elliptic curve defined over Q. From there, we see that the order of any torsion
point is at most 12 and therefore we can conclude that P has infinite order.

The non-torsion part of E(Q) is in general extremely difficult to compute. Even com-
puting the rank of a given elliptic curve is, in general, a notorious problem. The latter
quantity features in the famous Birch and Swinnerton-Dyer conjecture, one of the Mille-
nium Problems. There are implementations of algorithms that succeed most of the times in
computing the rank and finding generators. By running one such, namely John Cremona’s
mwrank algorithm implemented in Sage [12], we prove unconditionally that » = 1 and P is
the generator of F(Q). Just to sum up,

EQ) = (P) =17,

so all the points with rational coordinates on the projective curve are of the form k - P, for
k € Z. By computing with the group law, one can observe that 2- P = [17/4 : —71/8 : 1]
and —2- P = [17/4 : 71/8 : 1]. As |k| > 2, the experiments suggest that the coordinates of
k - P have denominators that grow extremely fast. We should remark that we always set the
last coordinate Z = 1, as we are interested in the image of these points on the affine curve.

Suspecting that P and —P are the only points with integral affine coordinates, we will
use the program integral points implemented in Sage by Cremona to prove it. The algorithm
behind integral points is described in Section 8.7 of [6]. We will mention briefly that this
algorithm relies on a deep generalisation of Baker’s theorem due to David and Hirata-Kéhno
[8], which if applied to our setup proves that if |k| > ¢'°° then k - P does not have integral
coordinates on our affine model. Additionally, the aforementioned algorithm includes a clever
application of the LLL reduction algorithm to reduce the bound e'°° to 13, in our case. After
this reduction, the program tests which of k- P are integral, when k£ < 13. The Sage program
integral points requires as input our elliptic curve E and a list of generators for the Mordell-
Weil group E(Q). It returns as output all the points in E(Z). We refer the reader to Section
8.7 of [6] for a deeper understanding of integral points and of the Sage output below, which
proves our theorem.

sage: E = EllipticCurve([0,2]);

sage: E

Elliptic Curve defined by y™2 = x"3 + 2 over Rational Field

sage: P = E(-1,1)

sage: E.integral_points(mw_base = [P], both_signs = True, verbose = True)

Using mw_basis [(-1 : 1 : 1)]

el,e2,e3: 0.629960524947437 - 1.09112363597172%I,
0.629960524947437 + 1.09112363597172%I, -1.25992104989487

Minimal and maximal eigenvalues of height pairing matrix:
0.754576903181227,0.754576903181227

x-coords of points on non-compact component with -1 <=x<= 2

[-1]

starting search of remaining points using coefficient bound 4 and
x| bound 184648.204428771

x-coords of extra integral points:

[-1]
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Total number of integral points: 2
[(-1 : -1 : 1), (-1 :1: 1]
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Approximation with Riemann-Liouville
fractional derivatives
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Abstract. In this article we study quantitatively with rates the pointwise con-
vergence of a sequence of positive sublinear operators to the unit operator over
continuous functions. This takes place under low order smothness, less than one,
of the approximated function and it is expressed via the left and right Riemann-
Liouville fractional derivatives of it. The derived related inequalities in their right
hand sides contain the moduli of continuity of these fractional derivatives and
they are of Shisha-Mond type. We give applications to Bernstein Max-product
operators and to positive sublinear comonotonic operators connecting them to
Choquet integral.
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1. Introduction

In this paper among others we are motivated by the following results:

First by P.P. Korovkin [9], (1960), p. 14: Let [a,b] be a closed interval in R
and (Ly),cy be a sequence of positive linear operators mapping C'([a, b]) into itself.
Suppose that (L, f) converges uniformly to f for the three test functions f = 1, x, 2.
Then (L, f) converges uniformly to f on [a,b] for all functions f € C ([a, b]).

Let f € C([a,b]) and 0 < h < b — a. The first modulus of continuity of f at h is
given by

wi (f,h) = sup |[f(z) = f(y)l
z,y€a,b]
lz—y|<h
If h > b — a, then we define wy (f,h) = w1 (f,b— a).
Another motivation is the following:
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By Shisha and Mond [12], (1968): Let [a,b] C R a closed interval. Let {L, }nen
be a sequence of positive linear operators acting on C ([a, b]) into itself. For n = 1,...,
suppose L, (1) is bounded. Let f € C ([a,b]). Then for n = 1,2, ..., we have

[nf = flloe < 1flloo [1En1 = oo + 1 En1 + 1o w1 (f; n) »

where )
3

Lo ((t=2)*) (@)
and |-, stands for the sup-norm over [a,b].
One can easily see, forn =1,2, ...

,ui < ||Ln (tQ;x) — :L‘2||OO +2¢c||Ly (t;2) — x| o + c? | Ly (1;2) — 1]

where ¢ = max (|al , |0]).

Thus, given the Korovkin assumptions, as n — oo, we get u, — 0, and
|Lnf — flloo — 0 for any f € C([a,b]). That is one derives the Korovkin conclu-
sion in a quantitative way and with rates of convergence.

We continue this type as research here for positive sublinear operators over con-
tinuous functions with existing left and right Riemann-Liouville fractional derivatives
of order less than one. We give applications.

Other motivations come from author’s monographs [2], [3] and [4].

,un:‘

o0

o ?

2. Main results
‘We mention

Definition 2.1. ([10, pp. 68, 89]) Let z, 2’ € [a,b], f € C ([a,b]). The Riemann-Liouville
(R-L) fractional derivative of a function f of order ¢ (0 < ¢ < 1) is defined as

per )= { T nn

oS @), <

= 71 { di;lfzzz(xl - t? _qqf (t) dt7 $//> xz, (21)
Fl—q) | % [0 @t—a)"f(t)dt, o' <uz,

the left and right R-L fractional derivatives, respectively, where I" is the gamma

function.

‘We need

Lemma 2.2. ([1], [10], pp. 71, 75) Let z,2’ € [a,b], f € ([ b)), 0 < ¢ < 1. Assume

that DY, (7 ()= 1 (@) € C ([o,b)), DI_ (£ ()~ f () € C ([a,a)), where  is fived.

/

F) - f0) = [ @9 T DL (O f @) @)
allz < 2’ <b, and
@) =@ =gz [ =)D G = fad(23)

alla <2’ < 2.
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We accept 0 - 0o = 0 and we notice that DY, 0= DI_0=0.

We need
Definition 2.3. Let f € C ([a,b]). The first modulus of continuity is given by
wi (f,0) == sup |f(x)=[f(y)l, 6>0. (2.4)
z,y€la,b]
lz—y[<é

We need

Definition 2.4. Denote by D4 (f (-) — f (z)) any of DI, (f(-) — f (x)), and § > 0.
We set

wi (DY(f () = £ (x)),6) (2:5)
= max fwr (DL, (F () = £ (@)),6) w1 (DL (F() = £ (2)),6) -
We give

Theorem 2.5. Here f € C([a,}]), 0 < ¢ < 1, § > 0; z,2’ € [a,b]. Assume that
DI (f ()= f(2) € C([z,b]), and D_(f(-) — f(2)) € C([a,2]), where x is fized.
Then

‘.’[/ _ x|q+1

(g+1)6

/

fx|q+

|z

wi (D (f () = f(2)),0)
I'(g+1) [ ] -0
V' ela,b].

Proof. Obviously DI, (f (x) — f (x)) = 0. We estimate:
i) Case of x < 2/ <b:

— qu)/x (@' — )| DL, (f(2) — f(2) = DL, (f (x) — f (x))| d= 2.7)
(61>0) L z 2 — N q 7 01 (z _ x)
s [ (P 0 - ), )Md

_ ) - f (:L‘)) ) 51)[x b] (:,E/ — l‘)q 1 o' / q—1 2—1
= ) [ . a/w (' —2)" " (z—2)" " dz
(D (FO=F@),00) 0 [@—2)"  1T@T2),, e
B T (g) [ ;. THTury Y } (28)
(D (FO=F@) 0y (@ =) 1 T() |, g
a I (q) [ . TETarn Y }
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(x/ _ x)q i (x/ _ x)qul
q 61 qlg+1)

on (DI (F ()= F)),6) l
)
! (Dg'f' (f (() -f (33)) ’ 51)[:1:,b] [( r )q + i (33/ — x)q+1] .

')
I'(q

(2.9)

I'(g+1) 6 (¢+1)
When z < 2’ < b, we have proved that
|f (@) = f(2)] <
wn (DL (F () = 1 @) .01) l(
L(g+1)
where 0 < ¢ < 1, §; > 0.

(2.10)

ii) Case of a < 2’ <z (here DI_ (f (x) — f (x))

1) na
wo [E=2)  1T@T@), 0
@ { ¢ T nTry Y } (2.12)

wi (DI (f () = f(2)),82) [(x _ )l o= x/)q+1‘|

I'(q) q q(q+1)0;
_wdpgaﬂ»—funﬁﬂ@ﬂbm_fy+

B I'(g+1)
When a < 2’ < z, we have proved that

(J) _ x/)q+11 .

(q+1)62

If (@) = f (@) <
w1 (Dgf (f () - f (.’E)) 762)[a,x] na ({I? B x/)‘l+1

2.13
(g+1)02 ( )
where 0 < ¢ < 1, d2 > 0.

Finally choose: 61 = 63 =: § > 0. The theorem is proved. d
We need
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Definition 2.6. Here C ([a,b]) :=
Let Ly : Cy ([a,b]) = C+ ([a, b]), operators, V N € N, such that
(i) Ly (af) = aLy (), Ya > 0,Yf € C ([a,b]),
(ii) if f,g € C4 ([a, b)) : f < g, then Ly (f) < Ln(g), VN €N,
(ili) Ln (f +9) < Ln (f)+Ln(9), V f.9€Cy([a,b]).
We call {Ln} ¢y positive sublinear operators.

= {f :[a,b] — R4, continuous functions}.

We make
Remark 2.7. Let f,g € Cy ([a,b]), then it holds
L (f) (#) — Ly (9) (8)] < Ly (1f — g) (x), V & € [a,b]. (2.14)
Furthermore, we also have

[Ly () (@) = f (@) < Ly (I () = f(@)]) (@) + | f (@) [Lw (eo) () = 1], (2.15)

V€ la,b; e (t) =1.
From now on we assume that Ly (1) = 1. Hence

Ly (f) (@) = f ()| < Ly (If () = f (@)]) (=), Vo € [a,b]. (2.16)
We give
Theorem 2.8. Let f € Cy([a,b]), 0 < ¢ < 1, DI _(f(:)—f(x)) € C([z,b]),
DI_(f(-)— f(x) € C(la,z]), x is fized, where x € [a,b]. Then
wi (DE(f () = [(2)),0) g, l—a™
10 -7 < AL l|-—x s | 020 @1
‘We present:
Theorem 2.9. Let f € Cy ([a,b]), Dy (f (1) = f (x)) € C ([w, ]) ~(f() = f(2) €
C ([a,x]), where x € [a,b] is fized, O < q<1,8>0.Let Ly : ([ b)) = C4+ ([a,b]),
be positive sublinear operators, such that LN( )=1,V N eN. Then
[ (f) (z) = £ (2)] (2.18)
w1 (DL(/ () = [ (2)).9) A (e [
S PR {LN("‘”C'W” @+ |

vV N eN.
We need Holder’s inequality for positive sublinear operators:

Lemma 2.10. ([5], p. 6) Let L : C4 ([a,b]) — C4 ([a,b]), be a positive sublinear op-
erator and f,g € Cy ([a,b]), furthermore let p,q > 1 : %—l—% = 1. Assume that

L((f()P)(54), L((g(:)?) (s4) > 0 for some s« € [a,b]. Then

L(f () () (s0) < (T O)) (57 (L (9 (D)D) (52)7 - (2.19)
‘We make

=
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Remark 2.11. In Theorem 2.9 we assumed Ly (1) =1, V N € N. We further assume
that Ly (| - x|q+1) (r) >0,V N €N, for the fixed x € [a,b].
Then, by (2.19), we obtain

q

Ly (| = ol (@) < (Lw (|- = 2l™) @), vNeN. (2.20)
We give

Theorem 2.12. All as in Theorem 2.9, plus Ly (\ - a:|q+l) () >0,V N €N, fora
fized x € [a,b]. Then

wi (DF (f () = f(x)),9)

[Ln () (z) = f ()] <

F(g+1)
q =z (2 o
. (LN <| _ x‘q-f—l) (x))qi1 1+ (LN <| (q —’|_ 1)2 ( )) ’ (2.21)

vV N eN.

_1
Next we choose ¢ := (LN (| - x\qﬂ) (:U)) >0, to obtain:
Theorem 2.13. All as in Theorem 2.9, plus Ly (| - x|q+1) () >0, VN eN; z €

[a,b] is fized. Then

(¢+2)
Lx (F) (@) = F (@) < 1t
wr (D26 0= £ (B (12l @) ) (B (1=l @) T
(2.22)
vV N eN.
Application 2.14. The max-product Bernstein operators are defined by
N L2
BWMﬂ@%:v“wNwaUJ7VNEN, (2.23)

Vi:V:OPNAk ()
. _( N\ & N-k .
where V stands for maximum, and py j (z) = )T (1—-ux) ,and f:[0,1] —
R, is a continuous function, see [6], p. 10.
These are positive sublinear operators mapping C ([0,1]) into itself. Notice
BM(1)y=1,y NeN.
In [5], p. 76, we proved that

B](VM) <| — 33‘1""/3) (aj) < \/%, Ve [O, 1}, (224)

VNEN,VA3>0.
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Furthermore, clearly it holds that
B (|. - x\W) (2)>0, YNeN, VB3>0, (2.25)
and any x € (0,1).
‘We present

Theorem 2.15. Let f e C,([0,1]), DI (f()—/f(x) € C([1]),
DI _(f()—f(z)eC(0,z]), where x € (0,1), 0 < g < 1. Then

BY (1) (@) - £ (@)

q

<3, (Dgu(-)—f(x)),( NGH)) (=) e

vV N € N.
As N — 400, we get BJ(VM) (f) () = f ().

Proof. By (2.23), (2.24), (2.25) and Theorem 2.13. O

One can give many examples like in Theorem 2.15, but we choose to omit it this
task.

Choquet integral has become very important in statistical mechanics, potential
theory, non-additive measure theory, and lately in economics. For the definition and
properties of Choquet integral read [7], [8], [13].

We denote it by (C) |-

Next we talk about representations of positive sublinear operators by Choquet
integrals:

We need

Definition 2.16. Let € be a set, and let f,g : 2 — R be bounded functions. We say
that f and g are comonotonic, if for every w,w’ € €,

(f (W) = F (W) (g (w) —g () 20 (2.27)
We also need the famous Schmeidler’s Representation Theorem (Schmeidler 1986).

Theorem 2.17. ([11]) Denote with Lo (A) the vector space of A-measurable bounded
real valued functions on Q, where A C 2% is a o-algebra. Given a real functional
I': Lo (A) = R, assume that for f,g € Lo (A):

() T(cf) = T (f), ¥ e >0,

(it) f < g, implies I' (f) <T'(g),
and

(iti) T (f+g) =T (f)+T (g9), for any comonotonic f,g.

Then v (A) :=T(14), V A € A, defines a finite monotone set function on A,
and T" is the Choquet integral with respect to -y, i.e.

T (f) = (C) /Q FW) Ay (), V€ Lo (A). (2.28)

Above 14 denotes the characteristic function on A.
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We make

Remark 2.18. Consider here [a,b] C R, B = B([a,b]) is the Borel o-algebra on [a, ],
and L (B) is the vector space of B-measurable bounded real valued functions on
[a,b]. Let (Ln)yen be a sequence of positive sublinear operators from Lo, (B) into
C4 ([a,b]), and = € [a,b]. That is here Ly fulfills the positive homogenuity, mono-
tonicity and subadditivity properties, see Definition 2.6.

Assume Ly (1) =1,V N € N. Clearly here L, (B) D C4 ([a,b]). In particular
we treat Ln|c., ([a,5]); just denoted for simplicity by Ly, V N € N.

It is clear that Ly () (z) : Loo (B) — R is a functional, V N € N. It has the
properties:

(i)
Ly (cf)(z) =cLn (f) (), V>0,V fe Lo (B)), (2.29)
(ii)
[ < g, implies Ly (f) (z) < Ly (9) (z), where f,g € Lo (B), (2.30)
and
(i)
Ly (f+9)(2) <Ly (f)(x)+Ln(g) (), Vfg€Lx(B). (2.31)
For comonotonic f,g € Lo (B), we further assume that
Ly (f+9)(z)=Ln(f)(@)+Ln(9)(z). (2.32)

In that case Ly is called comonotonic.

By Theorem 2.17 we get that:
YNz (A):=Ln(1a)(x), VA€ B, VN €N, (2.33)

defines a finite monotone set function on B, and

b
Ly (f) () = (C) / £ () dyne (1), (2.34)

VfeLls(B),YNeN

In particular (2.34) is valid for any f € C4 ([a, b]). Furthermore ~yy ., is normal-
ized, that is Yy 5 ([a,0]) =1,V N € N.

We give

Theorem 2.19. Let f € Cy ([a,b]), DI, (f () — f(x)) € C([x,b]),

Dy (f() = f () € C([a,2]),

where x € [a,b] C R is fited, 0 < ¢ < 1. Let Ly : Lo (B([a,b])) = C4 ([a,b]), be
positive sublinear comonotonic operators, such that Ly (1) = 1,V N € N. Assume
that

b
(0)/ It — 2| dywa (£) > 0, YN € .



Approximation with Riemann-Liouville fractional derivatives 365

Then

(q+2)

Ly (F) @)~ F @) < 5

b T
wi|DE(f ()= [ (2)), <(C)/ t—2| "™ dyn e (t)>

. ((0) /b = 2" s (t)> T yNen (2.35)

If
’ 1
(0)/ It — )" dyn . (t) = 0,
then Ly (f) () — f(z), as N — oc.
Proof. By Theorem 2.13. g
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Abstract. The purpose of this paper is to study the uniqueness problems of cer-
tain difference polynomials of meromorphic functions sharing a nonzero polyno-
mial. The results of this paper improve and generalize some recent results due
to Li, Yi and Li [11]. Some examples have been exhibited to show that some
conditions used in the paper are sharp.
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1. Introduction, definitions and results

In this paper by meromorphic functions we shall always mean meromorphic
functions in the complex plane.

We adopt the standard notations of value distribution theory (see [6]). For a non-
constant meromorphic function f, we denote by T'(r, f) the Nevanlinna characteristic
of f and by S(r, f) any quantity satisfying S(r, f) = o{T(r, f)} as r — oo possibly
outside a set of finite linear measure. We denote by T'(r) the maximum of T'(r, f) and
T(r, g). The notation S(r) denotes any quantity satisfying S(r) = o(T'(r)) as r — o0,
outside of a possible exceptional set of finite linear measure.

A meromorphic function a(z) is called a small function with respect to f, pro-
vided that T'(r,a) = S(r, f). The order of f is defined by

logT
o () = limsup 8L )
r—oo  logr
For a € CU {00}, we define
. N(r,a; f)
. —1—-1 .
O(a; f) i sup =
and
N(r,a; f)

Oa; f=1-— lirnib;gop T )
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Let f(z) and g(z) be two non-constant meromorphic functions. Let a(z) be a small
function with respect to f(z) and g(z). We say that f(z) and g(z) share a(z) CM
(counting multiplicities) if f(z) — a(z) and g(z) — a(z) have the same zeros with the
same multiplicities, we say that f(z), g(z) share a(z) IM (ignoring multiplicities) if
we do not consider the multiplicities.

We say that a finite value zy is called a fixed point of f if f(z9) = 2z or zp is a
zero of f(z) — z.

Let f(z) be a transcendental meromorphic function and n € N. Many authors
have investigated the value distributions of f™f’. At the starting point, we recall the
result of Hayman (see [5], Corollary of Theorem 9). In 1959, Hayman proved the
following theorem.

Theorem A. [5] Let f(z) be a transcendental meromorphic function and n € N such
that n > 3. Then f™(2)f'(z) = 1 has infinitely many solutions.

The case n = 2 was settled by Mues [15] in 1979. Bergweiler and Eremenko [1]
showed that f(z)f’(z) — 1 has infinitely many zeros.

For an analogue of the above results Laine and Yang [10] investigated the value
distribution of difference products of entire functions in the following manner.

Theorem B. [10] Let f(z) be a transcendental entire function of finite order, and c be
a non-zero complex constant. Then for n > 2, f*(2)f(z + ¢) assumes every non-zero
value a € C infinitely often.

The following example shows that Theorem B does not remain valid if n = 1.
Example 1.1. [10] Let f(z) = 1+ €*. Then f(z)f(z + mi) — 1 = —e?* has no zeros.

The following example shows that Theorem B does not remain valid if f(z) is
of infinite order.

Example 1.2. [13] Let f(2) = e=¢. Then f2(2)f(z +¢) —2 = —1 and p(f) = oo,
where ¢ is a non-zero constant satisfying e¢ = —2. Clearly f2(z)f(z + ¢) — 2 has no
Zeros.

It is to be mentioned that in the meantime Chen, Huan and Zheng [2] obtained
some results a part of which related to the content of the present paper.

In 2009, Liu and Yang [13] further improved Theorem B and obtained the next
result.

Theorem C. [13] Let f(z) be a transcendental entire function of finite order, and ¢
be a non-zero complex constant. Then, for n > 2, f™(2)f(z + ¢) — p(z) has infinitely
many zeros, where p(z) is a non-zero polynomial.

The following example shows that the condition “p(f) < 00” in Theorem C is
necessary.

Example 1.3. [13] Let f(z) = e=¢. Then f*(2)f(z +¢) — P(z) = 1 — P(z) and
p(f) = oo, where ¢ is a non-zero constant satisfying e¢ = —n, P(z) is a non-constant
2

polynomial, n is a positive integer. Clearly f™(z)f(z + ¢) — P(z) has finitely many
Zeros.
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In 2010, Qi, Yang and Liu [16] studied the uniqueness of the difference monomials
and obtained the following result.

Theorem D. [16] Let f(z) and g(z) be two transcendental entire functions of finite
order, and ¢ € C\ {0}; let n € N such that n > 6. If f"(2)f(z +¢) and g"(2)g(z + ¢)
share z CM, then f(z) = t1g(z) for a constant t, that satisfies 7' = 1.

Theorem E. [16] Let f(z) and g(z) be two transcendental entire functions of finite
order, and ¢ € C\ {0}, let n € N such that n > 6. If f*(2)f(z+¢) and g"(2)g(z +¢)
share 1 CM, then f(2)g(z) = ta or f(z) = tsg(z) for some constants ty and t3 that
satisfy ty ™t =1 and t3T = 1.

In 2014, Li, Yi and Li [11] improved Theorems C, D and E to meromorphic
functions and obtained a number of results as follows.

