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Infinitesimal Fundamentum
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Abstract. We present a new approach for the concept of the derivative initiated by Sir Isaac Newton
and Gottfried Wilhelm Leibniz in the 17th century. We extend the ideas of Newton and Leibniz about
the derivative by introducing an infinitesimal fundamentum. The infinitesimal fundamentum of an one-
dimensional real-valued function is a mapping that coincides with the function in two points where the
difference of these points is infinitely small. In particular, for a differentiable function its derivative is
conform to the derivative of the infinitesimal fundamentum. This yields several equivalent definitions for
the derivative of real-valued functions. The consequences are new expansion formulae obtained by generic
(in particular nonlinear) infinitesimal fundamenta. That means, we present new expansion formulae
for arbitrary functions which are differentiable up to an order. This new approach of infinitesimal
fundamentum generalizes the understanding of known expansion formulae as Taylor’s formula which is
obtained by a linear infinitesimal fundamentum. Especially, we determine a new formula through an
exponential infinitesimal fundamentum.

There are many applications in applied analysis and mathematical physics. We present a comparison
of several approximation formulae resulting from different infinitesimal fundamenta. The choice of an
optimal approximation depends on the infinitesimal fundamentum and on the considered function itself.
Next, we suggest a new algorithm for finding the zeros of real-valued functions. This method can be seen
as a modification of Newton’s method. We show examples where this new method is more effective than
Newton’s. We also show that the new kind of definitions for the derivative allows to construct a new and
non-classical numerical scheme for differential equations. Relying on the finite difference method one
can now approximate the derivative in several ways to obtain discretized equations. Depending on the
differential equations we can choose a suitable infinitesimal fundamentum to get a entropy consistent
discretization. Further, in case of convergence the expansion formulae yield for smooth functions at
chosen points convergent series of real numbers. Some series are presented and the values are determined
through the new found expansion formulae.

This work gives a new insight into the comprehension for the derivative of one-dimensional functions.
Certainly, there are resulting unsolved problems. We state a list of open questions and conjectures.
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1 Introduction

Infinitesimal calculus has been initiated by Sir Isaac Newton and Gottfried Wilhelm Leibniz in the 17th
century, see the pioneering works [23,19]. Calculus with infinitely small and infinite numbers has been
used by many mathematicians in the 17th and 18th century like Leonhard Euler in [11]. This approach
developed the concept of the derivative of a function. Newton and Leibniz introduced in two different
ways the precursor definition of the derivative. In the 19th century the calculus with infinitesimals was
replaced by the limit and epsilon-delta representation according to [4,28]. This results into the well-
known definition of the derivative for a real-valued function f : R — R in some point xg € R which
reads as the existence of the limit

f(@o+h) — f(xo)
0 ) o) (1)

lim

h—0
We consider the original ideas of Newton and Leibniz about the derivative and extend the definition in
an equivalent way. To do so, we use the theory of Nonstandard Analysis following [18,14]. In the 20th
century the theory of infinitesimal calculus was revived as Nonstandard Analysis and introduced in a
rigorous way by Abraham Robinson in [26]. This allows to introduce the infinitesimal fundamentum (see
Definition 6) of a real-valued function. The infinitesimal fundamentum is a functions which enables the
definition of the derivative. For example, a special exponential infinitesimal fundamentum (see Definition
8) yields the limit

, f(zo+h) — f(xo)
11m A
h—0 e —1

2)

which is the derivative of a differentiable function f in xg € R by the rule of I’'Hospital. Obviously, the
quotient in definition in (2) goes faster to the derivative as in (1) for rapidly increasing and differen-
tiable functions. In particular, a special linear infinitesimal fundamentum (see Definition 7) implies the
standard definition (1).

The quotient in the limit (1) can be seen as an approximation of the derivative for |h| < 1. Rear-
ranging yields an approximation formula for f at the point xg + h

fzo +h) = f(xo) + f'(z0)h
or according to (2)
fzo+h) =~ flzo) + f'(z0)(e" — 1)
for o € R and |h| <« 1. Taylor’s Theorem expand this approximation to the formula

o) = flao) + a4 L0z S0
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where higher order derivatives of the considered function f are included, see for example [17,13,2,1]. We
refine Taylor’s formula concerning to an arbitrary infinitesimal fundamentum. For instance, in relation
to (2), we obtain an expansion formula of the form

f(zo 4 h) = co(zo) + c1(xo)(e" — 1) + ca(x0) (e — 1) + c3(xo) (e — 1) + - -

for some to be determined quantities ¢;(zg) (for j € Ny) depending on the derivatives of the considered
smooth function. The explicit determination of ¢;(z¢) is stated as the main result of Section 3 in
Theorem 1. Note that c;(zo) does not coincide for all j € Ny with the terms from Taylor’s formula. The
new derived formula in Theorem 1 yields a triangular array of numbers resulting from an exponential
infinitesimal fundamentum, see Figure 4 in Section 3 for the explicit representation.

We conclude from the new expansion formulae (obtained by different infinitesimal fundamenta)
several applications, see Section 4. In mathematics and mathematical physics it is an advantage to
approximate given functions to obtain quantitative results, see e.g. [15,16,8,6]. We mention the descrip-
tion of a mathematical pendulum which reads as a nonlinear ordinary differential equation including the
sine. For small angular displacements the mathematical pendulum is approximated by a linear equation
where the approximation is done via Taylor’s formula, see [15,16]. Depending on the considered function
one can now choose several approximations around a given point resulting from different infinitesimal
fundamenta. The error difference of the function and its approximation varies from the chosen approxi-
mation formula. An effective choice of the formula depends on the properties of the considered function
or respectively of the solution to differential equations. The approximation formula can also be helpful
for finding the roots of real-valued functions. We mention the explicit representation of the square root
of two which is a transcendent number. The property how fast the quotient in (2) goes to the derivative
becomes important if we consider an algorithm for finding the roots of real-valued functions. In Section
4 we present a faster iterative algorithm than Newton’s method for finding the square root of two.

The mathematical description of physical processes at the continuum-mechanical level often leads
to systems of partial differential equations, see for instance [12,25,7]. On the microscopic level the
description is given by a typically high dimensional system of ordinary differential equations. It is also
useful to study an approximation of differential equations as for the description of the mathematical
pendulum. Another way to approximate differential equations is to consider the system of equations on
a grid. This yields a numerical discretization which converges in the limit case to the original system. In
particular, the theory of numerical analysis uses the approximation of the derivative to obtain discretized
systems. Now, we have the possibility to choose several different discretizations of differential equations.
Note that the convergence of the expansion formulae and so the efficiency of the numerical schemes
are not discussed in this work. In the case that the expansion of smooth functions implies a convergent
series of real-valued functions, we obtain for fixed points convergent series of real numbers.

1.1 Outline

This work is organized as follows. In Section 2 we briefly present the theory of Nonstandard Analysis. We
define an equivalence relation on the space of real-valued sequences RY. The extension of real numbers
to the hyperreal numbers is done by a quotient set with the use of the previous equivalence relation. This
deduces the definition of infinitely small and infinite numbers. Then, the ideas of Newton and Leibniz
about the derivative are presented. The concept of infinitesimals allows to extend the ideas of Newton
and Leibniz to define the infinitesimal fundamentum of a real-valued function. This section is closed with
several examples for the infinitesimal fundamentum and hence the resulting definition of the derivative.
Section 3 contains the new expansion formula resulting from an exponential infinitesimal fundamentum.
The main result in this section is formulated in Theorem 1. The proof of this theorem is technical and
will be done by an inductive way. The expansion formula resulting from a slow exponential infinitesimal
fundamentum is stated in Theorem 2. The proof of Theorem 2 is moved to Appendix A. This section is
closed with a comparison of the given expansion formulae for one example. In Section 4 we present several
applications of the new derived expansion formulae. We start with an approximation of functions around
the expansion point. We state several approximations resulting from different infinitesimal fundamenta.
Then, we present a method for finding the roots of function and compare this algorithm with Newton’s
method for one example. After that non-classical numerical schemes for partial differential equations
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are introduced. This section is closed with the application of the expansion formulae to series. In the
last section we predict some conjectures and state open questions.

2 Infinitesimal Calculus

The goal of this section is to introduce the definition of the infinitesimal fundamentum of a real-valued
function. For this definition we need the theory about the calculus with infinitesimal numbers. Many
mathematicians like Leonhard Euler used this kind of numbers in the 18th century. As a motivation we
state the original derivation of Euler’s number from Euler’s work [11, Chapter 7] by using infinitesimal
numbers.

It is known that a® = 1. If @ is a number greater than one then it follows for varying the
exponent of a with an infinitely small number w that there is an infinitely small number
1) such that

a®=1+7.

Since a is unknown we set 1» = kw for some real number k. It yields for an arbitrary
number ¢ (Note that this is not the imaginary number) that
i(i—1)

) _ , (i~ 1)(i— 2
a“":(1+kw)1:1+%kw+7k2w2+w

3 3
21 3l Frwmde-

where this expansion was well known. We choose i = Z for some finite number z, i.e.
is now chosen as an infinitely large number and obtain

(i—1),9 5 (i—1)(i—2)
T STy

1
aZ:1—|—Ikz—|— k3234 ...

