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Introduction

Black holes (BHs) are among the most enigmatic and fundamental objects in
astrophysics, characterized by their extreme gravitational fields from which not even
light can escape. Detecting black holes is crucial for understanding their formation,
evolution, and the role they play in cosmic structure and fundamental physics. Over
the past decades, a variety of observational and theoretical techniques have been
developed and refined to detect black holes across the mass spectrum—from
primordial and stellar-mass black holes to supermassive black holes (SMBHs)
residing in galactic centers. This survey synthesizes recent advances in black hole
detection methods, spanning electromagnetic observations, gravitational wave
astronomy, and novel data-driven approaches, highlighting their complementary
strengths and challenges.

Electromagnetic Signatures and Imaging of Black
Holes

Accretion Disk Emission and Variability

One of the primary methods for detecting black holes involves observing the
electromagnetic radiation emitted by matter accreting onto them. X-ray and optical
variability studies provide compelling evidence for BH candidates. Kanbach et
al. (2001) demonstrated correlated fast X-ray and optical variability in the black-
hole candidate XTE J1118+480, linking multi-wavelength emissions to accretion
processes near the event horizon. Similarly, Kara and García (2025) emphasize the
pivotal role of X-ray observations in probing the innermost accretion flows around
SMBHs, where spectral and timing analyses reveal black hole mass, spin, and
accretion geometry. Transient phenomena such as tidal disruption events (TDEs)
also serve as detection tools; Pasham et al. (2018) reported a stable quasi-periodic
oscillation (QPO) in X-rays from a TDE, indicating the presence of a rapidly
spinning massive black hole.

Imaging Black Hole Shadows

Direct imaging of black hole shadows has revolutionized black hole detection. The
Event Horizon Telescope (EHT) collaboration produced the first horizon-scale
images of the SMBHs in M87 and the Milky Way’s center (Sgr A). The initial M87
results (The Collaboration, 2019; Akiyama et al., 2019) revealed a bright
asymmetric ring surrounding a dark shadow consistent with Kerr black hole



predictions, providing robust evidence for SMBHs and enabling mass estimates
(~6.5 billion solar masses). Follow-up observations confirmed the persistence and
variability of the ring structure (Akiyama et al., 2024). For Sgr A, the EHT similarly
resolved a compact emission ring (~51.8 microarcseconds) consistent with a ~4
million solar mass black hole (Akiyama et al., 2022; Event Collaboration et al.,
2022). Multifrequency imaging techniques proposed by Chael et al. (2022) aim to
enhance these observations by capturing spectral variations near event horizons,
deepening insights into plasma properties and jet-launching regions.

Accretion Disk and Shadow Modeling in Alternative Gravity
Theories

Beyond imaging, modeling accretion disk signatures provides indirect detection
means and tests of gravity. Several studies explore optical and X-ray signatures of
black holes in modified gravity scenarios. Hu et al. (2023) and Guo et al. (2023)
analyze accretion disk images and shadows around Schwarzschild-MOG and regular
black holes, respectively, identifying distinctive observational features such as
shadow size and luminosity distributions that could differentiate these models from
classical GR black holes. Heydari-Fard and Sepangi (2020) and Dyadina and
Avdeev (2023) investigate thin accretion disk emissions in Einstein-scalar-Gauss-
Bonnet and hybrid metric-Palatini gravity, respectively, highlighting how deviations
from GR alter disk thermal spectra and luminosity, suggesting possible astrophysical
signatures for black hole detection and gravity tests. Li et al. (2024) further simulate
images of deformed Schwarzschild black holes illuminated by anisotropic accretion
disks, proposing novel methods to constrain black hole parameters via inner shadow
silhouettes.

Active Galactic Nuclei and Radio Observations

Supermassive black holes in active galactic nuclei (AGN) manifest through radio
jets and winds. Wilson and Colbert (1994) link black hole spin, acquired mainly via
mergers, to the dichotomy between radio-loud and radio-quiet AGN, positing that
rapidly spinning SMBHs power radio jets detectable via radio observations. Mestici
et al. (2024) analyze ultra-fast outflows from SMBHs in both radio-loud and radio-
quiet AGN using X-ray spectra, revealing common wind-driving mechanisms and
their feedback roles. High-redshift radio quasars, powered by early SMBHs, have
been detected through surveys like RACS (Ighina et al., 2025) and exemplified by
sources such as RC J0311+0507 at z=4.514 (Kopylov et al., 2006), providing
insights into early SMBH formation and growth. Martínez-Sansigre et al. (2005)
highlight the obscuration of SMBH growth by dust in type-2 quasars, explaining the
cosmic X-ray background and emphasizing the importance of multi-wavelength
observations for comprehensive black hole detection.

Gravitational Wave Detection of Black Holes

Stellar-Mass and Intermediate-Mass Black Hole Mergers

The advent of gravitational wave (GW) astronomy has transformed black hole
detection. Since the first detection of GW150914 (Brown et al., 2020), numerous
binary black hole (BBH) mergers have been observed by LIGO/Virgo (Schmidt,
2020; Wang, 2024). These detections provide direct measurements of black hole



masses, spins, and merger dynamics, probing mass regimes previously inaccessible.
Advanced waveform modeling combining post-Newtonian theory and numerical
relativity (Boyle, 2011; Confronting Numerical Relativity With Nature, 2016)
underpins detection and parameter estimation. Deep learning methods (Qiu et al.,
2022) enhance detection sensitivity and classification speed, especially for neutron
star-black hole mergers. Wolfe et al. (2023) discuss prospects for detecting sub-solar
mass black holes via gravitational waves, relevant for dark matter studies.

