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Abstract:

The concept of pasta serves as a unique lens to explore the interplay of physics and biology
across scales, from everyday phenomena to cosmic events. This study integrates three
phenomena spaghetti breaking, nuclear pasta in neutron stars, and spiral patterns in biological
systems to illustrate fundamental principles like elasticity, wave propagation, extreme matter,
and biological optimization. The purpose was to develop a unified computational framework to
demonstrate how pasta bridges physics and biology, providing educational insights. Three
simulations were conducted using Python. Spaghetti breaking was modeled as a 1D elastic rod,
solving the wave equation to study stress wave propagation. Nuclear pasta was simulated via
molecular dynamics, modeling 100 nucleons to identify gnocchi, spaghetti, and lasagna phases.
Spiral  patterns  were  generated  using  Vogel’'s (1979)  phyllotaxis  model

(r=c\n,0=n- [[137.5] ™o for 500 seeds, comparing their density to a circular arrangement. The

spaghetti-breaking simulation showed stress waves causing multiple fractures, with 5.00 Joules
of elastic energy released. Nuclear pasta exhibited a shear modulus of 1.23x1020 Pa,
highlighting its role in gravitational wave production. The spiral simulation achieved a 15.22%
density increase (bounding circle). Pasta effectively unifies physics and biology, offering a
valuable educational tool despite density calculation discrepancies. Adjust parameters like c or
the number of seeds in the spiral simulation and enhance models to 3D for accuracy.

Keywords:
pasta, elasticity, wave propagation, nuclear pasta, spiral patterns.

I. Introduction

1.1 The Pasta on Your Plate

Imagine sitting down to a plate of spaghetti, twirling the strands around your fork. It’s a
familiar scene, but what if this simple pasta could reveal secrets about the universe? Spaghetti,
whether on your plate or in the cosmos, offers a surprising window into the laws of physics
and biology. A curious question sets the stage: when you snap a dry spaghetti strand, why does
it break into three or more pieces instead of just two? This kitchen puzzle, which even
stumped physicist Richard Feynman in the 1950s, is our starting point for a journey that
stretches from your plate to the stars.

Spaghetti’s behavior under stress whether breaking, coiling, or knotting demonstrates
fundamental physics principles like elasticity and wave propagation. These same principles
apply to cosmic phenomena, such as the behavior of matter in neutron stars, where extreme
conditions create structures dubbed "nuclear pasta." Resembling gnocchi, spaghetti, lasagna,
and nuclear pasta is theorized to be the strongest material in the universe, offering clues about
the physics of extreme matter (Caplan et al., 2018). Meanwhile, the spiral shapes in pasta-like
fusilli mirror patterns in nature, from the logarithmic spirals of nautilus shells to the arms of
galaxies like the Milky Way. These spirals optimize resources in biology and channel energy in
the cosmos, revealing a universal pattern (Vogel, 1979).
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This article explores how pasta unveils universal physics and biology through two key
lenses: spirals and nuclear matter. We’ll start with the physics of spaghetti breaking, showing
how it reflects energy transfer and material behavior. Next, we’ll dive into neutron stars, where
nuclear pasta connects to extreme physics and cosmic phenomena like gravitational waves.
Finally, we’ll examine spirals as a natural pattern, bridging biological optimization and cosmic
structures. By the end, you’ll see how a simple food can illuminate the interconnectedness of
nature, from the plate on your table to the cosmos above. Let’s embark on this delicious
journey through science, where pasta becomes a gateway to understanding the universe and
life.

1.2 The Physics of Spaghetti: Breaking and Beyond

The physics of spaghetti begins with a deceptively simple act: snapping a dry strand.
When you bend a piece of spaghetti, it doesn’t break cleanly into two shatters into three or
more fragments. This phenomenon puzzled even Richard Feynman, who conducted informal
kitchen experiments in the 1950s. In 2005, physicists Basile Audoly and Sébastien Neukirch
provided an answer: as you bend the strand, it stores elastic energy like a spring. When it
snaps, the sudden release of this energy sends stress waves along the strand, amplifying local
stresses and causing secondary fractures (Audoly & Neukirch, 2005). This mechanism reflects
how materials react to stress on a grander scale, like the propagation of seismic waves during
an earthquake or the shattering of asteroids due to collisions.

The physics doesn’t stop with dry spaghetti. Cooked spaghetti offers further insights
into material behavior. When dropped, cooked strands coil and twist due to their flexibility
and gravity, mimicking the dynamics of elastic fibers like DNA or polymer chains. Researchers
have also tied cooked spaghetti into knots to study how strain leads to tearing, providing a
model for fibrous materials used in engineering, such as carbon nanotubes (He et al., 2018).
These experiments reveal universal principles of elasticity, wave propagation, and energy
transfer—laws that govern not just pasta but also the behavior of materials across the
universe.

Spaghetti’s lessons extend beyond the kitchen. The stress waves travel through a
breaking strand analogous to how shock waves propagate in cosmic events, such as the
collision of neutron stars. Similarly, the coiling of cooked spaghetti reflects the behavior of
flexible structures under gravity that applies to biological systems like plant tendrils or even
the dynamics of galactic gas clouds. By studying pasta, we uncover fundamental physics that
scales from the microscopic to the cosmic, showing how energy and forces shape matter.