Since 7 is an infinitely large number, it follows that % =1, (i;il) = 1/2 and so on. We
obtain for z =1

1 1 1 1
=14+ k+k24+ B+ =kt
R T Th T
and especially we define for k = 1 the finite number

IR VIR S
a = — — — —
1203l

abstracted from [11]: INTRODUCTIO IN ANALYSIN INFINITORUM, Chapter 7, 1748

In the 19th century the calculus with infinitesimals was replaced by limits, respectively by the epsilon-
delta method. In the 20th century the theory about Nonstandard Analysis was founded where real
numbers are extended to hyperreal numbers which allows the calculus with infinitesimals in a rigorous
way.

Next, we give an introduction into the theory of Nonstandard Analysis to understand the unknown
properties of functions varying in infinitely small quantities.

2.1 Nonstandard Analysis

We briefly introduce the essential basics of Nonstandard Analysis which will be used in this work, see
[14,18] for the details. The formal definition of the hyperreal numbers R* is given by the quotient set

R* :=RY/ ~

where the equivalence relation ~ on RN will be defined with the help of an ultrafilter on N. We are going
to introduce the definition of an ultrafilter and the equivalence relation on RY.



Infinitesimal Fundamentum 5

Definition 1. A nonempty system F C P(N) = {A | AC N} is called a filter on N if the following
holds

(i) 0 ¢F,
(ii) A, Be F = ANB e F,
(ii) Ae F,ACBCN = BeF.

An wltrafilter is a filter that satisfies
VACN= (Ae F Vv A€ F),
where A¢:= N\ A. The cofinite filter on N is the system
Fo:={ACN| N\ Ais finite} .

Zorn’s Lemma guarantees the existence of an ultrafilter including the cofinite filter. For our analysis
we fix such an ultrafilter on N with

N\ A € F for all finite subsets A C N.
Then, we can define an equivalence relation ~ on RY.

Definition 2. For a = (a,)neny € RY and 8 = (8,)nen € RY we define the equivalence relation on
RN through

a~f s {nEN‘ oznzﬁn}e}'.
For a real number r € R we define the constant sequence ry € RY through
ry = (ryrr ).

The equivalence class [a] for any o € RY is

r if a ~ry for somer € R,
la] := N .
{5 eR | o~ ,8} otherwise.

The hyperreal numbers R* are defined by
R* := {[o] | a RV}

Remark 1. Note that the construction of the hyperreal numbers R* depends on the given ultrafilter
and we have the following properties

e R C R,
e VreR: [ry]=r,
e [a]=[8] & a~pforapBeRN

Proposition 1. The structure (R*,+,-, <) is an ordered field with zero [Oy] = 0 and unity [1y] = 1,
where we have the following definitions:

(i) for a, B € RY we define
[a] + [l :=[a+pB]  and [0 [B]:=[o-f],

(ii) for a, 8 € RN we define

[ <[8] = {neN|a,<B}eT.

Now, the goal is to define infinitesimals and an equivalence relation =~ on the hyperreal numbers R*.
We are going to introduce some useful notations.
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Definition 3. Let o, 3 € RY. We say
aj = B; almost everywhere (a.e.) & {j€ N| aj =B} eF

and
a; < B ae & {jeN| ajﬁﬂj}é]:.

In an analogous way we define a; > j3; almost everywhere. Further, we define for o € RN the absolute

value through
o] = [a] for [a] >0,
—[a] for [a] <O0.

We state some properties for the calculus in R* where the proofs can be found in [14,18].
Proposition 2. Let o, 8 € RY and r,e € R with € > 0. Then, the following holds
(i) o] =[8] & «a;=p;ae,
(i) [la] = [Bll <e & o =B <cae,
(tii) lim oy =reR = |[o]—r| <1/n foralln €N,
j—oo

(iv) lim a; =400 €R = [a]>n forallneN,
j—ro0

Definition 4. Let [o], [5] € R*.

(i) [ is called finite if [a] < n for some n € N,
(ii) [o] is called infinite if [a] > n for all n € N,
(iif) [ ] is an énfinitesimal if [a] < 1/n for all n € N,
(iv) We define an equivalence relation on R* through
[a] ~ [B] = [a] —[B] is an infinitesimal.

Note that R* includes infinitesimals which are not equal to zero, e.g. [( L)jen] is an infinitesimal and
not equal zero. We also have for [o], [5] € R*

[l ~[8] < (laj—pj]<1/n ae forall neN).

We mention that for all finite [a] € R* there is an unique real number r € R such that [a] ~ 7. This
real number r of any finite hyperreal number [a] is called the standard part and we write st([a]) = 7.
We extend real-valued functions
fR=>R:z— f(x)

in a canonical way to hyperreal-valued functions.

Definition 5. For f : R — R the hyperreal extension is
fTiRY =R [a] = f*([e]) =[]
with 8 := f(a;) for j € N.

It yields that f*([a]) does not depend on the representative of the equivalence class [a] and for
all real numbers r € R we have f*(r) = f(r). In what follows the brackets in the equivalence class for
elements of R* are omitted. Especially, infinitesimals [«] € R* are indicated by da. Now, differentiability
of real-valued functions can be formulated with the use of infinitesimals and the hyperreal extension as
follows.

Proposition 3 (Differentiability). Let f : R — R and xg,c € R. Then, the followings are equivalent:
(i) f is differentiable in xo with the derivative f'(zo) = ¢,
(i) the limit

f/(xo) — lim f(l'O + h’) — f(l’o)

h—0 h

exists and it yields f'(xg) = ¢,
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(i) it yields
[ (@wo +dz) — f(=o)
dx

~

for all 0 # dx ~ 0.

Example 1. We determine the derivative of the function f(z) = z? in zo € R. It yields for any

infinitesimal 0 # dz € R*

* _ 2 _ 2
f*(@o +dx) — flzo) _ (wo+dx)” — x5 90 + du ~ 2
dx dz

since dz is an infinitesimal. This implies that f/(zg) = 2z¢.

Example 2. We derive Euler’s number via Nonstandard Analysis. It remains only to show that % =1
for an infinitely great number i. Then, by defining the infinitely small number dh := 1 we calculate

-1 -1 1—dh
! — =4~ —dh.
i T dh
Then, it follows as in Euler’s work [11, Chapter 7] that
1
3!

=1—-dh~1.

1 1 1
a=1+ Ik + §k2 + =k + Ek‘l + - - - + infinitesimal quantities.

Since a € ]R, it follows that
1 1 2 1 3 1 4
&*1+Ik’+*!k +§k +7!k + ..

which is for £ = 1 Euler’s number.

2.2 Infinitesimal Fundamentum

We are going to introduce the infinitesimal fundamentum of a real-valued function f : R — R. First,
we present the ideas of Newton and Leibniz about the derivative of a function. We start with Newton’s
idea. Newton considers an observed motion f(t) (in Newton’s way of speaking a so-called fluent) in a
time interval. The main goal is to determine the speed at some time ;. We can observe the motion at
time tg and at the time ¢; > ¢y then the approximative speed at time ¢y is given by the quotient of the
covered distance and the time difference, i.e.

f(t) = f(to)

speed at time tg ~ -
1—to

see Figure 1. Newton defines the speed of the motion at time ¢y (in Newton’s way of speaking a so-called
fluxion) as the quotient
f(t) = f(to)

t—to
for an infinitely small time interval, i.e. t — ¢o is an infinitesimal, see also [16,15,8].

The investigation of Leibniz is based on the following idea. Leibniz assumes that a curve f depending
on the variable z (like the motion f in Newton’s context) is an infinite polygon. Then, there is an
infinitely small slope triangle such that the tangent at some point zq is intersecting the curve in an
infinitesimal line, see Figure 2. The slope of the tangent at some point x( is given by the quotient

df (o)
dx

where dz is an infinitely small number and df (xg) = f(zo + dz) — f(x0), see also [3].

We are going to introduce the infinitesimal fundamentum of a real-valued function f : R - R: z —
f(z). Our approach is based on the ideas of Newton and Leibniz. But we assume that the straight line
(linear curve) between the points (zg, f(x0)) and (z¢ + dz, f(xo + dz)) can be replaced in a suitable
way by an curved line (nonlinear curve). In the coherence of Newton that means we consider a curved
line instead of the secant. In the context of Leibniz that means we consider a curved infinitesimal
slope triangle, see Figure 2 and Figure 3. We introduce the infinitesimal fundamentum in the following
definition.

slope of tangent =
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speed

f(t1)

f(to)

Time
to t

Fig. 1 Newton’s idea: Observed motion f(t) at time ¢p and ¢1.

tangent

Fig. 2 Leibniz’ idea: Infinitesimal slope triangle with infinitesimals df and dzx.

Extended Newton Extended Leibniz

daf

to t1 Zo To + dx

Fig. 3 Idea of the infinitesimal fundametum.

