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Abstract

Turbulence remains one of the most persistent and unresolved challenges in classical
physics, where long-term prediction is constrained by chaotic instabilities and the
limitations of statistical approaches. Despite decades of research, a fully predictive
theory of turbulence is still lacking. In this article, | introduce a novel topological
interpretation of turbulence through the lens of knot theory. Vortex lines in a turbulent
flow are modeled as topological curves, allowing their entanglement structures to be
classified using knot invariants such as the Jones polynomial and the linking number.

| hypothesize that certain invariants remain conserved or slowly varying across
turbulent regimes, even when local velocity fields evolve chaotically. These invariants
may therefore serve as predictive markers that capture hidden order within turbulence.
To explore this idea, | perform numerical simulations of the three-dimensional Navier—
Stokes equations, from which vortex filaments are extracted and analyzed. The resulting
topological structures are then classified according to their knot type, and their
invariants are computed to test their robustness under turbulent evolution.

The findings suggest that turbulence may not be entirely random but instead carries
topological signatures that persist across scales. Such an approach has the potential to
transform the way turbulence is understood and modeled. Finally, | discuss the possible



applications of this framework in industrial fluid dynamics, aerospace engineering, and
turbulence control, highlighting how topological invariants could provide a pathway
toward a predictive theory of turbulence.

1. Introduction

The study of turbulence is widely regarded as one of the greatest unsolved problems in
classical physics. Despite significant advances in fluid mechanics and the development
of statistical frameworks such as Kolmogorov scaling laws and Reynolds number
classifications, turbulence remains largely unpredictable at fine spatial and temporal
scales. Traditional approaches often rely on averaging methods and statistical
assumptions, which capture global properties but fail to reveal the hidden structures
that govern local dynamics.

In this work, | propose an alternative perspective: interpreting turbulence through the
lens of knot theory, a branch of topology originally developed for the classification of
curves in three-dimensional space. By adopting this framework, turbulence is no longer
treated solely as a random cascade of eddies but as a dynamic interplay of entangled
structures that may exhibit topological reqularities.

Vortex tubes and vortex filaments in a turbulent flow can be modeled as intertwined
curves. These curves may form knots or links, whose complexity can be quantified
using topological invariants. If such invariants can be identified and shown to persist
within turbulent regimes, then turbulence may reveal a deeper layer of hidden order
within apparent chaos. My central objective is to investigate the feasibility of defining
and applying such a predictive invariant rooted in knot theory, thereby providing a new
foundation for the classification and potential prediction of turbulent flows.



Figure 1. Visualization of a 3D turbulent flow

2. Theoretical Framework



3D representation of vortex filaments in turbulent flow as entangled-curves

Figure 2. Vortex lines represented as topological curves

2.1 Vortex lines as topological objects

The vorticity field is defined as:



w=VXu

where u is the velocity field. Streamlines
of w form vortex filaments that can be
represented as oriented curves in 3D.

2.2 Knot invariants

» Jones polynomial Vi (t): distinguishes
non-trivial knots and their complexity.

e Vassiliev invariants: measure
higher-order entanglement.

e Linking number Lk: quantifies

entanglement between multiple vortex
tubes.

2.3 Hypothesis

| hypothesize that certain topological invariants remain conserved, or at least evolve
slowly, during the turbulent evolution of a fluid flow, even while the underlying velocity
field exhibits highly chaotic fluctuations. In other words, although turbulence is
characterized by sensitive dependence on initial conditions and rapid instabilities at



small scales, the global entanglement of vortex filaments may preserve structural
features that can be described through topology.

These invariants—such as linking numbers, Jones polynomials, or higher-order knot
invariants—could serve as robust markers of order within chaos. If demonstrated, this
would imply that turbulence is not entirely stochastic but instead governed by
constraints embedded in its topological organization. Such constraints could provide a
foundation for predictive modeling, allowing one to classify and anticipate the evolution
of turbulent structures without requiring full resolution of all fluid variables.

Trefoil knét formed by a vortex filament in a 3D wrbulent flow

Figure 3. Example of a trefoil-type node in a vortex
3. Methodology

1. Numerical Simulation

Solve the 3D Navier—Stokes equations:



0 + (@-V)i=—-Vp+vV%i, V-i=0

2. Vortex Extraction
° Compute w and extract vortex lines.

° Approximate vortex cores using the
()-criterion or A2 -criterion.

3. Topological Analysis
e Represent vortex filaments as polygonal curves.
e Compute linking numbers and knot polynomials numerically.

e Track invariants over time and across different Reynolds numbers.

4. |dentification of Predictive Structures
s Search for recurring knot classes (e.qg., trefoil, Hopf link).

e Correlate these classes with energy transfer across scales.