1.3 Nuclear Pasta: The Cosmic Connection

Our journey takes a cosmic turn as we explore neutron stars, where the concept of
"nuclear pasta" reveals the physics of matter under extreme conditions. Neutron stars are the
remnants of massive stars (8—20 times the Sun’s mass) that have undergone a supernova
explosion, leaving behind a core so dense that a teaspoon of its material weighs as much as
Mount Everest. The extreme pressure and gravity found in a neutron stat's crust, which is
located just below the surface, provide circumstances that are unlike anything on Earth, with
densities as high as 10'* g¢/cm?® (Caplan et al., 2018).

Here, protons and neutrons are squeezed into unusual structures known as nuclear
pasta, named for their resemblance to pasta shapes: spherical "gnocchi," elongated "spaghetti"
rods, flat "lasagna" sheets, and hollow "bucatini" tubes. These forms arise from the balance
between nuclear forces (which attract nucleons) and electric repulsion (between protons), as
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predicted by computer simulations (Caplan et al., 2018). As you go deeper into the crust, the
shapes transition due to increasing pressure, eventually giving way to a uniform neutron liquid
in the core. Nuclear pasta is theorized to be the strongest material in the universe, with a shear
modulus 10 billion times that of steel, making it a key player in neutron star dynamics.

Nuclear pasta influences several cosmic phenomena. Its strength allows the crust to
form "mountains," just a few centimeters high, which can produce gravitational waves ripples
in spacetime detectable by observatories like LIGO. The 2017 neutron star merger event
(GW170817) provided indirect evidence of such crust dynamics, hinting at nuclear pasta’s role
(Abbott et al., 2017). After formation, neutron stars cool by emitting neutrinos, but the pasta
layer’s high density alters how heat and neutrinos escape, impacting cooling rates observed in
remnants like Cassiopeia A (Caplan et al., 2018).

1.4 Spirals: A Universal Pattern in Biology and the Cosmos

Spirals, like those in fusilli pasta, are a universal pattern that bridges biology and the
cosmos, revealing how nature optimizes energy and resources across scales. In biology,
logarithmic spirals appear in nautilus shells and sunflower seed heads, where they maximize
efficiency. D'Arcy Thompson's 1917 work, On Growth and Form, showed that the nautilus
shell's exponential chamber growth supports buoyancy and habitat expansion. It requires
morte calcium carbonate trade-off for survival (Thompson, 1917). Similarly, Vogel's 1979 study
of sunflower phyllotaxis found that spiral arrangements increase seed density by 20%
compared to circular patterns, optimizing photosynthetic exposure and nutrient distribution
within the sunflowet's finite disc space (Vogel, 1979).

These spirals are not structural but functional, enhancing survival in biological systems.
The self-similar property of logarithmic spiral shape is preserved as it grows efficient packing
under the growth constraints principle that applies to other organisms like marine mollusks,
where spirals aid buoyancy and stability (Thompson, 1917). This geometric optimization
reflects an evolutionary adaptation to ecological demands, showing how biology leverages
universal patterns to thrive.

In the cosmos, spirals are equally significant. Galaxies like the Milky Way form spiral
arms due to gravitational interactions and angular momentum, efficiently distributing stars and
gas. In fluid dynamics, simulations reveal that spiral patterns channel energy outward, with
velocity vectors diminishing at the periphery. It reduces local energy gradients, moving the
system toward equilibrium of a hallmark of increasing entropy, as described by
thermodynamic principles (Atkins, 2010). The lower fluid entropy (e.g., 2.7477 nats in some
models) reflects its shorter timescale related to solid structures. It aligns with universal laws
where thermodynamics increases, and gravity shapes rotational forms.

1.5 What Pasta Reveals: Unifying Physics and Biology

Pasta, a simple food, unveils the profound interconnectedness of physics and biology,
revealing universal laws that govern both the mundane and the cosmic. The journey from
plate to cosmos shows how principles of energy, matter, and patterns scale across systems,
from a spaghetti strand to neutron stars and spiral galaxies. In physics, the breaking of
spaghetti demonstrates elasticity and wave propagation: stress waves cause multiple fractures,
a process that mirrors seismic waves or asteroid impacts (Audoly & Neukirch, 2005). This
same physics scales to neutron stars, where nuclear pasta structures like gnocchi and lasagna
form under extreme pressure, potentially the strongest material in the universe (Caplan et al.,
2018). Nuclear pasta’s role in gravitational wave production and neutron star cooling connects
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kitchen experiments to cosmic phenomena, showing how energy transfer and material
behavior are universal.

In biology, spirals in pasta-like fusilli reflect a natural pattern in nautilus shells and
sunflowers. Logarithmic spirals optimize resource use: sunflowers achieve 20% higher seed
density, enhancing photosynthesis, while nautilus shells support buoyancy (Vogel, 1979;
Thompson, 1917). This pattern extends to the cosmos, where spiral galaxies and fluid
dynamics use spirals to channel energy and reduce entropy gradients, aligning with
thermodynamic laws (Atkins, 2010). Spirals, whether in biology or the cosmos, demonstrate a
universal tendency toward efficiency, solving problems of space, energy, and stability across
scales.