Definition 6. Let f: R — R, 2y € R and an infinitesimal dh # 0 be given. A function g : R — R with

9(zo) = f(zo)
{ g* (o +dh) = f*(zo+dh) ®)

is called the infinitesimal fundamentum of f in zy with the infinitesimal dh.

Corollary 1. Let g be the infinitesimal fundamentum of f in xq € R with the infinitesimal dh. Further,
let f and g be differentiable in xo. Then, it yields

f'(xo) = g'(x0) -
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Proof. Using Proposition 3 and (3) we obtain

oy S0t D) —g(ao) _ f*(wo+dh) — flzo) _
g'(mo) = T = e~ f ()

for any infinitesimal 0 # dh € R*. Since f'(z9), g (zo) € R it yields
f'(xo) = g'(20) -

]

We mention that the choice of the infinitesimal fundamentum is arbitrary and that the infinites-

imal fundamentum which is used in Newton’s and Leibniz’ context is given by a linear infinitesimal
fundamentum, see the following Definition.

Definition 7. We call the function
vy J(wo+dh) — f(x0)
9" (2) = o

the linear infinitesimal fundamentum of f in z( with the infinitesimal dh.

(Z — CE()) + f(iL'o) (4)

Next, we state the exponential infinitesimal fundamentum which will be studied in detail in the next
section. In this case we do not have a straight line in the infinitesimal slope triangle.

Definition 8. We call the function

i TS

— 1) + f(=o) (5)
the exponential infinitesimal fundamentum of f in xy with the infinitesimal dh.

The exponential infinitesimal fundamentum of differentiable functions f yields by using Corollary 1
and Proposition 3 the equality

) -t L) @)

h—0 el —1

(6)

for any = € R. Note that equation (6) is verified for continuously differentiable functions f by using
I’Hospital’s rule.

Remark 2. 'We mention that the exponential infinitesimal fundamentum (5) is a smooth function and
we obtain a representation of higher order derivatives of the order n € N through

| d™ f (o)
Z (Z)(_l)kekdh
k=0

where we have defined the operator df (xo) := f*(zo + dh) — f(z¢) for smooth functions f in zyp € R
with the infinitesimal dh.

F (@) ~

2.3 Examples For Infinitesimal Fundamenta
We list examples for several infinitesimal fundamenta and consequential the equivalent formulation for
the derivative of a real-valued function f: R — R in 2y € R.

1. The standard infinitesimal fundamentum as it was used by Newton and Leibniz is the linear in-
finitesimal fundamentum and given by

with the infinitesimal dh. The resulting formulation of the derivative is the well-known formula

/(o) = lim f(zo+h) — f(z0) .

h—0 h
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. We consider the quadratic infinitesimal fundamentum

g°(z) = a2

for some a € R*. It yields for 2y # 0
2ax0 ~ g'(x0) = f'(20) (7)
and for any infinitesimal dh
g*(zo + dh) — g(z0) = a(xo + dh)? — axg = 2azodh + adh® = f*(zo + dh) — f(z0).

This implies by using (7)
[ (wo + dh) — f(=o)

! ~ .
f(@o) = I adh .
It remains to specify a. Using a = % results in
f/(SC ) =~ f*(xo + dh) — f(xo) B f*(zo + dh) — f(zo) N F(xo + dh) — f(xo)
o dh 270 + dh = ah

: f*(zo+dh)—f(xo)
SICE T rotdh
the relation

is an infinitesimal. We obtain as the for the linear infinitesimal fundamentum

(o) = lim f(zo+h) — f(z0) .

h—0 h

. We state a modified exponential infinitesimal fundamentum of the form

g*(Z) _ f*(«fLO ;\ih)—_l f(l'O) (ek(szo) _ 1) + f(IO)

for X € R\ {0}. The resulting derivative is
f(@o+h) — flxo)

eXdh _q
A

f(xz0) = lim

h—0

. We choose an infinitesimal fundamentum of the form

9" (z) = asin(z) + b (8)
for some a,b € R*. It yields
¢ (2) = a cos(x)
and for any infinitesimal dh
9" (xo + dh) — g(xo) = asin(xg + dh) — asin(xg) .

Addition theorems imply

9" (w0 + dh) — g(xo) = a(sin(xo) cos(dh) + sin(dh) cos(zo)) — sin(zo))
and so

9" (zo + dh) = g(wo) = afsin(zo)(cos(dh) — 1) + sin(dh) cos(xo)) = f*(xo + dh) — f(zo) .

Using f(zo) = g(z0) = asin(zg) + b it yields

J* (20 + dh) — f(xo) — (f(0) — b)(cos(dh) — 1) = acos(xo) sin(dh).

We obtain by using
f'(z0) = g'(w0) =~ acos(zo)
following relation
f(zo + dh) — cos(dh) f(xo) + b(cos(dh) — 1) f(xo + dh) — cos(dh) f(zo) b cos(dh) — 1

f'(zo) =~ sin(dh) - sin(dh) sin(dh)
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Altogether, we have
f(zo + dh) — cos(dh) f (xo)
sin(dh)

f/(l'o) =~

cos(dh)—1

- is an infinitesimal. In the limit notation that means
sin(dh)

since b

5. An infinitesimal fundamentum of the form
g% (2) =acos(z) +b
for some a,b € R* yields as for the sine the same relation

, __ f(zo + dh) — cos(dh) f(zo)
f/(w) = == sin(dh) ot

6. We consider a logarithmic infinitesimal fundamentum of the form
9" (z) =aln(z) +b

for some a, b,z € R* with z > 0. It yields for all ¢y > 0

— ~ ¢ (x0) = f'(x0)

and for any infinitesimal dh

g* (o + dh) — g(z0) = aln(zp + dh) — aln(zg) = aln (1 + (ZZ]L) = f*(xo + dh) — f(z0) -

We obtain by using a ~ zq f'(x0)

[*(zo +dh) — f(zo) .

f'(@o) ~
ZTo In (1 + %)

This implies for all zg > 0

h—0 1z In (1 + f—o)

7. We fix a function f : RT — R* and 29 € RT and choose an infinitesimal fundamentum of the form

9" (2) =avz
for some a € R*. It yields for all g > 0

a

3 =) = (o)

and for any infinitesimal dh

(9" (zo + dh))* = (g(20))* = a*(zo + dh) — a*wo = a®dh = (f*(xo + dh))* — (f(z0))*.

Using
a® ~ 2(1\/3:»0]”(350) = 2f(x0)f’(a:0)

we obtain

() ~ (f*(xo +dh))® = (f(20))®  [f*(xo+dh)+ f(xo) (w0 +dh) — f(wo)

v 2f(x0)dh - 2/ (wo) dh ‘
That means
/() = lim flzo+h) + flwo) flzo+h) = flzo) _ . flwo+h) = f(zo)
) 2f(xo) h ) h :
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3 Expansion Formula

We introduce Taylor’s expansion formula which can be obtained by the linear infinitesimal fundamentum
(4). Using the linear infinitesimal fundamentum the derivative at 2 € R is given by

Fa) — 1 TE ) = @),

h—0 h

For f € C([a,b],R) and f differentiable in (a,b) the mean value theorem implies some ¢ € (a,b) such
that

f) = fa) + (b —a)f'(c)
or equivalently
Yz € [a,b], Vh € R, |h| < min{|z — al,|b—z|}, Ic € (a,b) : f(x+h) = f(z)+ hf'(c).

Taylor’s expansion formula is a series expansion of functions of the form

f(x+h) = f(z)+ hf'(z )+h2f”(m>+h3f(3;( )+~~ (9)

which a polynomial in the variable h with coefficients depending on the derivatives of the considered
function f. The goal is to obtain a new Taylor’s expansion formula obtained by an exponential infinites-
imal fundamentum (5), i.e. we search a representation of the function f at some point z + h of the
form

fla+h) = colx) + er(@)(e" = 1) + ea(@)(e" = 1)* + ez(@)(e" — 1)° +

for some coefficients co(z),c1(x),ca(z),... depending on the derivatives of f. The main result in this
section is given by the following theorem.

Theorem 1. Let a,b € R with a < b and n € Ny. Further, let f € C"([a,b]) and f) differentiable in
(a,b). Then, there is a constant ¢ € (a,b) such that

n b—a _ {)J J o
W+ 3 T S f0H 0 (0) 4 Ry (bayo), (10)
j=1 J: k=1
where
b—a n+1 n+l
_ e (€ -1 n+1 p(n+2—k)
Rn(b, a, C) =e€ W ;ak f (C)
and 3,k € N with k < j
1 for k=1,j>1,
ay =< —(4 — l)af;ll + a?:l for 1<k<j, (11)
(PRGN for j=kz 1

Corollary 2. Let a,b € R with a < b and n € N. Further, let f € C"([a,b]) and f™ differentiable in
(a,b). Then, the following holds:
vV € [a,b], Vh € R, |h| < min{|z — a|, |b — x|}, 3¢ € (a,)) :

J

fla+h) = f(x) +Z Zajf““*“(x) + Rn(h+2,7,¢) (12)
! k=1
where
h s CUE Vit = nt1 p(nt2—k)
Ro(h+x,2,0) = ¢ G 2o Q). (13)

k=1



Infinitesimal Fundamentum 13

First, we illustrate in Figure 4 an explicit representation of the coefficients ai used in (10) and (12).

