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GENERALIZED RIEMANN DERIVATIVE

SORIN RADULESCU, PETRUS ALEXANDRESCU, DIANA-OLIMPIA ALEXANDRESCU

ABSTRACT. Initiated by Marshall Ash in 1966, the study of generalized Rie-
mann derivative draw significant attention of the mathematical community
and numerous studies where carried out since then. One of the major areas
that benefits from these developments is the numerical analysis, as the use of
generalized Riemann derivatives leads to solving a wider class of problems that
are not solvable with the classical tools. This article studies the generalized
Riemann derivative and its properties and establishes relationships between
Riemann generalized derivative and the classical one. The existence of classi-
cal derivative implies the existence of the Riemann generalized derivative, and
we study conditions necessary for the generalized Riemann derivative to imply
the existence of the classical derivative. Furthermore, we provide conditions
on the generalized Riemann derivative that are sufficient for the existence of
the classical derivative.

1. INTRODUCTION

Marshall Ash initiated the study of generalized Riemann derivative in his thesis
[2] in In 1966. Urged by Zygmund and starting from his papers [I8] 19, 27], Ash
begun his studies with symmetric derivative and Schwarz derivative of second order:
Given an interval I of real numbers, x € Int(I) and f : I — R a function, then for
all h € R\ {0} such that x —h € I and = + h € I we define the following ratios:

flzt3)—flz—3) f(@+h) = 2f(@) + flz —h)
h ’ h? '
If the limit limp_,¢ Ry f(z,h) = Ry f(z) exists and is finite, then R; f(x) is known
as the symmetric derivative of f at z, cf. [7, [10]. If the limit limj,_0 Rof(z, h) =
Rs f(z) exists and is finite, then Ry f(x) is known as the Schwarz derivative of f at z,
cf. [20, 22]. Both derivatives have important applications in trigonometrical series
theory and in numerical analysis, see [17, 23] 24 23] [26]. A natural generalization of
these two derivatives is the generalized Riemann derivative of order r of a function

le(l‘,h) = Rgf(l‘,h) =

f at a point z. We consider a;, b;, i = 1,2,...,n real numbers and suppose that
the following conditions of consistency are satisfied:
n
i 0, k=0,1,...,r—1
> aibf = (1.1)
| 1, k=nr.
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If we have k = 0 and b; = 0 in relation (I.1)), then we denote by b¥ = 1. Further
we consider the ratio
Z?:l aif(z +bih)

a,b —
R’r‘ f(x7 h) hr :

In the case when
lim R0 f (2, h) = B2 f ()

exists and is finite, we say that the function f is generalized Riemann differentiable
of order r at x.

We denote by D&? f(z) = r!- R%® f(x) and we say that D& f(z) is the generalized
Riemann derivative of order r of function f at . One can easily observe that if f is
a function differentiable of order r in classical sense then f is generalized Riemann
differentiable of order r and the two derivatives are equal. The converse does not
hold. More generally if f is Peano differentiable of order r, then f is generalized
Riemann differentiable of order r. The converse does not hold.

Among the most important contributions to the generalized Riemann deriva-
tive are those of Humke, Laczkovich and Mukhopadhyay in [14] 15, 21]. In [2]-[6]
and [8], Ash gives a number of problems linked to generalized Riemann derivative.
These papers deals with the applications of generalized Riemann derivative to some
uniqueness theorems in trigonometric series theory. It can be noted that by replac-
ing the classical derivative with the generalized Riemann derivative in the process
of solving ordinary differential equations, the resulting solutions are no longer dif-
ferentiable in the classical sense. Such solutions are known in ordinary differential
equations theory as weak solutions. Therefore, it is necessary to study the system
of parameters a;, b;, i = 1, ..., n that satisfy conditions of consistency and for which
the generalized Riemann derivative coincides with the classical derivative.

It can also be noticed that the speed of convergence of numerical scheme associ-
ated to differential equation depends essentially on the type of generalized Riemann
derivative and consequently on the parameters a;, b;, i = 1,...,n. In the following
section we study the links between generalized Riemann derivative and classical
derivative. We give conditions in which the existence of generalized Riemann de-
rivative implies the existence of classical derivative. We give sufficient conditions on
the system of vectors (a,b) that define generalized Riemann derivative, such that
any function which is generalized Riemann differentiable is also classical differen-
tiable.