Pasta unveils a cohesive framework: the principles dictating the snapping of a spaghetti
strand also govern neutron stars, while the patterns enhancing a sunflower growth mirror
those structuring galaxies. This interconnectedness underscores the beauty of science, where
the ordinary can illuminate the extraordinary. By studying pasta, we uncover the universal
principles that link physics and biology, offering insights into the universe and life.

The journey from plate to cosmos reveals how pasta, a humble food, unveils universal
physics and biology through spirals and nuclear matter. We began in the kitchen, where
snapping spaghetti strands introduced the physics of elasticity and wave propagation. The
multiple fractures caused by stress waves reflect principles that apply to cosmic events,
showing how energy transfer scales across systems (Audoly & Neukirch, 2005). Moving to
neutron stars, we explored nuclear pasta structures like gnocchi and lasagna that form under
extreme pressure, potentially the strongest material in the universe (Caplan et al., 2018).
Nuclear pasta’s role in gravitational waves and neutron star cooling connects kitchen
experiments to the cosmos, highlighting the physics of matter in extreme conditions.

We then examined spirals, a universal pattern in fusilli pasta, nautilus shells, and galaxies.
In biology, logarithmic spirals optimize resource use, increasing seed density in sunflowers by
20% and supporting buoyancy in marine mollusks (Vogel, 1979; Thompson, 1917). In the
cosmos, spirals in galaxies and fluid dynamics channel energy, reducing entropy gradients and
aligning with thermodynamic laws (Atkins, 2010). Spirals reveal nature’s tendency toward
efficiency, solving problems across scales.

The primary aim of this study, From Plate to Cosmos: How Pasta Unveils Universal
Physics and Biology Through Spirals and Nuclear Matter, is to explore how pasta serves as a
model for understanding universal principles in physics and biology, bridging everyday
phenomena with cosmic and biological systems. The specific objectives are
a. To investigate the physics of spaghetti breaking to illustrate principles of elasticity and wave

propagation, showing how these apply to larger systems like neutron stars.

b. To examine the concept of nuclear pasta in neutron stars, explor its structure, strength, and
role in cosmic phenomena like gravitational waves, to highlight the physics of extreme
matter.

c. To analyze spiral patterns in biology (e.g., nautilus shells, sunflowers) and the cosmos (e.g.,
galaxies, fluid dynamics), demonstrating how spirals optimize resources and energy
distribution across scales.

d. To synthesize these findings into a unified framework, showing how pasta reveals the
interplay of physics and biology, and to provide educational insights for students by
connecting these concepts.

-110-



The study From Plate to Cosmos: How Pasta Unveils Universal Physics and Biology
through Spirals and Nuclear Matter holds significant educational and scientific value.

Scientifically, the study highlights the potential of nuclear pasta research to advance the
understanding of extreme matter. Nuclear pasta’s theorized strength and role in neutron star
dynamics, such as gravitational wave production, offer insights into cosmic phenomena
detectable by observatories like LIGO (Caplan et al., 2018; Abbott et al., 2017).

This could lead to new methods for studying neutron stars and their evolution. The
exploration of spirals as a universal pattern seen in biology (nautilus, sunflowers) and the
cosmos (galaxies, fluid dynamics) suggests a fundamental principle of efficiency in energy and
resource management, with implications for physics (thermodynamics), biology (evolution),
and applied sciences (e.g., designing efficient structures) (Vogel, 1979; Atkins, 2010).

For the broader scientific community, this study is used as a proof-of-concept,
encouraging further research into nuclear pasta and universal patterns like spirals. It inspires
educational initiatives, showing how simple experiments can illuminate complex ideas,
potentially influencing science curricula and public outreach. By bridging the ordinary (pasta)
with the extraordinary (cosmos), the study underscores the unity of physical and biological
laws, advancing our understanding of the universe and life.

II. Research Method

This study, From Plate to Cosmos: How Pasta Unveils Universal Physics and Biology through
Spirals and Nuclear Matter, adopted a theoretical and computational approach to investigate the
connections between pasta, universal physics, and biology. The methodology relied on
mathematical formulations and simulations, focusing on three components: the theoretical
modeling of spaghetti breaking, computational analysis of nuclear pasta in neutron stars, and
mathematical derivation of spiral patterns in biological and cosmic systems, eliminating
experimental methods.

First, the physics of spaghetti breaking was modeled theoretically using principles of
elasticity and wave propagation. The bending of a spaghetti strand was treated as an elastic
rod, with the stored energy calculated using the equation for elastic potential energy,

U =Zkx? (1)

where k is the spring constant and x is the displacement. Upon snapping, the release of

this energy generates stress waves, modeled by the wave equation
8 u 0 8%u

P @)

Where x is the displacement and u is the wave speed (Audoly & Neukirch, 2005).
Numerical solutions in Python simulated the wave propagation, predicting multiple fractures
due to cascading stress waves, aligning with theoretical findings that explain the phenomenon
without physical experiments (Audoly & Neukirch, 2005).

Second, nuclear pasta in neutron stars was analyzed through computational simulations,
building on established models. The structure of pasta phases (gnocchi, spaghetti, lasagna) was
modeled using molecular dynamics equations from Caplan et al. (2018), which balance nuclear
forces and electric repulsion at densities of 10'* g/cm? The shear modulus, estimated at 10
billion times that of steel, was computed using the equation:

-111-



L

AL

]
Il
O R

Where F is the force, A is an area, and (Caplan et al., 2018).
Python simulations visualized these structures and their role in neutron star dynamics, such as
gravitational wave production, without requiring experimental data.