In Figure 5 we state an algorithm to calculate the coefficients aﬁl for given coefficients ai. Note that
the sum over the coefficients is equal zero for all n € N, i.e.

n

Za}j:o.

k=1

In the case that the rest term (13) vanishes for a smooth function f € C'*°([a, b]) we obtain an expansion
formula of the form

Mg — f! Mgy — 3 +2f
ft ) = f@) + F@) et 1)+ D LD oy TSI oy
where z + h € [a, b].
at 1
a? a3 1 -1
a3 a3 a3 1 -3 2
a} a3 aj a} 1 -6 11 -6
ab a3 a3 aj a? 1 -10 35 -50 24
a$ a$ al al al ad 1 -15 8  -225 274 -120
Fig. 4 Coefficients ai (see (11)) in the expansion formula (10) up to the order n = 6.
1
1 -1
1 3 9 ——n=>5: [ 1 -10 35 50 24 |
(= -5 50 -175 250 -120
1 6 11 -6 — 91 |
| 1 -10 35 -950 24 + [1 -15 85  -225 274 -120]
[1 -15 85 -225 274 -120 | '

Fig. 5 Algorithm for determination the coefficients a2 from the previous coefficients az.

3.1 Proof Of Theorem 1

We are going to prove Theorem 1. For illustrating we start proving the theorem for the trivial case
n = 1. Then, the general case n € N will be proved. For the case n = 1 we have to show that there is
some c € (a,b) such that

F®) = fa)+ (" = 1)f'(a) + e~ () = f(e) (14)
We define
b—t l (ebit - 1)2
E(t) = f(0) = f(t) = (" = Df(t) = m—;
with
W)= f@) (= Df )
: (6”7(‘—1)2 :

Then, it yields
F(b)=0= F(a)



14

Bugra Kabil

such that the mean value theorem implies some ¢ € (a,b) with F’(c) =0, i.e.

0=F'(c) = —f'(c) = (" = 1)f"(c) + e f'(c) +m

We obtain

0=F'(c) = (" = 1) ((f'(c) = f"(c)) + me"™)

and so

Using F(a) = 0 we obtain

as stated in (14).

Proof of Theorem 1 for the general case n € N. We define

m(ebt 1) G
F(t) = 1) — 1ty = S S g parin ) g

j=1 ’ k=1
with )
nobea gy J
) = fla) = > L S0 ol fOH1R ()
. j=1 7 k=1
m = (ebfail)rrl»l
(n+1)!

(ebfc _ ]_)ebic .

(ebft _ 1)n+1

(n+1)!

The function F satisfies F(b) = 0 = F(a) and the mean value theorem yields some ¢ € (a,b) with

0 = F'(c). We determine the derivative

_ j J

P = - 3 E IS e

j=1 k=1

n J

+e’”2(<3%11>2 FIRE) + et

j=1 k=
First, we claim that for all n € N

n

f(t Z(e _1 Z ]f(j+2 k) btz

k=1 j=1
eb—t — 1) ntl o
— TS e
’ k=1

which will be proved with the help of an induction.
Induction Basis n = 1: We obtain

T ) = (e = Dad () + e ad ) = —(e

—(et —

which shows that the statement (15) holds for n = 1.

]71

- Dt
1)(aif

(ebft _ l)n

n!

)= f'(1))
"(t) + a3 f (1)

Induction Hypothesis: We assume that the statement (15) holds for n € N, i.e.

n

k=1 j=1
n ntl

— _Wi_l) Za2+1f(n+2fk)(t) )

n!
k=1

-t _ 1)j—1

e I el
f (t Z ( Z Jf(]+27k)(t) + bt Z ( (

=

J
Yo a Ut

k=1
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Then, we show under the hypothesis (16) that statement (15) is satisfied for n + 1.
Inductive Step n ~» n + 1: We calculate
n+1 . g n+1 . 7
("t 1)/ i e(j+2—k) N e G i e(1—k)
—f'(t) - —_ al fUT t)+e —_— al fUT t
n _ P n b—t -1 J
(b=t — 1) (o _ (eb=t — 1) i ik
=—f0 =3 T > afUIO Y e > af Y
j=1 k=1 j=1 k=1
+1 n+1
(Eb_t _ 1)n+1 n " _ _ (Eb_t _ 1)n ” _
T (1) > aptt IR (1) 4 et oy D aptt ().
k=1 k=1
Using the induction hypothesis (16) yields
= (et -1y j p(j+2—k) b th (P -1t Ny (j+1—k)
—1'(t) - Z ij] O+ Y G a0
k=1 j=1 k=1
+1 n+1
(ebit — 1)" S n —k (ebit _ 1)n+1 n+1 —k
= Zak+1f(n+2 () — ECESV I Zak+ FE3=R) () (17)
k=1 k=1
b—t n ntl
+€b—t (6 T 1) Z az,+1f(n+2—k)(t) .
n!
k=1

We take on the right hand-side in (17) the first and last term together. Further, we factor out — -

which implies

n+1

f (t Z (6 — 1) Z f(]+2 k)

(ebft

D" (S sk
= o (T

k=1
A shifting in the index yields

n+1

P — Z (G Za FU2R)
(ebft 1)n+1

_ _(nT (Z n+1f(n+2 k)( )

n+1

_ _( n+1))' ( n+1 (n+2 k)( )
@ -y
RSV

(b=t _1)ntt
(n+1)!

Z( 3—1 Z 7 R (4

(n+ 1)a2+1f("+2’“)(t)> .

ntl (eb—t _ 1)]‘—1 J

LG LA

Jj=1 k=1

n+1

Z(n + 1)&Z+1f(n+2k)(t)>
k=1

Zn:(n + 1)@2“1‘(”*2‘“@))

k=1

+Zf(n+2 k) n+1 (TL+1) n+1>> ]

-1 o n+1 (n+2) n+1 g/
_ i f (n+1)an+1f t) | .

We obtain

— (" —1) LG 2-k b = (e~ k
- S S gt § S g o

j=1 J: k=1 j=1 J

eb_t —1 el n n n
- (‘”Hf( 20 =+ Dan i

Using

(GZI% (TL+1) n+1)

_n+2
A1
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and shifting again in the index yields

= (b=t —1)7 Ny (i+2—k) b t"+1 G (1K) (4
! J — —
R AORD D D B e OR D D e VT 3_1 Zaff
j=1 k=1 j=1
n+1
(eb_t — 1)n+1 n n n n n
= @O - (e D O + Z A0
(G LA e 2 Ly — 2 3—k 2 2
TS At R () = (n 4+ Vap /() + Y ap P FO TR () —ap (1) )
’ k=1
Using "' = a2 and changing the limit in the sum yields
n+1 _ ] n+1 _ i J
(eb til)g S 3 (eb t,l)Jl S
SIS Dt T RE) wiCttl il
j=1 J: k=1 j=1 J T k=1
n+2
(ebit — 1)n+1 n n n n
=~ |~ Deris +Z PR — a3 @)
b—t _ 1\n+1 n+2 b—t _ 1\n+1
_ (6 1) n+2 £(n+3—k) (6 1) / 1 n+1 n+2
*—WZ% f (t)'i'wf(t) ((TH' )an 1 +an+2) .

k=1

Using apt} = (=1)"*2 nl and a)'13 = (—1)"*3(n + 1)! yields

n+1

) — (ebtj‘_ 1) zj: aif(ﬂsz) (t) + et

+

ntl (ebft —1)i-1 J

G 2RO

j=1 k=1 j=1 k=1
b—t _ 1\yn+1 712 b—t _ 1\n+1
S Gty i o 3 > aptr R () 4 U7 o 1)), F1®)(n+ D=1 (1 4 (-1)).
k=1

End of Induction: Altogether, we obtain

n+1( b—t j +1 b
O P — Z j a2k (g 3—1 Z 7 pHI=R)
Jj=1 j=1

(ebft 1)n+1 n+2

= AT
k=1

which completes the induction and we obtain (15) for all n € N. That means for the derivative of F

—
(3]
o
|
o+
—
N
<
<

Fit) === > a7
j=1 ’ k=1
n (eb—t o

3 1)j71 J i L 3 (ebft o 1)77,
+eb tzi(j,1)| Za{cf(”'l ) (t) + me® tin'
It !