Theorem F. [11] Let f(z) be a transcendental meromorphic function such that its
order p(f) < oo, let ¢ be a non-zero complex number, and let n > 6 be an integer.
Suppose that P(z) £ 0 is a polynomial. Then f™(z)f(z+c¢)— P(z) has infinitely many
zeros.

Theorem G. [11] Let f(z) be a transcendental meromorphic function such that its
order p(f) < oo and d(oo; f(2)) > 0, let ¢ be a non-zero complex number, and let
n > 5 be an integer. Suppose that P(z) # 0 is a polynomial. Then f™(z)f(z+c)— P(z)
has infinitely many zeros.

Theorem H. [11] Let f(z) and g(z) be two distinct transcendental meromorphic func-
tions of finite order, let ¢ be a mon-zero complexr number, let n > 14 be an inte-
ger and let P(z) £ 0 be a polynomial such that 2deg(P) < n — 1. Suppose that
f"(2)f(z4¢) — P(z) and g"(2)g(z + ¢) — P(z) share 0 CM. Then

(D) if n > 10 and if f*(2)f(z+ ¢)/P(z) is a Mébius transformation of
g"(2)g(z + ¢)/P(z), then one of the following two cases will hold:
(i) f(2) =tg(z), wheret # 1 is a constant satisfying t"*1 = 1.
(ii) f(2)g(z) = t, where P(z) reduces to a non-zero constant c1, say, and t is
a constant such that t"1 = 2.

(IT) if n > 14, then one of the two cases (I) (i) and (1) (ii) will hold.

Theorem I. [11] Let f(z) and g(z) be two distinct transcendental meromorphic func-
tions of finite order, let ¢ be a non-zero complex number, let n > 12 be an integer and
let P(z) # 0 be a polynomial such that 2deg(P) < n+ 1. Suppose that f(z) and g(z)
share oo IM, f™(2)f(z +¢) — P(z) and g"(2)g9(z + ¢) — P(z) share 0,00 CM. Then

(D) if n > 10 and if f*(2)f(z+ ¢)/P(z) is a Mébius transformation of
9" (2)g(z + ¢)/P(z), then one of the following two cases will hold:
(i) f(2) =tg(z), wheret # 1 is a constant satisfying t"t! = 1.
(i) f(z) = e9® and g(z) = te= ), where P(z) reduces to a non-zero constant
c1, say, and t is a constant such that t"T' = ¢, Q(z) is a non-constant
polynomial.

(IT) if n > 12, then one of the two cases (I) (i) and (1) (ii) will hold.
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Theorem J. [11] Let f(z) and g(z) be two distinct non-constant meromorphic func-
tions of finite order. Suppose that ¢ is a non-zero complex number and n > 17 is an
integer. If f™"(2)f(z +¢) — z and ¢g"(2)g(z + ¢) — z share 0 CM, then f(z) = tg(z),
where t # 1 is a constant satisfying t"T' = 1.

Theorem K. [11] Let f(z) and g(z) be two distinct non-constant meromorphic func-
tions of finite order, ¢ be a mon-zero complex number and n > 13 be an integer.
Suppose that f(z) and g(z) share oo IM, f™(2)f(z+¢)—z and g"(2)g(z+¢) — z share
0,00 CM. Then f(z) =tg(z), where t # 1 is a constant satisfying t"*1 = 1.

At the end of [11] the following open problem was posed by the authors.
Open problem. What can be said about the conclusion of Corollary 1.1 [11] if we
replace the condition “n > 6” with “2 <n < 5”7

One of our objective to write this paper is to solve this open problem.

Next we recall the notion of weighted sharing [9] as it will render an useful tool
to relax the nature of sharing.

Definition 1.1. [9] Let £k € NU {0} U {oo}. For a € CU {co} we denote by Ey(a; f)
the set of all a-points of f where an a-point of multiplicity m is counted m times if
m < k and k + 1 times if m > k. If Ex(a; f) = Ex(a;g), we say that f, g share the
value a with weight k.

We write f, g share (a,k) to mean that f, g share the value a with weight k.
Clearly if f, g share (a, k) then f, g share (a,p) for any integer p, 0 < p < k. Also
we note that f, g share a value @ IM or CM if and only if f, g share (a,0) or (a, o)
respectively.

Next observing the above results the following questions are inevitable.
Question 1. Can the lower bound of n be further reduced in Theorem 1?7
Question 2. Can one replaced the condition d(oc; f) > 0 of Theorem G by weaker
one?

Question 3. Can“CM” sharing in Theorems H, I, J, K be reduced to finite weight
sharing?

In this paper we want to investigate the above situations. We now present the
following theorems which are the main results of the paper.

Theorem 1.1. Let f(2) be a transcendental meromorphic function of finite order, ¢ €
C\ {0} be fizred, n € N such that n > 1 and let a(z)(# 0,00) be a small function of

f(2). If

5—n

0(0: )+ O(00: ) > 2,

then f™(2)f(z + ¢) — a(z) has infinitely many zeros.

Theorem 1.2. Let f(z) and g(z) be two distinct transcendental meromorphic functions
of finite order, ¢ be a non-zero complex number, n > 14 be an integer and p(z) Z 0
be a polynomial such that 2deg(p) < n — 1. Suppose that f"(z)f(z + ¢) — p(z) and
9"(2)g(z + ¢) — p(2) share (0,2). Then
(D) if n>10 and if f*(2)f(z+c)/p(z) is a Mébius transformation of
9" (2)g(z + ¢)/p(=), then one of the following two cases will hold:
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(i) f(2) =tg(z), wheret # 1 is a constant satisfying t"T1 = 1.
(ii) f(2)g(z) = t, where p(z) reduces to a nonzero constant c1, say, and t is a
constant such that t"*1 = c3.

(IT) if n > 14, then one of the two cases (I) (i) or (I) (i) will hold.

Theorem 1.3. Let f(z) and g(z) be two distinct transcendental meromorphic functions
of finite order, ¢ be a non-zero complex number, n > 12 be an integer and p(z) Z 0
be a polynomial such that 2deg(p) < n + 1. Suppose that f and g share (00,0),
" (2)f(z+¢) —p(z) and g™ (2)g(z + ¢) — p(z) share (0,2) and (o0, 00). Then
(D) if n > 8 and if f*(2)f(z+ ¢)/p(z) is a Mébius transformation of
9" (2)g(z + ¢)/p(2), then one of the following two cases will hold:

(i) f(2) =tg(z), wheret # 1 is a constant satisfying t"*1 = 1.

(i) f(2) = eQ® and g(z) = te=9®), where p(z) reduces to a non-zero constant
c1, say, and t is a constant such that t"T1 = ¢ Q(z) is a non-constant
polynomaal.

(IT) if n > 12, then one of the two cases (I) (i) or (I) (i) will hold.

Theorem 1.4. Let f(z) and g(z) be two distinct non-constant meromorphic functions
of finite order and let p(z) be a non-constant polynomial such that deg(p) = . Suppose
that ¢ is a non-zero complex number and n > 14 + 31 is an integer.

If fr(2) f(z+¢) —p(2) and g™ (2)g(z + ¢) — p(z) share (0,2), then f(z) = tg(z), where
t # 1 is a constant satisfying t"+1 = 1.

Remark 1.1. It is easy to see that the conditions f(z) and g(z) as well as
f"(2)f(z+ ¢) = p(z) and g"(2)g(z + ¢) — p(2)
have common poles in Theorem 1.3 are sharp by the following examples.

Example 1.4. Let

1 1
1(2) e +1 and G (2) e —1
Let ¢ be a non-zero constant satisfying e® = —1. Clearly Pi(z) and Q1(z) are tran-

scendental meromorphic functions of finite order. Let ¢ be a nonzero constant such

that "1 =1 and let

Pi(z) Qu1(2)
Then f(z) and g(z) are transcendental meromorphic functions of finite order. Note
that neither f(z) and g(z) nor f*(z)f(z+¢) —1 and g"(2)g(z + ¢) — 1 have common
poles. Clearly f"(z)f(z + ¢) — 1 and ¢"(2)g(z + ¢) — 1 share (0,00), but neither
f(2) = tg(z) nor f(z) = e?*) and g(z) = t1e~?(*), where t; is a nonzero constant
and Q(z) is a non-constant polynomial.

Example 1.5. Let

e —1 e +1
d P
o 9(z) =p(2) - —

f(z) = p(2)

3
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where p(z) is a non-zero polynomial.

Let ¢ be a non-zero constant satisfying e¢ = —1. Clearly f(z) and g(z) are transcen-
dental meromorphic functions of finite order. Note that neither f(z) and g(z) nor
M (2)f(z+¢) —p"(2)p(z + ¢) and g"(2)g(z + ¢) — p™(2)p(z + ¢) have common poles.
Clearly f"(2)f(z +¢) —p"(2)p(z + ¢) and g"(2)g(z + ¢) — p" (2)p(z + ¢) share (0, 00),
but neither f(z) = tg(z) nor f(z) = e?®) and g(z) = t;e~?*) where ¢, is a non-zero
constant and Q(z) is a non-constant polynomial.

Example 1.6. Let
Pi(z) = Z e 2" 42 and Qi(z) = Z e 2 43,
n=0 n=0
Clearly P;(z) and Q1(z) are transcendental entire functions with zero order. Let ¢ be
a non-zero constant such that t"*! =1 and let
Pi(2) Q1(2)

f(z)_Ql(Z)v g<z)_tpl(z)'
Then f(z) and g(z) are transcendental meromorphic functions with zero order. Note
that neither f(z) and g(z) nor f™(z)f(z+c¢) — 1 and ¢"(z)g(z + ¢) — 1 have common
poles. Clearly f™(z)f(z + ¢) — 1 and ¢"(2)g(z + ¢) — 1 share (0,00), but neither
f(2) = tg(2) nor f(z) = e?® and g(z) = t1e~ ), where t; is a non-zero constant
and Q(z) is a non-constant polynomial.

We now explain following definitions and notations which are used in the paper.

Definition 1.2. [8] Let a € C U {oc}. For p € N we denote by N(r,a; f |< p) the
counting function of those a-points of f (counted with multiplicities) whose mul-
tiplicities are not greater than p. By N(r,a; f |< p) we denote the corresponding
reduced counting function.

In an analogous manner we can define N(r,a; f |> p) and N(r,a; f |> p).

Definition 1.3. [9] Let k¥ € NU{oo}. We denote by N(r,a; f) the counting function of
a-points of f, where an a-point of multiplicity m is counted m times if m < k and k
times if m > k. Then Ni(r,a; f) = N(rya; f)+ N(r,a; f |[>2)+ ...+ N(r,a; f |[> k).

Clearly Ny(r,a; f) = N(r,q; f).

2. Lemmas

Let F and G be two non-constant meromorphic functions. Henceforth we shall
denote by H the following function.

F// 2F/ G// 2G/
- _ _ _ S 2.1
(7 -75)- (& -5) @)
Lemma 2.1. [18] Let f(z) be a non-constant meromorphic function and let an,(z)
(£0), an—1(2), ..., ag(z) be meromorphic functions such that T(r,a;(z)) = S(r, f)

fori=0,1,2,...,n. Then
T(ryanf™ + an_1 f" '+ ...+ a1 f +ao) = nT(r, f) + S(r, f).
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Lemma 2.2. [3] Let f(z) be a meromorphic function of finite order o, and let c € C\{0}
be fized. Then for each € > 0, we have

n(nFr) () —oe

Lemma 2.3. [4] Let f(z) be a meromorphic function of finite order o, and let ¢ € C\{0}
be fixed. Then for each € > 0, we have

T(r, f(z+c)) = T(r, f(2)) + O(r"~*%) + O(log 1)

and

o(f(z+¢) = o(f(2)).
The following lemma has little modifications of the original version (Theorem 2.1 of
3)-

Lemma 2.4. Let f(2) be a transcendental meromorphic function of finite order, ¢ €
C\ {0} be fized. Then

T(r, f(z+c) =T(r, f) + 5(r, f).
Lemma 2.5. [7] Let f(2) be a non-constant meromorphic function of finite order and
c € C. Then
N(r,0; f(z +¢))

< N(r,0; f(2)) + S(r, f), N(r,00; f(z +¢)) < N(r,00; f) + 5(r, f),
N(r,0; f(z +¢)) <

(r,0; f(2)) +S(r, f), N(r,00; f(z+¢)) < N(r, 00 f) + S(r, f).

Lemma 2.6. Let f(z) be a non-constant meromorphic function of finite order o, ¢ €
C\ {0} be fized and let ®(z) = f™(2)f(z+¢c), where n € N such that n > 1. Then for
each € > 0, we have

(n=1) T(r, f) <T(r,®) + O(r"~*%) + S(r, f).
Proof. The proof of lemma follows from Lemmas 2.6 [14] and 2.2. O

N
N

Lemma 2.7. Let f(z) be a non-constant meromorphic function of finite order o, ¢ €
C\ {0} be fized and let n € N with n > 1. Then S(r, f*(2)f(z 4+ ¢)) = S(r, f).

Proof. By Lemmas 2.1 and 2.3 we have
T(r, f"(2)f(z4¢c) < T(rf")+T(r f(z+c))

< T 1)+ T S) + 00 %) + Ologr) + 5(r,))

(n+1) T(r, f) + O(r"=1*%) + O(log ) + S(r, f),

for all € > 0. This shows that T'(r, f™(2) f(z ) =0(T(r, f)).

Also by Lemma 2.6 we have T'(r, f) = O(T'(r, f"(2) f(z 4+ ¢))). Thus we have
S(r, f"(2)f(z+¢)) = S(r, f).

This completes the proof. O

IA

Lemma 2.8. [9] Let f and g be two non-constant meromorphic functions sharing (1,2).
Then one of the following holds:

(i) T(Tv f) < NQ(Ta(); f) +N2(T?O;g) +N2(T7 OO,f) +N2(r,oo;g) + S(’I“, f) + S(T,g),
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(i) fg=1,
(i) /=g,
Lemma 2.9. [20] Let H be defined as in (2.1). If H =0 and
lim sup N(r,0; F) + N(r,0;G) + N(r,00; F') + N(r, 00; G) <1,
r—>00 T(T)

where I is a set of infinite linear measure, then F =G or F -G = 1.

rel,

Lemma 2.10. [[19], Lemma 7.1] Let F' and G be two non-constant meromorphic func-
tions such that G is a Mobius transformation of F. Suppose that there exists a subset
I C R with its measure mesI = +oo such that

N(r,0; F) + N(r,0;G) + N(r,00; F) + N(r,00; G) < (A + o(1))T(r, F),
asr €I and r — oo, where A< 1, then F=G or F-G = 1.

Lemma 2.11. [Hadamard Factorization Theorem] Let f be an entire function of finite
order o with zeros ai,as,..., each zeros is counted as often as its multiplicity. Then
f can be expressed in the form

f(2) = B(2)e*®,

where a(z) is a polynomial of degree not exceeding [o] and 5(z) is the canonical product
formed with the zeros of f.

Lemma 2.12. Let f(2), g(z) be two non-constant meromorphic functions of finite order
o, c€ C\ {0} and n € N such that n > 2. If

@) f(z+e)=9"(2)9(2 +¢),
then f(z) = tg(z) for some constant t # 1 such that t"*1 = 1.
Proof. Suppose

@) f(z+e)=9"(2)9(2 +¢). (2.2)
Let h = g. Then from (2.2) we have

1

h"(2) ero)

Il
—~

o

W
~

Now by Lemmas 2.1, 2.2 and 2.5 we get

nT(r,h) =T(r,h")+ S(r,h) =T <T, h(zl—i—c)> + S(r,h)

< N(r,0;h(z+c¢))+m (7“, + S(r, k)

)

h(z) 1
< N(r,0;h — — S(r,h
< M0k 4 (g 2 )+ () + 56
<T(r,h) +O(r7 ') + S(r,h),
which is a contradiction since n > 2. Hence h must be a constant, which implies that
h"*t1 =1, where h # 1, thus f(z) = tg(z) for some constant t # 1 such that ¢t"*! = 1.
This completes the the proof. O
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Lemma 2.13. Let f(2), g(z) be two non-constant meromorphic functions of finite order
o, c € C\{0} and n € N such that n > 2. Let p(z) be a nonzero polynomial such that
2deg(p) < n — 1. Suppose

Fr(2)f (2 +)g"(2)g(= + ¢) = p*(2).

Then f(z)g(z) = t, where p(z) reduces to a nonzero constant ci, say, and t is a

constant such that t"*! = c3.

In particular when f and g share (00,0) and 2deg(p) < n+ 1, then
flz) = 9 and g(z) = te*Q(z),
where p(z) reduces to a nonzero constant ¢y, say, and t is a constant such that
g,
Q(z) is a non-constant polynomial.
Proof. Suppose
FM(2)f (2 +0)g" (2)g(z + ¢) = p?(2). (2.4)
Let hy = fg. Then from (2.4) we have

R (2) hlp(z(i)c). (2.5)

First we suppose that h;(2) is a non-constant meromorphic function. We now consider
following two cases.

Case 1. Let hq(z) be a transcendental meromorphic function.

Now by Lemmas 2.1, 2.2 and 2.5 we get

2

nT(r,h1) =T(r,h}) + S(r,h1) =T (r, fu(f—i—c)) + S(r, hy)

< N0z + ) +m( S h)

1
) +O(r7 ) + S(r, hy)

< N(r,0;h1(2)) +m (r, hll(z)
<T(r,hy) + O )+ S(r, hy),

which is a contradiction.
Case 2. Let hq(z) be a rational function.
Let

hy = — (2.6)

where ho and hz are two nonzero relatively prime polynomials. From (2.6) we have

T(r,h1) = max{deg(ha), deg(hs)}logr + O(1). (2.7)



376 Abhijit Banerjee and Sujoy Majumder

Now from (2.5), (2.6) and (2.7) we have

n max{deg(hs),deg(hs)} logr (2.8)
T(r,hT) + O(1)

T(r,hi(z+c¢)) +2T(r,p) + O(1)

max{deg(hz),deg(hsz)} logr + 2 deg(p) logr + O(1).

IN

We see that
max{deg(hs), deg(hs)} > 1.
Now from (2.8) we deduce that

which contradicts our assumption that 2 deg(p) < n — 1.

Hence hi(z) is a non-zero constant. Let hy =t € C\ {0}. Therefore in this case p(z)
reduces to a non-zero constant. Let p(z) = ¢; € C\ {0}. So from (2.5) we see that

ntl — 2 - n+l — 2
R =c¢f, le, " =c7.

Therefore

where ¢ is a constant such that ¢"+1 = ¢2.

In particular, suppose f(z) and g(z) share (00, 0). Now from (2.4) one can easily
say that f(z) and g(z) are non-constant entire functions.
Let h1 = fg. First we suppose that h; is non-constant.

Now from Case 1, one can easily say that h; can not be a transcendental entire
function. Hence h; is a non-constant polynomial. Since 2deg(p) < n + 1, from (2.4),
we arrive at a contradiction. Hence h; is a nonzero constant, say t. Therefore in this
case p(z) reduces to a non-zero constant. Let p(z) = ¢; € C\ {0}.

Clearly 0 is a Picard exceptional value of both f(z) and g(z). Consequently both
f(2) and g(z) are transcendental entire functions.

Now by Lemma 2.11, f(z) and g(z) take the forms

f(z)= e and g(z) = te= Q)

where t is a constant such that t"*! = ¢? and Q(z) is a non-constant polynomial.
This completes the proof. O

Lemma 2.14. Let f(z), g(z) be two non-constant meromorphic functions of finite order
o, c€ C\{0} and n € N such that n > 2. Let p(z) be a non-constant polynomial such
that 2deg(p) <n — 1. Then

Fr(2)f(z +0)g" (2)g(z + ) # p?(2).

Proof. The proof of lemma follows from Lemma 2.13. O
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3. Proofs of the theorems

Proof of Theorem 1.1. Let ®(z) = f™(z)f(z + ¢). Now in view of Lemmas 2.1, 2.6
and the second theorem for small functions (see [17]), we get

(n—=1)T(r, f)
<T(r, @) + 07 1%) + S(r, f)
< N(r,0;®) + N(r,00;®) + N(r,a(2); ®) + O(r°17¢) + ( )
<N(r,0; ) + N(r,0; f(z + ¢)) + N(r, 00; f*) + N(r, 00; f (2 + ))+N( ( ); ®)

+ 07+ (5 +0(1)) T )
3

< 2N(r,0; f) + 2N(r,00; f) + N(r,a(2); ®) + O(r° 1 7€) + (g + 0(1)) T(r, f)

< (1-2000:0) - 2000 1)+ 5 ) T 1) 4 Nale1s)

+ O ) + (S +o(1) T(r. )
< (4-20(05 f) = 20(00; f) +€)T(r, f) + N(r,a(2); ®) + O(r7~1F%) + o(T(r, f)),
for all € > 0. Take ¢ < 20(0; f) + 20(o0; f). Since O(0; f) + O(oc; f) > 252, from

above one can easily say that ®(z) — a(z) has infinitely many zeros. This completes
the proof. O

Proof of Theorem 1.2. Let
A O (G R A Ol GRS
P& =00 1OE ==

Then F' and G share (1,2). We now consider following two cases.

Case 1. Suppose F' is a Mobius transformation of G.

By Valiron-Mokhon’ko Lemma, we see that T(r,F) = T(r,G) + O(1). Clearly
S(r,F) = S(r,G). Now in view of Lemmas 2.5 and 2.6, we get

N(r,0;F) + N(r,0;G) + N(r,00; F) + N(r,00; G)
= N(r,0; f) + N(r,0; f(z +¢)) + N(r,0;9) + N(r,0; g(z + ¢))
N(r,00; f) 4+ N(r,00; f(z + ¢)) + N(r,00; g) + N(r,00; g(z + ¢))
S( ) +5(r,9)
N(r,0; f) + 2N (r, 00; f) + 2N (r,0: g) + 2N(r, 001 9) + S(r, f) + S(r, )

+ +

<AT(r, ) +4T(r.g) + 007 1) + Ollogr) + S(r. ) + S(r.9)

< - i 1T(r, F)+ %T(r, G)+ 0@ ') + O(logr) + S(r, F) + S(r,G)
8

<

— 1T(T7 F)+ 0@ ') + O(logr) + S(r, F),
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for all € > 0. Since n > 10, we must have
N(r,0; F) + N(r,0;G) + N(r,00; F) + N(r,00; G) < (A+ o(1))T(r, F),

where A < 1 and so by Lemma 2.10, we have either F =G or F -G = 1.

We now consider following two sub-cases.

Sub-case 1.1. F = G.

Then by Lemma 2.12, we have f(z) = tg(z) for some constant ¢ # 1 such that

Tt = 1.

