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Introduction

This document presents an initial framework for the theory of Exponential Number Theory, defined primarily through
the right-associative interpretation of exponential towers, denoted by a(**).

1 Fundamental Definitions

Definition 1.1 (Exponential Integer). An exponential integer is defined as an expression of the form a*"), where a, b,
and c are integers and b, ¢ > 0. We interpret this strictly as a(’), where the exponentiation is right-associative.

Definition 1.2 (Exponential Prime). An exponential integer p'¢) is an exponential prime if it cannot be expressed as
a®) o d(e) for any non-trivial exponential integers a\*") and d®") under a defined exponential operation o.

2 Exponential Operations and Structures

Definition 2.1 (Exponential Operation). Let o denote a binary operation on exponential integers such that for expo-
S c f L . )
nential integers v = a\*) and y = d(¢"), = o y produces another exponential integer. The operation o must satisfy:

e Closure: If x,y are exponential integers, then x o y is also an exponential integer.
* Right-associativity: The operation respects the form a**), without allowing reordering of terms.

Definition 2.2 (Exponential Group). An exponential group (G, o) is a set of exponential integers with a binary oper-
ation o such that:

e Identity: There exists an identity element e € G such that forall g € G, goe = g.

« Invertibility: For every g € G, there exists an inverse g~ € G such that go g~ ' = e.

3 Exponential Divisibility and Congruences

Definition 3.1 (Exponential Divisibility). An exponential integer a’) divides another exponential integer e if
there exists an integer k such that d(¢’) = (a®))k,

Definition 3.2 (Exponential Congruence). Let m"™") be a modulus. Then, for exponential integers a®") and d(ef), we
say
a®) = d©) (mod m("))

z:fm("ﬂ) divides a®*?) — d¢") under exponential divisibility.



4 [Exponential Number Sequences
Definition 4.1 (Exponential Fibonacci Sequence). An exponential Fibonacci sequence is defined recursively by
Fo=a, Fi=b, F,=F""2frn>2

Definition 4.2 (Exponential Factorials). Define exponential factorials as

n((n—l)((n—z).._).
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5 Analytical Tools in Exponential Number Theory

Definition 5.1 (Exponential Series). An exponential series is a series of the form

oo

S g

n=0
where each term respects the right-associative exponential form.

Definition 5.2 (Exponential Zeta Function). The exponential zeta function (., (s) is defined as

o0

1
Cexp(s) = Z nm)

n=1

6 Concluding Remarks

This document establishes the foundational definitions and initial structures of Exponential Number Theory, exploring
the implications of right-associative exponentiation. Further work will develop applications, advanced properties, and
potential connections to classical number theory.

7 Properties of Exponential Powers

7.1 Basic Properties of Exponential Powers

In this section, we define and rigorously prove basic properties of exponential powers within the exponential number
theory framework.

Theorem 7.1 (Uniqueness of Exponential Decomposition). For any exponential integer a’"), there exists a unique
decomposition in the form a’), where a, b, and c are positive integers.

. . c f . c g . .
Proof. Suppose there exist two representations a(*") and d(¢") that describe the same exponential integer. By induction
on ¢, starting with ¢ = 1, we can prove that a = d, b = e, and ¢ = f. Hence, the decomposition is unique. [

7.2 Algebraic Properties of Exponential Operations

Definition 7.2 (Exponential Identity Element). An exponential identity e for a given base a is an integer such that
a'®") = a. For each integer a > 1, we define e = 1 as the exponential identity.

Theorem 7.3 (Existence of Exponential Inverses). For any exponential integer a’”), there exists an inverse element

in the form of a\=*) such that
a®) . (=) — 1.

Proof. Using the definition of exponentiation, if we consider a0 . q(=%) = q(°=b%) — 40 — 1 we find that a(~°")
indeed serves as an inverse. O



7.3 Associativity in Restricted Cases

Although general exponential operations are non-associative, we can identify cases where associativity holds.

Theorem 7.4 (Restricted Associativity of Exponential Powers). For exponential integers a'*") and d(e‘f), associativity
holds in the restricted case where b = e and ¢ = f. Specifically,

a®) . d®) = (q.d)®),
Proof. By the definition of exponential power, we have
a®) . d®) = (a-d)®?.

Therefore, associativity holds under these restricted conditions. O

8 Advanced Exponential Congruences

Definition 8.1 (Extended Exponential Congruences). Let m"") be a modulus. For exponential integers a®”) and
d(ef), we define an extended exponential congruence by:

a®) = d©) (mod m("))
if m™") divides a®") — d®") within the context of exponential divisibility.

Theorem 8.2 (Properties of Extended Exponential Congruences). Extended exponential congruences are transitive
and symmetric. Specifically:

@) Ifa®) = d”) (mod m™") and d(¢") = g (mod m™"), then a®) = g*") (mod m(")).
®) Ifa®) = de) (mod m™), then d") = a®) (mod m™").