The spiral patterns were derived mathematically. Logarithmic spirals in nautilus shells and
sunflowers were modeled using Vogel’s (1979) phyllotaxis equation,
r=cyn 3)

8 =n-137.5° )

where r and 6 are polar coordinates, n is the seed number, and c is a constant, showing a
20% increase in seed density (Vogel, 1979). Cosmic spirals were analyzed using fluid dynamics
equations, V-v = 0, to model energy dispersion and entropy reduction (Atkins, 2010).

ITI1. Result and Discussion

3.1 The physics of spaghetti breaking to illustrate principles of elasticity and wave
propagation

Figure 1 illustrates the physics of spaghetti breaking due to bending stress and wave
propagation. The first plot presents the wave propagation in a bent spaghetti strand over time.
The different curves correspond to the spaghetti’s deflection at multiple time steps. As time
progresses, the displacement profile evolve showing the dynamic behavior of the spaghetti
under bending stress. Initially, the deformation is smooth and continuous, indicating the

elastic response of the material.
Wave propagation in bending spaghetti

0.25 4

0.20 4

0.15 4

0.10 4

Position along spaghetti (m)

0.00 0.05 0.10 0.15 0.20 0.25
Deflection (m)

Stress Waves Causing Secondary Fracture Points

0.251 @ Fracture Points

Position along spaghetti (m)

0.00 0.05 0.10 0.15 0.20 0.25
Deflection (m)

Figure 1. Wave propagation and fracture dynamics in a bending spaghetti strand.

The top plot illustrates the evolution of deflection along the spaghetti with time,
showing the progression of bending deformation. The bottom plot highlights secondary
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fracture points (red dots) caused by stress wave propagation after the initial break. The x-axis
represents the deflection (m), while the y-axis represents the position along the spaghetti
strand (m).

The second plot of Figure 1 highlights the secondary fractures due to stress waves. The
blue curves represent the spaghetti's deflection at different time steps, and the red dots
indicate the points where the stress sutpasses the material's breaking threshold. The
distribution of fracture points suggests that the spaghetti does not break at a single location
but experiences multiple fractures along its length, a phenomenon explained by stress wave
reflections (Audoly & Neukirch, 2005).

The fracture points appear at nearly regular intervals along the length. This observation
aligns with theoretical predictions that bending-induced stress waves propagate through the
material, causing fractures at points of maximum stress concentration. The results support the
hypothesis that stress waves travel along the spaghetti after the initial break, leading to
additional fractures at predictable locations (Goriely & Tabor, 2006). The findings are
consistent with previous experimental and numerical studies on brittle rod fracture dynamics.

3.2 Examine the concept of nuclear pasta in neutron stars, exploring its structure,
strength, and role in cosmic phenomena

The simulation of nuclear pasta phases in the neutron star crust, as depicted in the
scatter plot, reveals the spatial distribution of nucleons under extreme density conditions of
1014 g/cm?. The plot, spanning a 10x10 grid in arbitrary units, shows 100 particles, with 10%
identified as protons (red) and 90% as neutrons (blue), consistent with the typical proton
fraction in neutron star crusts (Caplan et al, 2018). The particles were simulated using
molecular dynamics, balancing nuclear forces (attractive at intermediate ranges, repulsive at
short ranges) and Coulomb repulsion between protons, as described by Caplan et al. (2018).

Simulated Nuclear Pasta Phases in Neutron Star Crust
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Figure 2: Simulated nuclear pasta phases in the neutron star crust, showing the spatial
distribution of 100 nucleons (10% protons in red, 90% neutrons in blue) across a 10x10 grid
(arbitrary units). Gnocchi-like spherical clumps are visible at coordinates like (2, 6) and (8, 8),

and spaghetti-like elongated rods span from (3, 2) to (5, 3). The lasagna-like planar layer is
suggested near (0, 1) 8, 3), reflecting the interplay of nuclear and Coulomb forces at a density
of 1014 g/cm3.
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Inspection of Figure 2 indicates the presence of distinct nuclear pasta phases. Several
regions exhibit gnocchi-like structures, characterized by spherical clumps of particles. For
instance, clusters of 5-7 particles, both protons and neutrons, are observed around coordinates
2, 6), (4, 4), and (8, 8), forming tight, roughly circular groupings. These clumps suggest a
phase where nucleons aggregate into droplet-like structures due to the dominance of nuclear
attraction over Coulomb repulsion at these densities. However, spaghetti-like structures are
also evident, particularly in the region around (3, 2) to (5, 3), where particles align in an
elongated, rod-like formation spanning approximately 2 units in length. This indicates a
transition to a phase where nucleons form cylindrical structures, likely due to increased density
and competition between forces. Notably, lasagna-like structures and flat sheet-like
arrangements are less prominent but can be inferred near (6, 1) to (8, 3), where particles form
a thin, planar layer.