2. (o,7)-RIEMANN DIFFERENTIABLE FUNCTIONS

We study further a new class of generalized differentiable functions - the functions
(0, 7)-Riemann differentiable. The motivation for this definition is that we mark
out the system (o, 7) in K” x K" (where K = R or C), on which we give conditions
such that a function f is generalized Riemann differentiable and such that a series
of theorems hold.

Denote by K=R or C. Let G C K an open subset and the function f : G — K.
For p,n € N*, p < n, define the set:

L(p,n,K) := {(a,r) €K™ xK": Y oprf =0, for j € {0,1,...,p— 1},
k=1
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n
Z ox7i = p! and 7 has all the components distinct}.
k=1

Definition 2.1. The function f is (o, 7)-differentiable of order p at x (x in G) if
(0,7) € L(p,n,K) and if the following limit exists and belongs to K:

lim —Zokf x + Tih).

h—0 hP

If the limit above exists, we denote it by D,(o,7)f(x).

Remark 2.2. If G C K is an open set, (o,7) € L(p,n,K), f : G — K is (o, 7)-
differentiable at z, (x € G), then for all A € K the function Af is (o, 7)-differentiable
at x and the following relation holds:
Dy(o, 7)(Af)(x) = ADy (0, 7) f ().
Remark 2.3. If f, g : G — K are two functions (o, 7) differentiable at x, then the
function f + g is (o, 7) differentiable at x and the following relation holds:
Dy(o,7)(f +9)(x) = Dy(o, 7)f(x) + Dp(o, 7)g(x).
The proof is straightforward and we let the reader to complete it, if needed.
Remark 2.4. Let G C R with Int G # () and z € Int G, f : G — R and (0,7) €
L(p,n,R). If f is differentiable of order p at x in the classic sense, then Dy, (o, 7) f(z)
exists and these two derivatives are equal:
Dy(o,7)f (@) = fP(@).

Theorem 2.5. Let G C K such that IntG # 0, x € IntG, f : G — K and
(o/,7") € L(p,m,K), (”,7") € L(p,n,K). If Dp(o’,7")f(x) and Dp(c”,7")f(x)
exist and belong to K, then they are equal.

Proof. Using Definition we obtain

D,(0,7)f(x) = ~pDy(o', 7 f(x)

j=1
1 n
= — ’P1
P j:ohpZkax+Tk
j=1
1 n
. " o
Tl ZUJ 7j 0 ( )
j=1
1 I S 1
0 %Lo hP Z Z U;/le'/pafc w5 f (@ + 77 h)
p: J=1 k=1 Tj
1 1 n m
= o %igéﬁ ZZ " /f(l'-l-TkT”h)
: j=1k=1
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m
_ ' g o7
o k'k h
P4
1 m
— ! Ip "o_n
== oDy (0" T ()
P4

_ %pmpww)ﬂx) = Dy(o" . 7")f ().

n

j (11:h))

O

This theorem shows that if a function is differentiable in the generalized sense of
order p in relation with two systems (o/,7’) and (¢”,7"), then these two generalized
derivatives of order p are equal. We can formulate with the aid of notion of divided
difference, the (o, 7) derivative.

Remark 2.6. Let f: G — K, G C K open set.
1. Then f is (o,7) differentiable if and only if the following limit exists:

hm ZO'JTJ [+ Tjh,z; f] = D1(0, 7) f(z).

with (o,7) € L(1,n,K).
2. Ifp=n—1and (0,7) € L(p,n,K) and G C K open set and f : G — K, then

D,(o,7)f(z) = (n— 1)!’lli1r%)[x—|—71h,x + moh, ..., x4+ b f]

The following theorem gives conditions on a (o, 7)-differentiable function at a
point z and on the system of vectors (o, 7) for such function to become differentiable
in the classical sense and such that the two derivatives to be equal.

Theorem 2.7. Let G C R, (o,7) € L(1,n,R), z € It G # O and f : G — R.
Suppose that the following conditions hold:
(i) f is (o,7)-differentiable at x;
(ii) there exist left and right derivatives f](x) and fl(z) and are finite;
(iif) Zrk <0 OkTk # Z‘rk>0 OkTk-
Under these conditions f is differentiable at x and D1 (o,7)f(z) = f'(x).
Proof. On the one hand, by the definition of (o, 7)-derivative of f we obtain:

Dy(o,7)f(x)

1 n
= 1. -
}L—>IOI,%>O h Z ka(x + Tkh)

= lim Zak —‘erh f( )]

h—0,h>0 h
_ . fle+ mph) — f(x) (2.1)
o h%(),i{%,‘l'k#();o—k’rk Tkh/
. - f(x 4 1h) — f(x) f(x+mch) — f(x)
= 1
h—»%)I,If}>O{ 2;0 TkTh Th + Z<0 TkTh Th }
Tk Tk

Il
)

( Z Uka)f;(x) + ( Z akrk) ().