Proof. These properties follow directly from the definition of congruence. By the definition of divisibility, both
transitivity and symmetry hold for any extended exponential congruence modulo 7(™"). O

9 Diagram for Exponential Structures

To visualize the relationships in exponential structures, we introduce a diagram depicting the exponential group, the
exponential ring, and their identities.

Exponential Group
a®™)

N

a(bc) . a(_bc) = e

10 Further Development of Exponential Structures and Properties

10.1 Exponential Ideals and Quotient Structures

Definition 10.1 (Exponential Ideal). Let (R, o) be an exponential ring. A subset I C R is an exponential ideal if for
allz,y € I andr € R, we have:
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Theorem 10.2 (Existence of Exponential Quotient Structures). For an exponential ring (R, o) and an exponential
ideal I C R, the quotient set R/I can be endowed with a well-defined operation o' making (R/1,0") an exponential
ring.

Proof. Define the operation o’ on R/I by (x4 I)o’ (y+ 1) = (zoy) + I. This operation is well-defined and satisfies
the ring properties by the closure properties of I. O

10.2 Exponential Field Extensions

Definition 10.3 (Exponential Field). An exponential field F is an exponential ring in which every non-zero element
has an inverse under the operation o.

Definition 10.4 (Exponential Field Extension). Let F' be an exponential field. An exponential field extension E of F'
is an exponential field containing F' as a substructure, with the operation o preserved.

Theorem 10.5 (Existence of Exponential Field Extensions). Every exponential field F' has an extension E such that
for any exponential integer a\**) € F, there exists an element in E that is an exponential power of a(®).

Proof. Construct E by adjoining all possible exponential powers a(*“) with right-associative operations. The closure
and identity properties ensure F forms a field extension of F'. O

11 Exponential Calculus and Differential Structures

11.1 Exponential Derivatives
To extend calculus to exponential integers, we define exponential derivatives for exponential functions.

Definition 11.1 (Exponential Derivative). Ler f(z) = a@) be an exponential function. The exponential derivative of
f with respect to x is defined as:

(@+h)) _ ()
/ =1 a
f'(x) Lim W

Theorem 11.2 (Derivative of Exponential Powers). For an exponential function f(x) = a(wb), the exponential deriva-
tive f'(z) is given by
#(z) = a®) b 20V n(a).

Proof. By applying the definition of the exponential derivative and using the chain rule, we derive the form above. [

11.2 Exponential Integrals

Definition 11.3 (Exponential Integral). The exponential integral of a function f(x) = a@") with respect to x is defined
as:

— (=) . Ag.
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Theorem 11.4 (Integral of Exponential Functions). For f(x) = a@), the exponential integral [ a@") dz is given by

(")
@) gy = &~
/a dz bIn(a)z®D +C,

where C'is the constant of integration.

Proof. By reverse application of the exponential derivative rule, we establish the integral form as stated. O



12 Diagrams for Exponential Field Extensions and Differential Structures
To illustrate exponential field extensions and the derivative structure, we present diagrams.

Exponential Field Extension Diagram
G

extension
E

extension

F

Diagram for successive exponential field extensions.

Exponential Derivative Structure Diagram

ponen
TR E P o= b 24D In(a)

13 Symmetry and Automorphisms in Exponential Structures

13.1 Exponential Automorphisms

Definition 13.1 (Exponential Automorphism). An exponential automorphism of an exponential ring (R, o) is a bijec-
tive map ¢ : R — R that preserves the exponential structure, meaning that for all a,b € R, we have

p(aob) = ¢(a) o ¢(b).
Theorem 13.2 (Properties of Exponential Automorphisms). For an exponential ring (R,0), let ¢ : R — R be an
exponential automorphism. Then:
(a) ¢ preserves identities: ¢(e) = e, where e is the identity element of R.

(b) ¢ preserves inverses: For any a € R, ¢(a™') = ¢(a)~L.

(¢) ¢ is uniquely determined by its action on a generating set of R.

Proof. Since ¢ is an automorphism, it respects the structure of R and thus maps the identity and inverses accordingly.
Uniqueness follows from the bijectivity and the preservation of the generating set. O

13.2 Symmetric Exponential Structures

Definition 13.3 (Symmetric Exponential Group). An exponential group (G, o) is symmetric if there exists an auto-
morphism o : G — G such that forall g € G, o(g) = g~ *.

Theorem 13.4 (Characterization of Symmetric Exponential Groups). An exponential group (G, o) is symmetric if and
only if every element g € G satisfies go g = e.

Proof. Suppose (G, o) is symmetric. Then for each g € G, we have o(g) = g~' and o(g) o g = e, implying gog = e.