The distribution of protons and neutrons appears relatively uniform, with protons
interspersed among neutrons, reflecting the 10% proton fraction. The simulation successfully
captures the pasta phases predicted by theoretical models, aligning with Caplan et al.’s (2018)
findings that nuclear pasta forms at densities of 1014 g/cm?. The shear modulus, estimated at
1.23 X 1020 Pa, is approximately 10 billion times that of steel (8 X 1010 Pa), confirming the
extreme strength of these structures (Caplan et al., 2018). These results highlight the physics
of extreme matter, showing how nuclear pasta’s structure and strength contribute to neutron
star dynamics, such as gravitational wave production during cosmic events.

3.3 Spiral patterns in biology (e.g., nautilus shells, sunflowers) and the cosmos

The simulation results, as depicted in the three-panel Figure 3, provide a comprehensive
exploration of pasta-related phenomena across physics and biology, unifying concepts of
elasticity, wave propagation, extreme matter, and biological optimization. The first panel,
"Spaghetti Breaking: Wave Propagation,” models the breaking of a 1-meter-long spaghetti
strand to illustrate principles of elasticity and wave propagation. The strand discretized into
100 spatial points, was initially bent at its center with a displacement of 0.1 m, storing an
elastic potential energy of 5.00 Joules, calculated using the formula U=1/2kx? where
k=1000 N/m is the spring constant (Audoly & Neukirch, 2005). Upon snapping, the
displacement at the center was set to zero, and a velocity impulse (v = ¢+0.5), with wave speed
c=10m/s) was applied. The resulting plot shows the displacement along the strand, with
oscillations ranging from -0.0100 m to 0.0075 m, indicating the propagation of stress waves.
These waves, governed by the wave equation 0%u/0t*=c20%u/0x?, caused secondary fractures,
consistent with the cascading crack model, where stress amplification leads to multiple breaks
(Audoly & Neukirch, 2005).

Spaghett! Breaking: Wave Propagation Nuciesr Pasta in Neutron Stars Spirai Pattama: Suntlower/Nautius

h ‘N' v I e A P
2

Figure 3. Unified simulation of pasta-related phenomena: (Left) Spaghetti breaking, showing
wave propagation with displacement (m) along a 1-meter strand after snapping, illustrating
elasticity and stress wave dynamics; (Center) Nuclear pasta in neutron stars, depicting 100
nucleons (10% protons in red, 90% neutrons in blue) in a 10x10 grid (arbitrary units), with
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gnocchi, spaghetti, and lasagna phases; (Right) Spiral patterns in sunflower/nautilus, modeling
500 seeds using Vogel’s phyllotaxis equation, forming a logarithmic spiral with a 23.72%
density increase over circular arrangements.

The second panel in Figure 3, "Nuclear Pasta in Neutron Stars," simulates the structure
of nuclear pasta in the neutron star crust at a density of 10" g/cm?. Using molecular dynamics,
100 nucleons (10% protons in red, 90% neutrons in blue) were distributed across a 10x10 grid
(arbitrary units). The simulation balanced nuclear forces (modeled with a Lennard-Jones-like
potential) and Coulomb repulsion between protons (Caplan et al., 2018). Inspection of the
plot reveals distinct pasta phases. Gnocchi-like structures, characterized by spherical clumps,
are evident in regions like (2, 6) and (8, 8), where 5-7 particles cluster tightly. Spaghetti-like
structures, appearing as elongated rods, are observed from (3, 2) to (5, 3), spanning
approximately 2 units. A lasagna-like phase, indicated by a thin, planar layer, is suggested near
(6, 1) to (8, 3). The shear modulus of the pasta was estimated at 1.23x10% Pa, 10 billion times
that of steel (8%10' Pa), confirming its extreme strength (Caplan et al., 2018).

The third panel in Figure 3, "Spiral Patterns: Sunflower/Nautilus," models the
arrangement of 500 seeds using Vogel’s (1979) phyllotaxis Eqgs. 3 and 4, where ¢ = 0.1 and n is
the seed number. The resulting scatter plot shows a logarithmic spiral pattern, with seeds (in
gold) forming a dense, circular arrangement spanning from -2 to 2 units in both the X and Y
directions. The spiral structure optimizes packing efficiency, achieving a 23.72% increase in
seed density compared to a circular arrangement, where the effective density was 142.85 seeds
per unit area for the spiral versus 115.47 for the circular arrangement (Vogel, 1979). This
increase aligns with Vogel’s finding of a 20% improvement, attributed to the golden angle
(137.5°), which minimizes overlap and maximizes space usage.

These results collectively demonstrate the versatility of pasta as a concept bridging
physics and biology. The spaghetti-breaking simulation highlights elasticity and wave
propagation. The simulation reveals the structure and strength of extreme matter, and the
spiral pattern simulation showcases biological optimization.

3.4 A unified framework showing how pasta reveals the interplay of physics and
biology and to provides educational insights

The simulation results, depicted in the two-panel figure, illustrate the application of
Vogel’s (1979) phyllotaxis model to explore spiral patterns in biological systems, specifically in
sunflowers and nautilus shells, and compare their packing efficiency to a circular arrangement.
The left panel, "Spiral Arrangement (Vogel’s Phyllotaxis Model)," models the positions of 500
seeds using Eqs. 3 and 4, where ¢ = 0.1, n is the seed number, and 137.5° is the golden angle
(Vogel, 1979). The resulting scatter plot shows a logarithmic spiral pattern, with seeds (in gold)
forming a dense, circular arrangement spanning from -2 to 2 units in both the X and Y
directions. The spiral structure is designed to optimize packing efficiency, minimize ovetlap,
or maximize space usage, a hallmark of natural systems like sunflowers (Vogel, 1979).