T, >0 T, <0
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On the other hand, we have
Dy(o,7)f(x)

= Zakf x + 11h)

h-»o h<0 h

- h’JO h'>0 h’ z:l orf(@ = mih')

. l’*Tkh')*f(x)
h/Jg{g,wZUw

—Tkh/
flz — 7)) flz—meh)) — f(x
= h' h’ { Z OkTk T h/ + Z OkTk i })7// f( )}
*)O >0 T >0 Tk T <0 Tk
= fi(@) > ok + fl(2) D owie
T >0 T, <0
(2.2)

From and we obtain
(> ovme = Y- owm ) (f1a) — fi(@)) =

T >0 T <0

Taking into account (iii) it follows that: f/(z) = f/(z) = f’(z). This lead us to
conclude that f is differentiable at x. In addition we have

Di(0,1)f(@) = F'@) 3 oeme+ S o] = £1@) 3 o = /()
k=1

T, >0 T, <0

]

Remarks. (1) If G is an interval, f : G — R and conditions (i) and (ii) from
Theorem [2.7] hold, and

(111’) Zm<0 OrTrk — Zm>0 OkTk,
then

Dy(0, 7)1 (@) = 1) + F (@)

(2) Condition (iii’) is very important because if the system (o, 7) satisfies it, then
a large class of non-differentiable functions at a point or on a finite set becomes
(o, 7)-differentiable. Let us consider the function f: R — R,

o) = {am, z <0

Bxr, x>0

for o, 8 € R*, a # 3. This function is not differentiable at x = 0. However we have
1 n
li — h
plm ; ok f(Tih)

. 1
= hJé{%>OE[ Z orfBtih + Z UkOéTkh}

T >0 T <0

:ﬂ Z OrTE + & Z OkTk-

T >0 T <0

(D1(o,7)f)r(x)
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For 1
S o= 3 o=
T >0 T <0
we obtain L5
o
(Dl(U’T)f)T(x) = 9 -
Similarly we can prove that
a+p
(Dr(,7) fule) = “2 .

We conclude that function f is (o, 7)-differentiable at = 0 and moreover, is (o, 7)-
differentiable on R.

(3) As we can easily observe, condition (iii) from Theorem holds for the
classical derivative.

The (o, 7)-derivative has a lot of interesting properties that shall be further
studied. We shall give a theorem for the Riemann generalized derivative of the
product of two functions.

Theorem 2.8. Let G C K open set, f, g: G — K and (o,7) € L(1,n,K). If the
following conditions hold:

(1) f is Lipschitz and (o, 7T) differentiable;

(2) g is continuous and (o,7) differentiable,
then f - g is (o,7) differentiable and we have the following relation

Dy(o,7)(f - 9)(x) = f(x) - Di(o,7)g(x) + g(x) - Di(o,7)f(x), ze€CG (23
Proof. Tt is easy to show that

% Z o;[f(z + k) — F(@)]lg(x + k) — ()]

%Z flx +7h) - g(x + 15h)
= L L (2.4)
— f(z)- m Zajg(x +7;h) — g(x) 7 Zojf(x + 7;h)
j=1 j=1
1) 9@ 3 Y0
j=1

for x € G, h # 0, |h| small enough. From (1) there exists L > 0 such that
|f(z)— f(y)] < L|x —y], for all 2, y € G. By applying the modulus, the left side of

becomes
3o B e ) - st

<Z|a]| T T =T gt 7ym) — g(a)

<LZ“’J| 75l - lg(z + 7;h) — ()|
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for all x € G, |h| small enough. Using that g is continuous, the left side of (2.4))
tends to 0 when h — 0. So we obtain

0= Di(o,7)(f - 9)(x) = f(z) - Di(o,)g(x) = g(x) - Dr(0,7)f(x) forz e

which proves completes the proof. (I

Corollary 2.9. Let G C K open set, f, g: G — K and (o,7) € L(1,n,K). If the
following conditions hold:

(1) f is locally Lipschitz,

(2) g is continuous and (o, 7) differentiable,

then f - g is (o,7) differentiable almost everywhere and relation (2.3) holds almost
everywhere.