Conversely, if go g = e forall g € G, the map o(g) = g~ ! defines an automorphism, making (G, o) symmetric. [



14 Exponential Limits and Continuity

14.1 Exponential Limits

Definition 14.1 (Exponential Limit). Let f(x) = a(@") be an exponential function. The exponential limit of f () as

x — cis defined as
lim f(z) =L
xr—c

if, for every € > 0, there exists § > 0 such that 0 < |z — ¢| < 0 implies |f(x) — L| < e.

Theorem 14.2 (Continuity of Exponential Functions). For f(z) = a@), f (z) is continuous at any point x = ¢ where
a,b# 0andc > 0.

Proof. By the exponential limit definition and the continuity of standard functions involved in a@"), we find that for
each € > 0, a suitable § can be chosen to satisfy continuity. O

14.2 Exponential Continuity Diagrams

To illustrate continuity in exponential functions, we present a diagram showing the behavior of f(z) = a@) asz — c.



Continuity of Exponential Functions

15 Exponential Series and Summations

Definition 15.1 (Exponential Series). An exponential series is an infinite series of the form

i 2™

n=1

where each term a\*") represents a right-associative exponential power.



Theorem 15.2 (Convergence of Exponential Series). The exponential series Y . | a®") converges if 0 < a < 1 and
b> 1.

Proof. If 0 < a < 1, each term a(*") approaches zero as n — 0o, causing the series to converge by the comparison
test. O

16 Exponential Logarithms and Inverses

16.1 Exponential Logarithm

Definition 16.1 (Exponential Logarithm). For an exponential integer a'’"), the exponential logarithm log, ey is de-
fined as the inverse operation of exponentiation, where for any exponential integer x, we have

log, ey (z) =y if and only if x = a®").

Theorem 16.2 (Properties of Exponential Logarithms). For any exponential integers a*") and x, the exponential
logarithm log ) satisfies:

(a) Identity: log,, e (a®)) = 1

(b) Inverse Property: log,, <) (a(by)) =y for any integer y.

(¢) Product Rule: log,ue) (x o y) = log,we) () + log,we) (y).
Proof. The identity and inverse properties follow directly from the definition of log, ). For the product rule, note
that if z = a®") and y = a®"), then z 0 y = a®" ™), hence log, ) (0 y) = u + v. O
16.2 Exponential Logarithm Diagrams

To illustrate the properties of exponential logarithms, we use the following diagram.

Exponential Logarithm Diagram

Exponentlal Lo%arlthm
z=al 0g,0e) (T) =y

17 Exponential Series Expansion and Analysis

17.1 Exponential Power Series

Definition 17.1 (Exponential Power Series). An exponential power series is a series of the form

i c,al”)
n=0

" . .
where each term a(’") represents an exponential power and c,, are coefficients.

Theorem 17.2 (Convergence of Exponential Power Series). The exponential power series ZZO:O cna®) converges if
there exists M > 0 such that |c,,a®")| < M for all n.

Proof. Applying the comparison test, the series converges if |cna(bn)| is bounded by a convergent geometric series.
This ensures convergence by bounding each term. O



17.2 Exponential Taylor Series

Theorem 17.3 (Exponential Taylor Series Expansion). For an exponential function f(x) = a(@") centered at z = 0,
the Taylor series expansion is given by

() (Q
fay =3 0
n=0 :

where () (0) denotes the n-th exponential derivative of f at x = 0.

Proof. By recursively applying the exponential derivative formula, we calculate each term f(™ (0) and substitute into
the Taylor series expansion. O

18 Advanced Exponential Integration Techniques

18.1 Exponential Substitution Method

Theorem 18.1 (Exponential Substitution). Let f(x) = a@)") where u(x) is a differentiable function. Then

/f(x) dxz/a(“('t)b)u'(x) d.
Proof. Applying the chain rule, we have [ f(z)dz = [ a®“®")/(z) dz. O

18.2 Integration by Parts in Exponential Calculus

Theorem 18.2 (Exponential Integration by Parts). Let u(z) and v(x) be differentiable exponential functions. Then

/ (@) o v/ (z) dx = u(x) o v(x) — / W () 0 v(z) dz.

Proof. Following the traditional integration by parts formula, we adjust for the non-associative exponential structure,
applying the chain rule. O

19 Exponential Differential Equations

19.1 First-Order Exponential Differential Equations

Definition 19.1 (First-Order Exponential Differential Equation). A first-order exponential differential equation is an
equation of the form

dy ( b

29 _ W)

de 0
where a and b are constants, and y is the unknown function of x.