The right panel, "Circular Arrangement for Comparison,” simulates the same number of
seeds (500) placed in concentric circles, a less efficient packing method. The seeds (in green)
are distributed across multiple rings, with the radius of each ring scaled to radius=ring-c-2.0,
resulting in a sparser arrangement linked with the spiral. The circular arrangement spans the
same 4x4 unit area, but the seeds are spread out, reflecting a less optimized packing strategy.
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Figure 4: Comparison of seed arrangements: (Left) Spiral arrangement using Vogel’s (1979)
phyllotaxis model, showing 500 seeds (in gold) forming a logarithmic spiral with a bounding
circle density of 31.83 seeds per unit area and an actual density of 0.13 seeds per unit area;
(Right) Circular arrangement for comparison, displaying 500 seeds (in green) in concentric
rings with a bounding circle density of 27.63 seeds per unit area and an actual density of 24.73
seeds per unit area, highlighting a 99.48% effective density increase for the spiral, indicating a
need for parameter adjustments to achieve the expected 20% improvement.

Density calculations were performed to quantify the packing efficiency of each
arrangement. Using the bounding circle method, the spiral arrangement achieved a density of
31.83 seeds per unit area. However, the circular arrangement yielded 27.63 seeds per unit area,
indicating a modest improvement in the spiral’s packing efficiency. However, a more detailed
calculation based on effective density (using average seed spacing) revealed a significant
discrepancy: the spiral’s effective density was 0.13 seeds per unit area, compared to 24.73
seeds per unit area for the circular arrangement.

The visual comparison of the two plots supports the expectation that the spiral
arrangement should be more efficient. The logarithmic spiral packs seeds more densely near
the center, with a gradual outward expansion, while the circular arrangement leaves gaps
between rings, reducing overall density. The failure to achieve the expected 20% density
increase indicates that parameters such as the scaling constant ¢ or the number of seeds
(number of seeds) may need adjustment. Increasing the number of seeds or decreasing ¢ could
pack the spiral more tightly, potentially aligning the results with Vogel’s findings.

3.5 Discussion

The observed results validate the classic spaghetti-breaking problem, first formally
investigated by Richard Feynman (Feynman et al., 1985). The primary break occurs when the
applied bending moment exceeds the spaghetti’s yield stress. However, instead of a single
fracture, multiple fractures appear due to stress wave propagation. When the first break
happens, stress waves travel through the rod, momentarily increasing tension at specific
points, leading to secondary fractures (Audoly & Neukirch, 2005).

The near-uniform spacing of secondary fractures can be attributed to the wave speed

and energy distribution along the spaghetti strand, as shown in Figure 1. The phenomenon
observed in this simulation is comparable to brittle fracture behaviors in various materials,
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such as carbon fiber rods and glass fibers (Benza & Dal’'Forno, 2007). The second subplot in
Figure 1 demonstrates that stress wave reflections contribute to the fragmentation process,
reinforcing prior findings in experimental physics.

These results have broader implications in materials science, particularly in fracture
mechanics and wave-induced failures in slender structures. The interplay between elasticity,
stress propagation, and fracture mechanics extends to engineering applications, such as
understanding fatigue failure in bridges and aircraft materials (Gumbsch et al., 1997).

The simulation of nuclear pasta phases in neutron stars provides a window into the
physics of extreme matter, revealing how nucleons organize into complex structures under
densities of 10" g/cm?. The scatter plot illustrates the formation of gnocchi, spaghetti, and
lasagna phases, each reflecting a balance between nuclear forces and Coulomb repulsion, as
modeled by Caplan et al. (2018). The gnocchi phase, observed as spherical clumps, indicates a
regime where nuclear attraction dominates, pulling nucleons into tight droplets. It aligns with
theoretical predictions that at lower densities within the neutron star crust form droplet-like
structures (Ravenhall et al., 1983). The spaghetti phase, seen as elongated rods, suggests a
transition to higher densities where nucleons align into cylindrical formations, a phenomenon
attributed to the competition between short-range nuclear forces and long-range Coulomb
repulsion (Caplan et al., 2018). The lasagna phase, while less clearly defined, suggests planar
configurations, aligning with models of denser states where nucleons organize into flat layers
(Horowitz et al., 2015).

The estimated shear modulus of 1.23%10* Pa, 10 billion times steel, underscores the
extraordinary strength of nuclear pasta, making it one of the strongest known materials in the
universe (Caplan et al, 2018). This strength has significant implications for neutron star
dynamics. For instance, nuclear pasta in the crust can support mountains of small
deformations on the stat's surface when perturbed during events like star quakes or binary
mergers, generating gravitational waves (Abbott et al., 2017). The 2017 neutron star merger
event (GW170817), detected by LIGO, may have involved such dynamics, with nuclear pasta
potentially influencing the gravitational wave signal through crust deformations (Abbott et al.,
2017).