Sub-case 1.2. F'- G = 1.
Then
fr(2)f(z +0)g"(2)g9(z + ) = p*(2)
and so by Lemma 2.13, we have f(z)g(z) = ¢, where p(z ) reduces to a nonzero constant
c1, say and ¢ is a constant such that
"t = ¢l
1

Case 2. Suppose n > 14.
Now applying Lemma 2.8, we see that one of the following three sub-cases holds.
Sub-case 2.1. Suppose

T(r,F) < Na(r,0; F) + Na2(r,0; G) + Na(r,00; F) + Na(r,00; G) + S(r, F) + S(r, G).
Now by applying Lemmas 2.1 and 2.5, we have
T(r,F)
< No(r,0; F) + No(r,0; G) + Na(r,00; F) + No(r,00; G) + S(r, f) + S(r, g)
= Na(r,0; f" f(z 4 ¢)) + Na(r,0;9"g(2 + ¢))
+ No(r,00; f" f(2 + ¢)) + Na(r, 003 9"g(2 + ¢)) + S(r, ) + S(r, 9)
< Na(r, 05 f") + Na(r,0; f(z + ¢)) + Na(r, 05 g") + Na(r,0; g(2 + ¢)) + Na(r,00; f7)
+ Na(r,00; f(z + ¢)) + Na(r,00;9") + Na(r, 005 9(z + ¢)) + S(r, f) + 5(r, 9)
<2N(r,0; f) + N(r,0; f(z+¢)) + 2N (r,0;9) + N(r,0; g(z + ¢)) + 2N (r, 005 f)
+ N(r,00; f(z +¢)) + 2N (r, 005 g) + N(r,00;9(z + ¢)) + 5(r, f) + S(r, g)
<AT(r, )+ N(r,0; f) + N(r,00; f) + 4T (r, g)
+ N(r,0;9) + N(r,00;9) + O(r° 1) 4 O(log ) + S(r, f) + S(r, 9)
< 6T(r, f) +6T(r,g) + O(r° ') + O(logr) + S(r, f) + S(r,9),
for all € > 0. From Lemma 2.6, we have
(n—DT(r, f) < 6T(r,f) +6T(r,g) +O(r° ) + O(logr) + S(r, f) + S(r,9)
< 12T(r) + O(r7 %) + O(log ) + S(r). (3.1)
Similarly we have
(n—1)T(r,g) <12T(r) + O(r° ') + O(logr) + S(r). (3.2)
Combining (3.1) and (3.2), we get
(n—1)T(r) <127T(r) + O(r° ') + O(logr) + S(r),
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which contradicts with n > 14.
Sub-case 2.2. F' =(G.
Then by Lemma 2.12, we have f(z) = tg(z) for some constant ¢ # 1 such that

=1,

Sub-case 2.3. F'- G = 1.
Then by Lemma 2.13, we have f(z)g(z) = t, where p(z) reduces to a nonzero constant
c1, say and t is a constant such that "1 = ¢2. This completes the proof. O

Proof of Theorem 1.3. Let

Py PG | g Galto)
p(2) p(z)

Also F, G share (1,2) and (00, 00) except for zeros of p(z). We now consider following

two cases.

Case 1. Suppose F' is a Mobius transformation of G.

Let AC LB
+
F= ——— .
CG+ D’ (3.3)
where A, B,C, D are constants and AD — BC # 0. Again
T(r,F)=T(r,G)+ O(1). (3.4)

Clearly S(r, F) = S(r, G). We now consider the following sub-cases:
Sub-case 1.1. Let AC # 0. Since F', G share (00, 00), it follows from (3.3) that

N(r,00; F') = S(r, F) and N(r,00;G) = S(r, F).

Again since

B
P A+ &
= R
C+&
it follows that A
N(T,G;F) =S(r, F).

So in view of Lemma 2.6 and using the second fundamental theorem, we get

(n—1)T (Tf)<T( "(2)f(z+ ) + O(r77 %) + S(r, f)
T(r,F)+0(r ") + S(r, f

)
< N(r,0; F) + N(r,00; F) + N(r,g, >—|—O o) £ S(r, f)

< 2N(r,0; f) 4+ 2N (r,00; f) + O(r7~142) + S(r, f)
<AT(r, f) + O~ %) + S(r, f),

for all € > 0, which is impossible since n > 6.
Sub-case 1.2. Let A # 0 and C = 0. Then F' = aG + 3, where

A B
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Sub-case 1.2.1. Let 8 = 0. Then we get F' = aG. Since n > 6, it follows that F' — 1
and G — 1 have infinitely many zeros. Clearly 1 can not be a Picard exceptional value
of F and G. Since F', G share (1,0), it follows that « = 1 and so F' = G, i.e.,

" (2)f(z+¢) = g"(2)9(z + 0).
Now by Lemma 2.12, we have f(z) = tg(z) for some constant ¢ # 1 such that t"*! = 1.
Sub-case 1.2.2. Let 8 # 0. Clearly « # 1, as F, G share (1,00). So in view of Lemmas
2.5 and 2.6 and using the second fundamental theorem, we get
(n—=1)T(r, f)

<T(r, f*(2) f(z+¢) + O ) + S(r, f)

<T(r,F)+ O ')+ S(r, f)

< N(r,00; F) + N(r,0;F) + N(r, ; F) + O(r"~"*%) + 8(r, f)
< N(r,00; F) + N(r,0; F) + N(r,0; G) + S(r, f)

< 2N(r,00; f) + 2N (r,0; f) + 2N (r,0;9) + O(r*~1*) + S(r, f) + S(r, 9)

<AT(r,g) +2T(r, f) + O(r"~'%%) + O(log ) + S(r, f) + S(r, 9),
for all € > 0. Without loss of generality, we suppose that there exists a set I with
infinite measure such that T'(r, f) < T'(r,g) for r € I.
So for r € I, we have

(n—7) T(r,g) < O(r"~"*) + O(logr) + S(r,9),

for all € > 0, which is a contradiction since n > 8.
Case 1.3. Let A =0 and C # 0. Theanﬁ,wherevz %#Oand(S:%.
Sub-case 1.3.1. Let § = 0. Then F = 7%1 Since F, G share (1, 00), it follows that v = 1
and then FG =1, i.e., f*(2)f(z + ¢)g™(2)g(z + ¢) = p*(2). Now by Lemma 2.13, we
have f(z) = e?(®) and g(z) = te=9(*)| where p(z) reduces to a nonzero constant c;,
say and t is a constant such that "1 = ¢2 and Q(z) is a non-constant polynomial.
Sub-case 1.3.2. Let § # 0. Clearly v # 1, as F, G share (1,00). Since F', G share
(00, 00), it follows that N(r,o00; F') = S(r, F') and N (r,00; G) = S(r, F'). Consequently

1)
N(r, —;; G)=S5(rF).
So in view of Lemma 2.6 and using the second fundamental theorem, we get
(n—1)T(r,9)
<T(r,g"(2)g(z +¢)) + O(r71*%) + 5(r, )
<T(r,G)+O(r" ") + 5(r, g)

| /\

N(r,0;G) + N(r,00; G) N( )—|—O(”1+5)+S(rg)

"y
< 2N(r,0;9) + 2N(r,00;g) + O(r° 1) + S(r, g)
< AT (r,g) + O(r° ') + S(r, 9),

for all € > 0, which is impossible since n > 6
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Case 2. Suppose n > 12.
We now consider following two sub-cases.

Sub-case 2.1. Let H # 0.

From (2.1) it can be easily calculated that the possible poles of H occur at (i) multiple
zeros of ' and G, (ii) those 1 points of F' and G whose multiplicities are different, (iii)
those poles of F and G whose multiplicities are different, (iv) zeros of F’'(G’) which
are not the zeros of F(F —1)(G(G —1)).

Since H has only simple poles we get

N(r,00; H) (3.5)
< N, (r,00; F,G) + N.(r,1; F,G) + N(r,0; F| > 2) + N(r,0; G| > 2)
+ No(r,0; ') + No(r,0;G") + S(r, f) + S(r, 9),
where Ng(r,0; F”) is the reduced counting function of those zeros of F” which are not
the zeros of F(F — 1) and No(r,0;G") is similarly defined.

Let zp be a simple zero of F'— 1 but p(z9) # 0. Then z is a simple zero of G — 1 and
a zero of H. So

N(r,1;F)=1) < N(r,0; H) < N(r,o0; H) + S(r, f) + S(r, g). (3.6)

Note that

N*(’T’,OO;F,G) = S(Taf)
Now using (3.5) and (3.6) we get

N(r,1;F) (3.7)
<N 1L F|=1)+N(r,1;F| > 2)
< N.(r,1;F,G)+ N(r,0; F| > 2) + N(r,0; G |> 2)
+ N(r,1;F |>2) + No(r,0; F') + No(r,0; G") + S(r, f) + S(r, 9).

Now in view of Lemma 2.3 we get

No(r,0;G")+ N(r,1;F |[>2) + N.(r,1; F,G) (3.8)
< No(r,0;G")+ N(r,1;F |[>2)+ N(r,1; F |> 3)
= No(r,0;G') + N(r,1;G |>2)+ N(r, 1;G |> 3)
< No(r,0;G')+ N(r,1;G) — N(r,1;G)
< N(r,0;G" | G #0) < N(r,0;G) + N(r,00; G) + S(r, g).
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Hence using (3.7), (3.8) and Lemma 2.5, we get from the second fundamental theorem
that

T

—

r, F)
(r,0; F) + N(r,00; F) (r,1; F) — No(r,0; F') + S(r, f)
(r,0; F) + N(r,00; F) (r,0; F |>2) +N(r,0;G |>2) + N.(r,1; F,G)
(r,1; F |>2) + No(r,0;G") + S(r, f) + S(r, 9)
2(r,0; F) + No(r,0; G) + N(r,00; F) + N(r,00; G) + S(r, f) + S(r, g)
2(r, 0 f" f(z + ¢)) + Na(r, 09" g(2 + ¢))
(r, 005 f" f(2 4 ¢)) + N(r,00;g"g(2 +¢)) + S(r, f) + S(r,9)
2(r, 05 /™) + Na(r, 0; f (2 + ¢)) + Na(r,0; ") + Na(r, 0; g(= + ¢)) + N(r, 00; ")
(1,00 f(z+¢)) + N(r,00,9") + N(r,00,9(2 + ¢)) + S(r, f) + S(r, 9)
2N(r,0; f) + N(r,0; f(z + ¢)) +2 N(r,0;9) + N(r,0; g(z + ¢)) + N(r, 00; f)

+ N(r,00; f(z +¢)) + N(r,00:9) + N(r,00;9(z + ¢)) + S(r, f) + 5(r, 9)

< 3T(r, f) + N(r,0; f) + N(r,00; f) + 3T(r, g)

+N(r,0:9) + N(r,00,9) + O(r7~ %) + O(log ) + S(r, f) + S(r.9)

<5T(r, f) +5T(r,g) + O(r° ') + O(logr) + S(r, f) + S(r,9),
for all € > 0. From Lemma 2.6, we have

(n—1)T(r, f) <5T(r, f) + 5T(r,9) + O(r° ) + O(logr) + S(r, f) + S(r, 9)

< 10T(r) + O(r°=**¢) +- O(log ) + S(r). (3.9)

IN
=

+N
+N

A+ A
= 2 =

N+
=z =2 =

A+
=

Similarly we have
(n—1)T(r,g) <10T(r) + O(r° ') + O(logr) + S(r). (3.10)
Combining (3.9) and (3.10), we get
(n—1)T(r) <10 T(r) + O(r° %) + O(logr) + S(r),

which contradicts with n > 12.

Case 2.2. Let H = 0.

Here in view of Lemmas 2.5, 2.6 and proceeding in the same way as done in Theorem
1.2, we get

N(r,0; F) + N(r,0;G) + N(r,00; F) + N(r,00; G)
il T(r,F)+ O(TU_H'E) + S(r, F),
n—

for all € > 0. Since n > 10, we must have
N(r,0; F) + N(r,0;G) + N(r,00; F) + N(r,00; G) < (A + o(1))T(r, F),

where A < 1 and so by Lemma 2.9, we have either F =G or F -G = 1.
We now consider following two sub-cases.
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Sub-case 2.2.1. F' = G.

Then by Lemma 2.12, we have f(z) = tg(z) for some constant ¢ # 1 such that
=1,

Sub-case 2.2.2. F'- G = 1.

Then f(2)f(z+¢)g"(2)g(z+¢) = p*(2) and so by Lemma 2.13, we have f(z) = e?(*)
and g(z) = te~ 2 where p(z) reduces to a nonzero constant c;, say and  is a constant
such that t"T! = ¢2, Q(2) is a non-constant polynomial. This completes the proof. [

Proof of Theorem 1.4. Let
") f(z+¢) _9"(2)g9(z+¢)
T e =T
Then F' and G share (1,2) except for zeros of p(z). Note that
T(r, f"(2)f(z+¢)) <T(r,F)+llogr and T(r,¢g"(2)g(z + ¢)) < T(r,G) + llogr.

Also we see that T'(r, f) > logr + O(1) and T'(r, g) > logr + O(1).
Now applying Lemma 2.8, we see that one of the following three cases holds.
Case 1. Suppose

T(r, F) < No(r,0; F) + Nao(r,0; G) + Nao(r,00; F) + Nao(r,00; G) + S(r, F) + S(r, G).
Now by applying Lemmas 2.1 and 2.5, we have
T(r, F)
< Na(r,0; F) + Na(r,0; G) + Na(r,00; F) + Na(r,00; G) + S(r, f) + S(r, g)
= No(r,0; f"f(z+¢)) + Na(r,0; ¢"g(z + ¢))
+ Na(r,00; f* f(2 + ¢)) + Na(r, 003 9"g(2 + ¢)) + 2llog r + S(r, f) + S(r, g)
< No(r, 05 f7) + Na(r, 05 f (2 + ¢)) + Na(r,0;9™) + Na(r,0; 9(2 + ¢)) + Na(r, 003 f*)
T No(r,00: £(2 + €)) + Na(r, 00167) + Na(r, 00: (= + ) + 2logr + S(r, /) + S(r, )
<2N(r,0; f) + N(r,0; f(z +¢)) + 2N (r,0;9) + N(r,0; g(z + ¢)) + 2N (r, 005 f)
+ N (1,005 f (2 + ) + 2N (r, 003.9) + N(r, 00595 + ) + 2llogr + 8(r, ) + 5(r,9)
<AT(r, f) + N(r, 05 f) + N(r,00; f) +4T(r, 9)
+ N(r,0;g) + N(r,00; g) + 2llogr + O(r" ') + O(log r) + S(r, f) + S(r, 9)
< 6T(r, f) +6T(r,g) + 2llogr + O(r7 ') + O(logr) + S(r, f) + S(r, g),
for all € > 0. From Lemma 2.6, we have
(n —1)T(r, f) (3.11)

< T(r, f(2)f (2 + ) + O(r7~ 1)

< T(r F) +llogr + O(r7—1%)

<6T(r, f) +6T(r,g) + 3llogr + O(r° =) 4 O(logr) + S(r, f) + S(r, 9)

< (124 3D)T(r) + O(r° ') + O(logr) + S(r).
Similarly we have

(n—1)T(r,g) < (12+31) T(r) + O(r° ') + O(log 1) + S(r). (3.12)

F(z) =
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Combining (3.11) and (3.12), we get
(n—1)T(r) <12+ 30) T(r) + O(r° ') + O(logr) + S(r),
which contradicts with n > 14 + 31.
Sub-case 2.2. F = (G.
Then by Lemma 2.12 we have f(z) = tg(z) for some constant t # such that ¢t"*! = 1.
Sub-case 2.3. -G = 1.
Then we have f™(z)f(z + ¢)g"(2)g(z + ¢) = p?(z). But this is impossible by Lemma
2.14. This completes the proof. O
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1. Introduction

In the qualitative theory of evolution equations, exponential dichotomy, essen-
tially introduced by O. Perron in [16] is one of the most important asymptotic prop-
erties and in last years it was treated from various perspective.

For some of the most relevant early contributions in this area we refer to the
books of J.L. Massera and J.J. Schaffer [11], Ju. L. Dalecki and M.G. Krein [8] and
W.A. Coppel [6]. We also refer to the book of C. Chichone and Yu. Latushkin [5].

In some situations, particularly in the nonautonomous setting, the concept of
uniform exponential dichotomy is too restrictive and it is important to consider more
general behaviors. Two different perspectives can be identify for to generalize the
concept of uniform exponential dichotomy: on one hand one can define dichotomies
that depend on the initial time (and therefore are nonuniform) and on the other hand
one can consider growth rates that are not necessarily exponential.

The first approach leads to concepts of nonuniform exponential dichotomies and
can be found in the works of L. Barreira and C. Valls [1] and in a different form in
the works of P. Preda and M. Megan [20] and M. Megan, L. Sasu and B. Sasu [13].

The second approach is present in the works of L. Barreira and C. Valls [2],
A.J.G. Bento and C.M. Silva [3] and M. Megan [12].

A more general dichotomy concept is introduced by M. Pinto in [19] called (h, k)-
dichotomy, where h and k are growth rates. The concept of (h,k)— dichotomy has a
great generality and it permits the construction of similar notions for systems with
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dichotomic behaviour which are not described by the classical theory of J.L. Massera
[11].

As a natural generalization of exponential dichotomy (see [2], [7], [9], [21], [22]
and the references therein), exponential trichotomy is one of the most complex as-
ymptotic properties of dynamical systems arising from the central manifold theory
(see [4]). In the study of the trichotomy the main idea is to obtain a decomposition
of the space at every moment into three closed subspaces: the stable subspace, the
unstable subspace and the central manifold.

Two concepts of trichotomy have been introduced: the first by R.J. Sacker and
G.L. Sell [21] (called (S,S)-trichotomy) and the second by S. Elaydi and O. Hayek [9]
(called (E,H)-trichotomy).

The existence of exponential trichotomies is a strong requirement and hence it
is of considerable interest to look for more general types of trichotomic behaviors.

In previous studies of uniform and nonuniform trichotomies, the growth rates are
always assumed to be the same type functions. However, the nonuniformly hyperbolic
dynamical systems vary greatly in forms and none of the nonuniform trichotomy can
well characterize all the nonuniformly dynamics. Thus it is necessary and reasonable
to look for more general types of nonuniform trichotomies.

The present paper considers the general concept of nonuniform (h, k, p, v)— tri-
chotomy, which not only incorporates the existing notions of uniform or nonuniform
trichotomy as special cases, but also allows the different growth rates in the stable
subspace, unstable subspace and the central manifold.

We give characterizations of nonuniform (h, k, p, v)— trichotomy using families
of norms equivalent with the initial norm of the states space. Thus we obtain a
characterization of the nonuniform (h, k, p, v)—trichotomy in terms of a certain type
of uniform (h, k, u, v)—trichotomy.

As an original reference for considering families of norms in the nonuniform the-
ory we mention Ya. B. Pesin’s works [17] and [18]. Our characterizations using families
of norms are inspired by the work of L. Barreira and C. Valls [2] where character-
izations of nonuniform exponential trichotomy in terms of Lyapunov functions are
given.

2. Preliminaries

Let X be a Banach space and B(X) the Banach algebra of all linear and bounded
operators on X. The norms on X and on B(X) will be denoted by || - ||. The identity
operator on X is denoted by I. We also denote by A = {(¢,s) € R : ¢ > s > 0},

We recall that an application U : A — B(X) is called evolution operator on X if

(e1) U(t,t) =1, for every t > 0
and
(e2) Ult,tg) =Ul(t,s)U(s,tg), for all (¢, s), (s, tg) € A.
Definition 2.1. A map P : R, — B(X) is called
(i) a family of projectors on X if
P%(t) = P(t), for every t > 0;
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(ii) invariant for the evolution operator U : A — B(X) if
U(t,s)P(s)x = P(t)U(t, s)x,

for all (t,s,2) € A x X;

(iii) strongly invariant for the evolution operator U : A — B(X) if it is invariant for
U and for all (¢, s) € A the restriction of U(t, s) on Range P(s) is an isomorphism
from Range P(s) to Range P(t).

Remark 2.2. It is obvious that if P is strongly invariant for U then it is also invariant
for U. The converse is not valid (see [15]).

Remark 2.3. If the family of projectors P : Ry — B(X) is strongly invariant for the
evolution operator U : A — B(X) then ([10]) there exists a map V : A — B(X) with
the properties:

(v1) V(t,s) is an isomorphism from Range P(t) to Range P(s),
(v2) U(t,8)V (L, 5)P(t)z = P(t)z,

(v3) V(t,s)U(L,5)P(s)z = P(s)z,

(va) V(& t0)P(t) = V(s, L)V (Z, 5) P(t),

(vs) V(t,s)P(t) = P(s)V(L,5)P(t),

(vs) V(L 1)P(t) = P()V(E,1)P(t) = P(t),

for all (¢,s),(s,tg) € A and z € X.

Definition 2.4. Let Py, Py, P3 : R — B(X) be three families of projectors on X.
We say that the family P = {Py, Py, P3} is
(i) orthogonal if
01) Pi(t)+ Pa(t) + Ps(t) = I for every t > 0
and
02) P;(t)P;(t) =0 for all t > 0 and all 4,5 € {1,2,3} with i # j;
(ii) compatible with the evolution operator U : A — B(X) if
c1) Py is invariant for U
and
c2) Ps, Ps are strongly invariant for U.

In what follows we shall denote by V;(t,s) the isomorphism (given by Remark 2.3)
from Range P;(t) to Range P;(s) and j € {2,3}, where P = {P,, P», P3} is compatible
with U.

Definition 2.5. We say that a nondecreasing map h : Ry — [1,00) is a growth rate if
Am ) =

As particular cases of growth rates we remark:
(r1) exponential rates, i.e. h(t) = e* with a > 0;
(ro) polynomial rates, i.e. h(t) = (t + 1)* with o > 0.
Let P = {P1, P2, Ps} be an orthogonal family of projectors which is compatible with

the evolution operator U : A — B(X) and h,k, p,v : Ry — [1,00) be four growth
rates.
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Definition 2.6. We say that the pair (U, P) is (h, k, u, v)-trichotomic (and we denote
(h,k, p,v) —t) if there exists a nondecreasing function N : Ry — [1,00) such that
(ht1) h() Ut 5)Pr(s)]| < N(s)h(s)| Pr(s)a]

(kt1) k()| Pa(s)z < N(@)k(s)[|U(, 5) Pa(s)z]|

(ut1) p(s)|[U(E, s)Ps(s)z|| < N(s)u(t)||Ps(s)x|]

(vir) v(s)[|Ps(s)z| < N(@)v(@)[|U(t, s)Ps(s)x|],

for all (t,s,x) € A x X.

In particular, if the function N is constant then we obtain the uniform (h, k, p, v)-
trichotomy property, denoted by u — (h, k, u, v) — t.