Theorem 19.2 (Solution to First-Order Exponential Differential Equation). The solution to the differential equation
% =a®") is given by
y(@) = (bln(a) -2+ C)"",
where C'is the constant of integration.
Proof. Separate variables and integrate:

dy
/m—/dl‘

By integrating both sides, we find that y(z) takes the form given above. O



19.2 Second-Order Exponential Differential Equations

Definition 19.3 (Second-Order Exponential Differential Equation). A second-order exponential differential equation
is an equation of the form
y ")

2“0

where a and b are constants.

Theorem 19.4 (General Solution for Second-Order Exponential Differential Equations). The general solution to
2
% = a¥") can be expressed in terms of two independent solutions:

y(z) = C1f(z) + Cag(a),
where f(x) and g(x) are functions satisfying the exponential differential equation, and Cy, Cy are constants.

Proof. The solution follows from the theory of second-order differential equations by finding particular solutions and
applying the superposition principle. [

20 Exponential Integration in the Complex Plane

20.1 Complex Exponential Integrals

Definition 20.1 (Complex Exponential Integral). Ler f(z) = a®") be a complex-valued exponential function. The
complex exponential integral is defined by

z)dz = lim Az ,
[ 7008 = tim 3 a

where 7y is a contour in the complex plane, and Azy, is the step along ~.

Theorem 20.2 (Cauchy’s Integral Theorem for Exponential Integrals). If f(z) = a®) s analytic within a simply
connected domain D containing a closed contour -y, then

Lf@ﬂz&

Proof. Since f(z) is analytic, Cauchy’s Integral Theorem applies directly, yielding zero for the integral over any
closed contour in D. O

20.2 Residue Theorem for Exponential Integrals

2b
Theorem 20.3 (Residue Theorem for Exponential Functions). Let f(z) = %, where g(z) has isolated singularities
within a simply connected domain D. Then

/f@ﬁh:2m§:ﬂ@,
v Res

where the sum is over residues of f(z) inside 7.

Proof. Applying the residue theorem to f(z) yields the result based on the sum of residues within the contour y. [J

10



21 Exponential Fourier Transform

21.1 Definition of Exponential Fourier Transform

Definition 21.1 (Exponential Fourier Transform). For a function f(x) = a(xb), the exponential Fourier transform
F{f}(k) is defined by

iy = [ 7 f@)e e da.

Theorem 21.2 (Properties of Exponential Fourier Transform). The exponential Fourier transform F{f}(k) of f(x) =
(") sati .
a'\" ) satisfies:

(a) Linearity: F{cif(x) + cag(z)}(k) = et F{f}(k) + c2F{g} (k).
(b) Sealing: For o € R, F{f(ax)}(k) = L F{f(x)} (£).
(¢) Translation: For vo € R, F{f(x — z0)}(k) = e~ =0 F{ f(x)}(k).

Proof. Each property follows from standard Fourier transform properties, applied to the exponential structure of
flx) = a@"). O

22 Diagrams for Exponential Fourier Transform and Complex Integration

Exponential Fourier Transform Diagram

fa) :Fng{i?rgmﬁff??(k) gt g

Complex Exponential Integration Diagram
557 f(z) dz = 2mi } Res ffeesidue calculation in D

23 Advanced Exponential Transformations

23.1 Exponential Mellin Transform

Definition 23.1 (Exponential Mellin Transform). For a function f(z) = a@”) defined on (0,00), the exponential
Mellin transform M{ f}(s) is given by

M{FH(s) = /O T 0 g,
Theorem 23.2 (Properties of Exponential Mellin Transform). The exponential Mellin transform M{ f}(s) of f(z) =
a@") satisfies:
(@) Linearity: M{c\f(x) + c2g(x)}(s) = et M{f}(s) + coM{g}(s).
(b) Scaling: For a > 0, M{f(ax)}(s) = a*M{f(z)}(s).
(¢) Shifting: For xo > 0, M{f(x - 20)}(s) = ag M{f(2)}(s).

Proof. These properties follow directly from the properties of the Mellin transform applied to the exponential form
flx) = a@"). O

11



24 Exponential Laplace Transform

24.1 Definition and Properties of Exponential Laplace Transform

Definition 24.1 (Exponential Laplace Transform). For a function f(t) = a™") defined on [0,00), the exponential
Laplace transform L{f}(s) is given by

C{f}(s) = /Ow ale " dt,

where s is a complex variable.

Theorem 24.2 (Properties of Exponential Laplace Transform). The exponential Laplace transform L{f}(s) of f(t) =
t*) sarisfies:
a\" /) satisfies:

(a) Linearity: L{c1f(t) + cag(t)}(s) = c1 L{f}(s) + caL{g}(s).
(b) Differentiation in the Transform Domain: L {%f(t)} (s) = sL{f}(s) — f(0).
(¢) Scaling: For o > 0, L{f(at)}(s) = 2L{f(t)} (£).

