
Journal of Mathematics and Statistics Studies  

ISSN: 2709-4200 

DOI: 10.32996/jmss 

Journal Homepage: www.al-kindipublisher.com/index.php/jmss 

JMSS  

AL-KINDI CENTER FOR RESEARCH  
AND DEVELOPMENT  

 

 

Copyright: © 2026 the Author(s). This article is an open access article distributed under the terms and conditions of the Creative Commons 

Attribution (CC-BY) 4.0 license (https://creativecommons.org/licenses/by/4.0/). Published by Al-Kindi Centre for Research and Development,  

London, United Kingdom.                                                                                                                          

    Page | 32  

| RESEARCH ARTICLE 

Topology in Physics Mathematical Foundations and Applications in Quantum Systems 

 
Zainab Awad Kadhum 

General Directorate of Education in Wasit, Iraq 
 Corresponding Author: Zainab Awad Kadhum, E-mail: zz490ssll@gmail.cpm 

 

| ABSTRACT 

Topology has converted to be an essential framework in contemporary physics concentrating on international assets and 

unceasing distortions instead of outmoded geometry. It has altered our views of quantum structures and reduced material 

through notions like berry segments and Chern statistics. This mathematical tactic is vital for amplification topological 

soundproofing and superconductors, leading for progressive significant machineries. The study also grounds itself in well-

established Mathematical .by drawing on homeomorphism and the classification of manifolds. It uses the Gauss Bonnet theory 

to prove how local curvature, and global topological invariants are deeply connected. 
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1. Introduction  

for decades, physics depend on geometry to designate astronomical, gesticulation and physical connections. quantum physics 

far along exposed spectacles reliant on universal assemblies instead of resident geometry. This modification directed physicists 

to assume topology as a central scientific philological for contemporary schemes. The quantum hall effect positions as a key 

sample wherever electric transmission is indeed quantized.  This quantization is ruled via topologic invariants, making it 

autonomous of substantial scums.  Such strength in contradiction of turbulences demonstrates that topology essentially 

prescripts firm quantum actions.  Correspondingly, quantum field theory could be utilized by means of geometric topology, as 

this advanced arithmetic discourses corporal limitations that confirm the steadiness of the barrier meanings of the cosmos. In 

order to build a deep and mathematical understanding of these physical phenomena, a separate chapter of this research is 

dedicated to studying the concept of topological isomerism and continuous transformations. Through this chapter, the algebraic 

and geometric tools used in classifying polygons and surfaces are studied, including the Gauss-Bonnet theorem1, which is 

considered the link between all local curvature and universal topological constants that have enabled control over quantum 

systems.   

2. Mathematica Foundation of Topology 

Topology is a division of mathematics that deals with characters that keep on persistent or unremitting and do not alter or convert once 

specific figures are exposed to nonstop distortions for instance elongating or twisting, on condition that these figures are not wavering 

or joined. 

To fully illustrate this concept, let's assume the existence of two topological spaces, (𝑋, 𝜏𝑥)i and (𝑌, 𝜏𝑦), continuous distortion between 

the two spaces is mathematically related to the topological homeomorphism, which is a bijective function𝑓: 𝑋 → 𝑌. 

So that both 𝑓 and 𝑓−1its inverse are continuous functions. 

 
1 Armstrong, Basic Topology. 
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Based on this, geometric concepts of distance can be generalized using open sets in  𝜏. 

The preserved properties can be classified into two main groups: 

 

1. Characteristics for example Compactness and Connectedness and Separation axioms 𝑇2 which remains constant under any 

homeomorphic transformation. 

2. Algebraic constants are derived from algebraic topology, for example, Homology Group 𝐻𝑛(𝑋) which algebraically calculates 

the number of holes and boundaries that are multidimensional within the same space. 

 

2.1 Definition of topological space mathematically 

A topological space is a symmetrical outline describing familiarity deprived of necessitating arithmetical detachment or metrics. 

It comprises of conventional facts and an edifice termed a topology, characteristically distinct through uncluttered sets. 

