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[bookmark: s1]1.  INTRODUCTION / BACKGROUND TO THE PROPOSED RESEARCH
The working title of the project is Simulating the Physics of a Schwarzschild Black Hole in C++: A Two-Dimensional Simulator with a Measured Numerical Study.
A black hole is a region of space where gravity is so strong that nothing, including light, can escape, which means it cannot be seen directly and scientists instead simulate how light and matter behave near it. Simulations like these helped interpret the first Event Horizon Telescope images [1], [2] and were used to create the black hole in the film Interstellar [3].
This project is based in computational physics and scientific visualisation and is inspired by a public C++ black hole simulation [4] whose stated stages are ray-traced light bending, an accretion disk, a curved space grid and a real-time version [5]. Its documentation does not describe the physics or numerical methods in detail [5], so where this project differs is that it recreates the first stages as a tested study. The core is a two-dimensional C++ simulator of how a Schwarzschild black hole (one that does not spin and has no electric charge) bends light and pulls on orbiting objects, with a 3D version left as a stretch goal.
The project applies numerical methods, testing and performance engineering to a real scientific problem, and it gives a live demonstration for the exhibition. The personal motivation is that at my girlfriend’s graduation, a childhood friend I had not seen for years believed a black hole simulation was possible for me to recreate in my final year, and this project aims to prove him right.
[bookmark: s2]2.  BACKGROUND TO THE RESEARCH
Einstein’s general theory of relativity describes gravity as the bending of space and time, so a black hole acts like a lens for light. Luminet computed the first image of a non-spinning (Schwarzschild) black hole with a glowing disk in 1979 [6], Virbhadra and Ellis showed that light can circle such a hole and form a series of ever fainter images [7], while Gralla et al. separated the shadow (the dark central area), the photon ring (light that circles the hole before escaping) and the lensing ring [8]. These papers give exact answers, such as a shadow radius of about 5.2M, where M is the black hole mass in length units [8], which a simulation can be tested against.
Many programs trace light through curved space, such as Geokerr, which uses exact mathematical functions for spinning black holes [9], and GYOTO, an open-source C++ framework that solves the equations step by step [10], while GeoViS is aimed at both education and scientific modelling [11]. GRay and the ray tracer of Kuchelmeister et al. run on graphics cards, with GRay using single precision numbers and being reported as two orders of magnitude faster than processor codes [12], [13]. Exact methods are fast but limited to one black hole type [9], whereas graphics card code adds complexity [12], [13].
The Euler method is simple but loses accuracy quickly, whereas the fourth-order Runge-Kutta (RK4) method is more accurate at the cost of complexity, but it can still lose accuracy at important points, such as near the orbit where light circles the hole [14]. Adaptive methods such as Dormand-Prince change the step size automatically [15], however their effect on a finished image is less well documented.
Furthermore, Gold et al. found that Event Horizon Telescope codes agreed only when numerical settings and camera distance were chosen carefully [16].
There are two gaps that existing programmes and code fail to address. Older codes focus on spinning black holes, which makes them hard for newcomers to follow, while simple demonstrations lack checks against exact results [5]. Published comparisons test orbits [14] or whole codes [16], and appear to say little about how the solver and number precision change results such as shadow size, so this project addresses both gaps for the Schwarzschild case, where exact answers exist.
[bookmark: s3]3.  RESEARCH PROBLEM STATEMENT
Black hole simulations depend on numerical choices, including the solver, step size and number precision, and their effect on the accuracy of the final result is not commonly measured in a simple, repeatable way, however exact results for Schwarzschild black holes [7], [8] make such a test possible.
The problem faced is how the choice of solver, step size and number precision affect the accuracy and speed of a two-dimensional C++ simulation of light and orbits around a Schwarzschild black hole, and whether it can reproduce known exact and published results.
The study is timely after recent Event Horizon Telescope results [1], [2], and as exact answers exist for this type of black hole, the simulation can be tested directly against them.
[bookmark: s4]4.  AIM AND OBJECTIVES
The aim of this project is to design, implement and evaluate a two-dimensional C++ simulation of light and orbits around a non-spinning Schwarzschild black hole, and to measure how numerical choices affect its accuracy and speed. A stretch goal, outside the objectives, extends this to a 3D model that utilises the GPU.
The objectives of the project are listed below.
1. To implement and compare Euler and RK4 solvers for light and orbit paths on a processor, measuring their errors against exact results, by the third week of December.
1. To develop a modular, interactive 2D side-view simulator in C++ showing light rays, the shadow, orbiting objects, a curved space grid and a ground surface that the light lands on, by the second week of February.
1. To evaluate accuracy against exact values [7], [8], and analyse speed, number precision and energy use, by the third week of March.
The deliverables are a documented C++ code base with unit tests, a live 2D simulation and validation and performance reports.
Success will be judged by the critical offset (shadow size) being within 0.1% of the exact value, RK4 error falling about sixteen-fold when the step is halved, a minimum of 15 frames per second with 10,000 rays and all unit tests passing.
[bookmark: s5]5.  RESEARCH METHODOLOGY
[bookmark: s51]5.1  Research Design
The project is a quantitative, experimental computing study using iterative development, with lengths measured in units of the black hole mass M, which removes physical constants from the code. The simulator works in two dimensions, using a side view of a vertical slice through the black hole so that its effect on any mass below it can be shown, and as a black hole looks the same from every direction this slice loses nothing.
A Schwarzschild black hole looks the same from every direction, so each light ray stays in one flat plane, which means a 2D simulation shows true paths and one equation traces them (Equation 1), where u = 1/r is the inverse of the distance from the hole and φ is the angle around it. Rays aimed within the critical offset bc of Equation 2 fall in and all others escape, while objects with mass follow Equation 3, where L describes their sideways motion. Stable circular orbits exist only beyond 6M.
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The build follows the stages of the inspiring project [5] with testing added, which are (1) 2D light bending, (2) a 3D ray tracer with a glowing disk, (3) a curved space grid and (4) a real-time version, of which Figure 1 shows the 2D simulator. A fan of rays with chosen offsets is traced until each falls in, escapes or reaches a step limit, and the deflection angle of each escaping ray is recorded, with orbiting objects using the same solver. A flat ground below the hole stops any ray that reaches it, so the light landing there shows how the hole warps the space around it. As the rays are independent, the work is shared across processor cores with OpenMP and the results are drawn live with OpenGL.
[image: ]
[bookmark: f1]Figure 1: Planned flow of the 2D simulator.
Development uses two-week sprints, Git and automated unit tests (Catch2), following scientific software guidance [17].
[bookmark: t1]Table 1: Data collection and analysis by objective.
	Objective
	Data collected
	Analysis and purpose