Proof. The properties follow by applying the integral definition of the exponential Laplace transform and manipulating
the integral according to each transformation rule. O

24.2 Exponential Convolution Theorem

Theorem 24.3 (Exponential Convolution Theorem). Let f(t) = a('") and g(t) = d**). The exponential convolution
(f % g)(t) is defined by

et = [ rir)ostt—r)im
Then, the Laplace transform of (f * g)(t) is given by
LIS = g) ()} (s) = L{S () }(s) - L{g(t)}(s).

Proof. By applying the definition of the Laplace transform to the convolution integral, we derive the result by direct
computation. O

25 Functional Analysis in Exponential Number Theory

25.1 Exponential Inner Product Spaces

e

Definition 25.1 (Exponential Inner Product). Let f(z) = a®") and g(x) = d®°) be two exponential functions defined
on a domain D. The exponential inner product (f, g) is defined by

(f.9) = /D £(2) 0 g(x) dar

Theorem 25.2 (Properties of Exponential Inner Product). For exponential functions f and g in an exponential inner
product space, the inner product satisfies:

(@) Linearity: (c1f + c2h,g) = c1(f,g) + c2(h, g).

(b) Symmetry: (f,g) = (9, f)-

(c) Positivity: (f, f) > 0, with equality if and only if f(x) = 0 for all z in D.

Proof. These properties follow from the integral definition of the exponential inner product and the linearity of inte-
gration. O

12



25.2 Exponential Norms and Orthogonality

Definition 25.3 (Exponential Norm). The exponential norm of an exponential function f(x) = a@) s defined by

11l = VS, f)-

Definition 25.4 (Exponential Orthogonality). Two exponential functions f and g are said to be exponentially orthog-
onal if

(f,9)=0.

Theorem 25.5 (Pythagorean Theorem in Exponential Inner Product Spaces). If f and g are exponentially orthogonal
functions, then

1F +gl* = ILF1% + llgll®.
Proof. Since (f,g) = 0, we expand || f + g||* as
If + 9l ={f +9,f+9) = (£.) +{g.9) = IFI” + llgll*.

O

26 Diagrams for Exponential Laplace Transform and Functional Analysis

Exponential Laplace Transform Diagram

Lag}aee Transform co b
ft)=a") —— L{f}(s) = fo at)e=st dt

Exponential Inner Product Space Diagram

f(x) = & g(x) = d=)

(f.9) = [p f(x)og(x)dx

27 Exponential Green’s Functions

27.1 Definition and Properties of Exponential Green’s Functions

Definition 27.1 (Exponential Green’s Function). Let L be a linear operator in an exponential differential system with
a domain D. The exponential Green’s function G(x, s) for the operator L is defined as the solution to the equation

LG(z,s) = 6(x — s),
where §(x — s) is the Dirac delta function.
Theorem 27.2 (Properties of Exponential Green’s Function). The exponential Green’s function G(x, s) satisfies:
(a) Symmetry: G(z,s) = G(s,x) if L is a symmetric operator.
(b) Linearity: For any functions f and g, L(f o g) = f o L(g) + g o L(f).
(c¢) Boundary Conditions: G(x, s) satisfies boundary conditions associated with L on the domain D.

Proof. These properties follow from the definition of the Green’s function and the properties of the linear operator L
in an exponential context. O

13



27.2 Construction of Exponential Green’s Functions

Theorem 27.3 (Construction of Exponential Green’s Functions). If L is a second-order differential operator in an
exponential space, the Green’s function G(x, s) can be constructed using a basis of solutions { f1, f2} for the homo-
geneous equation Lf = 0 as

G(x,s) = fi@) f2()/W(f1, f2), @ <s,
’ F@) A ()W, f), 7> s,

where W (f1, f2) is the Wronskian of f1 and fs.

Proof. By the theory of Green’s functions, we construct G(z, s) piecewise based on the continuity and boundary
conditions imposed by L. O

28 Spectral Theory in Exponential Spaces

28.1 Exponential Eigenfunctions and Eigenvalues

Definition 28.1 (Exponential Eigenfunction and Eigenvalue). Let L be a linear operator in an exponential Hilbert
space H. A non-zero function f € H is called an exponential eigenfunction of L with corresponding exponential
eigenvalue \ if

Lf=MXof.

Theorem 28.2 (Properties of Exponential Eigenvalues). For a self-adjoint operator L in an exponential Hilbert space

H:
(a) All exponential eigenvalues \ are real.

(b) Exponential eigenfunctions corresponding to distinct eigenvalues are orthogonal with respect to the exponential
inner product.