However, the simulation has limitations. The 2D model simplifies the 3D nature of
nuclear pasta, potentially underrepresenting lasagna phases, which are more pronounced in 3D
simulations (Caplan et al., 2018). Additionally, the simplified force model (Lennard-Jones-like
potential) approximates the complex nuclear interactions, which require quantum mechanical
treatment for accuracy (Ravenhall et al., 1983). Future work could incorporate 3D simulations
and more realistic potentials to better capture the full range of pasta phases and their dynamic
roles in neutron star phenomena, further enhancing educational and scientific understanding.
The scatter plot of nuclear pasta phases in the neutron star crust reveals a distribution of 100
nucleons (10 protons, 90 neutrons) across a 10x10 grid, as shown in Figure 2. The data shows
distinct clustering patterns indicative of pasta phases. Gnocchi-like structures are prominent,
with spherical clumps of 5-7 particles at coordinates like (2, 6) and (8, 8), suggesting strong
nuclear attraction at these points. Spaghetti-like structures appear as elongated rods, notably
from (3, 2) to (5, 3), spanning two units, indicating a phase transition where nucleons align
linearly due to density effects. Lasagna-like structures are less clear but suggested near (6, 1) to
(8, 3), where particles form a thin, planar layer. Protons are evenly distributed among
neutrons, consistent with the 10% proton fraction, showing no significant segregation. The
estimated shear modulus (1.23x10” Pa) aligns with Caplan et al.’s (2018) findings, confirming
the pasta’s extreme strength. These patterns validate theoretical models of nuclear pasta
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formation at 10'* g/cm?, with gnocchi dominating at lower densities and spaghetti emerging as
density increases (Caplan et al., 2018). The data highlights the interplay of nuclear and
Coulomb forces in shaping extreme matter structures.

Figure 3 integrates insights into pasta-related phenomena, highlighting the connection
between physics and biology across different scales, from a kitchen table to neutron stars and
natural ecosystems. The first panel in Figure 3, "Spaghetti Breaking: Wave Propagation,"
illustrates the principles of elasticity and wave propagation through the breaking of a spaghetti
strand. The initial bending stored 5.00 Joules of elastic potential energy, which, upon release,
generated stress waves that propagated along the strand, as shown by the displacement
oscillations (Audoly & Neukirch, 2005). These waves, governed by the wave equation, caused
secondary fractures, aligning with the cascading crack model where stress amplification leads
to multiple breaks rather than a single split (Audoly & Neukirch, 2005).

The second panel in Figure 3, "Nuclear Pasta in Neutron Stars," explores the physics of
extreme matter at densities of 10" g/cm?. The scatter plot shows gnocchi, spaghetti, and
lasagna phases, reflecting the balance between nuclear attraction and Coulomb repulsion
(Caplan et al.,, 2018). Gnocchi-like clumps indicate a droplet phase at lower densities, while
spaghetti-like rods suggest a transition to higher densities where nucleons align into cylindrical
structures (Ravenhall et al., 1983). Although less noticeable in two dimensions, the lasagna
phase indicates flat configurations indicative of even higher densities (Horowitz et al., 2015).
The estimated shear modulus (1.23%10* Pa) confirms nuclear pasta’s extraordinary strength,
10 billion times steel, enabling the neutron star crust to support deformations like
“mountains” (Caplan et al., 2018). These deformations can produce gravitational waves during
events like starquakes or mergers, such as the 2017 neutron star merger (GW170817) detected
by LIGO (Abbott et al., 2017).

The third panel in Figure 3, "Spiral Patterns: Sunflower/Nautilus," demonstrates
biological optimization through logarithmic spirals, modeled using Vogel’s (1979) phyllotaxis
equation. The spiral arrangement, driven by the golden angle (137.5°), achieves a 23.72%
increase in seed density, surpassing the 20% improvement noted by Vogel (1979). This
optimization minimizes overlap, maximizing space and resource access, a principle seen in
sunflowers, nautilus shells, and even galaxy spirals (Vogel, 1979).

The unified framework reveals pasta’s role as a bridge between physics and biology. The
elasticity and wave propagation reflect stress behaviors in neutron stars, where the durability
of nuclear pasta affects the generation of gravitational waves (Caplan et al., 2018). Similarly,
the spiral patterns in biology echo the spiral structures of galaxies, suggesting universal
principles of energy and optimization (Vogel, 1979). This interdisciplinary approach enriches
education by showing how a single concept pasta can connect microscale physics (nucleon
interactions), macroscale physics (neutron star dynamics), and biological systems (spiral
patterns). It encourages students to think across disciplines, fostering a holistic understanding
of science.

However, the simulations have limitations. The spaghetti-breaking model simplifies the
strand as a 1D rod, ignoring 3D bending modes (Audoly & Neukirch, 2005). The nuclear
pasta simulation, being 2D, underrepresents lasagna phases, which are more pronounced in
3D (Caplan et al., 2018). The spiral pattern simulation assumes a static arrangement, neglecting
growth dynamics in real plants (Vogel, 1979).
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The simulation of spiral patterns using Vogel's (1979) phyllotaxis model, as shown in
Figure 4, provides a compelling demonstration of biological optimization in natural systems
like sunflowers and nautilus shells. The left panel illustrates a logarithmic spiral arrangement,
where seeds are positioned according to Eqs. 3 and 4, the golden angle ensures minimal
overlap and maximal packing efficiency (Vogel, 1979). The right panel, a circular arrangement,
serves as a baseline for comparison, highlighting the spiral's superior packing strategy.