This construction offers the basis for validating essential notions corresponding restrictions, steadiness, and connectedness. 

It is the greatest widespread mathematical space, surrounding Euclidean spaces, metric spaces, and manifolds. 

The field dedicated to reviewing these assemblies is recognized as General Topology or Point-Set Topology. 

In place of an essential notion, it assists as a main structure block for nearly each division of contemporary arithmetic. 

 In outmoded arithmetic, we depend on “remoteness" to regulate whether a purpose is unremitting or not, but in topology, we practice 

"exposed groups" as an elastic substitute.  

This permits us to examine uncommon geometric figures and multifaceted perceptions that do not certainly keep to regular dimension 

directions.   

 

2.2 Topological Invariants 

Topological Properties are features of an interstellar that persist invariant underneath homeomorphisms and are demarcated by means 

of open sets. 

These invariants are vital for individual places;  

getting a single opposing stuff shows that dual planetaries are not homeomorphic assistant corresponding. 

Properties are categorized by way of transmissible once they smear completely to subspaces, or dimly genetic if they individually put on 

secured subspaces. 

Main mathematical invariants embrace the cardinality of the set X and the whole number of its exposed sets in the topology \tau. 

Structural procedures such as weight (minimum basis size) and density (size of the minimum dense subset) likewise work as central 

topological constants. 

 

2.3 Topology in Quantum Mechanics 

Quantum Mechanics develops wavefunctions wherever the segment is first obvious through intrusion designs. 

Throughout adiabatic development, a structure changes so gradually that it stays in its exact quantum state during the course. 

This slow development can produce a Geometric Phase (Berry Phase), which is a "recall" of the trail taken by the system. 

Dissimilar to dynamical phases, this stage hinge on firmly on the geometry of the path instead of periods or vigor particulars. 

This perception is topological for the reason that it keeps on invariant provided that the path's indispensable form in parameter space is 

conserved. 

Those typoscripts are indispensable to modern physical science, precisely in realizing Quantum Calculation and topological insulating. 

 

2.4 The mathematical formula for parameter spaces and Gauge fields: 

To analyze the above phenomenon within a basic mathematical framework, the quantum parameter space can be represented and 

considered as a smooth differential manifold, and can be denoted by the symbol 𝑀. 

Each set of quantum states is mathematically equivalent to the composite lines Bundle. Or, in other words, a 𝑈(1)type main fiber bundle 

above the 𝑀 manifold. 

Based on this, and within the engineering structure, the Berry Connection works, which can be formulated as follows: 

𝐴𝑛(𝑅) = 𝑖〈𝑛(𝑅)/𝑛(𝑅)〉 

As Gauge Potential or Differential 1-form on the manifold 

The dynamic transition of the positive function along the closed path 

 𝐶 ⊂ 𝑀  can be defined through the mathematical concept of the Holonomy, and thus the acquired Berry phase 𝛾𝑛  is defined by the 

following formula. 

𝛾𝑛(𝐶) = ∮𝐴𝑛(𝑅) 𝑑𝑅
𝐶

 

Where Ω𝑛(𝑅) = ∇ × 𝐴𝑛(𝑅) represents the Berry curve, which can be mathematically classified as a binary mathematical formula. 

The Berry phase formula represents a comprehensive topological curvature. 
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2.5 continuity and Homeomorphisms 

Continuity is a drive that continuous once the pre-image of individually visible customary keeps exposing. 

Homeomorphism: Dual spaces are transformed respectively over continuous falsification. 

Topological Equivalence: It stresses on types that are identical comparable regardless of ranging or twisting, besides tearing. 

Typical Example: A coffee mug and a torus (donut) have comparable number of holes. 

Central Belief: 

 Topology positions worldwide structural characters over geometric extents such as lengths or angles. 

 

2.5 The Berry phase (𝜸𝒏) 

A stage achieved in a recurring adiabatic expansion, measured by means of the Berry assembly:  𝛾𝑛 = ∮ 𝐴𝑛(𝑅). 𝑑𝑅.
𝑐

 

Topological Invariance:  

It hinge on decisively on the way geometry in parameter space, working as a worldwide topological material instead of a partial 

dynamic unity. 