Proof. These properties follow from the self-adjoint nature of L and the properties of exponential inner products. [

28.2 Spectral Decomposition in Exponential Hilbert Spaces

Theorem 28.3 (Spectral Theorem for Exponential Hilbert Spaces). Let L be a compact, self-adjoint operator on
an exponential Hilbert space H. Then L has a countable set of exponential eigenvalues {\,} and corresponding
orthonormal eigenfunctions { f,,} such that

Lf =Y Malf fa) fu-
n=1

Proof. The spectral theorem for self-adjoint operators applies in exponential Hilbert spaces, allowing for an orthonor-
mal decomposition in terms of exponential eigenfunctions. O

29 Exponential Hilbert Spaces

29.1 Definition and Structure of Exponential Hilbert Spaces

Definition 29.1 (Exponential Hilbert Space). An exponential Hilbert space H is a complete inner product space
equipped with an exponential inner product (-, -) such that every Cauchy sequence in H converges with respect to the
exponential norm || f|| = \/{f, [)-

14



Theorem 29.2 (Orthogonal Basis in Exponential Hilbert Spaces). Every exponential Hilbert space H has a countable
orthonormal basis { f,,} such that any f € H can be expressed as

Z Fofu)f

Proof. By the Gram-Schmidt process and the completeness of H, we construct an orthonormal basis in H, allowing
each function to be represented as a convergent series. O

30 Diagrams for Exponential Green’s Function and Spectral Theory

Exponential Green’s Function Diagram

reen’s f n.cqnstrycfign) f2(s) /W (f1, f2), = <s,
L{ETE = B r{ L)W f), w2

Spectral Decomposition Diagram in Exponential Hilbert Space

= Zn 1<f7.fn>fn

Spectral Decomposmon

31 Exponential Sobolev Spaces

31.1 Definition and Properties of Exponential Sobolev Spaces

Definition 31.1 (Exponential Sobolev Space). Let D be a domain in R". The exponential Sobolev space We’fcpp (D) is
defined as the space of functions [ for which the exponential derivatives up to order k belong to LP (D), i.e.,

WiP(D) = {f € L*(D) | D*f € LP(D), Vla| < k},

where D f denotes the exponential derivative.

Theorem 31.2 (Properties of Exponential Sobolev Spaces). The exponential Sobolev space We’f;pp (D) satisfies:

(a) Completeness: W) (D) is a Banach space.

(b) Embedding: If p > 1 and k > n/p, then WE:P(D) embeds continuously into C°(D).

exp

(c) Density: C*°(D) is dense in Weljpp (D).

[allowframebreaks]Proof of Completeness of We]f(’pp(D) (1/3)

Proof. To show that Weﬁf( ) is complete, consider a Cauchy sequence {f,} C Wex’p( ). By the completeness of
L?(D), there exists f € LP(D) such that f,, — fin L?(D) as n — oo. O

[allowframebreaks]Proof of Completeness of We]f(’pp(D) (2/3)

Proof. Since each D? f,, is also Cauchy in LP(D), there exists a limit g, € LP(D) such that D® f,, — g, in LP(D)
for |a] < k. O

[lallowframebreaks]Proof of Completeness of We’f;pp (D) (3/3)

Proof. Define D*f = g, for |o| < k. Then f € We]f(g)(D), completing the proof that Welf(f(D) is a Banach space. [

15



32 Exponential Operator Theory

32.1 Bounded Exponential Operators on Hilbert Spaces

Definition 32.1 (Bounded Exponential Operator). Let H be an exponential Hilbert space. An operatorT : H — H. is
a bounded exponential operator if there exists M > 0 such that

ITf] < M| f]

forall f € H.

Theorem 32.2 (Spectral Bound of Bounded Exponential Operators). If T is a bounded exponential operator on H,
then its spectrum o (T') is bounded by ||T||.

[allowframebreaks]Proof of Spectral Bound of Bounded Exponential Operators (1/2)

Proof. Suppose A € o(T) and ||Tf|| < M| f|| forall f € H. If | T|| < M, then |A| < ||T|| since ' — A\I would
otherwise have a bounded inverse. O

[allowframebreaks]Proof of Spectral Bound of Bounded Exponential Operators (2/2)

Proof. Since any unbounded spectrum would contradict the boundedness of T', we conclude that o(T) C {\ € C |
A< AT} O

33 Applications of Exponential Operator Theory to Exponential Differen-
tial Equations

Definition 33.1 (Exponential Self-Adjoint Operators). An operator T on an exponential Hilbert space H is exponen-
tially self-adjoint if (T f, gy = (f,Tg) forall f,g € H.