Remark 2.7. As important particular cases of (h, k, u, v)-trichotomy we have:
(i) (nonuniform) exponential trichotomy (et) and respectively uniform exponential
trichotomy (uet) when the rates h, k, i, v are exponential rates;
(ii) (nonuniform) polynomial trichotomy (pt) and respectively uniform polynomial
trichotomy (upt) when the rates h, k, u, v are polynomial rates;
(iii) (nonuniform) (h,k)—dichotomy ((h,k) — d) respectively uniform (h, k)—dicho-
tomy (v — (h, k) — d) for P3 =0;
(iv) (nonuniform) exponential dichotomy (ed) and respectively uniform exponential
dichotomy (ued) when P; = 0 and the rates h, k are exponential rates;
(v) (nonuniform) polynomial dichotomy (p.d.) and respectively uniform polynomial
dichotomy (upd) when P; = 0 and the rates h, k are polynomial rates;

It is obvious that if the pair (U, P) is u— (h, k, u, v)—t then it is also (h, k, p,v) —t
In general, the reverse of this statement is not valid, phenomenon illustrated by

Example 2.8. Let U : A — B(X) be the evolution operator defined by
e =5 (gm0 g+ g ne) e

where u, h,k,u,v : Ry — [1,00) are growth rates and Py, Py, P3 : Ry — B(X) are
projectors families on X with the properties:

(i) Pi(t) + Pa(t) + P5(t) = I for every t > 0;

N if i)

(i) Pi(t)P;(s) = { Pi(s), ifi=j, for all (¢,s) € A.
(iii) U(t, s)Pi(s) = P;(t)U(t,s) for all (t,s) € A and all i € {1,2,3}.
For example if Py, Py, P3 are constant and orthogonal then the conditions (i), (ii) and
(iii) are satisfied.

We observe that
s)h(s
pIU Pl = "D )] < ()P )l
u()k(s) U (¢, s) Pa(s)zl| = u(s)k(s)|| Pa(s)z = k(t)[| Pa(s)z]|

WU 5)Py(s)a]| = UHDLS)

u()v(O)|[U(, s) P3(s)z|| =
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for all (¢,s,2) € A x X.

Thus the pair (U, P) is (h, k, g, v) —
If we assume that the pair (U, P) is u— (h, k, 1, v) — t then there exists a real constant
N > 1 such that

Nu(s) > u(t), for all (¢,8) € A.
Taking s = 0 we obtain a contradiction.

Remark 2.9. The previous example shows that for all four growth rates h, k, i, v there
exits a pair (U, P) which is (h, k, u,v) — ¢ and is not w — (h, k, u,v) — t.

In the particular case when P is compatible with U a characterization of
(h,k, u,v) —t is given by

Proposition 2.10. If P = {Py, P», P3} is compatible with the evolution operator U :
A — B(X) then the pair (U, P) is (h, k, p, v)-trichotomic if and only if there exists a
nondecreasing function Ny : Ry — [1,00) such that

(ht2) h(t)|U(E, s)Pi(s)x|| < Ni(s)h(s)
(kt2) k(8)[[Va(t, s)P2(t)z| < Ni(t)k(s)||
(ut2) p(s)IU(t, s)Ps(s)al| < Ni(s)u(t)|z|
(vt2) v(s)||Va(t, s)Ps(t)x| < Ni(t)v

for all (t,s,z) € A x X, where V;(t,s) for j € {2,3} is the isomorphism from Range
P;(t) to Range Pj(s).

—~

~
=
8

Proof. Necessity. By Remark 2.3 and the Definition 2.6 we obtain

(ht2) h(ONU(E s)Pr(s)z] < N(s)h(s)|[Pr(s)zll < N(s)[[Pr(s)|[h(s)]]]
< Ni(s)h(s)|lx]|
(kt2) ( MIVa(t, s) Pa(t)zl| = k(2)[| Pa(s)Val(t, s) Pa(t)z]|
N()k(s)[U(t, s)Pa(s)Va(t, s) Pa(t)x|
N@®k(s)[|1Pa(D)z] < NP2l k()] < Ni(E)k(s)[l«]
(nt2) u( U2, s)Ps(s)z|] < N(s)ut)[| Ps(s)z] < N(s)l|Ps(s) ]| u(t)]|]|
< Ni(s)u(t) |||
(vta) ( )V (t, s) Pa(t)zl| = v(s)[| Ps(s)Va(t, s) Ps (1) ]|
N(v)U(t, s)Ps(s)Vs(t, s)Ps(t)x||
N@v@|Ps@)z]| < N@O[Ps@)[[v@)]z] < Ni(@)v()]|z]],

for all (¢,s,x) € A x X, where

Ni(t) = sup. N(s)(IPL()I + [ P2(s) ]| + [ Ps(s)1])-

Sufficiency. The implications (hte) = (ht1) and (ut2) = (ut1) result by replacing =
with Pj(s)x respectively by Ps(s)z.
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For the implications (kt2) = (kt1) and (vt2) = (vt1) we have (by Remark 2.3)
k(O Pa(s)z]| = k@) [|Va(t, s)U (L, 5)Pa(s)z]| < N@)k(s)[U(2, s) Pa(s)z]|
and
v(s)l| Ps(s)ll = v(s)[[Va(t, $)U (L, s) Ps(s)z|| < N(E)v ()| U(¢ s) Ps(s)zl],
for all (¢,s,2) € A x X. O

A similar characterization for the u — (h, k, u,v) — t concept results under the
hypotheses of boundedness of the projectors P;, Py, P3. A characterization with com-
patible family of projectors without assuming the boundedness of projectors is given
by

Proposition 2.11. If P = {Py, P», P3} is compatible with the evolution operator U :
A — B(X) then the pair (U, P) is uniformly—(h, k, p,v)— trichotomic if and only if
there exists a constant N > 1 such that
(uht1) h()||U(L, s)Pi(s)z|| < Nh(s)||Pr(s)z]|
(ukt1) k(t)||Va(t, s)Pa(t)z|| < Nk(s)|| P2(t)z||
(uptr) p(s)|U (L, s)Ps(s)z| < Np(t)||Ps(s)z||
(uvty) v(s)||Vs(t, s)Ps(t)z| < Nv(t)||Ps(t)z||
for all (t,s,z) € A x X, where V;(t,s) for j € {2,3} is the isomorphism from Range
P;(t) to Range Pj(s).

Proof. 1t is similar to the proof of Proposition 2.10. O

3. The main results

In this section we give a characterization of (h, k, u, v)—trichotomy in terms of
a certain type of uniform (h, k, p, v)—trichotomy using families of norms equivalent
with the norms of X. Firstly we introduce

Definition 3.1. A family N = {|| - ||s : ¢ > 0} of norms on the Banach space X

(endowed with the norm || - ||) is called compatible with the norm || - || if there exists
a nondecreasing map C : Ry — [1,00) such that
2]l < llzlle < C@)ll, (3.1)

for all (t,z) € Ry x X.
Proposition 3.2. If the pair (U, P) is (h, k,u,v) —t then the family of norms
Ne=A{[[- [l : t =0}

given by
el = sup ’;f(;)nU(r, DP(O] +sup ,’j((fq’)nva(t?r)m)x
nt) T x
tsup LU 1) Py (0] (3.2)

is compatible with | - ||.
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Proof. For 7 =t =r in (3.2) we obtain that
[zlle = [[PL(t)x]| + | P ()l + [ P3(t)]| = ]

for all t > 0.
If the pair (U, P) is (h, k, u, v) —t then by Proposition 2.10 there exits a nonde-
creasing function Ny : Ry — B(X) such that

lz]|: < 3N1(t)||z||, for all (t,z) € Ry x X.
Finally we obtain that A7 is compatible with || - . O
Proposition 3.3. If the pair (U, P) is (h, k,u,v) —t then the family of norms
No = Al - Ilfe- t > 0}

defined by
el =sup F o T 073 03]+ sup £V ) Pt
sup S Vit ) (0] (3.3

is compatible with || - ||.

Proof. If the pair (U, P) is (h,k,u,v) — t then by Proposition 2.10 there exits a
nondecreasing function Ny : Ry — B(X) such that

x|l < 3N1(t)||z|, for all (¢,x) € Ry x X.
On the other hand, for 7 =t = r in the definition of ||| - ||| we obtain
lzllle = 1P @)zl + [[P2(O)]| + [ Ps ()] = [|l]]-

In consequence, by Definition 3.1 it results that the family of norms N5 is compatible
to || - | O

The main result of this paper is

Theorem 3.4. If P = { Py, P», P3} is compatible with the evolution operator U : A —
B(X) then the pair (U, P) is (h,k, u,v)-trichotomic if and only if there exist two
families of norms N1 = {|| - ||t : t > 0} and No = {||| - |||+ : t > 0} compatible with the
norm || - || such that the following take place

(hts) () IU (L 3)Py(s)zle < h(s)]| Py ()2

(kts) k(O)|Va(t, s) P2 (t)x|l]s < K(s)]||Pa ()]s

(uts) p(s)||U(t, s)Ps(s)alle < pu(t)]| Ps(s)zls

(vts) v($)]|[Va(t, ) Pr(B)z I, < vl Ps(0)l

for all (t,s,z) € A x X.

Proof. Necessary. If the pair (U, P) is (h, k, p, v)-trichotomic then by Propositions 3.2
and 3.3 there exist the families of norms

M ={l|l-llt: >0} and No = {|| - |||+ : t > 0}
compatible with || - ||.
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(ht1) = (hts). We have that
hOU R, s)Pr(s)z]le = b PL(U(E, ) Pr(s)z]s
)

= 10 sup T U O POV 1 9) P (9]
< hie)sup U ()i () = ()P

for all (t,s,2) € A x X.
(ktz) = (kts). If (kt2) holds then

k(@O)[[[Va(t, s)Pa(t)z|||s = k(t)[|| P2(s) Va(t, s) Pa(t)z]|] s

= k(t) sup Zéii |Va(s, ) Pa(s)Va(t, s)Pa(t)z||
< h(s)sup 1N Va(t, ) Paft)al| = K9 Pa(0)

for all (¢,s,2) € A x X.
(pt1) = (pts). If (U, P) is (h, k, u,v)— trichotomic then by (uty) it results

u(SU(E, s)Ps(s)zlle = p(s)[| P3(E)U(E, s)Ps(s)z|¢

= () sup "D U, 1) Py (U (1, ) Py s)z|

T>t I‘L(T)
= o) sup U (7 ) Pa] < et sup HE U 750 Py 51
= p(®)|Ps(s)xls,
for all (t,s,2) € A x X.
(vt2) = (vts). Using Proposition 3.1 we obtain
v($)l[Va(t, s)Ps(t)xll]s = v(s)l[P3(s)Va(t, s) Pa(t)z|l]s
= v(s)sup LN V(s ) Pa)Va 1) Pa)e]
< v(t)sup Z((g||vs(tﬂ“)P3(t)$|l =v(®)[[[Ps@)z]lz,

for all (¢,s,2) € A x X.
Sufficiency. We assume that there are two families of norms

Nv=All-[le - t = 0} and Np = {]|[ - ||| : = 0}

compatible with the norm || - || such that the inequalities (ht3) — (vt3) take place.
Let (t,s,z) € A x X.
(hts) = (ht2). The inequality (hts) and Definition 3.1 imply that
h@U (¢, s)Pr(s)xl| < U2, s)Pr(s)xlle < h(s)[|Pi(s)z]s
< h(s)C(s)| Pr(s)z]| < C(s)[|Pa(s)[hls) ]
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(kts) = (ktz). Similarly,
k(t)|[Va(t, s)Pa(t)z]| < k(@)[l[Va(t, s)Pa(t)z||[s < k(s)[|P2(0)]]e
< k(s)C@)[[P2(t)z] < COIP2t) [ k(s)]|].
(putz) = (ptz). From Definition 3.1 and inequality (pt3) we have
WUt $)Ps(s)zll < p(U(E $)Po(s)ll < p6)|Po(s)als
< )t Ps(s)all < C()IPo(s) ®) ]
(vt3) = (vtz). Similarly,
V() [Va(t, $)Po(t)alll < () Vst 5) Ps(s)ls < v(0)|Ps(t)all
< CHp@OIPs@)] < C@IPs @) @)]«]-
If we denote by

N(t) = sup, C)IPLs)] + P2 ()l + ([ P3(s)]])

then we obtain that the inequalities (ht2), (kt2), (ut2), (vt2) are satisfied.
By Proposition 2.10 it follows that (U, P) is (h, k, u,v) — t. O

As a particular case, we obtain a characterization of (nonuniform) exponential
trichotomy given by

Corollary 3.5. If P = { Py, Ps, Ps} is compatible with the evolution operator U : A —
B(X) then the pair (U, P) is exponential trichotomic if and only if there are four real
constants a, 8,7v,8 > 0 and two families of norms

Ne=Al[-lle:t 20} and Ny = {]|[ - [lls : ¢ = 0}
compatible with the norm || - || such that
(et1) Ut s)Pr(s)z]le < em*EI||Pi(s)z]s
(et2) [|[Va(t, ) Pa(t)z||s < e PE=) ||| Py(t)z ||,
(ets) Ut s)Ps(s)zle < 7| P3(s)zs
(eta) [[[Va(t, s)Ps(t)zl|s < || P3(t)a]l]e,
for all (t,s,x) € A x X.
Proof. Tt results from Theorem 3.4 for

h(t) = et k(t) = P!, u(t) = 7, v(t) = €,

with o, 8,7, > 0. O

If the growth rates are of polynomial type then we obtain a characterization of
(nonuniform) polynomial trichotomy given by

Corollary 3.6. Let P = { Py, P, Ps} is compatible with the evolution operator U : A —
B(X). Then (U,P) is nonuniform polynomial trichotomic if and only if there exist
two families of norms

No={]|-ll¢ : t >0} and No ={||| - |||+ : t > 0}

compatible with the norm || - || and four real constants o, 5,7, > 0 such that
(pt1) (E+ DU, s)Pr(s)lle < (s + 1) Pr(s)zlls
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(pt2) (t+1)°[[Va(t, s)Pa(t)zl]s < (s + 17| Pa(t)]]s
(pt3) (s + 1)7|U(t, s)Ps(s)xlls < (t+1) ||P3(S)ﬂ?\|s
(pta) (s +1)°[[|Vs(t, s)Ps()alls < (¢ + 1)°[[[Ps ()]s,
for all (t,s,x) € A x X.

Proof. 1t results from Theorem 3.4 for

h(t) = (t+1)% k()= (t+1)°, ut) = t+1),v) = (t+1)°,

with «, 8,7, > 0. O
Definition 3.7. A family of norms N = {||- ||, ¢ > 0} is uniformly compatible with the
norm || - || if there exits a constant ¢ > 0 such that

lz]l < llz]l¢ < ||z, for all (t,z) € Ry x X. (3.4)

Remark 3.8. From the proofs of Propositions 3.2, 3.3 it results that if the pair (U, P)
is uniformly (h, k, u, v)— trichotomic then the families of norms

Nv=All- [l - t = 0} and Np = {][[ - ||| : = 0}
(given by (3.2) and (3.3)) are uniformly compatible with the norm || - ||.
A characterization of the uniform—(h, k, u, v)—trichotomy is given by

Theorem 3.9. Let P = { Py, P», Ps} be compatible with the evolution operator U : A —
B(X). Then the pair (U, P) is uniformly—(h, k, u, v)—trichotomic if and only if there
exist two families of norms

Ni={ll-lls: t >0} and N = {||| - ||| : t > 0}

uniformly compatible with the norm || - || such that the inequalities (hts), (kts3), (uts)
and (vts) are satisfied.

Proof. Tt results from the proof of Theorem 3.4 (via Proposition 2.11). g

Remark 3.10. Similarly as in Corollaries 3.5, 3.6 one can obtain characterizations for
uniform exponential trichotomy respectively uniform polynomial trichotomy.

Another characterization of the (h, k, u, v)—trichotomy is given by

Theorem 3.11. If P = { Py, P>, P3} is compatible with the evolution operator U : A —
B(X) then the pair (U, P) is (h,k,u,v)-trichotomic if and only if there exist two
families of norms

Ny =]l lls,t >0} and Ny = {||| - ||| : t > 0}

compatible with the family of projectors P = { Py, Py, P3} such that
(hta) h@U (L, s)Pr(s)z|le < h(s)||z]ls

(kta) k(@)||[Va(t, s)Pa(t)z]l]s < k(s)[|||:

(uta) p(s)||U(E, s)Ps(s)xlle < p(t)lz|s

(vta) v(s)[Va(t, s)Ps(t)zlls < v(O)|l|[]:

for all (t,s,x) € A x X.
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Proof. Necessity. It results from Theorem 3.4 and inequalities
1Pi()xlle < [[«lle and [[|P(&)z]le < [[[z]]]¢,
for all (t,z) € Ry x X and i = {1,2,3}.

Sufficiency. It results replacing x by Pi(s)z in (ht4), by Pa(t)x in (kt4), x by Ps(s)z
in (utq) and x by Ps(t)x in (vty). O

The variant of the previous theorem for uniform (h, k, i, v)—trichotomy is given by

Theorem 3.12. If P = { Py, Py, P3} is compatible with the evolution operator U : A —
B(X) then the pair (U, P) is uniformly —(h, k, p, v)— trichotomic if and only if there
ezist two families of norms

M={|-lt:t=>0} and No={]|]| - |||+ : t > 0}

uniformly compatible with the family of projectors P = {Pi, Py, Ps} such that the
inequalities (hty), (kty), (uts) and (vty) are satisfied.

Proof. 1t is similar with the proof of Theorem 3.4. g

Remark 3.13. If the growth rates are exponential respectively polynomial then we
obtain characterizations for exponential trichotomy, uniform exponential trichotomy
and uniform polynomial trichotomy.
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A note on a transmission problem for

the Brinkman system and the generalized
Darcy-Forchheimer-Brinkman system in
Lipschitz domains in R?

Andrei-Florin Albigoru

Abstract. The purpose of this paper is to treat a nonlinear transmission-type
problem for a generalized version of the Darcy-Forchheimer-Brinkman system
and the classical Brinkman system in complementary Lipschitz domains in R3.
First of all, we define the required spaces in which we seek our solution. Next,
we describe the generalized Brinkman and the generalized Darcy-Forchheimer-
Brinkman systems. Further, we give important lemmas that allow us to intro-
duce the trace and conormal derivative operators that appear in the formulation
of our transmission problem. We invoke a result regarding the well-posedness
of the (linear) transmission problem for the generalized and classical Brinkman
systems in complementary Lipschitz domains in R3. The above mentioned well-
posedness result in the linear case combined with Banach’s fixed point theorem
will allow us to establish the main result of the paper, the well-posedness of the
transmission problem for the Brinkman system and the nonlinear generalized
Darcy-Forchheimer-Brinkman system in Lipschitz domains in R3.

Mathematics Subject Classification (2010): 35J25, 35Q35, 46E35.
Keywords: Sobolev spaces, generalized Brinkman system, transmission problems,

generalized Darcy-Forchheimer-Brinkman system, well-posedness result, Banach
fixed point theorem.

1. Introduction

Transmission problems that appear in the field of fluid mechanics are important
to researchers nowadays, due to their practical applications, such as environmental
problems with free air flow interacting with evaporation from soils or transvascular
exchange between blood flow in vessel and the surrounding tissue as porous material.
Another relevant example is the geophysical model of flow of water or other viscous
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fluids, which pass through porous rocks or porous soil (see [8], [14] and the references
therein, and see also [21], [5]). We also mention the important role of the partial dif-
ferential equations that model different types of flow, such as the Brinkman equations
or the Darcy-Forchheimer-Brinkman equations (for additional details, see [21]).

Escauriaza and Mitrea in [4] have established the well-posedness of the trans-
mission problem for the Laplace operator across a Lipschitz interface, for data in
Lebesgue and Hardy spaces on the boundary.

Medkova in [17] has studied the transmission problem for the Stokes system with
constant coefficients in R? using the integral equation method.

Mitrea and Wright in [20] have given well-posedness results for transmission
problems for the Stokes systems in arbitrary Lipschitz domains in Euclidean setting
and in LP, Sobolev and Besov spaces.

Grosan, Kohr and Wendland in [6] have studied the Dirichlet problem for the
generalized Brinkman system in a bounded Lipschitz domain in R, n > 2 and
the Dirichlet problem for the generalized Darcy-Forchheimer-Brinkman system in a
bounded Lipschitz domain in R, n = 2, 3.

Kohr, Lanza de Cristoforis and Wendland in [13] have treated Poisson problems
for a semilinear and a generalized Brinkman system on a bounded Lipschitz domain
in R™, n > 2, with Dirichlet or Robin boundary conditions and data given in L?-based
Sobolev spaces.

Kohr, Lanza de Cristoforis and Wendland in [10] have used a layer potential
method and a fixed point theorem to show the existence of a solution of the Robin
problem for the standard Darcy-Forchheimer-Brinkman system in a bounded Lips-
chitz domain in R", n = 2, 3.

Kohr, Lanza de Cristoforis and Wendland in [9] have studied the Robin prob-
lem for the Brinkman and the Darcy-Forchheimer-Brinkman systems with constant
coefficients. They also proceeded to study mixed boundary value problems for the
Brinkman system and Darcy-Forchheimer-Brinkman system. respectively. Moreover,
they have proved a well-posedness result for a boundary problem of mixed Dirichlet-
Robin and transmission type for two Brinkman systems.

Medkova in [16] has tackled the transmission problem for the Brinkman sys-
tem and also the Robin-transmission and the Dirichlet-transmission problems for the
Brinkman system in the setting of a bounded Lipschitz domain in R™, n > 2. In each
of these problems, the systems have constant coefficients.

Kohr, Lanza de Cristoforis and Wendland in [11] have studied nonlinear
Neumann-Transmission problems for the (linear) Stokes and Brinkman systems with
a nonlinear Neumann condition.

Kohr, Lanza de Cristoforis, Mikhailov and Wendland in [8] have treated trans-
mission problems for the nonlinear Darcy-Forchheimer-Brinkman system and the lin-
ear Stokes system in complementary Lipschitz domains in R3.

Kohr, Lanza de Cristoforis and Wendland in [12] have obtained a well-posendess
result for the nonlinear Robin-transmission problem for the nonlinear Navier-Stokes
and Darcy-Forchheimer-Brinkman systems in the setting of bounded Lipschitz do-
mains in R", n = 2,3.
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Kohr, Mikhailov and Wendland in [14] have obtained well-posedness results for
transmission problems for the Navier-Stokes and Darcy-Forchheimer-Brinkman sys-
tems in Lipschitz domains on compact Riemannian manifolds of dimension m = 2, 3.
The coefficients of these systems of partial differential equations are smooth due to
the smoothness of the Riemannian metric tensor.

Mitrea, Mitrea and Shi in [19] have studied variable coefficient transmission
problems and singular integral operators on non-smooth manifolds.

Transmission problems for Stokes and Navier-Stokes systems with nonsmooth
coefficients (L>°-coefficients) on compact Riemannian manifolds have been recently
treated by Kohr and Wendland in [15].

