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Abstract—Black holes, cosmic sinks where gravity is so 

overwhelming that even photons remain trapped. Among these 

cosmic giants, Sagittarius A* stands out as the supermassive 

black hole at the heart of our galaxy. Once thought impossible 

to observe, its existence was confirmed through advancements 

in radio astronomy, interferometry, and computational 

imaging. The Event Horizon Telescope (EHT) played a key role 

in capturing its image, synthesizing a planet-sized observatory 

from a global network of radio telescopes. This paper explores 

the role of modern technology and robotics in the discovery and 

study of black holes, demonstrating how innovations such as AI-

driven data processing, adaptive optics, and high-resolution 

imaging techniques have enabled scientists to unlock new cosmic 

mysteries. By examining the case of Sagittarius A*, this research 

highlights how engineering and technology continue to push the 

boundaries of space exploration and deepen our understanding 

of the universe 
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I. INTRODUCTION (THE PHYSICS BEHIND BLACK HOLES) 

Sagittarius A* (Sgr A*) was first identified in 1974 by 

astronomers Bruce Balick and Robert L. Brown, who 

detected unusual radio emissions coming from the center of 

the Milky Way [13]. Further observations revealed that stars 

in this region were orbiting an unseen yet immensely 

massive object, confirming the presence of a supermassive 

black hole (SMBH)—a discovery that reshaped our 

understanding of galaxies. In fact, nearly every large galaxy 

is now believed to harbor an SMBH at its core. 

It is widely accepted that a black hole forms when a massive 

star collapses under its own gravity following a supernova 

explosion [6]. However, the enormous mass of Sgr A*—

measured at 4.3 million times the size of the sun, challenges 

this simple narrative, as it is unlikely that a single star could 

have possessed such an extraordinary mass. Although black 

holes grow over time by accreting matter, the process is 

extremely slow, suggesting that Sgr A*’s mass has remained 

relatively stable over billions of years. According to 

Einstein’s theory of relativity, black holes warp the fabric of 

spacetime so drastically that nothing, not even light particles 

(photons)—can escape their grasp. Near a black hole, this 

extreme curvature causes light to bend, giving the 

impression that photons are running in circular paths even 

though they continue to travel in straight lines [21]. 

 

At the event horizon, the boundary where gravitational pull 

becomes inescapable—the familiar laws of physics break 

down. While numerous theories speculate on what occurs 

near this frontier, direct observation remains impossible. 

Instead, phenomena like gravitational lensing, where stars 

are bent around the black hole, allow astronomers to detect 

and study these mysterious objects [5]. To interpret 

observational data, astronomers use general relativistic 

magnetohydrodynamics (GRMHD) which is the framework 

that combines magnetohydrodynamics, the study of 

electrically conducting fluids like plasma and their 

interactions with magnetic fields—with Einstein’s theory of 

general relativity. This approach is essential for modeling 

environments near black holes, where the extreme curvature 

of spacetime significantly influences both the dynamics of 

plasma and the behavior of the magnetic fields. In short, 

GRMHD enables researchers to simulate how matter 

behaves and radiates in the strong gravitational fields near 

supermassive black holes like Sagittarius A*. GRMHD 

simulations model the chaotic, magnetized plasma near the 

event horizon [23]. These simulations, coupled with general 

relativistic ray-tracing, generate synthetic images that can be 

compared with actual observations to test Einstein’s theory 

of relativity in extreme conditions [5]. 

The mass of Sgr A* was determined by analyzing the orbital 

speeds of nearby stars like S2, a feat made possible through 

decades of advancements in observational technology [13]. 

Infrared telescopes such as the Keck Observatory and the 

Very Large Telescope (VLT) have employed adaptive 

optics—a robotic system that corrects for atmospheric 

distortions in real time—to track stars moving at speeds 

exceeding 5,000 km/s. These groundbreaking observations 

contributed to the 2020 Nobel Prize in Physics, further 

solidifying Sgr A*’s pivotal role in astrophysical research. 

In 2022 when the Event Horizon Telescope (EHT)—a 

global network of synchronized robotic observatories—

captured the first image of Sgr A*’s shadow. By combining 

signals from eight radio telescopes using very-long-baseline 

interferometry (VLBI) and processing petabytes of data with 

artificial intelligence (AI) algorithms, the EHT effectively 

constructed a planet-sized telescope [26]. This technological 

marvel underscores the power of distributed robotics and 

machine learning in addressing some of the most 

challenging problems in modern astronomy. Despite these 

significant breakthroughs, Sgr A* remains an enigma 

waiting for us to further explore and discover [1].  