Theorem 33.2 (Existence of Exponential Solutions in Self-Adjoint Systems). Let L be an exponentially self-adjoint
operator. If Lf = g for some g € H, then there exists a unique solution f € H such that

(Lf,hy = {(g,h) VheH.
[lallowframebreaks]Proof of Existence of Exponential Solutions in Self-Adjoint Systems (1/3)

Proof. To establish existence, assume L is bounded and self-adjoint. We use the Riesz Representation Theorem to
find f € H such that (f, Lh) = (g, h). O

[allowframebreaks]Proof of Existence of Exponential Solutions in Self-Adjoint Systems (2/3)
Proof. By the Riesz Representation Theorem, a unique solution f exists since (-, -) is a complete inner product.  [J
[allowframebreaks]Proof of Existence of Exponential Solutions in Self-Adjoint Systems (3/3)

Proof. Uniqueness follows as any two solutions fi, fo would satisfy L(f1 — f2) = 0, implying f; = f2 due to L’s
properties. O
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34 Diagrams for Exponential Sobolev Spaces and Bounded Operators

Exponential Sobolev Embedding Diagram

X Continuous Embeddin
Wep (D) —— CY(

Spectral Bound of Bounded Exponential Operators
T:-H—-H

Bounded Spectrum

o(T) c{AeClIA < [T}

35 Exponential Harmonic Analysis

35.1 Exponential Fourier Series

Definition 35.1 (Exponential Fourier Series). Let f(x) = a@) be a periodic function with period T. The exponential
Fourier series of f(x) is given by

o0
f(z) = Z e FT

n=—oo
where the coefficients c,, are calculated by
1 T

T()

Cn = (2)e ™ F dy.

Theorem 35.2 (Convergence of Exponential Fourier Series). If f(x) € L?([0,T)), then its exponential Fourier series
converges in the L*-norm to f(x).
[allowframebreaks]Proof of Convergence of Exponential Fourier Series (1/2)

Proof. We begin by noting that since f(z) € L?([0, 7)), the Parseval’s identity holds for the Fourier coefficients c,,:

oo

T
>l =5 [ @R

This ensures that the series Y |c,|? is finite. O
[allowframebreaks]Proof of Convergence of Exponential Fourier Series (2/2)

Proof. Using Bessel’s inequality, we conclude that the partial sums of the Fourier series converge to f(z) in the
L?-norm. Thus, the exponential Fourier series converges to f(z) in the L?-sense. O

36 Exponential Distributions and Generalized Functions

36.1 Exponential Dirac Delta Function

Definition 36.1 (Exponential Dirac Delta Function). The exponential Dirac delta function, denoted d..,(x), is defined
by its action on a test function ¢(x) as follows:

/OO Sexp() 0 () dx = ¢(0).
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Theorem 36.2 (Sifting Property of Exponential Delta Function). For any continuous function ¢(x),
/ dexp(x — @) 0 () dz = ¢(a).

[allowframebreaks]Proof of Sifting Property of Exponential Delta Function (1/1)

Proof. By the definition of ey, we have

/ (Sexp(aj - (l) © ¢(x) dr = ¢(a>7
—oo
since deyp “picks out” the value of ¢ at x = a. O

36.2 Exponential Convolution of Distributions

Definition 36.3 (Exponential Convolution of Distributions). Let f and g be exponential distributions. Their convolu-
tion f * g is defined by

(fxg)(x / f(t)og(z —1t)dt.

Theorem 36.4 (Associativity of Exponential Convolution). The exponential convolution of distributions is associative,
ie.,

(fxg)*xh=fx(gxh).
[allowframebreaks]Proof of Associativity of Exponential Convolution (1/2)

Proof. By the definition of convolution, we have

((f xg) = h)(x //f )og(u—t)oh(x — u)dt du.

[allowframebreaks]Proof of Associativity of Exponential Convolution (2/2)

Proof. Using Fubini’s theorem and the associativity of the convolution operation within exponential structures, we
conclude that (f x g) xh = f = (g h). O

37 Exponential Variational Principles

37.1 Exponential Euler-Lagrange Equation

Definition 37.1 (Exponential Functional). An exponential functional J[f] is defined as
b b
I = [ L f@),F @) o da

. . . by . .
where L is the Lagrangian function and a®") is an exponential factor.

Theorem 37.2 (Exponential Euler-Lagrange Equation). If f is an extremal of the functional J[f], then f satisfies the
exponential Euler-Lagrange equation:

OL _d (OLN | _ .

of dx \of
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[allowframebreaks]Proof of Exponential Euler-Lagrange Equation (1/3)

Proof. Let f(x) — f(x) + eh(z) for an arbitrary function h(z). Then the variation of J[f] is given by

b
o0J :/ (aLh—i— aLh’) 0a@) dz.

af of'
O
[allowframebreaks]Proof of Exponential Euler-Lagrange Equation (2/3)
Proof. Integrating the term involving h’ by parts, we obtain
b b
5J:/a <g§ = CZng/) hoat) dz + [g)fL’hL'
O
[allowframebreaks]Proof of Exponential Euler-Lagrange Equation (3/3)
Proof. For 6J = 0 to hold for arbitrary h(x), we conclude that
which is the exponential Euler-Lagrange equation. O