Berry Curvature:  

It is considerably related to the Berry curvature Ω𝑛 = ∇ × 𝐴𝑛 , which shows the "magnetic field" of the structure's parameter 

space. 

2.6 Physical Significance 

Berry phases (𝛾𝑛) support an obvious phenomenon comparable to the Aharonov–Bohm effect and crystal polarization, revealing 

an obscure geometric gathering in significant evolution. 

Berry Curvature in parameter space is delineated through the Berry curvatureΩ𝑛(𝑅) = ∇ × 𝐴𝑛(𝑅). 

The Chern Number: Contributing this curving on a secured surface produces the Chern numeral 𝐶 =
1

2𝜋
∫ Ω𝑛 𝑑𝑆.

𝐵𝑍
 

Topological Invariant: Meanwhile C is resolutely a quantity, it keeps on being irregular underneath continuous alterations, 

playing as a dynamic topological indicator for the arrangement. 

Quantum Hall Effect: 

 This topology manifests physically in the Hall conductivity, which is precisely quantized as 𝜎𝑥𝑦 = 𝐶
𝑒2

ℎ
 . 

2.7 Topological Insulators Mathematical  

Topological insulators are characterized by an insulating bulk and conducting surface states arising from non-trivial topology of 

the electronic band structure. 

Their phases are classified by topological invariants such as the Chern number  

𝐶 =
1

2𝜋
∫ 𝐹. 𝑑𝑆

𝐵𝑍

 

Because the energy gap  ∆𝐸 ≠ 0 , the protected edge states persist against impurities, enabling robust quantum electronic 

applications. 

2.8 Topological Superconductors &Majoranas 

Majorana Fermions these are exotic quasiparticles that act as their own antiparticles, satisfying the mathematical condition𝛾𝑖 =

𝛾𝑖
+ .the topological protection Information is stored non-locally, making the system immune to local decoherence and 

environmental "noise." non-abelian statistics Unlike electrons, exchanging Majoranas performs a unitary transformation on the 

many-body ground state, where the final state depends on the exchange order.  

fault-tolerant computing by "braiding" these particles in (2+1) dimensions, we can perform quantum gates that are topologically 

protected from errors.  

mathematical relation the standard Dirac fermion c can be decomposed into two Majorana operators  𝛾1𝑎𝑛𝑑 𝛾2 as   𝑐 = 1
2⁄ (𝛾1 +

𝑖𝛾2) 
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2.9 Metric Independence:  

A TQFT is defined by an action S where the energy-momentum tensor vanishes,   

𝑇𝛼𝜈 =
𝛿𝑆

𝛿𝑔𝛼𝜈 = 0, 

ensuring path integrals depend only on the manifold's topology rather than the metric  𝑔𝛼𝜈 

Topological Invariants:  

Gauge structures like instantons are classified by the second Chern class (Pontryagin index) in SU(N) theories, expressed as the 

integral of the second Chern by 𝑐 = 1
8𝜋2⁄ ∫ 𝑇𝑟(𝐹⋀𝐹)𝜖ℤ

𝑀
  

the vacuum tunneling non-trivial mappings between spatial infinity and the gauge group (e.g., 𝜏3(𝐺)) induce a periodic vacuum 

structure, leading to the 𝜃-vacuum defined by  

𝜃 = ∑ 𝑒−𝑖𝑛𝜃

𝑛

𝑑𝑛 

3. Homeomorphism Continuous Deformations, and Classification of Manifolds. 

A symmetrical function is a continuous function between two topological spaces, such that its inverse function is also 

continuous. If two spaces are symmetrical, 

they are considered "topologically equivalent" (geometrically the same shape from a topological perspective, where one can be 

shaped by stretching or bending the other without tearing or gluing). 

topological spaces are not concerned with specific distances or curvatures, but rather with the overall sets of spaces. Therefore, 

two topological spaces can be considered equivalent if one can be transformed into the other by a continuous function.  