Proof. We will use that any Lipschitz function is almost everywhere differentiable.
Many properties of the classical derivative correspond to (o, 7) derivative and when
these properties does not hold on general case, we shall find conditions on f or on
the system (o, 7) such as these properties remain available. Such a situation shall
be reveal in a theorem bellow. ]

Notation. Let G € K such that IntG # 0, f: G — K, 2 € IntG and X € K,
A # —1. We define:

in the hypotheses in which this limit belongs to K, and we say that f is R()\)
differentiable at z. We define:

1 1
o= (1) =)
We notice that (o,7) € L(1,2,K) and R(A) f(z) = D1(o,7) f(x).
Theorem 2.10. Let G C K open set, x € G and f,g: G — K, A € K, A # —1,
such that:

(1) f,g are continuous at x;
(2) f,g are R(\)-differentiable at x.

Under these conditions the function h = fg is R()\) differentiable at x and we have
the formula

R (f9)(@) = g(x)RA) f(z) + f()R(N)g(x), =z €C.
Proof. The proof is based on

R(N)(fg)(z)

L fet Wge+ ) — fle = Mga = Ab)
h=0 (1+\)h

Wl + ) — gla = M)+ gla = M)[f @+ h) = f@ = M)
" L+ Nk

= f(@)R(N)g(x) + g(z) R(N) f (2)-
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Remarks. (1) Forp=1,n=2,0; = %, oy = —%, 71 = 1, 79 = —1 we obtain the
symmetric Riemann derivative.

(2). Forp=2,n=3,01=1,00=-2,03=1,11=1,72=0, 73 =—1 we find
the Schwarz derivative.

(3) It is also easy to notice that R(\) extend the symmetric Riemann derivative,
which is R(1) and the classical derivative, which is R(0).

In conclusion, the set of (o, 7)-differentiable functions is larger than the set of
classical differentiable functions.

If (o,7) € L(p,n,K) and G an open set, then we denote

Zp(o,7)(G,K) ={f : G — K|f is (o, 7)-differentiable everywhere on G}.

Theorem 2.11. If (o,7) € L(p,n,K) and if any function from Z,(o,7)(G,K) is p
times differentiable in classical sense, then there exists j € {1,2,...,n} such that
Tj =0.

Proof. Indeed, if 7; # 0, for all j € {1,2,...,n} we prove that there exist a function
in (0, 7)(G,K) which is (o, 7) differentiable and does not have the property in
the theorem. This function is f : G — K,

1 ifxz=a
f(x)_{o if x € G\ {a}.

This function is discontinuous at a and consequently is not differentiable in the
classical sense at a. However D(o,7)f(z) = 0 and this leads us to a contradiction.
O

More properties of (o, 7)-Riemann differentiable functions were studied in [T}, [13]
75].

3. MAIN RESULTS

If we replace the classical derivative of the function with the Riemann general-
ized derivative in the process of solving numerical ordinary differential equations,
we shall obtain new solutions that are not differentiable in the classical sense (see
citeref9,ref12). This kind of solutions are well known in ordinary differential equa-
tions theory as weak solutions. Therefore is needed to study the system of pa-
rameters (o, 7) that satisfy the consistency conditions and for which, the Riemann
generalized derivative which is defined by this system of parameters, is equal to
classical derivative.

The speed of convergence of the numerical scheme associated to the ordinary
differential equation, depends on the type of derivative, consequently on the sys-
tem of parameters (o, 7). We shall further give some conditions in which a (o, 7)-
differentiable function is classical differentiable.

Lemma 3.1. Let a, b € K such that |a| < |[b] < 1 and the function ¢ : K — K.
Suppose that the conditions below hold:

(i) limg_oxp(x) = 0;
(ii) limgyolp(z) — ap(bz)] =0, z € K.

Then lim,_.o p(x) = 0.
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Proof. If b = 0 results that a = 0 and the statement is available in this case. For b
in K*, we denote

g(x) := p(x) —ap(bx), =zekK. (3.1)
This condition is equivalent to ¢(x) = g(z) + ap(bz), * € K. Repeating the
transformation: x — bx, we obtain

o(bz) = g(br) + ap(b®*x), z €K
p(b*x) = g(b’z) + ap(b’z), = €K

e(b" ) = g(0" ) + ap(d"x), x €K, neN*.
It follows that
p(x) = g(x) + ag(br) + a®g(b*x) + -~ +a" T g(b" 'x) + a" (V")
for z € K, n € N*. From (1) and (ii), we have lim,_,¢ g(z) = 0. For 0 < |z| < r,

n € N* we obtain

lp(z)| < sup |g(y)| + |a] sup |g(by)|+ ...
0<|y|<r 0<]y|<r

+ la|™™" sup |g(b 1y)\+|5| s (0 ) (b ).
o<|y|<r |£U‘

For ¢ > 0 we consider V; - the disc of radius € centered in 0 such that for any
xz € V. \ {0} we have