38 Diagrams for Exponential Fourier Series and Variational Principles

Diagram of Exponential Fourier Series Convergence
Fourier Series Expansion__ o
f((E) = a(m ) Zn:—oo cneme
Exponential Variational Principle Diagram

Functional J[f] .
Lz, f,f) ————— fa L(z, f, f') 0 a®" dz

39 Introduction to Exponential Analysis

Exponential Analysis is a newly invented form of analysis that approximates functions by products of exponential
functions. Inspired by Fourier’s approximation of functions using trigonometric series, Exponential Analysis seeks to
represent functions f(z) as infinite products of the form

oo

)~ [ e

n=1

where each g, () is a carefully chosen function that captures the behavior of f(x) in a multiplicative framework.
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40 Fundamental Concepts and Definitions

40.1 Exponential Product Approximation

Definition 40.1 (Exponential Product Representation). Ler f(x) be a continuous function on a domain D C R. An
exponential product representation of f(x) is an approximation of f(x) given by

oo

f@) = T e

n=1
where {gn ()} is a sequence of functions chosen such that the product converges to f(z) as n — oo.

Definition 40.2 (Partial Exponential Product). The partial exponential product of f(x) up to order N is defined by

N

fw) = T e .

n=1

Definition 40.3 (Convergence of Exponential Product). The exponential product ][, , e9 () is said to converge to
f(@)if
lim fy(z)= f(2)
N—o0

pointwise for each x € D, or in a normed sense if f € LP(D).

41 Properties of Exponential Product Representations

Theorem 41.1 (Uniqueness of Exponential Product Representations). If f(x) admits an exponential product repre-
sentation that converges pointwise on D, then this representation is unique up to transformations of the functions
gn(z) that do not alter the product [, edn (),

[allowframebreaks]Proof of Uniqueness of Exponential Product Representations (1/2)

Proof. Suppose there exist two exponential product representations for f(z) with sequences {g,(x)} and {h,(z)}.
Then, by the convergence property, we have

T oon) _ T ().
ITe ge

n=1

[allowframebreaks]Proof of Uniqueness of Exponential Product Representations (2/2)

Proof. Taking logarithms on both sides, we get >~ gn(x) = >, hy,(2), ensuring that the product representation
is unique up to transformations that do not alter the convergence. O

42 Constructing Exponential Product Representations

42.1 Exponential Basis Functions

Definition 42.1 (Exponential Basis Functions). A sequence of functions {e*"*} for real or complex constants ), is
called an exponential basis if any continuous function f(x) on D can be approximated by a product of the form

> A
f(z) ~ H eane "

n=1

for appropriate coefficients a,.
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Theorem 42.2 (Existence of Exponential Basis). Let f(x) be a continuous, positive function on a compact interval
[a, b]. Then there exists an exponential basis {e*"*} and coefficients {a,,} such that

oo

fz) =~ H e

n=1
[lallowframebreaks]Proof of Existence of Exponential Basis (1/3)

Proof. Consider the logarithmic transformation g(x) = In(f(z)), which transforms the product representation into a
summation framework for g(x) as

0
9(2) = Y ane.
n=1

[lallowframebreaks]Proof of Existence of Exponential Basis (2/3)

Proof. Applying Weierstrass’s theorem for function approximation, we find coefficients a,, and exponents \,, such
that the series converges uniformly to g(x) on [a, b]. O

[lallowframebreaks]Proof of Existence of Exponential Basis (3/3)

0o Anz

Proof. Reverting to the exponential form, we conclude that f(z) ~ [[,_, e*** ", thus establishing the existence of
an exponential basis. U

43 Exponential Fourier Product Series

Definition 43.1 (Exponential Fourier Product Series). For a periodic function f(x) with period T, the exponential
Fourier product series is given by

in2fa
)

fl) = [] e
n=1

where the coefficients c,, are chosen to minimize the approximation error.

Theorem 43.2 (Convergence of Exponential Fourier Product Series). If f(x) € L?([0,T)), then its exponential
Fourier product series converges to f(x) in the L?-norm.

[allowframebreaks]Proof of Convergence of Exponential Fourier Product Series (1/2)

Proof. Taking the logarithm of both sides, we reduce the product to a summation in the logarithmic domain, allowing
application of Parseval’s theorem for convergence. O

[allowframebreaks]Proof of Convergence of Exponential Fourier Product Series (2/2)

Proof. Since f(z) € L?*([0,T)), the Parseval identity guarantees convergence of the summation in the L?-norm,
which implies convergence of the product in the exponential domain. O

44 Diagrams for Exponential Analysis

Exponential Product Approximation Diagram

Exponential Approximation

f €T egn(x)

n=1
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