This includes processes of stretching and compression or bending, provided that no dissection occurs. 

3.1 Mathematical Rigor of Homeomorphism: 

Let (𝑋, 𝜏𝑥) be a topological space. To prove that it is a topological space homeomorphic to the topological space (𝑌, 𝜏𝑦)  

there must be a function that relates the two spaces. This function is known as the homeomorphic Map, and it satisfies 

the following conditions: 

1. Bijectivity this means that the function𝑓: 𝑋 → 𝑌 is One to and one to one, meaning that every point in the first 

space is related to a unique point in the second space. 

2. Continuity the fundamental condition is continuity, and in topological terms, a function is continuous if the inverse 

image of any open set in topological space (𝑌, 𝜏𝑦)is an open set in topological space (𝑋, 𝜏𝑥). this means: 

∨ 𝑈 ∈ (𝑌, 𝜏𝑦) ⇒ 𝑓−1(𝑈) ∈ 𝑓−1.  

3. Continuity of the Inverse Function the inverse function 𝑓−1: 𝑌 → 𝑋  must also be continuous, meaning that the 

images of open sets in space (𝑋, 𝜏𝑥).  are open sets in space (𝑌, 𝜏𝑦).  

3.2 Topological Invariants and Euler Characteristic: 

We know that geometric measurements such as volume or are variable measurements under the influence of topological 

symmetry.  

Therefore, the need arose to find some mathematical tools that remain constant and are called (Topological Invariants). 

 One of the most important of these constants for two-dimensional and closed surfaces is (Euler Characteristic), which we will 

denote by the symbol 𝜒.  

This can be expressed by the relationship below. 

𝜒 = 𝑽 − 𝑬 + 𝑭 

Where 𝑽 is the number of vertices, 𝑬 is the number of edges, and 𝑭 is the number of faces. 

In modern topological spaces, this concept can be generalized to relate to the overall properties of the space. 
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This geometrically represents the holes present in a closed junction and can be expressed by the relationship below. 

𝜒 = 𝟐 − 𝟐𝒈 

Therefore, we find that the Euclidean sphere (𝑆2), 

 which has no holes (g = 0), leads to 𝜒(𝑆2) = 2, while the Taurus sphere 𝑇2 has one hole g = 1  This leads to that, 𝜒(𝑇2) = 0, 

Since 2 ≠ 0, it is mathematically impossible for a topological homeomorphic to exist that transfers the sphere to Taurus. Thus, we 

have proven that they are two distinct spaces in terms of classification.  

3.3 The Gauss – Bonnet Theorem: 

The Gauss-Bonnet theorem can be considered one of the most important theorems in mathematics because it represents a 

direct link through which scientists were able to transfer mathematical topology to quantum mechanics. 

the above theorem states that the local standard curvature integration of Gauss 𝐾 on a closed two-dimensional manifold 𝑀 

gives a quantized value governed by the global topological Euler characteristic: 

∫ 𝐾 𝑑𝐴

𝑀

 

The mathematical importance of this equation lies in the fact that no matter how much we distort the geometric surface,  

which leads to a random change in the value of 𝐾 from one point to another, the overall integral of all these localized curvatures 

will only change locally. 

This means that it will always maintain the constant result 2𝜋𝜒.  

In modern physics, we can replace Gaussian curvature 𝐾 with Berry curvature. 

Similarly, Euler characteristic 𝜒 can be converted into a Chern number,  

which explains the stability of topological physical phenomena and their absolute resistance to physical impurities. 

4. Conclusion 

Topology has transformed physics by connecting intellectual scientific invariants to quantifiable physical properties, offering a 

thoughtful outline for considering substantial performance. These universal notions fix the hole amid theory and 

experimentation, establishing in spectacles like Berry phases and the expansion of vigorous quantum computing.  by 

guaranteeing solidity in contradiction of local trepidations, topological thoughts have converted vital for reconnoitering the 

convolutions of quantum substance.  As research evolutions, these principles will go on overriding to innovative advanced 

apparatuses and developing our regulator regarding the quantum biosphere. 
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