1 i n n
(@)l < 7= sup |g(y)[+ — - lim [(0"x)p(b"2)].
- ‘CL| o<|y|<r |l‘| n—0o0
As a consequence we obtain

1 .
lo(x)] < ———- sup |[g(y)], forzin V,\ {0}
1 —al 0<|y|<r

and because lim,_,q (SUP0<|y|§r |g(y)|) = 0 we conclude that lim, o p(z) =0. O

We remark that Lemma 3.l remains true if we have the condition below instead
of condition (ii):
(it") limgz_o[p(x) + ap(bx)] =0, z € K.
In this chase the auxiliary function is g(x) := ¢(x) + ap(bz), =z €K, and
p(z) = g(z)—ag(br)+a®g(b*z) —a®g(b*x)+- - +(=a)" " g(0" tz)+(=1)"a"p(b"x),
for z € K and n € N*.
Lemma 3.2. Let a, b € K such that |a| > |b| > 1 and ¢ : K — K for which the
following conditions hold:
(i) limy_ozp(z) =0,
(ii) limg_o[p(z) + ap(bx)] = 0.
Then limy 0 p(x) = 0.
Proof. To prove this we shall use Lemma with transformations: z = y/b = by,
beK* bV =1/b,a =1/a, d € K* with 1 > |b/| > |a/|. For the case b = 0 results
that @ = 0 and condition (ii) validate the statement. O
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Lemma 3.3. Let a = (a1,a2,...,a,) € K?, b = (by,b2,...,b,) € K" with |a;| <
|bj| <1, for all j € {1,2,...,n} and the function ¢ : K — K with the properties:

(i) limg_xp(x) = 0;

(i)

lim {@(m) + 21 a;jp(bjx) + ; ajapp(bibrr) + ...
J= J

+ajag...anp(b ... bnx)} =0.
Then limg_,0 p(z) = 0.
Proof. We shall repeatedly use Lemma with condition (ii’). For 1 < j <n we
define
(Lip)(x) := o(z) + ajp(bjz), zeK
and hence lim,_.o(L;p)(x) = 0 which implies lim,_,o p(z) = 0, for j € {1,...,n}.
Using the relation
(LiLrp)(x) = ¢(z) + [arp(bez) + ajp(bjz)] + ajarp(b;brz),
for 1 <j, k <n, xz € K. By induction we obtain

(L1La ... Lyp)(z) = o(z) + Z a;p(bjz) + Z a;arp(bjbrz) + ...
Jj=1 J<k

+ajaz...anp(br...byx),
for x € K. Therefore, the proof has the following logical scheme:
lim (L L) (2) = lim L;(Lyp(z)) = 0
implies
iig%)(Lkgo)(x) =0= iﬂj@(m) =0, jke{l,...,n}
This completes the proof. (Il

Lemma 3.4. Let the polynomial function
Pz)=as+ a1z + -+ apz™ € K[z]
with roots (z;)1<j<n, that have the property |x;| < 1, for all j € {1,...,n}. Let
v : K — K satisfy the following conditions:
(1) limgy—_o zp(x) = 0;
(2) limy o> po(=1)Fagp(b*z) = 0 where maxi<j<, |z;] < [b| < 1.
Then lim,_.o p(x) = 0.

For the proof of the above lemma, it is sufficient to consider by = by = --- =
bn = b, aj = x; in Lemma [3.3]and to take into account Viete relations.

