Planetary RK4 Simulation

High-Accuracy N-Body Simulation Using Runge-Kutta 4th Order Integration

Abstract

This research project investigates a high-accuracy planetary motion simulator focused on N-body
gravitational interactions using the 4th-order Runge-Kutta (RK4) numerical integration method. It the
design, development, and implementation of a software system capable of simulating planetary motion
using classical mechanics. The study aims to model gravitational interactions between celestial bodies,
produce accurate orbital paths, and provide a computational framework for educational and experimental
purposes. Numerical integration methods such as Runge-Kutta and Verlet were applied to enhance stability
and precision. The results demonstrate that reliable orbital behavior can be achieved with appropriate time-
step selection and optimized computation. The study contributes a foundational model suitable for future
expansion into advanced simulations such as three-dimensional systems, collision detection, and real-
astronomical-data import.

1. Introduction

Planetary motion has been studied for centuries, forming the basis of astronomy, physics, and modern
space exploration. Simulating planetary motion helps learners and researchers visualize orbital mechanics,
test scenarios, and deepen understanding of gravitational systems. This project focused on building a two-
dimensional planetary motion simulator grounded in Newtonian mechanics and implemented through
computational methods.

The main objectives were: - To model gravitational interactions between multiple celestial bodies. - To
implement numerical integration methods capable of producing stable orbits. - To visualize planetary
motion through an accessible software interface. - To evaluate performance, accuracy, and potential
improvements.

2. Background and Theory

2.1 Newton’s Law of Universal Gravitation
The core physical principle behind the simulation is Newton's law:
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This equation defines the force between two bodies with masses m; and m» separated by distance 7.

2.2 Newton'’s Second Law

Acceleration is determined by:



This acceleration influences velocity, and velocity determines the new position.

2.3 Orbital Mechanics

Most orbiting bodies follow elliptical paths described by Kepler’s laws. However, when more than two bodies
interact, the system becomes an N-body problem without a simple analytical solution. Numerical
approximation is necessary.

2.4 Numerical Integration Techniques

The software incorporates multiple integration methods: - Euler Method: Simple but prone to significant
drift over time. - Improved Euler (Heun Method): More stable than Euler. - Runge-Kutta 4 (RK4): High
accuracy and stability. - Verlet Method: Commonly used in physics-based simulations for long-term
stability.

3. Methodology

3.1 Software Architecture

The system is composed of four major components: 1. Physics Engine: Calculates gravitational forces,
accelerations, updated velocities, and new positions. 2. Input Module: Accepts masses, initial velocities,
initial positions, and simulation parameters. 3. Visualization Module: Displays real-time motion and orbital
trails in a 2D environment. 4. Time Controller: Adjusts simulation speed and provides pause/resume
functionality.

3.2 Programming Tools

The simulation was developed in Python using: - NumPy for vector calculations. - Matplotlib or Pygame for
visualization. - Standard Python math libraries for physical constants.

3.3 Experimental Setup

Simulations used standard astronomical values, including: - Mass of the Sun - Mass of Earth - Average
orbital distance - Initial velocity based on circular orbital approximations

Tests were performed with: - Two-body systems (Earth-Sun) - Three-body systems (Sun-Earth-Moon) - Multi-
planet systems derived from approximate solar system values

3.4 Evaluation Criteria

The simulator was evaluated for: - Orbital stability (whether orbits remain consistent) - Energy
consistency (minimal numerical drift) - Accuracy relative to known orbital periods - Performance
measured in computation time per step



4. Results

4.1 Accuracy

Simulated orbital periods for Earth were close to real values when using RK4 and Verlet methods. Euler-
based simulations displayed noticeable drift after several revolutions.

4.2 Stability

Stable orbits were achieved by reducing time-step size. Larger time steps caused elliptical orbits to
deteriorate into spirals over time.

4.3 Performance

The N-body calculations scale with complexity of approximately O(nz). Adding more planets increases the
computational load, requiring optimization or vectorization for larger systems.

4.4 Visualization Output

The program successfully rendered: - Planet trajectories - Real-time position updates - Multi-object
interactions

4.5 Limitations

+ Only two-dimensional motion was implemented.
* No collision detection was included.
* Planet sizes were not to scale for clarity.

5. Discussion

The research confirms that high-quality planetary motion simulations are feasible with classical physics and
numerical integration. Accurate orbits require balancing computation speed with time-step resolution.
Multi-body systems demonstrate chaotic behavior, aligning with known astrophysical principles.

The project also showed that accessible programming tools can produce realistic models without advanced
hardware.

6. Future Work

Future enhancements may include: 1. Three-dimensional modeling to represent real celestial mechanics.
2. Collision detection with merging or bouncing bodies. 3. Importing real NASA datasets to simulate
actual celestial systems. 4. User interface development using PyQt or a web framework. 5. GPU
acceleration for larger N-body systems. 6. Adaptive time-step control to maintain accuracy during close
encounters.



7. Conclusion

This research successfully developed a functional planetary motion simulation using Newtonian mechanics
and numerical integration. The system demonstrates reliable orbital behavior, visual clarity, and a strong
foundation for future scientific and educational applications. The findings highlight important trade-offs in
accuracy and performance, providing direction for further refinement and expansion.
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