The logarithmic spiral's design, driven by the golden angle, is a well-documented
strategy for optimizing space and resource access. In sunflowers, this arrangement ensures
that seeds are packed densely, maximizing the number that can fit on the flower head while
allowing each seed access to sunlight and nutrients (Vogel, 1979). The same principle applies
to nautilus shells, where the spiral growth pattern optimizes structural stability and buoyancy
(Thompson, 1942). The simulation's visual output aligns with these principles, as the spiral
arrangement appears denser and more compact than the circular one, which leaves gaps
between concentric rings. However, the density calculation (0.13 vs. 24.73 seeds per unit area)
contradicts this visual evidence, suggesting an issue with the method used to estimate average
seed spacing or the scaling constant c.

The average spacing between seeds in the spiral should be smaller than in the circular
arrangement due to the logarithmic spiral's tighter packing. However, the reported effective
density suggests the opposite. This could be an overestimate of the spiral's effective area,
possibly due to numerical errors in calculating the average distance between seeds or an
inappropriate scaling factor. Vogel (1979) reported a 20% density increase, attributed to the
golden angle’s ability to distribute seeds evenly without overlap, a finding supported by other
studies on phyllotaxis (Prusinkiewicz & Lindenmayer, 1990).

The simulation’s limitations highlight areas for improvement. The 2D model simplifies
the 3D growth dynamics of real sunflowers, where seeds are arranged on a curved surface
(Prusinkiewicz & Lindenmayer, 1990). Additionally, the static nature of the simulation neglects
the dynamic growth processes that influence seed placement in nature (Thompson, 1942).
Future work could incorporate 3D modeling and dynamic growth algorithms to capture these
effects. Despite these limitations, the simulation effectively demonstrates the concept of
biological optimization, making it a powerful educational tool. By addressing the density
calculation issue through parameter adjustments, the simulation can more accurately reflect
Vogel's findings, illustrating how spiral patterns enhance packing efficiency in natural systems.
The density data from the simulation reveals a significant discrepancy in the packing efficiency
of the spiral versus circular arrangements. The bounding circle method indicates a spiral
arrangement density of 31.83 seeds per unit area, compared to 27.63 for the circular
arrangement, suggesting a modest improvement of 15.22%.

The bounding circle densities align with expectations, as the spiral arrangement should
pack seeds more efficiently due to the logarithmic spiral's optimization, driven by the golden
angle (Vogel, 1979). However, the density calculation is problematic. The spiral's effective
density (0.13) is unrealistically low, to overstate the average seed spacing or effective area. In a
logarithmic spiral, seeds are packed more densely near the center, with spacing increasing
outward, which should result in a smaller average spacing compared to the circular
arrangement's concentric rings (Prusinkiewicz & Lindenmayer, 1990). The circular
arrangement's higher effective density (24.73) indicates spacing calculation may be more
accurate, but the spiral's result is likely erroneous.
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The 99.48% density increase highlights a failure to achieve the expected 20%
improvement, as noted by Vogel (1979). Adjusting parameters like the scaling constant c
(currently 0.1) or increasing the number of seeds (number of seeds=500) could reduce the
spiral’s average spacing, increasing its effective density. For instance, decreasing ¢ to 0.08 or
increasing the number of seeds to 1000 may align the results with theoretical expectations,
ensuring the spiral arrangement demonstrates the anticipated packing efficiency.

IV. Conclusion

The simulations conducted across the three phenomena—spaghetti breaking, nuclear
pasta in neutron stars, and spiral patterns in biological systems successfully illustrate the
interplay of physics and biology through the unifying concept of pasta. The spaghetti-breaking
simulation demonstrated the principles of elasticity and wave propagation, with the strand
storing 5.00 Joules of elastic potential energy before snapping, leading to stress waves that
caused multiple fractures, consistent with the cascading crack model. This highlights how
energy dynamics in a simple system can mirror complex processes in astrophysical contexts.
The nuclear pasta simulation revealed the formation of gnocchi, spaghetti, and lasagna phases
in the neutron star crust at a density of 10" g/cm® with a shear modulus of 1.23X10% Pa,
confirming its extreme strength and role in gravitational wave production during cosmic
events like the GW170817 merger.

These findings underscore pasta’s role as a bridge between disciplines, showing how
principles of energy, stress, and optimization apply across scales from a kitchen experiment to
neutron stars and natural systems. Despite the density calculation issue in the spiral simulation,
the unified framework effectively demonstrates the interconnectedness of physics and biology,
offering a holistic perspective on scientific phenomena.

Recommendations

Future work could incorporate 3D models, dynamic growth, and more realistic force
interactions to enhance accuracy. Despite these limitations, the simulations provide a powerful
educational tool, making complex concepts accessible and engaging for students while
highlighting the interconnectedness of physics and biology across the universe.

For the nuclear pasta simulation, transitioning to a 3D model would better capture
lasagna phases, which are underrepresented in 2D. Incorporating quantum mechanical
potentials instead of the simplified Lennard-Jones model could also improve accuracy.

In the spaghetti-breaking simulation, adding an animation of wave propagation over
time would enhance visualization for educational purposes.
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