Intermediate-mass black holes (IMBHs) remain elusive; Pasquato et al. (2023)
employ interpretable machine learning on globular cluster data to identify IMBH
candidates, addressing challenges in model transparency and observational biases.
Nguyen et al. (2019) provide dynamical mass constraints on low-mass central black
holes in nearby galaxies, reporting the lightest detected central black hole (~6,800
solar masses), bridging the gap between stellar and supermassive regimes.

Primordial Black Holes and Exotic Sources

Primordial black holes (PBHs), formed in the early Universe, represent potential
dark matter candidates. DeRocco et al. (2023) propose detecting terrestrial-mass
PBHs via gravitational microlensing with the Nancy Grace Roman Space Telescope,
using statistical discrimination from free-floating planets. Jiang et al. (2024)
constrain PBH abundance through scalar-induced gravitational waves (SIGWs) from
LIGO/Virgo data, ruling out PBHs as dark matter in certain mass ranges and
projecting tighter future constraints. Ghoshal et al. (2023) suggest probing light
PBHs via gravitational wave spectra from cosmic strings, identifying unique spectral
features indicative of early matter domination by PBHs.

Supermassive Black Hole Binaries and Nanohertz Gravitational
Waves

Nanohertz gravitational waves detected by pulsar timing arrays (PTAs) provide a
window into supermassive black hole binaries (SMBHBs). Xiao et al. (2024) and
Wang et al. (2022) discuss detecting stochastic gravitational wave backgrounds and
individual SMBHB signals, which serve as standard sirens for cosmology. Sah and
Mukherjee (2024) propose cross-correlating nano-hertz stochastic gravitational
wave backgrounds with galaxy surveys to trace SMBH cosmic evolution. Simon
(2023) introduces methods to infer SMBH mass functions relevant for PTA
observations. D’Orazio and Charisi (2023) review electromagnetic and gravitational
detection techniques for SMBHBs, highlighting current challenges in confirming
close binaries.

Machine Learning and Predictive Techniques

Houba et al. (2024) develop a machine learning pipeline combining convolutional
neural networks and reinforcement learning for early detection and merger time
prediction of massive black hole binaries in LISA data. This approach enables low-
latency alerts crucial for multi-messenger astronomy, representing a step toward
real-time gravitational wave event forecasting.



Multi-messenger Observations

Boersma and Leeuwen (2022) explore joint gravitational wave and radio detection
of black hole neutron star mergers, emphasizing the synergy between GW signals
and short gamma-ray burst afterglows for improved parameter inference. Basak et
al. (2022) investigate prospects for detecting continuous gravitational waves from
neutron stars lensed by the Galactic SMBH, offering novel detection avenues
through gravitational wave lensing.

Dynamical and Orbital Methods for Black Hole
Detection

Stellar and gas dynamics near black holes provide indirect but powerful detection
means. Genzel et al. (2024) review experimental studies including stellar
interferometry and radio observations, highlighting precise measurements of stellar
orbits near Sgr A* that confirm general relativistic effects like gravitational redshift
and Schwarzschild precession (Abuter et al., 2018). Siagian et al. (2023) analyze
orbital velocity-distance relationships around black holes, calculating critical radii
such as the photon orbit and ISCO, and demonstrating the influence of spin on
orbital dynamics. Illessen (2005) emphasizes stellar Doppler measurements as
probes of post-Newtonian gravity near the Galactic center black hole.

Nguyen et al. (2019) use adaptive optics and spectroscopy to refine black hole mass
estimates in low-mass galactic nuclei, providing important dynamical constraints in
the intermediate mass regime.

Data-Driven and Statistical Approaches

Large-scale surveys and machine learning are increasingly vital for black hole
detection. Pucha et al. (2024) utilize early DESI data to triple the census of dwarf
AGN candidates, extending black hole mass scaling relations to lower masses and
enhancing detection sensitivity in low-luminosity regimes. Natarajan et al. (2023)
introduce QUOTAS, a data-driven platform integrating machine learning and large
datasets to improve SMBH discovery and characterization. Pasquato et al. (2023)
demonstrate interpretable machine learning methods for robust IMBH detection in
globular clusters.

Novel Detection Techniques and Theoretical
Constraints

Tattersall et al. (2018) investigate black hole detection within modified gravity
frameworks constrained by gravitational wave speed measurements, exploring the
existence and detectability of black hole hair. Liu et al. (2022) search for gamma-ray
line signals from dark matter annihilation spikes near the Galactic SMBH, placing
stringent constraints on dark matter models and indirectly probing black hole
environments. Lin (2023) compares gravitational lensing and gravitational wave
methods for black hole detection, emphasizing their complementary roles.



Conclusion

The detection of black holes has advanced remarkably through a synergy of
electromagnetic observations, gravitational wave astronomy, dynamical
measurements, and data-driven approaches. Imaging of black hole shadows by the
EHT has provided direct visual evidence of event horizons, while gravitational wave
observations have opened a new window into black hole mergers across mass scales.
Accretion disk signatures and variability studies remain essential for identifying
black hole candidates, especially in active galactic nuclei and transient events. Novel
machine learning techniques and large surveys are expanding detection capabilities,
particularly for intermediate and primordial black holes. The integration of multi-
messenger observations and theoretical modeling continues to refine our
understanding of black hole properties and their role in cosmology and fundamental
physics. Future instruments, including next-generation gravitational wave detectors
and enhanced imaging arrays, promise even deeper insights into the elusive nature
of black holes.
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