	O1
	Errors against step size for each solver
	Straight-line fit on log-log axes gives the error reduction rate and the accuracy gained per unit of cost

	O2
	Ray outcomes (fell in, escaped, flagged), deflection angles and orbit paths
	Unit tests of ray set-up and orbit behaviour, with a visual check of the shadow edge against the exact value

	O3
	Critical offset, deflection angles, orbit turning rate, run time, core count, frame rate and estimated energy
	Relative and root-mean-square error against exact values, mean and standard deviation of 10 runs, speed-up and efficiency, and an energy estimate using [18]


A step-by-step solver was chosen over exact-function methods [9] and existing frameworks [10] because it is easier to inspect and extend. Graphics cards run fastest with single precision [12], so the accuracy lost by using it will be measured on the processor, by comparing single and double precision runs.
Validity rests on comparison with exact and published values, while reliability rests on repeatable code, fixed random seeds, recorded compiler versions and tests on every commit. Generalisability is limited to Schwarzschild black holes and one computer, and as results depend on the distance at which deflection is measured, this will be varied and reported [16].
No human participants or personal data are involved, and an ethics form is submitted separately. The inspiring repository [5] is studied for ideas only, code is written independently, and any reused material is cited and used within its licence. Tests use few rays, and energy use is estimated with the Green Algorithms method [18].
[bookmark: t2]Table 2: Main risks and mitigation.
	Risk
	Mitigation

	Scope growth
	Fixed 2D core scope, with extras attempted only if ahead of schedule

	Limited physics background
	Weekly supervisor meetings, a staged reading plan and equations taken from cited sources

	Unstable results near the photon ring
	Smaller steps there, with a cross-check against Equation 1

	Slow simulation
	OpenMP, and fewer rays while interacting

	Data loss
	Remote Git repository and weekly backups


[bookmark: s52]5.2  Resources / Materials
The hardware used is an Intel Core i5-12600 processor, 32 GB of Corsair DDR5 memory and an NVIDIA RTX 4060 Ti graphics card (16 GB).
The software used is Visual Studio Code, CMake and Git.


[bookmark: s6]6.  PROJECT PLANNING
Figure 2 shows the plan in weekly steps, starting in the last week of October 2026 (26 October). The viva and exhibition weeks are provisional until confirmed, and progress is reviewed in weekly supervisor meetings.
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W1 to W4 are the weeks of each month, counted as four per month, and the shaded bars show when each task is worked on.
[bookmark: f2]Figure 2: Project timeline.
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