(ebft o 1)n n+1 (ebft o 1)n

_ Zaerlf(n-&-Q—k) (t) + meb™?

k=1

n!
The mean value theorem yields some ¢ € (a,b) with F’(¢) = 0 which means

_ n+1 _
(eb ‘- 1)n Z an+1f(n+27k) (C) + mebfc (eb ‘- 1)n
_— I _—

k=1

0=F'(c)=— (18)

n! n!
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Equation (18) implies
n+1

m — ¢t Z GZ+1f(n+2_k) (C) ]
k=1

Using F'(a) = 0 we obtain

7 n+1

— (et —1) i e(G+1—k) b 1 p(nta—k) o (€070 = D
FO) = fl@) + Y > @ ST P @) + ey gt (o)
Jj=1 J: k=1 k=1 (n+1)!
which completes the proof of Theorem 1. a

We remark that as for the exponential infinitesimal fundamentum we can derive the following for
the sine case.

Proposition 4. Let [a,b] C (0, 7). Further, let f € C([a,b]) and f differentiable in (a,b). Then, there
is a constant ¢ € (a,b) such that

f(b) = cos(b—a)f(a)+sin(b—a) - (f'(c) + tan(b — c) f(c)) .

Proof. Consider
F(t) := f(b) — cos(b—t)f(t) —sin(b—t)m

with

)~ cos(b—a)f(a)
’ sin(b — a) ’

Then, it yields F(b) = 0 = F(a). The mean value theorem implies some ¢ € (a,b) such that F'(c) = 0.
We obtain

0= F'(c) =—cos(b—c)f'(c) —sin(b — ¢) f(c) + mcos(b — c)
which yields
m = (f(6) + tan(b — ) f(0) .
Using F(a) = 0 implies

f(b) = cos(b—a)f(a) +sin(b —a) - (f'(c) + tan(b — ¢) f(c))

as stated in the proposition. ]

Next, we compare Taylor’s expansion formula (9) with the expansion formula (12) which is obtained
by an exponential infinitesimal fundamentum (4) for some examples. For a smooth function f we consider
the expansions

" (3)
fle+h) = f(z)+ f'(x)h + f2('x)h2+ f33'(x)h3+-~-

and

L@ S @) e, FO@) -3 20 @)

3
2! 3! —UT

fla+h) = f(2)+ f'(x)(e" — 1)
up to a given order for some x € R and h € R.

Ezample 3. We consider f(z) = €% on the interval [—1,1/3]. Then, we calculate the expansions of
second order at the expansion point g =0

/"(0)
2!

25
F(0) + f(0)z + z? = 1+5x—|—?x2

and
F0) + f(0)(e” = 1) + W(ez —1)2=145(e* —1) +10(* — 1),

see Figure 6 for the plots.
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w14 5(e® — 1)+ 10(e® — 1)?

Fig. 6 Plots for f(z) = exp(sin(5x)) on the interval [—1,1/3] and the approximations of first and second order
resulting from the expansion formulae (9) and (12). The approximation on the right resulting from (12) is closer to
the considered function f(z) = exp(sin(5z)) in the first and in the second order.

Ezample 4. We consider f(z) = T2~ on the interval [0,8/10] and the expansion point zo = 0. We
obtain via Taylor’s formula (9)

(J)

0=y 2

7=0

acjfl—ﬁ-ﬂc—i-x + 2 + a2t 4 2% + 28

and via the expansion formula (12)

6 T
Es(z) = Z Za FUH=R ()

Jj=1 k=1

1, . 1 g 1,
= 1+(e“‘—1)+§(el—1)2+§(e1—1)3+6(e“—1)4+

see Figure 7 for the plots and the comparison of the approximations.

0.8 0.8 0.8

Fig. 7 Plots of the approximations for f(z) = 1= of sixth order resulting from the expansion formulae (9) and (12).
The error functions on the right graph show that the approximation resulting from (12) is closer to the considered
function f where Ts(z) = 1+ 2 +2? + 23 + 2% + 25 + 25 and Eg(z) = 1 + (e — 1) + %(ez - 12+ %(eJC —-1)3 +
%(ew -4+ 6—70(856 —1)5+ %(em —1)8.
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3.2 Expansion Formula Via Slow Exponential Infinitesimal Fundamentum

The goal is to derive another new expansion formula resulting from the infinitesimal fundamentum

[*(zo +dh) —
1 —e—dh

g*(z) _ f(wo) (1 _ ezo—z) + f(l“o) (19)

which we call the slow exponential infinitesimal fundamentum. That means we search an expansion for
the smooth function f of the form

flx+h)=co(z)+c1(z)(1 - efh) +ca(x)(1— e M2+ es(z)(1 — e M4

for some coefficients cp(x),c1(x),ca(x),... depending on the derivatives of f. The main result in this
issue is given by the following theorem.

Theorem 2. Let a,b € R with a < b and n € Ny. Further, let f € C*([a,b]) and f) differentiable in
(a,b). Then, there is a constant ¢ € (a,b) such that

n J

ﬂm=fwm+§j]‘f }jwﬂﬁlm Ro(b.a,c), (20)
j=1

where 1
a—byn+1 T
pc(l—e"7") n+1 p(n+2—k)
R (bac) e sz f ()
and j, k € N with k < j
1 for k=1,7>1,
b= G- bl for 1<k<j, (21)
(j—1)! for j=k=>1.

Proof. The proof of Theorem 2 can be handled as the proof of Theorem 1. We omit the proof at this
point and move it to Appendix A. m]
A simple consequence is given by the following corollary.

Corollary 3. Let a,b € R with a < b and n € N. Further, let f € C"([a,b]) and ™) differentiable in
(a,b). Then, the following holds:
YV € [a,b], Vh € R, |h| < min{|z — a|, |b — x|}, 3¢ € (a,b) :

J

flo+h) = +§:1_e N ] 2

where
n+1
e h)n+1

S upr ().

k=1

_ x+th— ((1
Ry(h+z,2,() =" Tri

Note that the relation of the coefficients b{; to the coefficients ai is given by b/ = |ai|. In the following
we present Figure 8 and Figure 9 where one can see an overview of the coefficients bi and an algorithm
for calculating the coefficients.

Altogether, we consider for a smooth function f the expansions

fl+h) = f(@)+ f(2)h+ f"(x) W2 e
f@+h>:fmr+fmx&—»> LA A
Fleth) = f@) + F@) - ey ¢ DEETE g oz

for some x € R and h > 0.
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b 1
b? b2 1 1
b3 b3 b3 1 3 2
bi b3 b3 bi 1 6 11 6
b3 b3 b3 b3 b2 1 10 35 50 24
b§ bS bS b8 be be 1 15 85 225 274 120
Fig. 8 Coefficients bi (see (21)) in the expansion formula (20) up to the order n = 6.
1
1 1
1 3 9 ——n=5: [ 1 10 35 50 24 |
. 1 2 12
. ; " 6 L (+5)[_5 50 175 250 120]
[ 1 10 35 50 24 + [1 15 85 225 274 120]
[1 15 8 225 274 120 | '

Fig. 9 Algorithm for determination the coefficients bg from the previous coefficients bi.

% on the interval

- [0,8/10] and the expansion point xy = 0.

Ezample 5. We consider again f(x) =
We obtain via Taylor’s formula (9)

6
Ts(z) := Z

Jj=0

=14+ +2+ 2+ 25+ 28

f(j)(o)
4!

and via the expansion formula (12)

6 L
e* — 1)/ I
Boa) =1+ 3" C L S a0 0)
j=1 J: k=1
1 1 1 7 19
-1 T _ 1 - 1712 - 1713 - 1714 o 93715 e 1716
FE = 1) b (6 17 42— 1P 4 S~ ) (e 1 4 (e - 1)
and via the expansion formula (22)
6 1 z J
: Z —e Zbafml B0
3 7 . 11 347 3289
=1 1_1—I 21— —x\2 (1= —x\3 71_—4 o= /—15 =71 = —x\6
H— e 4 21— e P L e e ey B ey B oy

see Figure 10 for the plots.

0.8 0.8 0.8
Fig. 10 Plots for f(z) = L
and (22).

and its approximations of sixth order resulting from the expansion formulae (9), (12)
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4 Applications

In this section we present some applications which can be used in analysis, mathematical physics and
many other scientific disciplines. The new kind of definition of the derivative affects a broad field.

4.1 Approximation Formulae

One of the most important application of expansions is the resulting approximation formula of first
order around the expansion point. For |h| < 1 we approximate a function f : R — R at the point zo+h
by using the linear infinitesimal fundamentum (see (4)) through

f(@o+h) = f(zo) + f'(z0)h =: Ty (h, w0, f)
where z( is the given expansion point. In the same way we obtain the approximation
f(ao +h) = f(zo) + f'(wo)(e" = 1) =: Ex(h, zo, f)
with the use of an exponential infinitesimal fundamentum (see (5)),
f(xo+h) = f(zo) + f'(z0)(1 — ") =: Dy (h,mo, f)
with the use of a slow exponential infinitesimal fundamentum (see (19)) and
f(zo + h) = cos(h) f(zo) + f'(x0) sin(h) =: S1(h, zo, f)

with a sine infinitesimal fundamentum (see (8)), see Figure 11 for a sketch.

f({L‘(] + h) f(.’I?() + h)

f(@o) + (e" = 1) f(wo)

flzo) + ,/'/[»"u )

o zo+h

Fig. 11 Approximation Formulae resulting from different infinitesimal fundamenta.