The paper is structured as follows. In the second section, we define the Sobolev
spaces in which we seek our solutions. There, we describe the generalized versions of
the Brinkman system and of the Darcy-Forchheimer-Brinkman system. These systems
of PDEs contain L coeflicients. We give a result that allows us to consider the trace
operator in the setting of Sobolev spaces (Lemma 2.5). In addition, we mention a
result that allows us to consider the conormal derivative operator for the generalized
Brinkman system (Lemma 2.6). We end this section with two results. The first of
them is related to the growth conditions at infinity of a pair (w,r) that satisfy the
homogeneous Brinkman equation with constant coefficients in an exterior Lipschitz
domain in R?® (Lemma 2.7). The second result gives mapping properties of a nonlinear
operator related with our nonlinear transmission problem (Lemma 2.8). In the third
section, we state the well-posedness result for the linear transmission problem for the
classical and generalized Brinkman systems in complementary Lipschitz domains in R3
(Theorem 3.1). Using this well-posedness result and the Banach fixed point theorem,
we obtain the well-posedness result for the main nonlinear problem considered in this
paper, which is the transmission problem for the Brinkman and the generalized Darcy-
Forchheimer-Brinkman systems in complementary Lipschitz domains in R?, namely
Theorem 3.2.

2. Preliminaries

In this paper, by the superscript / we refer to the topological dual of a given
space. Also, we use the notation (-,-)4 to denote the duality pairing of two dual
Sobolev spaces defined on A, where A is either an open set or a surface in R3. Also,
denote by E(w) the symmetric part of Vw (where w is a given field),

B(w) 1= 5 (Vw + V).

and the superscript ¢ refers to the transpose. Also, by E’, we denote the operator of
extension by zero outside our considered bounded Lipschitz domain £ C R3.

Next, we introduce the Sobolev spaces in which we seek the solution of our trans-
mission problem. Also, we describe the generalized version of the Darcy-Forchheimer-
Brinkman system and we give the results that allow us to introduce the trace and
conormal derivative operators, operators that appear in the boundary conditions of
our problem.
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To this end, let Q; := Q C R? be a bounded Lipschitz domain (an open,
connected set, whose boundary is locally the graph of a Lipschitz function) with con-
nected boundary (denoted by 9Q) and by Q_ := R?\ 2, we denote the corresponding
complementary Lipschitz set.

In the latter {2y denotes either one of the following sets: Q, Q_ or R3.

Recall that D(§2p) is the space of compactly supported smooth functions C§° ()
and by D’(€g) we denote its dual, the space of distributions on y. Note that D(£2p) is
endowed with the inductive limit topology and D’'() is endowed with the weak-star
topology.

Definition 2.1. Let p € [1,00). Then, the Lebesgue space LP(R?) is the space of all
(equivalence classes of ) measurable functions f : R® — R with the property that:

/ |f(2)|Pde < co.
RS

We also denote by F the Fourier transform and by F~! its inverse acting on
functions from L!(R3). We shall consider their generalization to the space of tempered
distributions.

We have the following definition (see, e.g., [8, (2.1)-(2.3)], [1, Ch. 1], [7, Ch. 4]).

Definition 2.2. Let s € R. Introduce the L?-based (Bessel potential) Sobolev spaces
by:
H*(R?) := {F (1 4+ [¢]*)" 5 Fu: u e L*(R%)},

H*(Q) :={u €D (Q):3U € H*(R?) such that Ulg, = u},
ﬁS(QO) — m”'HHS(RS)7
hence H* () is the closure of D() in H*(R3).

One may also introduce the vector-valued spaces component-wise.
We also have the following definition (see also [7, p. 169]).

Definition 2.3. Let s € (0,1). Then, the boundary Sobolev spaces H*(95) is defined
by:

H(90) = {u € L2(09) Hllull (o) = ||u||L2(aQ>+

y)l
/69 /asz |z — y\2+25 Ta—ypre Hlow <o

H™%(09) = (H*(09))',

allows us to introduce the boundary Sobolev space with negative order H*(09).
Again, the vector-valued spaces are introduced component-wise. Note that, all these
L2-based Sobolev spaces are Hilbert spaces (see, e.g., [1]).

We also describe here the space M(Qg) (see [8, p. 23]), i.e., the space in which
we shall seek the unknown pressure field in the exterior Lipschitz domain in our
transmission problem.

The following duality
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Let us consider the weight function:
p(x) == (1+|x?)?, V2 € R
Then, the weighted Lebesgue space L2(p~1;€)) is the set of all functions v with

the property that p~tu € L?(Qo).
Moreover, the space M(£y) is defined by:

M(Q) == {g€ L*(p ", Q) : Vg € H_ L ()},

url

where, by H_.!, (€)% we understand the space:
H L (Q0)? = {he H () : curl h =V x h =0}.

curl

By denoting 9 (Qg) the dual of M(Qyp), we have the very suggestive chain of
continuous embeddings (cf. [8, (A.24)]):

L%(p, Q) € M () C L?(Q) € M(Q) C L*(p~1,Q0) € LE (D).

The generalized version of the Brinkman system of PDEs, is given by (see, e.g.,
[13, Relation (2.14)]):

Aw —Pw—Vp=Fin Q, divw=0in Qy, (2.1)
where P € L>(Q,)3*3 satisfies the condition:
(Py.via, 2 epllvlay ¥ v € L3O, (22)

with some constant cp > 0 is a constant.
The important generalization that we consider in this work is the generalized
version of the Darcy-Forchheimer-Brinkman system:

Aw — Pw — klwlw — 8(w-V)w—Vp=F in Q, divw=0in Q, (2.3)

with P € L*>®(0,)3*3 as above, k,3 : Q. — R, are functions such that k,3 €
L>(Q4), i.e., essentially bounded, non-negative functions defined on €.

Remark 2.4. (i) If we let P = ol where o > 0 is a constant in (2.1), we get the
classical Brinkman system.
(ii) If P =01in (2.1), we get the well-known Stokes system.
(iii) If P = al, where a > 0 is a constant and k,3 > 0 are also constants in (2.3),
one obtains the classical Darcy-Forchheimer-Brinkman system.
(iv) P =0,k =0and 8 > 0 is a constant in (2.3), we recover the Navier-Stokes
system.

Next, we introduce the following result that allows us to define the trace operator
(see, e.g., [18, Theorem 2.3]).

Lemma 2.5. (Gagliardo Trace Lemma) Let Q, := Q C R? be a bounded Lipschitz
domain with connected boundary 0Q and denote by Q_ :=R3\ Q the complementary
Lipschitz set. Then, there exist linear, continuous trace operators Tr* : H(Qi) —
Hz(09), such that

Tru = ulapg, Y€ C®(Qy). (2.4)
Moreover, these operators are surjective, having (non-unique) linear and continuous
right inverse operators Z* : Hz (8Q) — H*(Qx).
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We have the following result that allows us to consider the conormal derivative
for the generalized Brinkman system (see, e.g., [13, Lemma 2.3]).

Lemma 2.6. Let Q0 := Q C R3, be a bounded Lipschitz domain with connected bound-
ary OS2, Let P € L*(Q,)3*3. Consider the following space:

H(Q4,Bp) i—{(w,p,§) € B ()" x LA(@4) x H1(24)"
Bp(w,p) := Aw — Pw — Vp = o,
and divw =0 in Q4 }.
Define the conormal derivative operator for the generalized Brinkman system,
th, « H'(Qy, Bp) — H™5(09)?, (2.5)
by the following relation:
(t5.,(W.p.), doa =2(B(w),E(Z* ¢))a, + (P, Z" $)a,

—(p,div (Z7¢))a, (2.6)

+ (8,2 )., Ve H (00
where Zt is a right inverse of the trace operator Tr : HY(Q,)3 — H2(8Q). The
operator t;u 18 linear, bounded and does not depend on the choice of the right inverse

Zt of the trace operator Tr™.
Moreover, the following Green formula holds:

(65, (W, p, ), Triap)aa =2(E(w), E(¥))a, + (PW,¢)a,
— (p, div ¥)a, + (§,¥)a,,

for all (w,p,§) € H (Qy,Bp) and for any 4 € H'(Q)3.

(2.7)

Similarly, one may introduce the conormal derivative operator for the classical
Brinkman system which is denoted by tif)l, where a > 0 is a constant. The statement
of the lemma for the introduction of the above described operator is omitted for the
sake of brevity, but we refer the reader to [8, Lemma 2.5].

Next, we are concerned with the behavior at infinity of a solution of the classical
homogeneous Brinkman system in the unbounded domain Q2_. We have the following
lemma (cf. [2, Lemma A.2]).

Lemma 2.7. Let a > 0 be a constant. Let Q4 = C R3 be a bounded Lipschitz domain
with connected boundary and let Q_ := R3>\ Q. If the pair (w,r) € H*(Q_)% x M(Q_)
satisfy the Brinkman equations:

Aw—aw—Vr=0, divw=0, inQ_, (2.8)
then
w(x) =O0(x[7?), Vwx) =0(x|""), rx)=0(x""), as|x|=»oo. (29

The proof of this lemma can be consulted in [2].
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Finally, we mention a lemma that gives an important characterization of the
following nonlinear operator that appears in the nonlinear transmission problem:

Tip0y (V) = E(k:|v|v + B(v-V)v).

The mapping and other properties of this operator are provided below (see, e.g.,
[3, Lemma 3.1] and [8, Lemma 5.1] in the case P = o, where a > 0 is a constant and
k,B > 0 are constants).

Lemma 2.8. Let Q, := Q C R? be a bounded Lipschitz domain with connected bound-
ary. Let k, B : Q4 — Ry such that k, 5 € L>®(24) and let

g0, (V) = E(k|v[v + B(v - V)v). (2.10)
Then, the nonlinear operator Jy p.a, : Hy, (Q4)> — HY(Q)3 is continuous, pos-
itively homogeneous of order 2, and bounded, in the sense that there is a constant
co = co(Qq, k, B) > 0 such that
1T, -1y < CollvIBrs - (2.11)
Moreover, the following Lipschitz-like relation holds:

Tk 8,04 (V) = Trpor (W)l g-1(q, ) (212)
< co(|[vllar )z + Wz @)V — Wiz, )3, '
with cog = co(Qy, k, B) > 0 is the same constant as in relation (2.11).

Proof. We provide here the main ideas that lead to the statement of the lemma (for
additional details, see the proof of Lemma 5.1 in [8]).

First, we have the following continuous embeddings, due to the Sobolev embed-
ding theorem (see, e.g., [7, Theorem 4.1.5, Theorem 4.1.6]):

HY(Q,) o LU0, ), L9 (Q4)° — B0, (2.13)
where 2 < ¢ <6, and%—&-%:l.
Using relations (2.13) and Hélder’s inequality, one may show that |viw €
L2(Q4)3 and (v-V)w € L3(Q)3, for all v, w € H' ()3
Let us now consider the operators
by HY(Q)? x HY QL) — H Q)3 .10
by H'(Q4)? x H'(Q1)% — H'(Q4)7, '
given by
b1 (v, w) := E(k|v|w),
bo(v,w) := E(B(v-V)w).
Using the embeddings (2.13) and again Holder’s inequality, one may show that

there are two constants ¢, = ¢.(Q4,k) > 0 and ¢* = ¢*(Q4,5) > 0 such that the
following relations hold:

(2.15)

11 (v W)l -1, ys < el ¥l s IWllar e o)
12 (v, W)l -1 s < €Il s 1wl a2y |
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which show the continuity of the operators by and bs.
Note that, the operator Ji g0, can be written as:

Trpy (V) = b1(v,v) + ba(v,v), (2.17)

and by employing the relations (2.16), we have that J g o, satisfies (2.11) with
co = cy + c*, as asserted.

Also, by using similar arguments to those in the proof of [8, Lemma 5.1] and
again relations (2.16), one shows that the operator Ji 5,0, satisfies the Lipschitz-like
condition (2.12).

The full argument is omitted for the sake of brevity. d

3. The main result
We introduce the following spaces:
Hi(Q4) = fw e HY(Q4)* : divw=01in .},
HY,(Q )P ={we H'(Q_)*: divw=0inQ_},
X = Hiy ()7 x L2(4) x HY, (Q0) x L2(Q),
2= H Q) x HY(Q_)? x H?(09)* x H™2(0Q)°.

Let L € L>(99)*3 be a symmetric matrix-valued function, which satisfies the
following positivity condition:

(Lv,v)oq >0, Vve L*00Q)>. (3.1)

Before we state the main result of this paper, we invoke an auxiliary property
which refers to the well-posedness result of the Poisson problem of transmission-type
for the generalized Brinkman system and classical Brinkman system in complemen-
tary Lipschitz domains in R? and in the space X. Such a result is useful to obtain
the existence of a solution (and its uniqueness) in the space X for the nonlinear
transmission problem concerning the classical Brinkman and the generalized Darcy-
Forchheimer-Brinkman systems in complementary Lipschitz domains in R3.

The result is as follows (cf. [2, Theorem 3.3]).

Theorem 3.1. Let o > 0 be a given constant. Let Q. := Q C R3 be a bounded Lipschitz
domain with connected boundary and let Q_ := R\ Q the complementary Lipschitz
set. Let P € L>®(Q4)%3 be such that condition (2.2) holds. Let L € L°°(9£2)3*3
be a symmetric matriz-valued function that satisfied condition (3.1). Then, for given
data (F+,5—,B0,90) €2, the Poisson problem of transmission-type for the classical
Brinkman and the generalized Brinkman systems:

Aw, —Pwy — Vpy = §la, in Qp,

Aw_ —aw_ —Vp_ =Fla_ in Q_,

Triw, —Tr-w_ = &y on 09,

t7t7V(W+,p+7S+) - t;7U(W_,p_,S_) + LTT+W+ = 50 on 6Qa
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has a unique solution (Wi,py,w_,p_) € X. In addition, the ’solution’ operator:
T:9— X, (3.3)

that maps the given data (F4+,8—, B0, 90) € Y to the solution (Wy,py,w_,p_) € X
of the transmission problem (3.2), is well-defined, linear and continuous.
Hence, there is a constant C = C(Q4,Q_,P,L) > 0 such that:

(Wi, pp, W po)llx < Cl[(F 4, 8-, G0, 90) |- (34)

The proof of this result can be consulted in [2].

The main result of this paper which is the well-posedness result for the transmis-
sion problem for the generalized Darcy-Forchheimer-Brinkman system and classical
Brinkman system in complementary Lipschitz domains in R3. We aim to determine
the unknown fields (wy,ps,w_,p_) € X such that:

Awy —Pwy — klwylwy — B(wy - V)wy
—Vpy = S|Q+ in 4,

Aw_ —aw_ —Vp_ =Flq_ in Q_,

Trtw, —Tr w_ = &g on 09,

th, (Wi py 84 + E(klwywe + B(wi - V)wy))
—ty,(W_,p_,F_) + LTr*wy = $ on 9,

where o > 0 is a given constant.
The main result of the paper reads as follows (see e.g., [3, Theorem 3.2], and [8,
Theorem 5.2] in the case P = all, where «, k, 5 > 0 are constants).

Theorem 3.2. Let o > 0 be a given constant. Let Q. := Q C R3 be a bounded Lipschitz
domain with connected boundary and let Q_ := R3\ Q the complementary Lipschitz
set. Let P € L>(24)3*3 be such that condition (2.2) holds. Let L € L°(9Q)3*3 be a
symmetric matriz-valued function that satisfies condition (3.1). Then, there exist two
constants € = (04, Q_, P, k,8,L) >0 and A = A\(Q+,Q_,P,k,5,L) >0, such that
for all given data (F+,8—, B0, 90) €Y that satisfy the condition

[[(§+: 8-, B0, 90)llp <&, (3.6)
the transmission problem (3.5) has a unique solution (Wi,py,w_,p_) € X such that
Wi llmy @y <A (3.7)

In addition, the solution depends continuously on the given data, which means that
there exists a given constant Cy = Co(4,Q2—,P, L) > 0 such that:

||(W+,p+,W_,p_)||x < COH(S:-hg—a 60750)”9)' (38)

Proof. We provide here only the main ideas of the proof (for additional details, see
[8, Theorem 5.2]).
We start with the existence part of the proof.
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Let us write the problem (3.5) in the equivalent form:
Awy —Pwy — Vpy =Slo, + Tep0, (Wi) in Qy,
Aw_ —aw_ —Vp_ =F|o_ in Q_,
Trtwy —Tr-w_ = &g on 0, (3.9)
t;,u(WJmPJm S+ + Tk s, (we))
—ty, (W_,p_,F_)+ LTr"wy = $ on 09,
where Jy .0, (W4) € H~1(,)3 is given by Lemma 2.8.

Now, we fix wy € H} (Q4)® and consider the following linear transmission
problem for the generalized and classical Brinkman systems with the unknowns

(wh,p%,wo,p?):
AW& - ,ng- - Vpg- = S|Q+ + jk,B,QJr (W+) in Q+7
Aw? —aw? —Vp? = Sla_ in Q_,
Trtwl — Tr-w® = &, on 9Q, (3.10)
t;,y(wg—’p?ﬁ S-l— + jkﬁ,fbr (W-‘r))
—tg, (w2, p%, F_) + LTr*w) = $ on 9.
By applying Theorem 3.1 we deduce that the problem (3.10) has a unique solu-
tion (w9, p%,w%,p?) in X given by
(wi,pi,w97p9) = Wi(wy), Br(wy), W_(wy), B_(wy))
=T F+loy + Tnpo.(Wi)lo,, §—|a_, B0, Ho) € X,

where 7 is the solution operator introduced in Theorem 3.1.
Note that, for fixed given data F+, &g, Ho, the nonlinear operators

Wa, Ba : HL(Q4) — X, (3.12)

are bounded, in the sense that there exists a constant d = d(Q,Q_,P,L) > 0, a
constant, such that

OV (w3 ) By (wy ), Wo(wi), B (wy))llx
< d||(F+lay + Trs.0. ()], F-]o_, 0. 50)|| (3.13)
< d”(8+|9+7g—|9—’ 607'60)”3) + dCO||W+H§—Il(Q+)37

for all wy € H (Q4)%. Indeed, such an inequality is provided by Lemma 2.8 and
co > 0 is the constant involved in Lemma 2.8.
Next, we rewrite the problem (3.10) in terms of the operators Wy, By, as

AWy (W) = PWy(wy) — VB (wy) =
Slas + Tk, (Wy) in Qg
AW_(wy) —aW_(wy) = VB (wy) =Flo_ in 2,
Triw,(wy) —Tr  W_(w,) = &y on 01,
th, Ve (W), By (wi), 8+ + Trpa. (W)
o, OV (W), B (1), §) + LTr Wi (w,) = 6o on 99,

(3.11)

(3.14)
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The next step is to show that the nonlinear operator W, has a unique fixed
point. If we are able to show this property, then the fixed point w; € HJ, (Q4)3,
together with the fields w_ = W_(w,) and with px = P (w,) will give a solution
of our nonlinear problem (3.9).

Now, we use similar ideas to those in the proof of Theorem 5.2 in [8], to show
that W, maps a closed ball By to the same closed ball in H}, ()% and that Wy is
a contraction on that ball.

We make the following choice of constants

3

=—010>0, A:= >0 3.15
1600d2 ’ 4COd ’ ( )
and we introduce the closed ball
By = {v4 € Hj(Q)* : V4l [0, s < AL (3.16)
We impose the following condition on the given data:
|‘(%’+|Q+73{—|97a®07‘60)||@ Sg (317)
Then, by using relations (3.13), (3.15), (3.16), (3.17), one may show that
OV (W), By (Wi ), Wo(wi ), B (wi))llx <A (3.18)

for all w, € By and hence [[Wy (Wi )||g1(a,)s < Aforall wy € By, that is, W, maps
the ball B to itself.

In order to show that W, is Lipschitz continuous on By, we fix the given data
(F+lay,T-la_,B0,90) and we consider two arbitrary functions w,v, € By. Then,
we get

(Wi (wi) = Wa(vi)llm @)
< d|| Tk gy (We) = Tkp.ar (VOll -1,

< deo(|[w ||, )s + (3.19)

|V+HH1(Q+)3)||W+ - V+HH1(Q+)3

< 2deollwi — vl = gllws Vil e
for all w,,vy € By, where we have take into account the continuity of the operator
T and inequality (2.12) and the constants d and ¢y are the same constants as in
relation (3.13). Based on the above considerations, we deduce that W, : By — B, is
a %—contraction.

By applying Banach’s fixed point theorem we deduce that there is a unique
fixed point w; € By of the operator W, , which, together with the fields given by
w_ =W_(wy) and py = P4 (w, ), determines a solution of the transmission problem
(3.9).

Now, we use the fact that the field w; € By in order to deduce that

dCO||W+||H1(Q+)3 < Z’
and by using inequality (3.13), we obtain

[[Willm ) + o llzzy) + IW-llmr oy + lIp-[lam@o)

1 (3.20)
< d|@+los8-la-, G0 Ho)lly + 7w+l @)e,
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and we obtain that

4
Wil < 5dllE+lar, §-la-, o, Ho)lly- (3.21)

By substituting relation (3.21) into (3.20) we obtain the desired estimate (3.8) where
Co = 4d.

For other details, we refer to the proof of Theorem 5.2 in [8].

As for the uniqueness part, the ideas are as follows.

Assume that we have two solutions of the transmission problem (3.5), say
(wh,pl,wh pl)and (w%,p%, w2, p?). Note that these solutions belong to the space
X and both satisfy inequality (3.7).

We obtain the linear, homogeneous transmission problem for the classical
and generalized Brinkman systems in Lipschitz domains in R? with the unknowns
Wi (w2) —wi, Py(wi) —p2, W_(w%) — w2, PB_(w?2) —p?) and Theorem 3.1 shows
that this problem has only the trivial solution in X. It follows that W (w%)—w3 =0,
that is, wf_ is a fixed point of the nonlinear operator W, . Recall that W, : By — B

1

is a 5-contractions, and hence, there is a unique fixed point Wi_ in By. Consequently,

wﬁ_ = w}‘_, w2 =w! and p2 =pl.
This concludes the uniqueness argument.
This concludes the proof. 0

Remark 3.3. (i) If k =0 and S : Q4 — Ry such that § € L>(€Q), then we get the
well-posedness result for the nonlinear transmission problem for the generalized
Navier-Stokes and Brinkman systems in complementary Lipschitz domains in
R3.

(ii) Ifk: Q4 — Ry such that & € L>°(Q4) and 8 = 0, then we get the well-posedness
result for a semilinear transmission problem for a generalized semilinear Darcy-
Forchheimer-Brinkman system and the Brinkman system in complementary Lip-
schitz domains in R3.

All these problems are important for their practical applications (see, e.g., [21], [5]).
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On the Rockafellar function associated to
a non-cyclically monotone mapping

Teodor Precupanu

Abstract. In an earlier paper, we have given a definition of the Rockafellar in-
tegration function associated to a cyclically monotone mapping considering only
systems of distinct elements in its domain. Thus, this function can be proper
for certain non-cyclically monotone mappings. In this paper we establish general
properties of Rockafellar function if the graph of mapping does not contain finite
set of accumulation elements where the mapping is not cyclically monotone. Also,
some dual properties are given.

Mathematics Subject Classification (2010): 47H05, 52A41.