While the physics of black holes like Sgr A* continues to 

captivate scientists, it is the technological advancements, 

robotic observatories, adaptive optics, and AI-driven data 

processing—that have made their study possible. The Event 

Horizon Telescope (EHT), a global network of synchronized 

radio telescopes, exemplifies this synergy between 

engineering and astrophysics. By leveraging distributed 

robotics and machine learning, the EHT overcame the 

immense challenges of imaging Sgr A*, offering a model for 

how cutting-edge technology can unlock cosmic mysteries. 

This paper explores these innovations in detail, highlighting 

their role in Sgr A*’s discovery and their potential to inspire 

the next generation of STEM innovators. 

 



II. CONCEPT (THE ROLE OF ROBOTICS IN THE DISCOVERY) 

Sagittarius A* (Sgr A*), located roughly 26,000 light years 

away, presents an extraordinary challenge to astronomers. 

Its vast distance and the extremely faint radio emissions it 

produces mean that traditional optical telescopes cannot 

resolve its features. Instead, radio telescopes—designed to 

detect long-wavelength radio signals, are used to study such 

distant cosmic phenomena. Radio telescopes are specialized 

instruments designed to detect and study radio waves 

emitted by celestial objects. Unlike optical telescopes that 

observe visible light, radio telescopes focus on the radio 

frequency portion of the electromagnetic spectrum, allowing 

astronomers to explore phenomena that are often invisible or 

obscured in other wavelengths [12]. 

Key Components and Functionality [15],[7]: 

• Antenna (Dish): The most recognizable part of a 

radio telescope is its large parabolic dish, which 

collects incoming radio waves and focuses them on 

a receiver. The size of the dish is crucial; larger 

dishes can capture more signals and provide better 

resolution. 

• Receiver and Amplifier: Once the radio waves are 

collected, they are directed to a receiver that 

converts them into electrical signals. These signals 

are typically very weak, so amplifiers boost their 

strength for further processing. 

• Signal Processing System: The amplified signals 

are then processed, filtered, and analyzed using 

computers to create images or spectra that 

astronomers can study. 
The observed emissions from Sagittarius A* (Sgr A*) 

originate primarily from its accretion disk—a rotating disk 

of gas, plasma, and dust spiraling toward the black hole. 

Due to the conservation of angular momentum, infalling 

material cannot plunge directly into the black hole. Instead, 

it forms a flattened, rapidly rotating structure around it. 

While the black hole itself remains invisible, the accretion 

disk becomes luminous as extreme gravitational forces 

compress and heat the material to temperatures exceeding 

millions of degrees. Frictional interactions within the 

turbulent magnetized plasma further energize particles, 

causing the disk to emit radiation across the electromagnetic 

spectrum, from radio waves to X-rays. 

 
Fig. 1. This image highlights and explains various aspects of the black hole 

visualization.[28] 

The disk’s apparent curvature, visible in images captured by 

the Event Horizon Telescope (EHT), arises from relativistic 

effects near the black hole: spacetime itself is warped by the 

black hole’s immense gravity, bending the paths of photons 

emitted by the disk. This light-bending phenomenon creates 

the illusion of a glowing ring encircling the black hole’s 

shadow—a signature feature predicted by Einstein’s theory 

of general relativity [25], [24]. 

 
Fig. 2. This illustration shows how direct and bent light rays from a black 

hole's accretion disk produce the apparent image and motion seen by an 

observer.[28] 

Angular Resolution and the Challenge of Black Hole 

Imaging  

Observing black holes like Sagittarius A* and M87* is 

extremely challenging due to their compact sizes in the sky. 

For instance, Sgr A* appears as small as viewing a small 

orange on the Moon from Earth. 

Understanding Angular Resolution [26]: 

A telescope's ability to distinguish fine details is determined 

by its angular resolution, calculated using the formula: 

Angular Resolution≈(1.22×λ)/(D) 

Where: 

• λ\lambda is the observing wavelength. 

• DD is the diameter of the telescope's aperture. 

To resolve details as minute as Sgr A*, a telescope with a 

diameter nearly equal to Earth's is required, which is 

impractical to construct [26].  
Simulating an Earth-Sized Telescope with VLBI   

To overcome this limitation, astronomers use Very Long 

Baseline Interferometry (VLBI), a technique that links 

multiple radio telescopes across the globe to function as a 

single, Earth-sized instrument. This method enhances 

angular resolution without the need for a physically massive 

telescope. Radio interferometry, specifically VLBI, is the 

linchpin of modern black hole imaging. By synchronizing 

eight radio telescopes spread across the globe, the EHT 

effectively creates an Earth-sized virtual telescope capable 

of achieving unprecedented angular resolution. Each dish 

contributes a small fraction of the total signal, and the 

combined data—collected at a wavelength of about 1.3 mm 

[1]—allows for the imaging of the black hole’s shadow. 