Ezample 6. For the increasing function f(z) = e we obtain Ty(h,1,f) = e+ 2¢eh, Ei(h,1,f) =
e+2e(el —1), Di(h, 1, f) = e+2e(1—e ") and Si(h, 1, f) = cos(h)e+2esin(h) at the expansion point
zo = 1. We calculate for several values h the functions f, Ty, F1, D1 and S7, see Table 1.
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| m=1] =0 h = 0.005 h=0.1 h=05 h=1
f(1+4h) 2.71828 2.74567 3.35348 9.48774 54.5982
Ti(h) 2.71828 2.74546 3.26194 5.43656 8.15485
Ey(h) 2.71828 2.74553 3.29005 6.24510 12.0598
Dy (h) 2.71828 2.74540 3.23564 4.85740 6.15485
Sy (h) 2.71828 2.74543 3.24745 4.99194 6.04340
Table 1 f(z) = ¢, Ty(h,1,f) = e+ 2¢h, B1(h,1,f) = e+ 2e(e" — 1), Di(h,1,f) = e+ 2e(1 — e—") and
S1(h, 1, f) = cos(h)e + 2esin(h).

Ezample 7. We consider the decreasing function g(x) = \/11+7 on the interval [0, 1] and the expansion

point 2o = 0. We obtain Ty (h, 0, g) = 1—1/2h, E1(h,0,9) = 1—1/2(e"—1), D1(h,0,g) = 1-1/2(1—e~")
and S1(h,0,9) = cos(h) — 1/2sin(h). We calculate for several values h the functions f, T3, Fy, Dy and
S1, see Table 2.

leo=0] h=0] n=o0005s | =01 | n=05 | n=1 |
9(h) 1 0.99751 0.95346 0.81650 0.70711
Ty(h) 1 0.99750 0.95000 0.75000 0.50000
Ei(h) 1 0.99749 0.94741 0.67564 0.14086
Di(h) 1 0.99751 0.95242 0.80327 0.68394
S1(h) 1 0.99749 0.94509 0.63787 0.11957

Table 2 g(z) = —=—, T1(h,0,9) =1 —1/2h, E1(h,0,9) =1 —1/2(e" — 1), D1(h,0,9) =1 —1/2(1 — e~ ") and

14z’

S1(h,0,g) = cos(h) — 1/2sin(h).

4.2 Algorithm For Finding The Roots Of Real-Valued Functions

We present a new iterative algorithm for finding the roots of real-valued functions. The derivation of
the method is based on the approximation formulae given in the Section 4.1. For example, Newton’s

method is derived by the approximation
f(@™) = f(zo) + [ (20) (2" — x0)

for a differentiable function f: R — R with * € R close to ¢ € R. Let 2* be a root of f and z( close
to the root. Then, we obtain as an iterative algorithm

f(Tn) (23)

I )
n

for n € N and starting point xo, see for instance [9,10]. We consider the approximation
fla®) = fxo) + f'(wo)(e” ™ — 1)

resulting from an exponential infinitesimal fundamentum for xg € R close to z* € R where x* is a root
of f. Then, we obtain the iteration

Tpy1 = Tn +1In (\1 - ]{,t,((f;)) ]) (24)
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i) T To T3

Fig. 12 New method for finding the roots of real-valued functions via an exponential infinitesimal fundamentum.

for n € N and starting point zg, see Figure 12 for an illustration. Note that the convergence of the
algorithm as for Newton’s method is not ensured for arbitrary functions or arbitrary starting points.

Example 8. We search the square root of two. Therefore, we consider the function f(z) = 2% — 2
and compare Newton’s algorithm with the algorithm (24) obtained by an exponential infinitesimal
fundamentum in Table 3.

V2~ 14142135624 || 241 = 2, — F25 | 20 =2, +1In (\1 - =) D
To 1 1
1 1.5000000000 1.4054651081
s 1.4166666667 1.4142025077
w3 1.4142156863 1.4142135624
T4 1.4142135624 1.4142135624

Table 3 Comparison of the algorithms for the function f(z) = 22 — 2 and starting point zg = 1. The new method
introduced in (24) converges faster to the root of f than Newton’s method (23).

Remark 3. Note that one can obtain in the same way the following iterations via different infinitesimal
fundamenta. Using a slow exponential infinitesimal fundamentum (see (19)) we obtain

x
Tptl = Ty — 1 (1 + }i((;)))
for n € N. Using a sine infinitesimal fundamentum (see (8)) yields the iteration

_ f(zn)
Tpt1 = Tn + arctan (— f’(ﬂﬁn)>

where arctan is the inverse of the tangent function.
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4.3 Numerical Schemes

Approximation of partial differential equations is an important step in proving the existence of solutions.
There are several methods of approximation where we mention the use of the convolution with smooth
mollifiers, e.g. see [21]. The goal here is to obtain an approximative system by a discretization of partial
differential equations. We consider for v : R x Rt — R? with d € N the Cauchy problem

(25)

Ou(x,t) = Gu(z,t),dpu(z,t),2u(z,t), ..., 00 u(x, 1)),
u(z,0) = ug(x)

where m € N, up : R — R? and G : (RY)™*! — R? are given. Using the method of lines we discretize
(25) in time and space by choosing a time step At > 0 and increment Az > 0. We define the discrete
mesh points by

t, :=nAt for neNy and z;:=jAt for jeZ.

We approximate the exact solution u of (25) on the discrete mesh points, i.e.
ul ~u(zg,tny) .

Relying on the finite difference method the simplest discretization of (25) is obtained by using a linear
infinitesimal fundamentum

n ZO(_]")R(T]:‘)U?—}—m—k
247 = . L= 2
At A T (Az)™ (26)

n+l _

with u? = ug(z;) for j € Z. Note that there are many different possible choices to discretize (25),
e.g. Euler’s forward or backward method, Lax Friedrichs and so on, see [20] for an overview about
discretization of partial differential equations. The approximative solution is given by solving the discrete
system in each time step

m
ul g —uf > (_1)k(?)u?+m—k
+1 _ n n J J =
ul = uj + AtG | uj, A Gn)m

where u = ug(z;) is the starting point. We present a new idea for the time discretization of (25) which

can be adapted in the space variable. We introduce

S (—DF ()l

n+l _ ,n n  _ .n
i Y gl BT k=0
edt — 1 7 A TV (Ax)m™

by using an exponential infinitesimal fundamentum. This yields a modified discretization

ul L — u” kE (_1)k (7@1) u‘?erfk
nt+l _ At i+ j =0
! =u + (e - )G | uf, P A" . (27)

This kind of discretization (27) was used for some specific examples in [22] and is known as the nonstan-
dard finite difference scheme. Note that in this work the advantages or disadvantages of the presented
discretizations are not discussed. It is also possible to discretize the equation in the space variable via
an exponential infinitesimal fundamentum which yields

h — A
u;l 1—U?+(€At— )G Un J J
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Note that we can apply in the same way a mixture of infinitesimal fundamenta to obtain discretized
version of (25). The choice of the discretization depends on the infinitesimal fundamentum and on the
wished property of the discretized system concerning the exactness or discrete energy consistency.

4.4 Entropy Consistent Approximations of Conservation Laws in Time and Space

We present a new approach for discretization of nonlinear conservation laws. This new method yields an
explicit numerical scheme which approximates differential equations in time and one-dimensional space
in a fully entropy stable way. Entropy stable discretizations in space of time-dependent conservation
laws are well known. We continue the discretization of such semi-discretized conservative problems in
time and obtain a fully entropy consistent numerical scheme. The method is based on the infinitesi-
mal fundamentum. The infinitesimal fundamentum generalizes the understanding of the derivative for
real-valued functions such that it is possible to approximate the derivative in several ways. The suit-
able choice of the infinitesimal fundamentum depending on the entropy of the system enables the fully
entropy consistency of the discretized system.

We introduce the definition of an approximation for partial differential equations. We consider for
w:R xRT — RY: (2,t) > u(x,t) with d > 1 the general system of partial differential equations

Ou(z,t) = Flu(x,t), 0,u(z, t), ..., 00 u(x, b)),

u(x,0) = ug(x), (28)

where F : RH™+L & Re m € Ny and ug : R — R? are given. The first step is to do a spatial
discretization of (28) by using the method of lines. We approximate the exact solution wu(z,t) of (28)
on a spatial grid through

w;(t) ~ u(z;,1)
for x; = jAx with j € Z and a given spatial increment Az > 0.