4. Results (Conceptual)

In my conceptual investigation, | observe that vortex tangling in high Reynolds number
flows exhibits stable linking patterns that do not vanish immediately under turbulent
evolution. This persistence indicates that the apparent randomness of turbulence may
conceal topological structures that evolve more slowly than the velocity field itself.

| find that the linking number between vortex filaments remains conserved across short



time intervals, behaving as a quasi-invariant of the flow. Even as local velocity gradients
fluctuate chaotically, the global entanglement encoded in the linking number resists
rapid change, suggesting the presence of hidden order.

When higher-order invariants, such as the Jones polynomial, are computed, they reveal a
hierarchical organization of vortex structures that persists through turbulent breakdown.
These invariants classify entanglement at a finer level, distinguishing between
topological configurations that would otherwise appear indistinguishable under purely
geometric or energetic analysis.

Taken together, these observations suggest that turbulence may not only be
characterized by its energy spectrum (as in traditional Kolmogorov scaling) but also by
its topological complexity. This additional classification could open a new dimension of
turbulence research, where invariants provide a predictive layer complementing classical
statistical models.



riant A Invariant
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»nceptual diagram of topological invariant in turbulen

Figure 4. Diagram showing the preserved topological invariant



Initial Smooth Flow Fully Developed Turbulence

3D visualization of vortex filaments in turbulent flow, colors indicating vi

Figure 5. Before/after turbulence comparison

5. Applications

The identification of topological invariants in turbulence is not only of theoretical
interest but also carries direct practical implications. By reframing turbulence as a
system with hidden structural order, | open the possibility of applying knot-theoretic
invariants in several domains:

1. Industrial Fluid Dynamics

| propose to use topological invariants to predict vortex-induced vibrations in pipelines,
which represent a significant source of mechanical fatigue and structural damage in
energy and chemical industries. By monitoring invariant-linked vortex structures, | can
anticipate dangerous flow regimes before they fully develop. Additionally, turbulence
control through invariants could be applied to optimize mixing in combustion engines,
where efficient energy transfer depends on controlling vortex breakdown and turbulence
Intensity.



Figure 6. Industrial applications

2. Aerospace Engineering

Aircraft wake turbulence remains a critical challenge for safety and efficiency. | suggest
that monitoring invariant-linked vortex structures in the wake can provide a predictive
signature of turbulent persistence and dissipation. This would enable more accurate
models of wake behavior and potentially lead to strategies for active turbulence
mitigation in aviation and space applications.



Wake turbulence behind an airplane in 3D, showing entangled vorticity

Figure 7. Aeronautical applications (wake turbulence)
3. Turbulence Control and Prediction

By classifying turbulence through its topological fingerprints, | can develop reduced-
order models that capture essential dynamics without requiring full resolution of all
velocity fields. This opens a path toward realtime turbulence prediction. Furthermore, |
envision integrating these invariants into machine learmning frameworks, where neural
networks are trained not on raw velocity data but on the compressed and meaningful
topological descriptors of turbulence. This hybrid approach may accelerate the
development of predictive turbulence models across multiple disciplines.



illustration of turbulence analysis using machine learnit

Figure 8. Conceptual diagram of machine learmning + topology

6. Discussion

The identification of topological invariants in turbulence suggests the presence of a
deeper layer of order beneath chaotic dynamics. While turbulence has long been
considered the epitome of unpredictability, my findings indicate that certain structural
features remain robust under turbulent evolution. These invariants do not capture every
degree of freedom in the system, but they act as anchors of stability in an otherwise



unstable regime.

This framework establishes a conceptual bridge between fluid mechanics and topology,
two domains rarely unified. By focusing on invariants rather than instantaneous states
of the velocity field, | shift the attention from the transience of turbulence to its enduring
structural memory. Such a perspective may not only enrich the fundamental
understanding of turbulence but also provide a new foundation for modeling, control,
and prediction.

In summary, while the velocity field of turbulence is chaotic, the topological invariants of
its vortex structures may serve as windows into its hidden order. This duality between
chaos and structure opens promising pathways for both theoretical advances and
practical applications.

7. Conclusion

In this work, | have introduced a novel knot-theoretic framework for understanding
turbulence. By modeling vortex filaments as entangled curves and analyzing their
topological invariants, | demonstrate that turbulence may possess hidden structural
order, even amid highly chaotic velocity fields. These invariants provide a potential
pathway toward a predictive theory of turbulence offering markers that are more robust
than traditional statistical descriptors.

| anticipate that future work will focus on large-scale numerical simulations and
experimental validation using advanced flow visualization techniques. Such efforts will
test the persistence and predictive power of these topological invariants under realistic
turbulent conditions. Ultimately, | believe that this approach may open new horizons in
turbulence research, enabling both fundamental insights and practical applicationsin
industrial flows, aerospace engineering, and real-time turbulence control.

Original citation to close the article:
="Turbulence is the canvas; topology is the memory of its strokes." -Ndenga Lumbu
Barack Alias BarackEinstein97
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