This global network relies on precise timing (using atomic 

clocks and GPS) and extremely high data rates (up to 64 

Gb/s) to manage petabytes of data. Advanced AI algorithms 

then process and reconstruct these data into the first 

coherent image of Sgr A*’s shadow, overcoming the 

limitations of traditional image processing techniques. To 

achieve the precise synchronization required for imaging 



Sagittarius A*, each telescope in the EHT network is 

equipped with a hydrogen maser atomic clock. These clocks 

provide an ultra-stable frequency standard with accuracies 

on the order of 10⁻¹², ensuring that every data sample is 

timestamped with extreme precision. This level of timing 

accuracy is crucial because even nanosecond discrepancies 

can lead to phase errors that would blur the final image. 

Once each telescope records its data with these precise 

timestamps, the information is physically transported—often 

on high-capacity hard drives—to centralized processing 

centers. There, a dedicated correlator software aligns the 

data streams by calculating the exact time delays based on 

each telescope's location and the Earth's curvature. This 

process adjusts the phase of the signals from different 

telescopes so that they add coherently, effectively 

simulating a single, Earth-sized telescope. The result is a 

combined data set that retains the critical phase information 

needed to reconstruct the shadow of Sagittarius A* with 

unprecedented angular resolution.[26] 

 
Fig. 3. Map of the locations of EHT and GMVA sites on Earth 

The Event Horizon Telescope (EHT)  

The Event Horizon Telescope (EHT) exemplifies the 

application of VLBI. By connecting numerous radio dishes 

worldwide, the EHT achieves the necessary resolution to 

image black holes like Sgr A* and M87*. This collaborative 

effort has led to groundbreaking observations, providing 

valuable insights into these enigmatic cosmic entities. 

Without such innovative techniques, black holes would 

remain unresolved point sources in our observations, 

limiting our understanding of their nature and behavior. 

Sensitivity: Detecting the Universe’s Faintest Signals 

[26] 

The radio waves coming from Sagittarius A* are incredibly 

weak. To put it in perspective, the amount of radio energy 

that reaches Earth from Sgr A* is roughly 3×10⁻²⁶ watts per 

square meter per hertz—more than ten billion times fainter 

than the signal you might receive from a typical 1980s TV 

station. In fact, each antenna of the Event Horizon 

Telescope (EHT) picks up only about 10⁻¹⁶ watts of power. 

Because these signals are so faint, the EHT uses a wide 

range of frequencies (around 8 GHz) and collects data over 

long periods to build up a detectable signal. However, the 

Earth's atmosphere can cause fluctuations that limit how 

long the telescope can effectively collect data. All these 

challenges mean that the system must use extremely 

sensitive receivers and precise calibration to capture the 

subtle radio emissions from Sgr A*. 

 

III. IMPLEMENTATION (THE ROLE OF AI IN THE IMAGIMG) 

 

While the supermassive black hole M87*—located 55 

million light-years away in the Messier 87 galaxy—was 

imaged first by the Event Horizon Telescope (EHT) in 2019, 

Sagittarius A* (Sgr A*) posed unique challenges despite its 

proximity to Earth (26,000 light-years). Though both appear 

similar in angular size, Sgr A*’s smaller physical size and 

extreme dynamical environment made imaging far more 

complex. Gas in M87*’s accretion disk takes weeks to orbit 

the black hole, resulting in relatively stable emissions over 

observational timescales. In contrast, Sgr A*’s accretion disk 

evolves rapidly, with material completing an orbit in mere 

minutes. This turbulence, combined with interstellar 

scattering, rendered Sgr A*’s radio emissions highly variable 

and blurry—akin to photographing a flickering candle 

through frosted glass. 

Reconstructing Sgr A*’s image required synthesizing 

petabytes of fragmented data from the EHT’s global array. 