Definition 9. A system for u; : RT™ — R%: ¢t — u;(t) with j € Z of the form

d

auj (t) = F*(Ax, U; (t), Ujfl(t), ’U,j+1(t), ), (29)

for a given F* : R x (]Rd)Z — R? is called a semi-discretization of (28) if the limit case of (29) for
Az — 0 coincides with (28), i.e. for a smooth classical solution u(z,t) of (28) it yields that

%in}) F*(h,u(z,t),u(x — h,t),u(x + h,t),....) = Flu(z,t), 0zu(z,t),..., 00 u(x,t))
,—

for all fixed (z,t) € R x RT. Further a semi-discretization of the form (29) is conservative if there are
some Fj 10 = Fjq/2(u;(t), uj—1(t), wjii(t),....) such that

Fit12—F; 1,2

F*(A$7u]'(t),u]',1(t),’U,j+1(t),....) = Ar

for all j € Z.
Ezample 9 (Tadmor [27]). We consider for the scalar equation

ug(x,t) = ug(x, t) exp(u(z, t)) =: Fu(z, t), uy(z, 1)) (30)
the system of ordinary differential equations

iy (1) = O ) Z D) o 4y 3 (1), w10 (0), (31)
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where we replaced the time derivative of u;(t) by 4;(¢). Then it yields for a smooth solution u(z,t) of
(30) by using the rule of L’'Hospital that

ug(z + h,t) exp(ug(z + h,t))

lim F*(h,u(x — h,t),u(x + h,t)) = lim

h—0 h—0 2
+ lim ug(z — h,t) exp(ug(z — h,t))
h—0 2

= F(u(z,t), uz(z,t))
which shows that (31) is a semi-discretization of (30). Further (31) is in conservative form by choosing

1200, 71 (), (1), ..) = SRR 0] £ P (0),

The second step is to go on with the discretization in time. We approximate the time derivative in
(29) to obtain a fully discretized system. That means we approximate the exact solution u(z,t) of (28)
through

ul ~u(z),ty)

for t,, = nAt with n € Ny and a given time increment At > 0.

Definition 10. A system for u € R? with n € Ny and j € Z of the form
G*(At, u;.“'l, u}) =F"(Az,uf, uj_j,u}q,....), (32)

with a given G* : RT x R? x RY — R? is called an approximation of (28) if the limit case of (32) for
At — 0 and Az — 0 coincides with (28), i.e. for a smooth classical solution u(x,t) of (28) it yields that

lirr%) G (o,u(z,t+ o), u(z,t)) = u(x,t)
o—

and

}llin}) F*(h,u(z,t),u(x — h,t),u(x + h,t),....) = Flu(x,t), 0,u(z,t),..., 00 u(x,t))
—

for all fixed (z,t) € R x R*. Further an approximation of (28) is called exlicit if (32) can be written
in the form

n+1l __ n n n
ul" = G(At Az, ul,uf_g, ujy, )

for all n € Ny and j € Z for some G : RT x Rt x (R%)%Z — R4,

Ezample 10. We consider for (30) an approximation of the form

exp( ) T ZETRU) _ i (8) 1) -

for all n € Ny and j € Z. Then it yields that (33) is an approximation of (30) since we obtain for a
smooth solution u(z,t) of (30) by using the rule of L'Hospital that

exp(u(z,t+ o)) — exp(u(z,t))

lim G*(o,u(z,t+ 0),u(z,t)) = lir% exp(—u(x,t))
o—

o—0
y ug(z,t + o) exp(u(z, t + o))
= lim
00 exp(u(z, t))

= ug(z,t)

and the limit %ir% F*(h,u(z,t),u(x — h,t),u(x+ h,t),....) was already calculated in Example 9. Further
—

the approximation (33) is explicit since (33) can be written in the form

At
u;.”rl = uf +1In <1 + A (exp(u?H) - exp(u?_l))> .
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Note that the time approximation on the left in (33) is done by using the funtion f(u) = exp(u)
which can be generalized to
1 fuf™) = fuf)
fr(u3) At '

J

Now if we choose some entropy function 7 corresponding to (28) for the time approximation, we obtain
an energy/entropy consistent numerical scheme. For example, consider the scalar equation

ug(z,t) — u(z, t)ugy(z,t) =0 (34)

and the entropy function 71 (u) = In(u) to (34). By using the Tadmor [27] approximation in space, we
consider the space approximation

d _ uj1(t) —uj—1(t)
w )= uj(t)+T- (35)

Using the entropy approximation in time we obtain an energy consistent approximation of (34) as

At
1
U;-l+ — u;_l exp (QAQ:- (u;—L+1 — ’U/;-L_l)> (36)
which satisfies
m (U;L—H) - (U?) < Q?Jrl - Q?—l
with Q7 = ﬁTtIu?. In the same way we can obtain an entropy consistent approximation for (34) by using

the entropy function 7y (u) = “2—2 Again, using Tadmor in space but not with the same discretization as
before, we obtain

d wjg () + uy(t) + w1 (t)  wjpa(t) —uj—1(t)
S i) = J J LY J 37
s ® 3 S (37)
as a space approximation of (34). We obtain by using 7, in the time discretization
n+1 n\2 At n(i,n n n n n
u; = (u]) + Mﬁ“j (uj+1 +uy + uj—l)(uj+1 - Uj71) (38)

which satisfies 7o (u?“) —na(uf}) < WP — W} for some explicit given W1
We note that this mindset for approximation of partial differential equations can maybe be used for
showing the existence of solution to the original problem by using a suitable approximation and entropy

function in some Sobolev spaces.

4.5 Series

We consider a concrete example such that the rest term in the expansion formulae (12) and (22) vanishes.
This yields a representation of the considered function as an infinite sum. For instance, the exponential
function results in (via Taylor’s expansion formula (9) with expansion point zy = 0)

Jj=0

for h € R. We apply the new kind of expansion formulae (12) and (22) to a simple function to obtain
convergent series. We consider the function f(z) = x. Then, Theorem 1 (respectively equation (12))
yields the expansion of f for x € R and some h € R

fx+h)=z+h=x+ (" —1) - Z(e" —1)* +

which implies
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Choosing h = In(y) for some y > 0 yields the well-known identity
1 1 1 -
=(y—1)= =(y =12+ Z(y =1 = Z(y — = — 1)
my)=@-1)-3@-)*+3046-1°-@-1" E 1)

where the sum is convergent for all 0 < y < 2. It is also possible to consider the expansion formula given
in Theorem 2 (respectively equation (22)) which yields in the same way

1 1 1
h = (1 _e—h) 4 5(1 —6_h)2 4 g(l —€_h)3 4 Z(l —6_h)4 R

Choosing again h = In(y) implies

© (1 l)j
)=yt
— J
j=1
which is convergent for all y > 1/2. Altogether, we represent the natural logarithm In(y) for all y > 0
as

;( j)_Hl( -1) for 0<y<1/2,
h(y) = J% 1 (1 — l)j for 1/2< ()
J Yy =Y
j=1

holds for values 1/2 < y < 2. The representation of the natural logarithm In(y) for y > 1 can also be

obtained by the identity
Y
Inl+y)=—mn{1l—-———].
(1+y) ( T+ y)

The inequality | — ﬁ| < 1 implies

_ v\ = (-1 y V) =1y \
1“<“y>“1“<1‘1+y>‘,2 j (‘Hy) —Zj(w)

such that

for all z > 2 which verifies the representation (39).

We mention that by using several expansion formulae ((9), (12) and (22)) we can solve ordinary and
partial differential equations. In particular, the representation of functions as series (e.g. (39)) allows
to solve differential equations. We illustrate this approach on the following example. We consider the
one-dimensional problem for ¢ € [0,1/e)

2 () =e*®, 2(0)=1. (40)

By using the separation of variables the solution to (40) on the interval [0,1/e) is given by z(t) =
1 —1In(1 — et). We state another possible way to solve the problem (40). We expand the solution z(t) to
(40) via Taylor’s formula (9) for the expansion point zy = 0. Differentiating the first equation in (40)
with respect to t yields the values of the derivatives of the solution z(t) at the expansion point. We
obtain

:v(h)—1+eh+ e*h? + :1+i(iy. (41)

By applying (39) to the sum in (41) we obtain z(h) =1+ In (1 Ph) .
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5 Open Questions And Conjectures

We list open questions and some conjectures:

1. We think that Weierstrass approximation theorem (see e.g. [30,5,29]) can be adapted such that
every continuous functions can be uniformly approximated as closely as desired by a function of the

form
n

Z ¢jn(e” = 1)
=0
for n € Ny and ¢;,, € R. The proof of the following statement is pending.

Conjecture (Approximation of continuous functions). Let f € C([a,b]) for a,b € R with
a <b. Then
Ve > 03n € Ng3E, Vz € [a,b] : |f(x) — Ep(x)] <€,
where E,(x) is for n € Ny a function of the form
n
En(@) =) cjn(e” = 1)
j=0

for cjn € R.
2. In Theorem 1 (see (11)) we present a recursive formula for the coefficients a}. It is expected to have

an explicit representation for ay. That is, there is some

A:NxN—Z

such that A(n, k) = a} for all (n, k) € N%. This property would simplify the series representation in
the expansion formula in Theorem 1.