Keywords: Convex function, conjugate function, Rockafellar function, subdiffer-
ential mapping, cyclically monotone mapping.

1. Introduction

Let X be a real linear normed space and let X™* be its dual. Given a function
f: X — R its subdifferential is the (multivalued) mapping df : X — X* defined by

Of(z) ={z" e X";2%"(u—x) < f(u) — f(x), forallue X}, z € X, (1.1)

where R = [—00,00]. We also suppose the usual extension in convex analysis of
addition by condition co — co = co. Here, we consider only proper function f, that
is, its domain
Dom f = {z € X; f(z) < oo} (1.2)
is a nonvoid set and f(u) > —oo for all u € X.
It is well known that any proper convex lower-semicontinuous function is subd-
ifferentiable, that is
Domdf = {z € X;0f(z) # 0} # 0. (1.3)

The problem of integration with respect to this subdifferential was studied by
many authors. In this line, a remarkable result was established by Rockafellar [7],
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[8]: any maximal cyclically monotone mapping can be represented as the subdiffer-
ential of a proper convex lower-semicontinuous function. This function is unique up
to an additive constant function. Also, the subdifferential of a proper convex lower-
semicontinuous function is a maximal cyclically monotone mapping. We recall that a
mapping T : X — X* is cyclically monotone if

fo(wl —xi41) > 0 for all (z;,2]) € GraphT,i =0, n, (1.4)
i=0

where x,,41 = xo, n =1,2,...

If (1.4) is fulfilled for n = 1, then the mapping T is called monotone.

In the proof of Rockafellar’s result it is used the following function associated to
a cyclically monotone mapping 7' : X — X*

Froir(@) =sup { 3" @i (@i1 = 2); (2:,2}) € Graph T,
i=1

i:O,n,n:1,2,...,zn+1:x}, (1.5)

for any x € X, where xg is a fixed element in Dom 7.

We mention that in the papers [1,3,4,5,9] are given special properties using dif-
ferent concepts of subdifferential.

Obviously, Rockafellar (integration) function f,,.r is convex and lower-semicon-
tinuous. In fact, this function can be defined for any mapping 7', but it is a proper
function only in the case of cyclically monotone mappings. In an earlier paper [6] we
established the following result:

Theorem 1.1. Let us consider a mapping T : X — X*. The following statements are
equivalent:

(i) T is a cyclically monotone mapping;

(ii) fro;r(z0) =0 for any (one) element xg € DomT';

(iii) Dom fye.;r # 0 for any (one) element xo € DomT.
Indeed, if T' is not cyclically monotone, there exist g, x1,...,z, € X such that

n

*
§ zj(z; —wiy1) = a <0, Tpi1 = z0.
=0

Now, if we consider the finite system of elements xo, 71,72, ... Zn41) € X, where
Ty = xi+j(n+1)7 1= 0,7, ] = 0, k— 1, then

faor(2) 2 —ka + x4 1) (T — Th(nt1) — Th(ngr) (@0 — Ti(nr1))
= —ka + T} 41y (T — 20) = —ka + 23, (v — x0), forallk=1,2,...

and so fy,.7(x) = o0, for all x € X.

Taking into account the equivalence (i)<(iii) we can give an other equivalent
definition for Roackafellar function fr.,, such that its domain is also nonvoid for some
non cyclically monotone mappings (see also [6]).

In this paper we give special cases when Rockafellar function is proper. Also, we
establish a subdifferential property and some dual inequalities.
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2. A new definition of Rockafellar function

Let T: X — X be a proper multivalued mapping. Considering only systems of
distinct elements in DomT" we obtain the following slight modification of the Rock-
afellar function associated to T' as follows:

n
Guo:7(T) = sup { Z x; (i1 — ); (x4, z7) € Graph T, (2.1)
=0

x; #xjforany i # 5,4, =0,n,n=1,2,..., 211 :x}, z e X,
where zq is an fixed element of Dom T
This function is also convex and lower-semicontinuous.
Proposition 2.1. If T is a cyclically monotone mapping then
9a0:T = fao;r for all zg € Dom T

Proof. Obviously, fzo:r > guo:- On the other hand, if we consider a system (z;, z}) €
Graph T, 7 = 0,n, which contains two equal elements xy = x4y, I > 0, k,k+1=0,n,
then by (1.4) we have

n k-1 k+1-1 n
Yo —z) =) (v — @)+ Y wf(wi — @)+ Y @l (zin - @)
=0 =0 i=k i=k+1

k—1 n
<Y w(@i —w) + Y (T — ).
i=0 =kt
Therefore, in the definition (1.4) of Rockafellar function f,,. we can omit the systems
z; € DomT, i = 1,n which contain equal elements.

Example 2.2. Let T : R — R defineed by

xz, ifzel0,1]
Tx)=(a, ifz=2, (2.2)

o, if€[0,1]U {2},
where o € R. If @ > 1 obviously T is a cyclically monotone mapping, and so, in
this case fz,;7 = gazo,r for any z¢p € DomT. But, if o < 1, then T is not cyclically
monotone. Thus, f,.7(z) = oo for all z € R. On the other hand, we remark that T
is cyclically monotone on [0, 1]. We denote by Tp this mapping (the identity mapping
of [0,1]. Now, by a standard calculus we obtain

2

-3, for x < 0,
22

27

z2 1
-3 +x—5, forx>1

Jaoimy (7) = *% + for x € [0, 1], (2.3)

It is obvious that the sums in the definitions of g,,.r and f;,.7;, are distinct only for
systems of elements which contain the element x = 2. Thus, fu,.7(2) # fue:1, (T) if
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and only if for a system (x;, x}) € Graph T, i = 0, n, which contains the element z = 2,
the corresponding sum in (2.1) has a greater value than the sum where the element
x = 2 is omitted. For example if &« > 1 and z¢ € [0, 1], then g,,.7(z) = fuy:1, (z) for
all x € (—00,2), while gy > foo;1, () for any z > 2.

Also, if a < 1, then gz.r > fz,:1(x). On the other hand, concerning the
integration property we get that on [0, 1] we have the following equality

891:0;T = afzg;To = T‘(%
Generally, Dom g,,.r # 0 only if T' is cyclically monotone excepting a ”small”

subsets of its domain. In this line we give the following two results.

Theorem 2.3. If there exists a system of accumulation elements (x;,x}) € GraphT,
t=1,k, xp11 = x1, such that

k
Z‘Tr(l‘l — Zi_t,_l) < O,
i=1

then gzo.r(x) = 00 for any z € X.

Proof. Let us denote Zl 12 (@1 — :z:z) = «a > 0. Now, given ¢ > 0, M > 0 we
inductively define the sequence (z; p,x ) € GraphT, i = 1,k and n = 1,2,... such
that z; ., # jm for any i # j, n =2, 3

€ €

[@in — il < o @i, =27l < BYESTA VA

where ||z; [ < M, ||z} ,|| < M. Then, we have
|20 (T — Tim) — xf(%ﬂ — z)| < [l2g o llll(@ig 10 = Tigr) + (2 — i)

+lzi — zigalll|o],, — for anyi=1,k,n=1,2,.

zi || <
- 2”k
Let zg be a given element in Dom T and =z € X. By hypotheses we can suppose
that o # @sm, for any i = 1,k, m=1,2,...
Now, we consider the system of distinct elements {11,212, 1 ks -+, T1 0,
T2y« Tt and corresponding sum of right hand of formula (2.1). We have

. * —
1 3 El
wo(T11 — +E E:r (Tig1,m — Tim) + T (T — Tp.n)

i=1 m=1

=ai(z1,1 — x0) + Z Z T} (Tiv1,m — Tiym) + 2%, (T — Tpn) + na

i=1 m=1
k n

— ; =
an (i1 — ) = xo(xll—x0)+na+zz (27 i (Tit1,m — Tim)

i=1 m=1

— 2} (@i — )] + 0 (2 — Tn) 2 2@ — 20) — Z o T

b 0@ - T) 2 € 4 5iErs — 20) + T (r— ) e,
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for any n = 1,2, ... Since the sequence (i, ] ,) € GraphT,i=1,kandn =1,2,...
is bounded, according to the definition (2.1) we get gy, r(z) = oo for all z € X, as
claimed.

The following result establishes a sufficient condition such that Dom g,,.7 # 0.

Theorem 2.4. Let Ty : X — X* be a cyclically monotone mapping. If T : X — X*
such that GraphT = GraphTo U {(us,ul) € X x X*,i =1,k} and there exists M > 0
such that

(uf —u*)(u —u;) < M, for alli =1,k,u € DomTy,u* € To(X), (2.4)

then Dom gz..7 O Dom fr,.1, for any xg € DomTy.

Proof. Let xg be an element in Dom T and let {x1,z2,...,z,} C Dom Ty be a system
of distinct elements. If we add only an element u;,j = 1, &, then

ro(21 — o) + 27 (02 — 1) + ..+ 2] (uj — x5)
+ Ui (i1 — uj) + 5 1 (Tigy2 — Tig11)
+.ooota (T — @) (T — xp)

n—1

=3 @ (@i — @) + 2 — wn) + 2, (05 — )
=0
*

+uf (Tigr1 — uj) — 25 (Tig41 — Tig) < faormy (2) + (W] — 27 )(Tig 41 — uy)
< fuo:i1o (z) + M, for any x € Dom fy, 1, -

Therefore, according to the definition (2.1) of g, it follows that
9uo:7 (%) < fuoir, (z) + kM, for all z € Dom fy,.1y,, as claimed.

Remark 2.5. Obviously, if M = 0 the mapping T is cyclically monotone,. Also, the
convex function g,,.r can be proper in some special case when (Dom T')\(Dom Tp) is
an infinite set. Generally, the following inequality

ro;To < Gao;T (25)
holds.
In the next result we prove that the integration property of a mapping T : X — X*
can be generated by the subdifferential of g,,.7.

Theorem 2.6. Let T : X — X* be an extension of a cyclically monotone mapping Ty .
If there exist xog € DomTy and T € Dom fy,.m, such that foo.1,(T) = guo:7(T), then
6.fl‘0;To (E) - 8g$0;T(§)'

Proof. If x* € 0f4,.1,(T), using the inequality (2.5) we have

" (z—7) < fro:To (z) - Jz0:To (T) = JroiT0 (z) — ng;T(f) < gwo;T(x) - gxo;T(f)v

for all z € X, and so z* € 9¢,,.7(T).
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Remark 2.7. Let Ty be a maximal cyclically monotone mapping such that Graph Ty C
GraphT. Then on the set {x € X; foo.1, () = gu;r(x)} the function fy,.1, can be
regarded as an integral of mapping T'.

3. Some dual properties

Firstly, we recall some fundamental dual concepts in convex analysis (see, for
example [2]). Given a function f : X — (—o0, 00], its conjugate f* : X* — (—o0, 0]
is defined by

fr(@*) =sup{a*(z) — f(z);x € X}, 2" € X", (3.1)
If A C X we define the support function
sa(z”) = sup{z*(x);z € A}. (3.2)

Similarly, we define the support function associated of a subset of X*.
Now, we give an other equivalent form for the Rockafellar function g,,.r with
respect to dual space X* namely

n

Gao; () = sUP { Y @iy — ) (@) + a5 (2) — xh(xo); (3-3)

=1

(z;,27) € Graph T, x; # x; fori # j,i,5 =1,n,n = 1,2,...}7 z € X,

where g € DomT.
This formula leads to consider the Rockafellar function associated to the mapping
T~ Indeed, if 25, € DomT~! by (2.1) we have
n+1
Gugir1 (@) = sup { 30 (@} — w1 (wio1); (o], 20) € Graph T, (34)

=1

xf #at, fori # iy j = 0,m, 2, :x*,n:LQ,...}, z* € X*.

But, if the system {z},z3,...,z}} is replaced by the system {«¥ 2% _;,..., 27}
we obtain the equivalent formula

n

Yagr— (¢7) = sup { Z(If_l —xp)(@i) + (2, — 2g)(wo) + (27 — 7)) (w1); 27 # @

(z},x;) € Graph T~ ', # ) fori # j,i,j =1,n,n = 1,2...}, e X*.  (3.5)

Generally, if {x1,x9,...,2,} is a system of distinct elements of Dom T" then the
corresponding system {z3,x5,...,z}}, (z;,2F) € GraphT, can have equal elements.
Thus, in the following results we need to suppose that T is injective, that is u* # v*
whenever u # v, (u,u*), (v,v*) € GraphT.

Theorem 3.1. Let T : X — X* be an injective mapping. If (vo,xy) € GraphT, then
gzo;T(CU) < Gazr—1 (%) + SDomT(»T(O) — %) + Spomr-1( — 20), (3.6)

for all (z,2*) € X x X*.
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Proof. Let (xg,x) be an element in GraphT. By hypothesis, if {u1,uz,...,un} is a
system of distinct elements in Dom T, then a corresponding system {uf,u}, ..., u* },
where (uj, u;‘) € GraphT, j = 1,m, also contains only distinct elements in Dom 7.
According to (3.5), taking ul = x5, we obtain

m n

D51 = ) wy) + (@) — o) < sup { D [(wf g — af) () + (& - ) (wo)

(@ — a})(@)] + [ — ) ()] )
+ a3 (2) — af(wo0) — (& — ) (o) — (2 — ) (&1);
(wi,z}) € Graph T, z; # x;, for i # j,i j:1,7n}

n

<sup { D (@i — @} (@) + (@5 — 0*)(@1) + 7} (2 — 20); (ws, ;) € Graph T,

i=2
x; # xjfori#j,i,j = ﬁ} + sup{(xf — 2%)(z1); 1 € Dom T}

+ sup{z (z — zo); x;, € DomT~ 1} = gz*.Tfl( *) + spom (7o — )
+ $Dom -1 (& — x0), for all uj, uj € Graph T, u; # u; for i # j,
ihji=1n, (z,z*) e X x X* n=1,2,...

Now, passing to the supremum with respect to systems {uy,us,...,un}, m=1,2,...
we obtain the inequality (3.6).

Remark 3.2. If 7! is injective we have a converse inequality

ng;T71(l‘*) < Guoir(2) + sDomT(x* —x) + SDomTfl(x — o), (3.7)

for all (z,z*) € X x X*. Consequently, if T is an one to one mapping, then we can
obtain an estimation for |gu,,7(z) — gzz -1 (2")], (z,2%) € X x X*. If T'is a cyclically
monotone mapping the inequality (3.6) was given in [6].

Concerning the conjugate of the Rockafellar function associated to a mapping
T and the Rockafellar function associated to the mapping 7! we have the following
result.

Theorem 3.2. Let T : X — X* be an injective mapping. If Txo = {x§}, ©o € DomT,
then

Gaor (@) < xf(20) = gpeir-1 (), for all 2* € Dom T~ ", (3.8)
Proof. By formula (3.3) we obtain
G+ T 7supz N(wi) + (zf_y — ") (), 2 € T-Ha"), 2 # x4, (3.9)

(z;,2]) € GraphT,z,] cl,n—1,n=1,2,...}, for any z* € Dom7T .
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On the other hand, by definition (3.1) of the conjugate we have
o7 (27) = sup{a”(z) — gooir(7); 2 € X}

= sup{z*(z) — sup { Z(x;“_l — ) () + ) (x) — x5(x0); (mi,x)) € Graph T,
i=1
z; # xj, fori#j,i,j€l,nn= 1,2,...};x € X} =zi(xo)

n—1

supinf { (2 — ) () = 3@y — #7) () + (@51 — 25)(@n); (1,27) € Graph T,
=1

xz#xj7l7éj7z7:7:1u7nvn:172u}

Now, if we take (z,,x}) = (z,z*), according to (3.9) we obtain
n—1

Gayr(x7) < @f(x0) —sup Y _{(wi_y — 2}) (@) + (@;,_y — 2")(@); (25, 2]) € GraphT,
i=1

x; #Fay, fori# g0, =1,n—1,n=2,3,...} = 25(x0) — gor.7-1(27),

for all z* € Dom7T~!, as claimed.
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Ball comparison for three optimal eight order
methods under weak conditions

loannis K. Argyros and Santhosh George

Abstract. We considered three optimal eighth order method for solving nonlinear
equations. In earlier studies Taylors expansions and hypotheses reaching up to
the eighth derivative are used to prove the convergence of these methods. These
hypotheses restrict the applicability of the methods. In our study we use hypothe-
ses on the first derivative. Numerical examples illustrating the theoretical results
are also presented in this study.
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1. Introduction

In this paper we are concerned with the problem of approximating a solution x*
of the equation

F(z)=0, (1.1)

where F': D C S — T is a Fréchet-differentiable operator defined on a convex set D,
where S, T are subsets of R or C.

Equation of the form (1.1) is used to study problems in Computational Sciences
and other disciplines [3, 7, 14, 16, 20]. Newton-like iterative methods [1, 2, 3, 4, 5, 6, 7,
8,9,10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23] are famous for approximating
a solution of the equation (1.1).

In this paper, we study the local convergence analysis of the methods defined
for each n =0,1,2,--- by Siyyam et al. [19]

1

=2y, — —F
Yn Tn F/(.’En) (.Z‘n),
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1
F'(2y)

Zn = xzp+ (14 0)
1
CF'(2)

1
_B(F/(J)n)

Tn+l = Zn — AglF(Zn)a

(F(zn) + F(yn)),

F(zn) + (F'(2n) + F(20) F'(20)) ' Fyn))  (1.2)

where xg € D is an initial point, 5 € S,
Ap = F'(xn) 4 ([0 Yn, 205 F] + [Zn, oy yns F1) (20 — )
+ 2([#n, Yns 203 F| = [Ty Try Y3 F]) (20 — Yn)

and [, -, -; F'] denotes a divided difference of order two for function F' on D. The second
and third method are due to Wang et. al. [23] and are defined, respectively as
1
n n - r nj/y
y T B (wn)
1 _
Zn = Tn— ?F(xn)(F(mn) —2F(yn)) 1(F(xn) — F(yn)),
1
8F(yn) | 2(F(yn)y2
1 14 5r6m +5(F
x ot LUy i) |

2 1= %%F(yn)

and
Yn = Tp — %‘rn)F(Z‘n)y
= s e P ) =27 (0) " (Pl = Flu),
1-—- Z%F(yn) + l(F($n)71F(yn))2
Tne1 = 2n— F(xn) 'F(zn 5 F'{n) 15 15
. (22) F(a,) e
U A ) F ) ) (1.4

Convergence ball of high convergence order methods is usually very small and in

general decreases as the convergence order increases. The approach in this paper

establishes the local convergence result under hypotheses only on the first derivative

and give a larger convergence ball than the earlier studies, under weaker hypotheses.

Notice that in earlier studies [19, 23] the convergence is shown under hypotheses

on the eighth derivative. The same technique can be used to other methods. As a
13

motivational example, define function f on D = [~3, 35) by

23 lna? + 25 — 24, z#0
)= { .

0, =0 (1.5)
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Choose z* = 1. We also have that

f'(z) = 32% In2® + 5z* — 423 + 222,

f"(x) = 6z In2?® 4 202° + 1222 + 102
and

f"(x) = 6lna? + 60x? — 24z + 22.
Notice that f"”’(z) is unbounded on D. Hence, the results in [19, 23], cannot apply to
show the convergence of method (1.2) (see also the numerical examples).
The rest of the paper is organized as follows. In Section 2 we present the local

convergence analysis of methods (1.2)—(1.4). The numerical examples are given in the
concluding Section 3.

2. Local convergence

The local convergence of method (1.2), method (1.3) and method (1.4) is based
on some functions and parameters. Let Kg > 0, K > 0,Lg > 0,L >0, M > 1 and
B € S be given parameters. Let gi,p1,hy,,,p2 and hy, be functions defined on the
interval [0, L%)) by

(t) — L
P = 90— Lot
Lot
p(t) = 70 + Mg (t)
hp, (1) = pi(t) =1,
M?¢2
t) = Lot+ ——
pa(t) ot + 1= Lot
hp,(t) = pa(t) — 1
and parameter r; by
2
T1 — m (21)

We have that ¢g1(r1) = 1 and for each ¢ € [0,71) : 0 < ¢g1(t) < 1. We also get that
hp, (0) = hy,(0) = =1 < 0 and hyp, (t) = 400, hyp,(t) = +o0 as t — L%)f. It then
follows from the intermediate value theorem that functions p; and p; have zeros in
the interval (0, L%)) Denote by r,, and rp,, the smallest such zeros of functions hp,
and rp,, respectively. Let 7 = min{r,,, rp, }. Define functions g, and hy on the interval
[0,7) by
2
(1 —Lot) (1 — Lot)(1 —pi(t))
11+ B[Mgi(t) | M|Blgi(t)
1 — Lot 1 —pa(t)
and ho(t) = g2(t) — 1. We have that he(0) = —1 < 0 and hg(t) - +oo0 as t — 7.
Denote by ro the smallest zero of function hs in the interval (0, 7). Moreover, define
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functions ¢ and hq on the interval [0, 7) by ¢(t) = Lot + (K + Ko) (14 g2(t))t +2(Ko +
K)(g1(t) +92(t))t and hy(t) = q(t) — 1. We get that he(0) = —1 < 0 and hq(t) = +o0
as t — 7_. Denote by r, the smallest zero of function h, on the interval (0,7). Let
7o = min{7, ry}.

Finally, define functions g; and hs on the interval [0, 7)) by

M
m)gz(t)

and hs(t) = g3(t) — 1. We get that h3(0) = —1 < 0 and hs(t) — +o0 as t — 7.
Denote by r3 the smallest zero of function kg on the interval (0, 7). Define the radius
of convergence r by

g3(t) = (1+

r=min{r;}, i =1,2,3. (2.2)
Then, we have that
O<r<r1<i (2.3)
Lo
and for each ¢ € [0, 1)
0<gi(t)<1,i=1,2,3 (2.4)
0<pj(t)<1,j=1,2 (2.5)
and
0<q(t) <1 (2.6)

Let us denote by U(v, p), U(v, p) the open and closed balls in S with center v € S
and of radius p > 0.

Next, we present the local convergence analysis of method (1.2) using the pre-
ceding notation.

Theorem 2.1. Let F : D C S — T be a differentiable function. Let also [.,.,.; F]
denote a divided difference of order two for function F on D. Suppose that there ezist
z*eD
F(z*) =0, F'(z*) #0 (2.7)

and

[F" (")~ (F' (2) = F'(a"))]| < Lollz — ™. (2.8)
Moreover, suppose that there exist L > 0 and M > 1 and K > 0 such that for each
x,y,z € Dy = DﬂU(:C’ﬂL%)

[F"(z*) " (F' () = F'(y)|l < Lllz = yl|, (2.9)
[F' (@)~ F' ()| < M, (2.10)
[F"(2*) " e, 2, y; Fl|| < Ko, |F'(2%) " a,y, 2 F]|| < K (2.11)
and
U(z*,r) C D, (2.12)

where the radius of convergence r is defined by (2.2). Then, the sequence {x,} gener-
ated for xg € U(x*,r) — {x*} is well defined in U(x*,r), remains in U(z*,r) for each
n=20,1,2,---, and converges to *. Moreover, the following estimates hold

[y — 2"l < gr(llen — 2" D)llzn — 27| < [lzn — 27| <, (2.13)
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[2n — 2*[| < g2(llzn — 2" [)zn — 2" < [lon — 27| (2.14)
and
[2n41 — 2" < gs(llzn — 2" llzn — 2" < [Jn — 27|, (2.15)
where the “g” functions are defined previously. Furthermore, for T € [r, L%) the limit
point x* is the only solution of the equation F(x) =0 in Dy = DNU(z*,T).