Lemma 3.5. Let ag, by € K*, k € {1,2,...,n} and the function ¢ : K — K with
the following properties:

(1) ¢ is bounded on a neighborhood of the origin;

(2) 3joy eyl < 1;

(3) b=maxi<j<n [b;] <1

(4) limg—olp(z) — X0, aje(bja)] = 0.
Then lim,_.o p(x) = 0.
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Proof. We define the function
g(z) == p(z) — zn:ajgo(bjx), for z € K.
Note that lim, ¢ g(z) = 0. We define the operator L : KX — KX,
T) = En:ajz/}(bjx), Y e KX 2 e K.
=1

Note that the operator L is linear. We can write: ¢ — Ly = g as ¢ = Ly + g and
iterate to obtain Ly = L%p + Lg, but Ly = ¢ — g, which implies
o=L*+Lg+g.
By induction we obtain
p=Lo+ L g4+ -+ Lg+g, k>1
As Ly(z) = Z;‘L=1 a;p(bjz), x € K, we deduce that

|Lo(x |<Z|aj| z ek

Denote

@(r) == sup |p(z)|, 7€ (0,00).
o< |z|<r

(il%) r € (0, 00).

In the same manner we obtain

(Z|aj )ch (br) (Z\a]> r € (0,00)

Then we have

and similarly,

(L50) (1) < (X lagl*)@(®"r), 7€ (0,00), ke N,
j=1
If we denote a := Z;‘L:I laj|, then

LFy(r) < a"3(0"r), re (0,00), k € N*.
If follows that

B(r) < Dho(r) + Dh1g(r) + - + Lg(r) + §(r)
< a*G(r) + aF1G(r) + -+ ag(r) + §(r)
1

a*3(r) + m?(r)-

The above relation holds for all £ € N* and under hypotheses (1) and (2), that is
¢ is bounded on a neighborhood of the origin and a € (0,1). This implies that
- I
P(r) < 1— ag(r)7 7 € (0, 00).

IN
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As lim, o g(r) = 0, it follows that lim,_o@(r) = 0 and in conclusion we obtain
lim,_,o ¢(z) = 0. O

Lemma 3.6. Let ag, by € K*, k € {1,2,...,n} and the functions ¢ : K — K with
the following properties:

(1) limg—o xap( )=0;

(2 T3 <1

(3) b= maX] b < 1;

(4) limg—g [p(z) — > a;jp(bjz)] =0.
Then lim,_.o p(x) = 0.

Proof. We define the operator L : KX — KK:
=> ajb(bjz), YK zeK
j=1

and the function g(x) := p(z) — Lo(z), z € K. Tterating, we have
p=Lo+LF g+ .-+ Lg+g.

This leads us to define for a function ¢ : K — K bounded on a neighborhood of

origin

P(r) == sup [P(z)], 1€ (0,00).

0<|z|<r

We notice that 1 is increasing. Denote u(z) := z¢(z), z € K. Then we can write

n

|Lo(x Zaﬂ reK

and further we have
n n
a; a;
oL@ < 37 || byzptto) = 32 fulbyo)l, =€ K
j=1 j=1

Similarly, we obtain

lzL2( bej bjzLe(bjz)| < Y bi |a|'|bjbkx<p(bjbk)|, z € K.
= e
As
1 & a;, ak N
el < X 1l 15 |- ubsba)l, @ e K
k=1 "
we obtain
k 1 ajy Ajy * *
L@ < o Do IR ] fulby, - b)),z €K EEN
1seees Ik J1 Jk
So we have

el < o (52 a0HaDl < aHlal), w ek
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where a := 377 Jajl, a =377, |Z—J’ “|bj] <327 |bjl = b < 1. Then we have

Lg@)| < (X layl)alal). = €K,

j=1

R < (Y lasl) 504, € 0,00), ke N

As

~ 1
o(@)] < - G0Hal) + T—(lal), = €K keN,

| 1
B
letting £ — oo we obtain
1 _
()] < EQ(M), r e K"
We can now conclude that lim, .o ¢(z) = 0. O

From Lemma can be easy obtained the following lemma.

Lemma 3.7. Let n > 2, ¢ : K — K, «;, §; € K, j € {1,...,n}, such that
conditions below hold:

(1) limg_o zp(x) =0;
(2) maX2<J<n 1Bi] < |B1l;
] 2‘ ‘ — ‘ |

( ) lim; o ZJ:1 ags@(ﬂjx) =0
Then limg_,0 p(z) = 0.
Proof. For this proof, we denote
@ Bj :
e A —¢ 2,...,n}.
o 51, ﬁl j—15 5113 ) J G{ ) an}

Then

n

lim > aj(fja) = aq lim » Zf (ﬂ] ﬁm)
j=1

321

_alhm[ ZCLJ 1%0 ]lt:|—0

Therefore, condition (4) in Lemma [3.6] is Verlﬁed. Further we have

Z} \—Z\aj l=15 \Z|

if and only if >, _ } | <1. Also
Jpax 0] = max |61bj-1] <|B].
Applying Lemma [3.6] it results that lim,_.o (z) = 0. O

Lemma 3.8. Letn > 2, ¢ : K=K, o, ; € K*, j € {1,2,...,n}, such that the
following conditions hold:

(1) ¢ is bounded on a neighborhood of the origin;
(2) Xjosloyl <leal;
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(3) B=maxi<j<n |8;] < Bl
(4) limg o 377 ap(Bj@) = 0.