3. A generalized version for the expansion formula is missing. That means, we expect an expansion
formula depending on an arbitrary infinitesimal fundamentum g. The first step in this matter is to
consider the generalized exponential infinitesimal fundamentum in zy € R with the infinitesimal dh

of the form £ dh) — fao)
. (o + — J(zo _
9°(z) = ordh _ | (X7 —1) + f (wo)
for A € R\ {0}. This should yield a generalized version of (12) respectively (22) depending on .
Then, the expansion formulae in Theorem 1 (respectively equation (12)) and Theorem 2 (respectively
equation (22)) are obtained by the special cases for A =1 and A = —1.
4. The approximation formula resulting by a sine infinitesimal fundamentum

f(xo + h) ~ cos(h) f(xo) + f'(x0) sin(h)

indicates also an expansion formula. This formula is pending.

5. This works deals with the one-dimensional case. As Taylor’s Theorem, the expansion formulae de-
rived in this work and also the concept of the infinitesimal fundamentum should be extended into
the multi-dimensional case.

6. Which conditions on the smooth real-valued function f have to be put for the convergence of the
expansion formula in Theorem 1 or Theorem 27 The convergence of the resulting series for explicit
functions should be considered in a general framework.

7. Is it possible to define fractional derivatives (see e.g. [24]) via modified infinitesimal fundamenta?

8. Albert Einstein’s theory of special relativity deduces the kinetic energy of a moving object with
velocity v and mass m as

mc2

By = ——— —mc?

N

where ¢ is the speed of light, see [16]. Using Taylor’s Theorem for v < ¢ yields in approximation for
the kinetic energy

Exin = %mv2
as in classical Newtonian physics where we used (1+2)"1/2 =1—1/2z+3/82% —--- for |2| < 1. Is
this approach applicable for other physical examples by using the expansion formula from Theorem
1 or Theorem 2 or the approximation formulae given in Section 4.17



30

Bugra Kabil

A Proof Of Theorem 2

Let a,b € R with @ < b and n € Ng. Further, let f € C™([a,b]) and f(") differentiable in (a,b). Then, there is a

constant ¢ € (a,b) such that

“ J
1) = +Zi2w0+1 B (@) + Rulh,a,c)

Jj=1

where
n+1

an+1f(n+2 k)( )

Rn(a—b,a,c) =e¢ -t o

n+1)'
and j,k € N with k <j
1 for k=1,7>1,
bi:: (j—l)b] 1+bj for 1<k<y,
(G—1n! for j=k>1.

Proof. By following the proof of Theorem 1 we define

JOEFORSCEDS (1_]7,”)] D T AR P e

(n+1)!

with
f(b Z ea— b)J Z bjf(]+1 k)(a)

(176“ b)n+1
(n+1)!
Then, we obtain

F(b) = 0= F(b)

and the mean value theorem yields some ¢ € (a,b) such that F’(c) = 0. We determine the derivative of F'

n _ g
F'(t) = —f'(t) — Z (1—]6%;1’)] Z bif(j-m—k)(t)

j=1 k=1
t—b - (1—et=b)J b’ (1K) (¢ (1=t
te Z ,] — 1 Z f ) n! ’
j=1

For all n € N we have the relation

n

—f'(t) — Z (IL Zba FUHZ=R) () 4 et bz (1 f]ei i’)J 1 Zb] FUHI=R) ()

j=1 j=1
n+1
t—b\n
_ _ 1- e' ) sz+lf(n+27k)(t)
n!
k=1

which will be proved as before by an induction.
Induction Basis n = 1: We obtain

—f(t) = (A= el (&) + b)) = —(1— O () + £ (1))
—(1— €70 (BT (1) + b3 £ (1))

which shows that (42) is true for n = 1.
Induction Hypothesis: We assume that statement (42) holds for n € N, i.e.

n

7fl(t) _ Z (1 —et Zb] f(]+2 k)(t) +€t bz (1 7]67: j)] 1 Zb] f(]+1 k) )

j=1 j=1

_ _w Z bn+1f<n+2 R ().

k=1

(42)

(43)
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By using the induction hypothesis (43) we show that the statement (42) holds for n + 1.
Inductive Step n ~» n + 1: We calculate

n+1 . J n+1
1—et=b)i e _ 1— et
—f(t) 7Z¥Zbif(g+2 k) () + et bZ( 71 Zbe(H-l ) (1)
j=1 I k=1 =1 Y
J
1 — et (1 — et~ b ] 1
- bl £G+2=F) (4 pl fU+1- k)t
B N D S Tl
+1 n+1
1 _ et—byn+1 n B (1 —et—b)n B
‘ﬁ D O R DA U}
k=1 k=1
Using the induction hypothesis (43) yields
n+1 n+1 j
£l — (IL J p(j+2—k) t—b (L—et=b)i—t G oe(i+1— k)
HOEDY be ) +e ™y = be (0
j=1 j=1
n+1 n+1
(1 _ Et b)n n n 1— etfb n+1 " s
- 726 +1f< 2 k)(t) ﬁzbk+lf( +3 k)(t) (44)
k=1 k=1
_ t—=b\n ntl
+et—bw Z bz+1f(n+2_k) (t).
n!
k=1

(1—et—bynt1

We take on the right hand-side in (44) the first and last term together. Further, we factor out — T which
implies
n+1 n+1 ]
) — @L J p(G+2—k) mp N (L—efhyi Tt g pU+1-k) (4
UCED D be O+ be ®
j=1 j=1
+1
1— et=byn+1 [ . . B
_ _( (n - 1) Z b +1f(n+3 k)( ) (n + l)bkl+1f(n+2 k)(t)
A shifting in the index yields
n+1 176 n+1 (1,et—b)j—1 j .
SR SO WIEIRD B = S W
k=1 j=1 k=1
n n+1
1 — et byn+1 n " _ n " _
- (n+1) Zbkiif( PEW Y 0y R )
k=1
1 et—byn+1 n . B n . B
e DL UNS
k=1 k=1
(1 7et7b)n+1 n+1 p(n n+1
ECESVE BT () + (n + 1) e ).
We obtain
/ — (1-e~ J plat2=k) (4 1(1—6t byi—t . Je(GH1—k)
_ _ (4 J
S e e I
Jj=1 Jj=1
1— etfb n+1
— _ﬁ bn+lf(n+2)(t) + (n + 1)bn+1f + Z f(n+2 k)(t) Jtll + (TL 4 1)b:+1)
Using

(Uds + (n+ DoY) = b



32 Bugra Kabil

and shifting again in the index yields

’ — (1—et=b)s oy (j+2—k) t bn+1 (1—ef=b)i—t oy (G+1—k)
_ _ Jor(i+2— - w-e )y - Jr(G+1-
R e D DL ¥ O+ e Dt (®)
j=1 k=1 j=1 k=1
+1
1 — et—byn+1 n B
= O (0 o DT 0+ Y B
k=2
+1
1 — et—byn+1 2 B
_ _( (n - 1;' bn+1f(n+2 (t) + (n + 1)bniif ) + Z bZ+2f(n+3 k) (t) _ b;t+2f(n+2) (t)
k=1
Using b?Jrl = b?+2 and changing the limit in the sum yields
n+1 (1 et b)_] n+1 1 ot
o — J r(i+2—k) - Jop(G+1— k)
7 - Z be Z — be ®
n+2
1- etib ntl n n n n
- —ﬁ (n+ DB 0+ 36 R ) 2 )
k=1
n+2
1—et 1 — et=b)n+1
- ZW?%M 90 + CE =0 (o et f3)
Using bn+1 = n! and bZIg = (n+ 1)! yields
n+1 . J n+1
e - Z (1—et=b)d ijf(j+2_k)(t) +6t—bz (1—¢ Zbg FUFI=R) ()
, 7! F ; (- 1
7j=1 k=1 7j=1
n+2
1—e n+1 v e byn+1
- —% Zb”“ﬂ”” k) (4) + %f’(t)((n + 1= (n+1)1).
End of Induction: Altogether, we obtain
n+1 (1 n+1 (
_f/(t) _ b] f(]+2 k)(t)+et b b] f(j+1 k:) )
e >

(1 _ 6t—b)n+1 n+2

= AT

which completes the induction and we obtain (42) for all n € N. That means for the derivative of F’

n

P = - S L) Zbﬂf““ 9 (1)

j=1
~( p(1— et
t—b —e 7 r(GH1-k) (4 —€
+e Z (j*l be (t) + me'~ -
j=1
n+1
(1—et=o)n +1 p(nt+2—k (1= et=b)n
:_Tsz i )(t) + me —r
k=1
The mean value theorem yields some ¢ € (a,b) with F’(c) = 0 which means
n+1
1 —eC b 1— c—byn
0=Fl(c) = (67217"“}0(”“’ B (c) 4 mee—t =€) (45)
n!
k=1
Equation (45) implies
n+1

m= ebfc Z b2+lf(n+27k) (C) )

k=1
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By using F'(a) = 0 we obtain

n .7 n+1
(1 _ eafb)] . L e " a2 (1 _ eafb)nJrl
f(b) = f(a)+ZTZbif(J+l k)(a) +eb Zkarlf( +2 lc)(c)W
j=1 k=1 k=1
which completes the proof of Theorem 2. O
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