Proof. We shall show that method (1.2) is well defined in U(a*,r) remains in U(x*, )

for each n = 0,1,2,..., and converges to z* so that estimates (2.13)—(2.15) are satis-
fied. Using hypothesis zg € U(z*,r) — {z*}, (2.3) and (2.8), we have that
| F'(2*) " (F' (z0) — F'(z*))|| < Lo|lxo — *| < Lor < 1. (2.16)

It follows from (2.16) and the Banach Lemma on invertible functions [3, 7, 14] that
F'(x0) # 0 and
1

< T

1 — Lo||lzo — x|
Hence, yo is well defined. By the first sub-step of method (1.2) for n = 0, (2.3), (2.4),
(2.7), (2.9) and (2.17), we get in turn that

lyo —z*|| = |wo —a* — F' (o) " F'(x0)||

|F' (z0) " F'(x*) (2.17)

< |F' (o) F ()|
1
x|| / F'(a*) " (F' (& + 0(z0 — 27)) — F'(20)) (w0 — *)db)|
0
Lz — z*|?
— 2(1 = Lollzo — z*|)
< gi(llwo — 2[)[|wo — 27| < [lwo — 2™[| <1, (2.18)

which shows (2.13) for n =0 and yo € U(z*, 7).
We can write by (2.7) that
1
F(yo) = F(yo) — F(z") = / F'(2" 4+ 0(yo — 7)) (yo — 7)d6. (2.19)
0

Notice that ||x* + 0(yo — z*) — z*|| = 0]|lyo — =*|| < 7, so * + O(yo — 2*) € U(z*,r)
for each 6 € [0,1]. Then, by (2.10), (2.18) and (2.19), we get that

1F (yo) F' (@) M| < Mllyo — 2*|| < Mgi(llwo — ™ |))l|lzwo — 27]. (2.20)

We must show in turn that F(zq) — F(yo) # 0 and F'(x0) + f;((jg)) # 0. We have by
(2.3), (2.5), (2.8) and (2.20) that

(" (2%) (o — 2*)) " (F(x) — F(z*) = F'(a")(zo — 2*) — F(yo))]|
[0 — w*ll’l(%llwo =" + M|lyo — =7|))
pillzo = 27[) <pa(r) <1, (2.21)

IA

IN

SO
1

| < . . (22
lzo = 2*[[(1 = pr([leo — =)

I(F (o) — F(y0)) ™ F'(x")]
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Similarly, by (2.3), (2.5), (2.8) and (2.20) (for zp = yo) that
F’(.’EQ)

M? |l — 2|2

[F (%) (F" (o) — F' (") +

< L S ol el M | o
< Lollwo — ™[ + 1= Loflzo— 7] p2(llwo — z7])
< po(r) <1, (2.23)
SO
Fz(xo) 1
F'(zo) + LRz < ) 2.24
| (F' (o) F,(IO)) ()l = pallze =2 (2.24)

and zq is well defined. Using the second substep of method (1.2), (2.3), (2.17), (2.18),
(2.20), (2.22) and (2.24) we obtain in turn that

20 —x* = wo—a" = F'(20) F(x0) + (24 B)F' (x0) "  F(x0)
+(1+ /B)F/($O)_1F(y0) — ZF/(x(])(ﬁ(;gol F(yo))
F(yo)

—BF'(x0)F(x0) — B

F'(ajo) + ?f((;tg))

= yo—a" = 2[F(z") 7 F(wo)][F(x0) " F'(a")]
x[(F (o) = Fyo)) ™ F'(a")][F" (z") ™" F(yo)]
(1 + B)[F (wo) T F/ (") ][F' (")~  Fyo)]

2 X
AP ) G ) + o) TP (22)
o

SO

A

lz0 =27 < lyo — 27
2M2||yo — &*|[]|zo — 2|

[0 — 2*[|(1 = Lollzo — 2*[)(1 = pr([lzo — 2*[])

1+ BIM|lyo —=*[| | _|BIM]lyo — "
L= Loflwo ===l 1= pa(flzo — =)
= g2(llzo — 2™[)lJwo — 27| < Jwo — 27| <1, (2.26)

which shows (2.14) for n = 0 and zy € U(z*,r). Next, we must show that Ay # 0.
Using (2.3), (2.6), (2.8), (2.11), (2.18) and (2.26), we get in turn that

[F(2*) " (Ao — F'(a))|

< Loz — =7
+(Ko + K)[[20 — 2| + [[wo — z™|]] + 2(Ko + K)[[]20 — ™[ + llyo — 2" |[]
< Lollwo — 2| + (Ko + K)(1 + g2([Jzo — 2™ ||)[lzo — 27|

2(Ko + K)(g1(llzo — o[} + ga(lleo — 2*[) o — 2|
= qlllzo ") < q(r) < 1,



Ball comparison for three optimal eight order methods 427

SO
1

(o — 2*[])
and z; is well defined. Then, from (2.3), (2.4), (2.18), (2.20) (for yo = 20), (2.27), and
the last substep of method (1.2) for n = 0, we have that

ATYE (%)) < )
| oF(w)H_lw (2.27)

M _ *
lor =o€ oot + — o=l
T alleo = 2)
— gulllso—a* Dm0 o' < Jlao — a7 <7 (228)

which implies (2.15) holds for n = 0 and z; € U(z*,r). By simply replacing
Z0,Y0, 20, 1 bBY Tk, Yk, 2k, Tx+1 i the preceding estimates we arrive at (2.13)—(2.15).
Using the estimate ||zp+1 — 2*|| < cllag — z*|, ¢ = g3(||zo — *||) € [0,1), we deduce
that klgrgo xp = a* and xp41 € U(z*,r). The proof of the uniqueness part is standard
[5]. O

Next, we introduce the needed functions as the corresponding ones above Theo-
rem 2.1 but for method (1.3). Define functions @1, ¢2, ©3, Ry, ; ey, Ry, on the interval

[0, 2-) by

_ 12 Mgl(t) .
Qol(t) - El _ %ta htpl(t) - ng(t) - 17
pa(t) = 5 tt 2M g1 (t), he, (t) = @a(t) — 1,

_ Lo

Pa(t) = S (B)t and iy (1) = pa(t) ~ 1.

We have that hy, (0) = hy,(0) = he, (0) = —1 < 0 and hy, (t) = 400, hy, (t) = +00,
he,(t) — +o00 as t — LLO_. Denote by 7y, ,7p,,7p, the smallest zero of functions
Ry, Ry s Py, Tespectively on the interval (0, L%.) Moreover, define functions go and
ho on the interval [0,7,,) by

M2
T Lon( - pa) "
and ho(t) = g2(t) — 1. We get that hp(0) = —1 < 0 and ha(t) = +00 as t — 7,,.
Denote by ro the smallest such zero. Finally, for

g2(t) = (1+

T = min{r% » Tpas Tsag}

define functions gs and hs on the interval [0,7) by

2
1+W+E(Mgl(t)> _

gy =+ 1, Ak DA T L Me0))
3 1— Lot | 2 1—i(t) 2 1B )
hs(t) = gs(t) — 1
and 9

M

g2(t) =1+
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We have that h3(0) = —1 < 0 and hg(t) — +o0 as t — 7. Denote by r3 the smallest
zero of function gs on the interval (0, 7). Define the radius of convergence p; by

p1 =min{r;}, i =1,2,3. (2.29)

Finally, for method (1.4), define functions g; and go as in method (1.3) but define
function g3 and hg by

2
1 2M g1 (t) 1 M g1 (t)
M T 5(1- 52 t) L ez 4Mgi(t)\ Maga(t)
g3(t) = |1+ 1 L QQ(t),
1— Lot L—i(t) 1— Lo ) 1—s(t)
hs(t) = gs(t) — 1
and radius of convergence ps by
p2 =min{r;},i =1,2,3. (2.30)

Next, drop the hypotheses on the divided differences and K from Theorem 2.1 and
exchange the “g” functions and r with the corresponding “g” functions for method
(1.3), p1 and method (1.4), pa. Call the resulting hypotheses (C) and (H), respectively.
Then, we obtain the corresponding results.

Theorem 2.2. Under the (C) hypotheses the conclusions of Theorem 2.1 hold for
method (1.3) with py replacing r.

Theorem 2.3. Under the (H) hypotheses the conclusions of Theorem 2.1 hold for
method (1.4) with py replacing r.

Remark 2.4. (a) The radius 1 was obtained by Argyros in [2] as the convergence
radius for Newton’s method under condition (2.13)-(2.15). Notice that the convergence
radius for Newton’s method given independently by Rheinboldt [18] and Traub [21]
is given by
2

p= 3L <7ri.
As an example, let us consider the function f(z) = e* — 1. Then z* = 0.
Set D =U(0,1). Then, we have that Lo =e—1<l=¢, so

p = 0.24252961 < r; = 0.3827.

Moreover, the new error bounds [2, 3, 6, 7] are:

I I < = I |1
Tpy1 — Ty —
S A AL
whereas the old ones [14, 16]
L
D G K 2.
s =27l € T gy o = o'l

Clearly, the new error bounds are more precise, if Ly < L. Clearly, we do not expect
the radius of convergence of method (1.2) given by r to be larger than r1 (see (2.4)) .
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(b) The local results can be used for projection methods such as Arnoldi’s
method, the generalized minimum residual method(GMREM), the generalized conju-
gate method(GCM) for combined Newton/finite projection methods and in connec-
tion to the mesh independence principle in order to develop the cheapest and most
efficient mesh refinement strategy [2, 3, 6, 7).

(¢) The results can be also be used to solve equations where the operator F’
satisfies the autonomous differential equation [3, 7, 14, 16]:

Fl(z) = p(F(x)),
where p is a known continuous operator. Since F’(x*) = p(F(x*)) = p(0), we can apply
the results without actually knowing the solution x*. Let as an example F(x) = e* —1.
Then, we can choose p(z) =« + 1 and z* = 0.
(d) It is worth noticing that method (1.2) are not changing if we use the new
instead of the old conditions [23]. Moreover, for the error bounds in practice we can
use the computational order of convergence (COC)

|Znt+2=Tnil

I o=l

£ , foreachn=1,2,...
thIn+1*InH
zrn—2n—1]l

or the approximate computational order of convergence (ACOC)
In lent2—z"|

lntr—a=||

= ——
l#nts—z|

= for each n=0,1,2,...
In =
lzn—2*]

instead of the error bounds obtained in Theorem 2.1. Related work on convergence
orders can be found in [8].
(e) In view of (2.9) and the estimate

[F' @) E @) = [[F ()TN E () = F'(2") + 1
< L4 |[F' (@) THE (2) = F'(@)| < 1+ Lolw — 7|
condition (2.11) can be dropped and M can be replaced by
M(t) =14 Lot

or
M(t) =M =2,
since t € [0, L%))

3. Numerical Example
We present a numerical example in this section.

Example 3.1. Returning back to the motivation example at the introduction on this
paper, we have Ly = L = 96.662907, M = 1.0631, K = K, = 575 = —1. Then, the
parameters for method (1.2) are

r1 = 0.0069, o = 0.0051 = r, r3 = 0.1217.

We have ACOC = 1.7960 and COC = 1.8371.
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A dynamic Tresca’s frictional contact problem

with damage for thermo elastic-viscoplastic
bodies

[lyas Boukaroura and Seddik Djabi

Abstract. We consider a dynamic contact problem between an elastic-viscoplastic
body and a rigid obstacle. The contact is frictional and bilateral, the friction is
modeled with Tresca’s law with heat exchange. We employ the elastic-viscoplastic
with damage constitutive law for the material. The evolution of the damage is
described by an inclusion of parabolic type. We establish a variational formulation
for the model and we prove the existence of a unique weak solution to the problem.
The proof is based on a classical existence and uniqueness result on parabolic
inéqualities, differentiel equations and fixed point argument.

Mathematics Subject Classification (2010): 74M10, 74M15, 74F05, 74R05, 74C10.

Keywords: elastic-viscoplastic, temperature, variational inequality, fixed point.

1. Introduction

The modelization of a contact phenomenon is determined by a set of assumptions
influencing on the form and structure of partial differential equations system or on
boundary conditions of the associated mathematical model.

Among the assumptions influencing the partial differential equations system:
Hypothesis about the geometry of the deformation (small deformation or others),
Hypothesis about the mechanical process (quasi-static or dynamic), Hypothesis about
the laws of material behavior (elastic, viscoelastic,...).

The model equations can be influenced by additional phenomena (thermal, piezo-
electric,...).

The boundary conditions on the contact surface are described in both normal
direction and in the tangential plane, these are called boundary conditions of friction.

In the direction of normal, we have unilateral and bilateral contact (when there
is no separation between the body and the obstacle). The normal compliance (when
the obstacle is deformable).
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The boundary conditions are also influenced by several phenomena accompany-
ing the contact with friction, such as adhesion, wear, thermal effects, friction threshold
dependence with respect to sliding or the sliding speed.

The contact between deformable bodies are very common in the industry and
everyday life, contact of braking pads with wheels, tires with roads, pistons with skirts
or the complex metal.

Recently we investigated a number of problems related to quasistatic contact for
thermo mechancical models coupled or uncoupled. In particular, models uncoupled
thermo viscoplastic were considered in [10]. In this case the consitutive equation law
depends on two parameters 6, y, where 6 be interpreted as absolute temperature.

Different models have been developed to describe the interaction between the
thermal and mechanical field see [3, 11]. A thermo elastic-viscoplastic body is consid-
ered in [6, 11].

Initial and boundary value problems for termo mechanical models were stud-
ied by many authors. So, existence and uniqueness result concerning the uncoupled
thermo viscoelastic was obtained in [10] using a monotony method.

A quasistatic contact problem with friction and adhesion has been analized in
[12] for viscoelastic body with long memory. The constitutive laws with internal states
variables has been used in various publications see for example [4, 5, 7].

The damage is one of the internal state variable considered by many authors,
we can see [1, 3, 6, 9].

In this paper we consider the processes frictional contact between a termo elastic
viscoplastic body with damage. We assume that the process is dynamic.

This article is organized as follows. In Section 2 we describe the mathematical
model for the problem. In Section 3 we introduce some notation, list the assumptions
on the problem’s data, and derive the variational formulation of the model. Finally
in Section 4 we state our main existence and uniqueness result which is based on
classical result of nonlinear first order evolution inequalities, equations with monotone
operators and the fixed point arguments.

For the mathematical problem we consider a rate-type constitutive equation for
bodies of the form

o = As(1)+G (e(u), &) + /0 F(o(s) — Ae(a(s)).e(u(s)))ds — Ce0, (1.1)

in which:

u, o represent, respectively, the displacement field and the stress field where the dot
above denotes the derivative with respect to the time variable;

&, 0 represent the damage, and the temperature;

A, G and F are, respectively, nonlinear operators describing the purely viscous, the
elastic and the viscoplastic properties of the material;

C. = (c;;) represents the thermal expansion tensor.

The differential inclusion used for the evolution of the damage field is

é_ klAf + a(PF(g) > S<5(u)’§)’ in 2 x (O’T)> (1'2)
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where pp(£) denotes the subdifferential of the indicator function of the set F' of
admissible damage functions defined by

F={¢cH(Q);0<¢<1, aein Q}

and S are given constitutive functions which describe the sources of the damage in
the system. When £ = 0 the material is completely damaged, when £ = 1 the material
is undamaged, and for 0 < £ < 1 there is partial damage.

The evolution of the temperature field 0 is governed by the heat equation, ob-
tained from the conservation of energy and defined by the following differential equa-
tion for the temperature

0 — divK (AG) = r(1,€) + q

K represent the thermal conductivity tensor, ¢(t) represent the density of volume
heat source and r is non linear function of velocity.

2. Problem statement

We consider an elasto-viscoplastic body which occupies a bounded domain 2 of
the space R%(d = 2,3). For Q, the boundary T is assumed to be Lipschitz continuous,
and is partitioned into three disjoint measurable parts I'y, I's and I's, such that
measI’y > 0. Let T > 0 and let [0,7] denotes the time interval of interest. The
body € is clamped on I'y x (0,7), and therfore, the displacement field vanishes there.
Surface traction of density fa act on I's x (0,7") and a body force of density f; acts on
Q% (0,T). Morever the process is dynamic, and thus the inertial terms are included in
the equation of motion. The material is assumed to behave according to the general
elasto-viscoplastic constitutive law with damage and thermal effects given by (1.1)

With the assumption above, the classical formulation of a dynamic contact be-
tween an elasto-viscoplastic body and an obstacle with damage and thermal effects is
the following.

Problem P. Find a displacement field u : Q x (0,7) — R?, a stress field o : Q x
(0,T) — S, a temperature 6 : Q2 x (0,7) — R, and the damage field £ : Qx[0,T] — R
such that

o = As()+G(e(u), &) + /o F(o(s) — Ae(a(s)).e(u(s)))ds — Ce (2.1)

0 — divK (A0) = r(w,€) +q, on Q x (0,T), (2.2)

£ — k1AL + dpr(€) 3 S(e(u),€), in Qx (0,T), (2.3)
dive +fy =pti in Q x (0,7), (2.4)

u=0 onTly x(0,7), (2.5)

o-v=_f onTyx(0,7), (2.6)

iy gy = ke (0= 0 + e fil) - on T x 0,7), (2.7)

3}
8—5 =0 onTIx(0,7), (2.8)
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ul/:07 |UT| Sg
lo-|<g=1,=0, onT3x(0,7T), (2.9)
o] =g = 3\ >0 such that o, = -0,

=0, on (I'1UTy)x(0,7), (2.10)

u(0) = ug, 1(0) = vo,£(0) = &, 0(0) =6y, , inQ, (2.11)

First, equations (2.1), (2.2) and (2.3) represent the elastic-viscoplastic constitutive law
with damage and thermal effects, equation (2.4) represents the equation of motion
where p represents the mass density. Equations (2.5) and (2.6) represent the displace-
ment and traction boundary condition, respectively. (2.7), (2.8) represent, respectively
on I', a Fourier boundary condition for the temperature and an homogeneous Neu-
mann boundary condition for the damage field on I'. We assume that the contact is
bilateral, therfore, the normal displacement u, vanishes on I's x (0,7). We involve
the friction process with Tresca’s friction law, where the friction yield limit is g, which
is assumed to depend only on each point of I's, (1, denotes the tangential velocity
and o, represent the tangential stress. The strong inequality holds in stick zone and
the equality in slip zone. To simplify the notation, we do not indicate explcitely the
dependence of various functions on the variable x € QUT and ¢ € [0,7]. Equation
(2.10) means that the temperature vanishes on (I'y UTs) x (0,7). The functions uy,
vo, {pand By in (2.11) are the initial data.

3. Variational formulation and preliminaries

In this section, we list the assumptions on the data and derive a variational
formulation for the contact problem. To this end, we need to introduce some notations
and preliminary material. For more details, we refer the reader to [2, 8]. We denote
by S the space of second order symmetric tensors on R? (d = 2, 3), while ||-|| denotes
the Euclidean norm.

Let Q € R? be a bounded domain with Lipschitz boundary I and let v denote
the unit outer normal on 92 = I". We shall use the notations

H = LQ(Q)d = {11 = (uz) U € L2(Q)}, H = {0’ = (O'ij) 1045 =04 € LQ(Q)},
HY Q)¢ ={u=(w;) € H:u; € H(Q)}, Hi1={o cH:dive c H}.

Here ¢ : H 1(Q)d — H and div : H1 — H are the deformation and divergence
operators, respectively, defined by

() = (e (), eiy(w) = glusg + ), dive = (035,).

Here and below, the indices ¢ and j run from 1 to d, the summation convention
over repeated indices is used and the index that follows a comma indicates a partial
derivative with respect to the corresponding component of the independent variable.
The spaces H, H, H'(Q)¢ and H; are real Hilbert spaces endowed with the canonical
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inner products given by:

(u,V)H:/uividx, u,veH, (O',T)Hzfoijnjd:c, Vo, Tr € H
Q Q

(0, v) g1(q)e :/u.vdx—|—/ Vu.Vvdz Yu,v eH'(Q)¢,
Q Q

where
Vv = (v;;), YveH ()%
(o, 7)n, = (6, 7)1 + (dive, divT) g Yo, € Hy,
The associated norms are denoted by || - ||z, || - |%, || - |z and || - ||%,, respectively.

Let Hr = (HY?(T))¢ and v : H'(T'))¢ — Hp be the trace map. For every element
v € H'(Q)?, we also use the notation v to denote the trace map yv of v on I', and
we denote by v, and v, the normal and tangential components of v on I' given by

UV, =V-U, V;=V—uU,l. (3.1)

Similarly, for a regular (say C') tensor field o : Q — S? we define its normal and
tangential components by

o,=(ov) v, o,=0cv—o,v,

and for all o € H; the following Green’s formula holds
(o,e(v))y + (dive,v)g = / ovvda Vv e HY Q) (3.2)
r

Finally, for any real Hilbert space X, we use the classical notation for the spaces
LP(0,T;X) and W*P(0,T; X), where 1 < p < co and k > 1. For T' > 0 we denote
by C(0,T; X) and C*(0,T; X) the space of continuous and continuously differentiable
functions from [0, 7] to X, respectively, with the norms

f x) = f(t
£l = mae 1£2) 1x.

£l 0irix) = mas 1£6) 1 + ma [1£2) .

)

respectively. Moreover, we use the dot above to indicate the derivative with respect
to the time variable and if X; and X5 are real Hilbert spaces then X; x X5 denotes
the product Hilbert space endowed with the canonical inner product (-,-)x, xx,-
Now, let E denote the closed subspace of H'(£2) given by

E={y€H(Q):y=0 on T;UTl,}
Let V denote the closed subspace of H; defined by
V={veH :v=0 on I't and v, =0 on Tz}
Since measI’; > 0, the following Korn’s inequality holds:
leWlln = exlvla, VveV, (3.3)

where the constant cx denotes a positive constant which may depends only on €, I'y
Over the space V we consider the inner product given by

(u,v)y = (e(u),e(v))y, VYu,veV. (3.4)
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Let || - |lv be the associated norm. It follows from Korn’s inequality (3.3) that the
norms || - ||g, and || - ||y are equivalent on V. Then (V||| - ||v) is a real Hilbert space.
Moreover, by the Sobolev trace theorem and (3.3), there exists a constant ¢y > 0,
depending only on 2, I'y and I's such that

IVIlL2ry)e < collvlv Vv eV (3.5)

The mechanical problem may be formulated as follows.
In the study of the Problem P, we consider the following assumptions:
The viscosity function A :Q x S — S? satisfies:

(a) There exists L4 > 0 such that

|A(z,e1) — A(z, e2)| < Laler — &2 for all £1,e2 € S¢, ae. z € Q.
(b) There exists m 4 > 0 such that

(A, e1) — A, e2)) - (61 — €2) > maler —e2|? for all 1,65 € S9,
a.e. x €€

(¢) The mapping « — A(x, ) is Lebesgue measurable on €,

for any ¢ € S9.