Then lim, o p(x) = 0.
Proof. We proceed analogously as in Lemma and we make the transformations:
aj=—aaj1, fj=pMb, fr=t jel...n

Further, we notice that the conditions from Lemma hold. Indeed,

n n n—1
D sl = lajren| = loa| Y lak| < |au]
j=2 j=2 k=1

if and only if Y71 |ax] < 1. As

Jj=1
=ap li i &go(&ﬁ x)
0 \By
= o lim [() = D" a;-10(by-11)
j=2
n—1
= arlim |p(t) = 3 anp(tut) |,
k=1
according to Lemma [3.5] it results that lim,_.o ¢(z) = 0. O

The following theorem establishes conditions in which a (o, 7)-differentiable func-
tion at a point is classical differentiable at that point.

Theorem 3.9. We consider the function f : K — K, x € K and the numbers a;,
b; € K*, j € {1,2,...,n} such that the following conditions hold:

1) Z;Z:l aj = 1"
2) maxa<j<n [bj| < [b1;

(

(2)

(3) i 5| <[5

(4) f is continuous at x;

(5) f is (o,7) differentiable at x, where o = (%,...,Z—Z,—E}Ll Z—j), T =
(b1,...,bs,0).

Then f is classical differentiable at the point x and D1(o,7)f(x) = f'(z).

Proof. We shall use the Lemma [3.7] with the following notation

where £ := Dy (o, 7)f(x). We notice that f is continuous at x, which is equivalent
to:

0 = lim [f(z + h) — f(x)] = lim [h- w

h—0 h—0 N gh] - }LEI%) hw(h)y
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that is, condition (1) from Lemma [3.7] holds. On the one hand we have

n+1 n
E—hmlzakf —&—Tkh)—hmh[ZZ:(f(x‘i‘bkh) f(x ))}

On the other hand side we have

hmZaw (byh) = hmz f(@ +bih) = f(x) = thyh

bih
—lim =S % (f(a 4 beh) — f)) — ¢
T h—0h — by, K
={—-0=0
The conditions for Lemma [3.7] being satisfied, it results that lim, .o ¢(z) = 0. This
is equivalent with f differentiable at z and f'(z) = ¢. O

Definition 3.10. Let V C K, a neighborhood of 0, a = (a1,...,a,) € K", b =
(b1,...,b,) € K™ and the function ¢ : V. — K. We say that the system (a,b)
satisfies condition (C1) if the following conditions are satisfied:

(i) lim,—oxp(x) =0,

(ii) limg—o > p_; arp(brz) =0
imply lim,_,¢ ¢(z) = 0.
Proposition 3.11. Let a, b € K", ¢, d € K™. If the systems (a,b) and (c,d)
satisfy condition (C1), then the system ((a;,c;), (bg,dr)), 3, k € {1,...,n}, j, l €
{1,...,m} also satisfy condition (Cy).

Proof. Indeed, it is sufficient to consider the function

chgodx z e K

j=1
Then

n n m n m

> argbrr) =D ar Yy ciplbrdiz) = > > arcjp(bpd;z),

k=1 k=1 j=1 k=1j=1
for z € K. O

Definition 3.12. The system (a,b) with a € K", b € K" satisfies condition (Cs)
if for all functions ¢ : K — K with the properties:

(i) ¢ is bounded on a neighborhood of origin;

(ii) lim, o > p_; axp(brx) = 0; results that lim, . ¢(z) = 0.

Remarks. (1) It is easy to observe that for Definition we can state a result
similar to Proposition [3.11

(2) Condition (C7) and condition (C3) are related as follows: (Co) = (Cy).
Indeed, let ¢ bounded on an arbitrary neighborhood of origin which satisfies the
condition

lim ; axp(byr) = 0.
As ¢ is bounded on a neighborhood of origin results that lim,_.o zp(z) = 0.
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Theorem 3.13. Let f: K = K, 29 € K fized, a; € K, b; e K* j € 1,...,

that the following condition hold:

(]‘) Zy:l aj = ]').
(2) f is continuous at xo;
(3) f is (o,7)- differentiable at xo, where

(a1 On - ag _ .
U—(a,...,a7 ;bk)u T—(bh...,bn,o)a

(4) the system (a,b) satisfies condition (Cy).