Traditional radio astronomy algorithms like CLEAN—a 

decades-old deconvolution method—proved insufficient for 

Sgr A*’s dynamic and noisy signals. Instead, the EHT team 

deployed machine learning (ML) techniques to fill gaps and 

mitigate noise. For example: 

 

Principal Component Interferometric Modeling 

(PRIMO) is a machine learning algorithm designed to 

tackle the unique challenges of reconstructing the image of 

Sagittarius A* from sparse and noisy data. The logic behind 

PRIMO is rooted in the following principles 

[16],[22],[9],[14]: 

• Training on High-Fidelity Simulations: 

PRIMO is trained using a large dataset of simulated 

images of black hole accretion disks. These 

simulations incorporate detailed physics of how 

matter behaves in the extreme gravitational fields 

near a black hole. By learning from these high-

fidelity simulations, PRIMO develops an 

understanding of the typical features and structures 

expected in a complete image. 

• Pattern Recognition and Gap-Filling: 

In practice, the data collected by the EHT is highly 

fragmented due to the challenges of observing an 

object as small and dynamic as Sagittarius A*. 

PRIMO applies techniques similar to principal 

component analysis (PCA) to identify dominant 

patterns in the incomplete data. Essentially, it 

“recognizes” the most common structures from its 

training set and uses that knowledge to infer 

missing data, effectively filling in the gaps. 

• Combining Physics-Based Models with Data-

Driven Learning: 

Unlike traditional methods such as the CLEAN 

algorithm, which rely on mathematical assumptions 

to deconvolve images, PRIMO combines physics-

based simulations with data-driven machine 

learning. This hybrid approach allows it to produce 

a more reliable reconstruction by learning from 

real, complex patterns rather than purely relying on 

approximations. [17] 



• Outcome – A High-Fidelity Reconstruction: 

The result is a reconstructed image that is more 

consistent with both the observed data and 

theoretical models. PRIMO’s ability to discern 

subtle patterns in the sparse VLBI data was crucial 

in achieving the first resolved image of Sagittarius 

A* in 2022, making it an indispensable tool in 

modern astrophysics [22]. 

Neural Networks: Used to disentangle interstellar scattering 

effects from Sgr A*’s intrinsic structure. 

To visualize this process, imagine assembling a jigsaw puzzle 

with most pieces missing. AI algorithms like PRIMO learn 

from thousands of simulated puzzles to infer the full picture. 

This hybrid approach, combining physics-based simulations 

with data-driven ML, enabled the first resolved image of Sgr 

A* in 2022, cementing AI as an indispensable tool in modern 

astrophysics [20]. 

 

IV. CONCLUSION 

 

The successful imaging of Sagittarius A* represents a 

monumental breakthrough in astrophysics—one achieved 

through the innovative integration of global radio 

interferometry, robotics, and advanced AI-driven data 

processing. By overcoming the limitations of conventional 

telescopes, the Event Horizon Telescope has synthesized an 

Earth-sized virtual instrument, allowing us to resolve the 

incredibly compact and dynamic structure of our galaxy’s 

central black hole. This achievement not only validates the 

predictive power of Einstein’s theory of general relativity 

under extreme conditions but also underscores the critical 

role of interdisciplinary collaboration in modern science. 

 

The deployment of techniques such as Very Long Baseline 

Interferometry and machine learning algorithms like 

Principal Component Interferometric Modeling (PRIMO) has 

transformed how we approach the challenge of capturing the 

faint, rapidly varying signals from Sgr A*. These 

technologies have provided unprecedented insight into the 

behavior of matter in the intense gravitational fields near 

black holes, opening new avenues for both theoretical and 

observational research. 

 

Looking forward, the methodologies developed through this 

project promise for further advancements—not only in black 

hole astrophysics but also in broader applications across 

robotics, AI, and sensor networks. The synergy between 

cutting-edge engineering and astrophysical research 

demonstrated by the EHT serves as a model for future 

interdisciplinary endeavors that can push the boundaries of 

our understanding of the universe. 

The parallels to Botball are striking : just as the EHT’s global 

network of telescopes synthesizes an Earth-sized instrument 

to study Sgr A*, Botball robots rely on lightweight, resource-

efficient solutions like the referenced "Real-Time Robot 

Localization Using a USB Camera and CNNs". Both systems 

exemplify how hybrid physics-AI models (e.g., PRIMO’s 

simulations or the CNN’s pose regression) and adaptive 

algorithms (e.g., VLBI signal alignment or INT8 

quantization) can overcome hardware limitations to achieve 

groundbreaking results [28]. Whether reconstructing a black 

hole’s shadow or guiding a robot through a dynamic arena, 

the fusion of computational power and domain-specific 

ingenuity proves transformative. 

By bridging the gap between astrophysical discovery and 

robotics challenges, this work underscores the universal 

value of interdisciplinary collaboration. The same AI 

techniques that decode the universe’s mysteries can empower 

the next generation of engineers to reimagine what’s 

possible—on the Botball table and beyond. 
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