(d) The mapping x — A(z, 0) is continuous on S%, a.e. © € .

The elasticity operator G :  x S x R — S? satisfies:

(a) There exists Lg > 0 such that

G(x,e1,€1) — G, 62, &5)| < Lg(ler — 2] + [€1 — &),

for all £1,e0 € S%, for all £;,&, € R, a.e. & € Q. (3.7)
(b) The mapping « — G(x, ¢, ) is Lebesgue measurable on (2, '
for any € € S%, and for all £ € R.

(¢) The mapping « — G(x,0,0) belongs to H.

The visco-plasticity operator F : Q x S x S — S¢ satisfies:

(a) There exists Lr > 0 such that

|F(x,01,61) — F(@,02,22)| < Lr(loy — o2| + |61 — €2]),

for all o1, 092,61,60 € ST ae. & € 0,

(b) The mapping  — F(x,0,¢) is Lebesgue measurable on €, (3-8)
for any o,c € S¢

(¢) The mapping « — F(x,0,0) belongs to H.

The damage source function S : Q x S x R — S satisfies:

(a) There exists Lg > 0 such that

|S(x,€1,&1) — S(x,€2,85)| < LS(\sl — & + ¢ — C2|)7

for all €1,60 € S%, €,,&, € R, a.e. & € Q. (3.9)
(b) The mapping x — S(x, €, £) is Lebesgue measurable on , '
for any e € S?,and for all £ € R.

(¢) The mapping « — S(x,0,0) belongs to H.
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The thermal expansion operator C. :§) x R — R satisfies:

(a) There exists Lo, > 0 such that

|Ce(f13,91) — Ce($,02)| < LCE|01 — 02| for all 0.,0, ¢ R,

a.e. x €€

(b) Ce = (cij), cij = ¢ji € L™ (Q).

(¢) The mapping « — C,(x, 0) is Lebesgue measurable on €2,
for any 8 € R.

(d) The mapping  — C.(x,0) € H.

The thermal conductivity operator K : Q x R — R satisfies:

(a) There exists Lx > 0 such that

|K(x,r1) — K(x,723)| < Li|r1 —ral, for all 11,70 € R, a.e. x € Q.
(b) kij = kji € L>®(Q), kijouo; < cpagaj for some ¢ > 0,

for all (a;) € R.

(c) The mapping x + k(x,0) belongs to L% (Q2).

We assume that the tangential function h, : I's x R — R satisfies:

(a) There exists L, > 0 such that

|hr(2,71) — he(®,72)| < Le|ry —re| for all v, 70 € Ry, ae. @ € Q.
(b) The mapping x — h.(x,r) is Lebesgue measurable on I's for
all m e Ry.

(c) The mapping x + h.(x,0) belongs to L*(I'3).

A concrete example of a tangential function h. is given by

he (z,7) =X(x)r, Vr e Ry, aex €T3,
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(3.10)

(3.11)

(3.12)

where A € L™ (I's, R ) represents some rate coefficient for the gradient of the tem-
perature.
The masse density satisfies

and

p € L (), there exists p* > 0 such that p (z) > p*, a.e x € Q

geL>®{T3), ¢g=>0, ae onl;y

We also suppose the following regularities

fo € L*(0,T; H), f. € L*(0,T;L*(T2)%), g€ L? (0,T;L? (Q)).

The boundary and initial data satisfy

uy €V,vp e H
& eF
0 e E
Or € L* (0,T; L% (I's))
k. € L™ (Q,R,)

(3.13)

(3.14)

(3.15)

3.16
3.17
3.18
3.19
3.20

A~~~ I~ o~ —~
— — Y ~— —
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The function r : V — L2 (Q) satisfies that there exists a constant L, > 0 such that

|r(vl5€1>_r(v27€2)|L2(Q) < L, (|V1_V2|V + |§1_f2)|) (3-21)
v Vi,V € Vv 61162 eR

We use a modified inner product on H = L2 (Q)d given by
(0, v)y = (pn,v)y, Yu,veH

that is, it is weighted with p. We let ||.||; be the associated norm, i.e

IVl = (v, V)i, VveH

The notation (-,-),,, represent the duality pairing between V' and V.
Then, we have

(Wv)yrwy =((0,v)y, YueH, VYveV

It follows from assumption (3.13) that ||.||,; and |.|, are equivalent norms on H, and
also the inclusion mapping of (V,|.|;,) into (H,||.||5) is continuous and dense. We
denote by V' the dual space of V. Identifying H with its own dual, we can write the
Gelfand triple

VCcHCcCV.

From assumption (3.15) we define f (t) € V for a.e. t € (0,T) by

), V)yey = /Qfo(t) -vdgﬁ—l—/F fo(t) - vda VYvev, (3.22)

and note that
fcL?(0,T;V).
We define the bilinear form j: H' (Q) x H' (Q) - R

a(s, () = n/QVq - V{dz. (3.23)

Next we define the functional j : V' — R by
i) :/ g|vslda, VveV.
I's

By using a standard arguments, we obtain the following variational formulation of
the mechanical problem (2.1)—(2.11).
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Problem PV. Find a displacement field u: [0,7] — V, a stress field o : [0,T] — H,
a temperature 6 : [0,7] — E, a damage ¢ : [0,T] — F1, such that for a.e. t € (0,7)

o (t) = As(t (t) )+G (e(u (t), £ (1))

+/O F(o(s) — Ae(u(s))e(u(s)))ds — C.H (t) (3.24)
(@), w =)y oy + (o), e(w=11(t))y
+i(w)—j @)= E @), w—u))y v, YweV (3.25)

)+ K60(t)=Ra(t)+Q(t), inE (3.26)

0(t
(E(t), ¢ —€(t) 12 +a(E(t),(— (1))
> (Se(®),61),¢—&§) 12

forall (t) € F,( € Fandte (0,T) (3.27)
u(O) = Up, fJ.(O) = VQ,Q(O) = 00,5(0) = fo, (328)
where Q : [0,T7] - E', K: E — E’,and R : V — E’ are given by
Q) MpwE = /1“ k.Or (t) nda + /Q q (t) ndx, (3.29)
ar On
(K70 pip = Z / ij amj oz, dm—l—/F keTnda, (3.30)
1,7=1 3
(Rv,m) gy = /ﬂr(v)ndx—k/r hy (Jve]) nda, (3.31)
3

forallve V,n,7 € E.

We notice that the variational Problem PV is formulated in terms of a displace-
ment field, a stress field, a temperature, and damage. The existence of the unique
solution of problem PV is stated and proved in the next section.

4. Existence and uniqueness result

The main results are stated by the following theorems.

Theorem 4.1. Assume that (3.6)—(3.21) hold and, then there exists a unique solution
{u,0,0,&} to problem PV. Moreover, the solution has the regularity

uc Wh2(0,T;V)nCH(0,T; H) n W*2(0,T; V'), (4.1)
o € L*0,T;H),dive € L*(0,T; V"), (4.2)

0 € C(0,T;L*(Q))NL*0,T; E) nWh2(0,T; E'), (4.3)
Ec W20, T; L* () N L*(0,T; H* (R2)). (4.4)

We conclude that under the assumptions, the mechanical problem has a unique
weak solution with the regularity.
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The proof of this theorem will be carried out in several steps. It is based on
arguments of first order evolution nonlinear inequalities, evolution equations, and
fixed point arguments.

Let n € L?(0,T;V’) be given, in the first step, we consider the following varia-
tional problem.

Problem PV1,. Find a displacement field u,, : [0,7] — V/, such that

(i (1), w =y ()1 + (Ae(lty (b)), e(w—, (£)))y +

(o (t),e(w=1a(t)))y +J (w) = J (0 () + (0 (1) ,w — 1y () 1y (4.5)
> (£ (1) ,w — 1y (1)yryys YW EV
u, (0) = up, 1, (0) = vo (4.6)
We define f, (t) € V' for a.e.t € [0,T] by
(£, @), w)vrxv = (£ (@) =n @), w)y .y - (4.7)
we deduce that
£, € L?(0,T; V). (4.8)
We define the operator A : V — V' by
(Av,w)y xv = (Ae(v),e(w))y, Vv,we V. (4.9)

We consider the following variational inequality.
Problem QV, . Find a displacement field v, : [0, 7] — V, such that

(Vi (1) s w = vy () + (AVy (8), 0=y (8) 0y + 5 (W) — 5 (v (2)) (4.10)
> (£, (1), w—vy()yryy YweVaetec|0,T], :

vy, (0) = vo. (4.11)
In the study of Problem QV,, we have the following result.
Lemma 4.2. For allnp € L?(0,T; V"), QV,, has a unique solution with the reqularity
v, €C(0,T; HYNL*(0,T;V)NnWh2(0,T; V'),
Proof. We begin by the step of regularization (see[8]). We define
h(t)=1£,(), tel0,T]

je@ = [ g\flwnf +cda, vwev.
I's

After some algebra, for all € > 0, j. is convex and C' on V, and its Fréchet derivative
satisfies

and for alle > 0

3C >0, Yw eV, |5l (w)ly < ClglLar, -

From (3.6) and the monotonicity of j., it follows from classical first order evolution
equation that

Ve > 0,v; € L* (0,5 V)N W2 (0,T; V')
such that

{ VE(t) + (AVE (1) + 4L (vi (1)) = h(t) in V', a.etel0,T], (4.12)
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Then, we obtain

(‘.’f] (t) , W — ny (t»v (AV ))V’XV +]s ) — Je (ny (t))
> (h(t),w—vfl(t))v,xv, Yw € Vaet € (0,77

From (4.12), we have

(V5 (0, V5 () oy + (AVG () v (0) (e (V5 () V5 (8)
= (h(t),v§ (t))v,xv7 a.e.t € [0, T]

(4.13)

Using (3.6), and the monotony of j., we deduce that

ic >0, vVt € [0,7T],

77

v (t <C/ ’v dt<C’/ |v dt<C’

Using a subsequence to find that

{ vi — v, weakly in L? (0, T; V) and star weakly in L* (0,T; H),

Vi — ¥, star weakly in L? (0, T; V7). (4.14)

It follows that
vy € C(0,T;H) and vy (t) — vy (t) weakly in H, Vt € [0, 7] (4.15)
Integrating (4.13), we have Vw € L? (0,T; V)
T (.. T . T .
IN (Vn’w)v'xv dt + [, (Avn’w)v'xv dt + [ je (w)dt
T .
>/ (v;,v;)v,xvdt—kfo (Ave,v )V/det
J

e (Vo) dt+ [ (how =), dt (4.16)

v
=

Vi (1), = 3 [v5 O]+ fy (Avg. V), dt

T .
+ fo de (va)dt+ [ (hyw—v5),, . dt

From (4.14), (4.15) and the weak lower semicontinuity, we obtain that for all w €
L2(0,T;V):

fo Vmw Va)yisy dt + fo (AVi, W=Vy)yy dt + fo = (vy)di

2 fo (hsw = Vp)yr sy -
The previous inequality implies (see [8]) that

("’77 (t) , W — Vy (t))vfxv + (AVT] (t) , W—Vy (t))vfxv +7J (w) —J (Vn (t))

> (h(t),w—=vy )y, YweV,aetel0,T].

We conclude that Problem QV, has at least a solution v,, € C (0,7 H)NL? (0, T; V)N
W2 (0,T;V’). For the uniqueness, let v,ll7 V?7 be two solutions of QV,. We use (4.10)
to obtain for a.e.t € [0,7],

(Vo () =¥ (), Vi () = vy (1) oy + (AVE (8) — Ay (), Vi () = v (1), <O
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Integrating the previous inequality, using (3.6)and (4.9), we find

1
i}vi( +mA/}v | ds <0
which implies
vy =v..
O
Let now u,, : [0,7] — V be the function defined by
t
u, (t) = / vy, (s)ds + ug, Vit € 10,T]. (4.17)
0

In the study of Problem PV1,, we have the following result.
Lemma 4.3. PV1, has a unique solution satisfying the regularity expressed in (4.1)

Proof. The proof of Lemma 4.3 is a consequence of Lemma 4.2 and the relation
(4.17). O

In the second step, we use the displacement field u,, obtained in Lemma 4.3 to
consider the following variational problem.
Problem PV2,. Find a temperature field 6, : [0,7] — E, such that

0,t)+K0,(t) = Ru,(t)+Q(t), inE, aetecl0,T] (4.18)
0,(0) = 0o (4.19)

In the study of Problem PV2,, we have the following result.
Lemma 4.4. PV2, has a unique solution satisfying
0, € C(0,T;L*(Q) N L*(0,T; E)ynW"? (0, T; E). (4.20)
Moreover, 3C > 0 such that ¥ny,m9 € L? (0,T; V")

t
O ()= oy <C [ () —m @)y ds, vee.7l.  (421)
Proof. The result follows from classical first order evolution equation given in [2].
Here the Gelfand triple is given by
ECL?*(Q) = (L*(Q) c E.
The operator K is linear and coercive. By Korn’s inequality, we have
(KT, 1) g 2 C Il -

Here and below, C' > 0 denotes a generic constant whose value may change from line
to line. 0
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Let neC (0, T; L? (Q)) be given and consider the following variational problem
for the damage filed.
Problem PV3,,. Find the damage field &, : [0,T] — H'(£2) such that &,(¢) € F and

)z_a(gn (t)vc_fn (t)) (4.22)

&n(0) = &o (4.23)

for all £ (t) € F,( € F and t € (0,T)
Note that if f € H then

(fvv)vfxv = (f,’U)H,V’U € H.

Theorem 4.5. Let V. C H C V' be a Gelfand triple. Let K be a nonempty, closed,
and convex set of V.. Assume that a (-,-) : V xV — R is a continuous and symmetric
bilinear form such that for some constants ¢ > 0 and cy,

a(v,0) =cololz > ¢l Vo € H.

Then, for every ug € K and f € L?(0,T; H), there exists a unique function u €
HY(0,T;H) N L2(0,T;V) such that u(0) = ug, u(t) € K for all t € [0,T], and for
almost all t € (0,7,

(@), v—u(t)y vy +a(wt),v—u(t) = (f(t),v—u(t))y YveK,
We apply this theorem to Problem PV3,,.

Lemma 4.6. There exists a unique solution &, to the aumiliary problem PV3, such
that:

& € W2 (0,T; L% (Q)) N L* (0, T; H' () . (4.24)
The above lemma follows from a standard result for parabolic variational inequalities.

Proof. The inclusion mapping of (H* (), || A1 (q)) into (L2 (), Alr2(q) is contin-

uous and its range is dense. We denote by (H* (Q))/ the dual space of H! () and,
identifying the dual of L2 (Q) with itself, we can write the Gelfand triple

HY(Q) c L2 (Q) ¢ (H' ().
We use the notation (~7~)(H1(Q))/XH1(Q) to represent the duality pairing between
(H1 (Q))I and H' (). we have
(gvﬂ)(Hl(Q))’le(Q) = (faﬁ)[ﬁ(@) aV£ € L2 (Q) 7ﬂ S Hl (Q)

and we note that F is a closed convex set in H* (Q). Then, using the definition (3.23)
of the bilinear form a, and the fact that &, € F. O

In the fourth step, we use the displacement field u, obtained in Lemma 4.3, 6,
obtained in Lemma 4.4 and the damage &, obtained in Lemma 4.6 to construct the
following Cauchy problem for the stress field.
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Problem PV4,. Find a stress field o, : [0,T] — # such that

t
@y (1) = Gelu (1).6 () + [ Flo(s).c(u, (3)ds = Coo ()
vt e [0,7]. (4.25)
In the study of Problem PV4,,, we have the following result.

Lemma 4.7. PV4, has a unique solutions o, € W12 (0,T;H). Moreover, if o;,u;,0;
and &; represent the solutions of Problems PV4,, PV1,, PV2, and, PV3, respec-
tively, for n; € L2 (0,T;V"),i = 1,2 then there exists C > 0 such that

jo1(t)—0r2(t)[5, < O (1) —uz (£)[ + |61 (£) =62 (£)[ 720 +
T
161 (8) =2 (8)] 720 + /0 [ui (s) —us (s)[, ds) Vt € 0,7 (4.26)

Proof. Let A, : L? (0,T;H) — L? (0,T;H) be the operator given by

Ayo(t) =G (e(uy, (t), &, (1)) + /0 F(o(s),e(uy(s)))ds — Cc (t) (4.27)

for all o, € L?(0,T;H) and t € [0,T]. For 01,02 € L?(0,T;H), we use (4.27) and
(3.8) to obtain for all ¢ € [0,77:
A1 (t)—Ayoa(t), < Lrloi(s)—aa(s)ly ds.

It follows from this inequality that for large p enough, the operator AP is a
contraction on the Banach space L?(0,T;H), and therefore there exists a unique
element o,, € L? (0, T; H) such that A,o,(t) =0,. Moreover, o, is the unique solution
of Problem PV4,, and using (4.25), the regularity of u,, the regularity of &,, the
regularity of 6,, and the properties of the operators G, F, and C,, it follows that
o, € WH2(0,T;V"). Consider now n,,n, € L*(0,7;V’) and for i = 1,2 denote
u,, = W, oy, = 0y, &, = & and 0,, = 0;. We have

7,(8) =G (e(u (1), € (1) + | Florss) (o (5)))ds = Coti ()
and using the properties (3.7), (3.8), (3.10) and of G, F and C, we find
|o1(t)—aa(t)]5, < Clur (£) —us (B)[3 + (61 (£) =02 (£)[72() + 161 (£) =2 ()72
+ [ oi(s)—oa(s)3, ds) + [ [wi(s) —ua (s)[5 ds,  Vte[0,T].

We use Gronwall argument in the previous inequality to deduce (4.26), which con-
cludes the proof of Lemma 4.7. O

Finally, we define the operator
A:L2(0,T; V') — L*(0,T; V')
by

(An(t), )y, = (Ge(uy (1), & (1)), e(w))y

(JEF (0 (5),2(uy (5)))ds — Cobly (£), (w),,, Vit € [0,7] (4.28)
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Here, for every n € L?(0,T;V") uy,, 0,, & and o, represent the displacement field,
the temperature field, the damage and the stress field obtained in Lemmas 4.3, 4.4,
4.6 and 4.7 respectively. We have the following result.

Lemma 4.8. The operator A has a unique fized point n € L?(0,T;V') such that
An =n.

Proof. Let now ny,m, € L?(0,T;V'). We use the notation that u,, = u;, 0, = v;,, =
Vi, On, = 03,8y, = & and 0,, = 0;, for i = 1,2. Using (3.4),(3.6),(3.8), (3.15), and
(4.28) to find

[Amy (6)=Any(6)[5 < C(Jus (8) —uz (D5, + 161 (6) =02 ()72 () + €2 (8) =E2 (8) 720y
+ [ o1 (s)—oa(s) |3 ds + [ ua (s) —uz (5)[3 ds)
(4.29)
We use the estimate (4.26) to obtain
|A7I1T(t)*/\7lz(t)|%// < C(luTl (8) —u (B)[5, + 161 (8) =02 (D)2 (0 + €1 (£) &2 () 72
+Jo T (s) —uz (5)[5 + o 101 (5) =02 (5) 12 d)
(4.30)
Moreover, from (4.10) we obtain

(\'/1 — Vo, Vi — Vz)lev + (.AVl — Avgy,vq — VQ)V/X‘/
< —(m —m2, Vi — V2)yigy

We integrate this equality with respect to time.
We use the initial conditions vy (0) = va (0) = v, the relation (4.9) and (3.6) to find
that

T

T

mA/O [vi (s) V2 (s)[} ds < C/O 1n1(t) =2 ()l [vi (s) —va (s)]y ds

For all t € [0,T]. Then, using the inequality 2ab < n% + m4b? we obtain
T ) T
[ @ v@hdas<c [ ime-meld e @)
0 0
Since uy (0) = uz (0) = ug we have
2 T 2
() - @ <€ [ () v (o)} ds
0

We use the previous inequality and (4.30) to obtain

(A, (6)=Any ()7, < Oy [vi () —va (s)[7 dst
101 (£) =02 ()[72(0 + €2 (1) =& (D720 + [y 101 (5) =02 (5)[72(y) )

The estimates (4.31) and (4.21) imply that

T
[Amy (6)— Ay (£)[2, < / C Imy ()~ (8) 2 ds
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Reiterating this inequality m times leads to
2 crrm 2
|Am771—Am"72|L2(0,T;v') < m! |771—772|L2(0,T;V')

For m sufficiently large, A™ is a contraction on the Banach space L? (0,T; V"), and
so A has a unique fixed point. O

Now, we have all the ingredients needed to prove Theorem 4.1.

Proof. Let n* € L?(0,T;V’) be the fixed point of A defined by (4.28) and denote
U=y, 0=0,y, E=Eye 0 = - (4.32)
o= As(0) + o* (4.33)
We prove that (u,o,&,0), satisfies (3.24)-(3.28) and (4.1)-(4.4). Indeed, we write

(4.25) for n = n* and use (4.32)-(4.33), we obtain that (3.24) is satisfied. We consider
(4.5) for 7 = n* and use the first equality in (4.32) to find

(G (t), w = (t))y oy + (Ae(), e(w—a () +j (w) —j (u(t)) (4.34)
+(77* (t)vw_ﬁ(t))V'xV > (f(t)aw_il(t))V’va YweV '

Equation An* = n* combined with (4.28), (4.32) and (4.33) shows that

(7" (1), w)ycy =G (e (u(t)) € (W) +
(Jy F(o(s) — As(u(s))e(u(s)))ds — Ch(t) e (w)) YweV

We now substitute (4.35) into (4.34) and use (4.33) to see that (3.25) is satisfied. We
write (4.18) for 7 = n* and use (4.32) to find that (3.26) is also satisfied. Next, (3.28)
is satisfied when the regularities (4.1) and (4.4) follow from Lemmas 4.3 and 4.4. The
regularity o € L? (0,T;H) follows from Lemmas 4.3 and 4.4, the assumptions (3.6)
and (4.33). Finally (3.25) implies that

dive + £ (t) = pi(t) in V', a.et €0,T]

and therefore by (3.13) and (3.15), we find dive € L*(0,T;V’). We deduce that
the regularity (4.3) holds which concludes the existence part of Theorem 4.1. The
uniqueness of Theorem 4.1 is a consequence of the uniqueness of the fixed point of the
operator A defined by (4.28) and the unique solvability of Problems PV1,, PV2,,
PV3, and PV4,,. O

(4.35)
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