Then f is classical differentiable at xoy and Dy(o,7)f(x0) = f'(0).

Proof. Let ¢ : K* — K,

o(h) = f(wo +h) —hf(fo) —th

where £ := D1 (0, 7) f(z0).

EJDE-2013/74

n such

On the right hand side, because f is (o, 7)-differentiable at xq, (o,7) € L(1,n+1,K)

then
n+1

Dy(0,7)f(z0) = Jim 7 Zakf (w0 + 7ih)

On the left hand side, because f is continuous at xy we have
lim hip(h) = lim £ (o + h) — f(0) — £h] = 0

and as f is (o, 7)-differentiable at x¢ we obtain

hmZakso (bih) = hmz f (o + bih) — f (o) — Lbyh

bih
v fxo + brh) — f(xo)
= jim, : “’“( bh _4)

bih

= nmzakf(x”b’“h)_f(xo) — 0> ap=t—t=0.
1 k=1

h—0 —

Therefore, conditions (1) and (2) from Definition are satisfied; that is, the
system (o, 7) satisfies condition (C). As a consequence we have: limp,_,o @(h) =0

which is equivalent to f'(zq) = ¢.

(]

Theorem 3.14. Let A C K such thatInt A # 0, x € Int A, a;, bj e K*, 1 < j <mn,

n>2and f: A— K with the following properties:

) f is Lipschitz on a neighborhood of x;
) maxi<j<n |bj] < |bif;

) Z] o laj] < aa;

4) Z a5 =1;
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(5) f is (o,7) differentiable at x, where

(M G NGy
o= (G gy ) 7= b0,
k=1

Then f is differentiable at x and Dy (o,7)f(z) = f'(x).

Proof. We shall use Lemma First we observe the equivalence between the
following two statements: “¢ bounded on a neighborhood of origin” if and only
if “there exists M > 0 such that |p(h)| < M, for all h € V,(0), where V.(0) is a
symmetric neighborhood of origin of length 2¢, (e > 0)” if and only if

|f(x+h)—hf(x)_€h| <M, VheV.(0),

where we denoted ¢ := D1 (o, 7)f(x). This is further equivalent to
[f(@+h) = f(z)] < (M +|€])|h], Vh e Ve(0)
if and only if
1f(y) = f@)| < (M +[)]y — x|, VyeVe(0) CA,
where y = x + h, which implies that f is Lipschitz at . Similarly, we have

O—hmZa]@bh —hmz a; f@+b;h) = F(w) = tbjh

bjh
j=1
if and only if
x+bjh) — f(x) - B
%%Zaj b 752%75.
However,
n+1
{=D;(o,7)f(x) —}Llin hZakf x + Txh)
i 23 % o 4 k) — ()
T aDo R L by, TR v

As the conditions for Lemma [3.8] are satisfied, it results that

flea+h)— f(z

lim p(h) =0 < /() ={& f'(x) = Di(o,7)f(2).

h—0 h
(]

Theorem 3.15. Let G C K such that IntG # 0, z € IntG, a; € K, b; € K*,
je{l,...,n} and f : G — K with properties:
(1) f is Lipschitz on a neighborhood of x;

(2) ZJ 1a; =1

(3) f is (o, 7)-differentiable at x, where

a a ag .
o= (bl,’b:’_;bk) T—(b17~--;b7u0)a

(4) the system (a,b) satisfy condition (Cs).
Then f is classical differentiable at x and Di(o,7)f(x) = f'(z).
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Proof. The condition f-Lipschitz at x is equivalent to ¢ bounded on a neighborhood
of origin, where ¢(h) = +[f(z 4+ h) — f(z) — ¢h] as we could observe in Theorem
Moreover, condition (ii) from Definition [3.12)of condition (C5) is also satisfied.
From here results that limy o ¢(h) = 0 which is equivalent to

) i L@ R) = f(@)

h—0 h
that is Dy(o,7)f(x) = f'(x). O

Conclusion. Theorems [3.13H3.15| are general criteria which state that if we find
systems (a,b), ((a,b) € K™ x K*™) that satisfy conditions (C7) and (Cs), then
any (o, 7)-differentiable function at a point, satisfying the conditions from these
theorems, is classical differentiable at that point and the two derivatives are equal.
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