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Abstract

The black hole information paradox represents one of the most profound
challenges at the intersection of quantum mechanics and general relativity. Arising
from Hawking’'s prediction that black holes emit thermal radiation, the paradox
questions whether information that falls into a black hole is irretrievably lost,
thereby violating the principle of unitarity in quantum mechanics. This paper
examines the conceptual foundations of the information paradox by integrating
insights from quantum foundations, ontology, and approaches to quantum gravity.
Drawing on ontological models of quantum mechanics, process-theoretic
perspectives, axiomatic reconstructions of quantum theory, and studies of quantum
interference, the analysis explores how notions such as contextuality, emergence,
and invariance shape our understanding of information. The role of entanglement
and nonlocal correlations is emphasized as central to any viable resolution of the
paradox. In addition, the paper reviews progress from gauge/gravity duality and
numerical studies of quantum gravity, which suggest that information may be
preserved through holographic encoding and unitary evolution. By synthesizing
philosophical, theoretical, and mathematical perspectives, the paper argues that the
apparent loss of information reflects limitations of classical descriptions rather than
a fundamental breakdown of quantum theory. Ultimately, the black hole
information paradox is presented as a catalyst for rethinking the nature of
information, measurement, and physical reality in the pursuit of a consistent theory
of quantum gravity.

Introduction

The black hole information paradox stands as one of the most profound and
persistent challenges in fundamental physics. Emerging at the intersection of
quantum mechanics and general relativity, the paradox questions whether
information that falls into a black hole is truly lost or somehow preserved, and it
forces a reconsideration of the foundational principles of both quantum theory and
gravitation. Since Stephen Hawking's discovery that black holes emit thermal
radiation —Hawking radiation—suggesting that black holes could eventually
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evaporate, the fate of the information that has crossed the event horizon has
become a central concern: does this information disappear forever, violating the
quantum mechanical principle of unitarity, or is it somehow encoded in the
radiation or the remnant of the hole?

This research paper aims to provide a comprehensive exploration of the black
hole information paradox, focusing on the mechanisms by which information
might be preserved or lost, and the theoretical frameworks that attempt to reconcile
quantum mechanics with gravity. Drawing from the insights provided by
ontological models of quantum mechanics (Rudolph, 2006), process-theoretic
approaches (Sulis, 2013), axiomatic reconstructions of quantum theory
(Moldoveanu, 2015), foundational studies of quantum interference (Ghosh & Sinha,
2025), and the numerical study of gauge/gravity duality (Hanada, 2010), this essay
synthesizes perspectives from quantum theory, relativity, and quantum
information science. By integrating these diverse viewpoints, the paper seeks to
clarify the stakes of the information problem and to highlight the most promising
avenues for future research at the quantum-gravitational frontier.

The Black Hole Information Paradox: Origins and Formulation

Black Holes in Classical and Quantum Gravity

In classical general relativity, black holes are defined by their event horizons —
regions from which nothing, not even light, can escape. The no-hair theorem asserts
that black holes are characterized solely by a few parameters: mass, electric charge,
and angular momentum. Any information about matter falling into a black hole,
barring these parameters, is presumed to be irretrievably lost to the outside
universe.

However, the advent of quantum mechanics complicates this picture. As Sulis
(2013) notes, the measurement problem in quantum mechanics challenges the
classical assumption that a system’s state can be specified completely and
deterministically. The quantum state, or wavefunction, encodes probabilities rather
than certainties, and measurement introduces indeterminacy (Sulis, 2013).

The crucial insight connecting quantum theory to black hole thermodynamics
came from Hawking’s calculation that black holes emit blackbody radiation due to
quantum effects near the event horizon. This radiation, now known as Hawking
radiation, is fundamentally thermal and seemingly devoid of information about the
matter that formed the black hole. As the black hole radiates, it loses mass and can
ultimately evaporate, leaving behind only featureless radiation.

The Paradox: Information Loss Versus Quantum Unitarity
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The thermal nature of Hawking radiation leads directly to the black hole
information paradox. Quantum theory, as formalized in the standard Hilbert space
framework, is an inherently unitary theory: the evolution of a closed quantum
system is reversible, and information about the initial state is preserved in the
evolution of the wavefunction. If black hole evaporation is truly a process in which
information is lost, then either quantum mechanics must be modified, or our
understanding of black holes must be incomplete.

This conflict is manifest in the apparent contradiction between the
deterministic, time-reversible evolution of quantum mechanics and the irreversible,
information-destroying processes implied by black hole evaporation. As
Moldoveanu (2015) highlights, quantum mechanics is defined by invariance under
time evolution and composition, with the Born rule ensuring that probabilities sum
to one and that the evolution is consistent (Moldoveanu, 2015). The loss of
information in black holes would require a radical revision of these foundational
principles.

The Stakes: Quantum Gravity, Realism, and the Measurement Problem

The black hole information paradox is not merely a technical issue, but rather
a challenge to the conceptual foundations of physics. It forces physicists to confront
the relationship between quantum mechanics and gravity, the nature of spacetime,
and the status of information in the physical world.

As Sulis (2013) argues, the measurement problem in quantum mechanics, and
the associated debates about realism and the completeness of the wavefunction, are
directly relevant to the information paradox. The question of whether information
is an objective property of the universe or merely a feature of observers’
descriptions is at the heart of both the quantum measurement problem and the fate
of information in black holes.

In this light, the black hole information paradox serves as a crucible in which
to test and refine the most fundamental assumptions of physics.

Quantum Mechanics and the Ontology of Information

Ontological Models and the Kochen-Specker Theorem

A central concern in the foundations of quantum mechanics is whether the
probabilistic predictions of the theory reflect an underlying reality, perhaps
described by “hidden variables,” or whether quantum states are irreducibly
indeterminate. Rudolph (2006) explores “ontological models” for quantum
mechanics — frameworks in which each quantum state corresponds to a probability
distribution over a space of “ontic” or hidden variables, and measurement
outcomes are deterministic functions of these variables.
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Such models face severe constraints from theorems such as Bell’s theorem and
the Kochen-Specker theorem, which demonstrate that any hidden variable theory
reproducing the predictions of quantum mechanics must be non-local or
contextual, respectively. The Kochen-Specker theorem, in particular, shows that in
dimensions greater than two, it is impossible to assign definite values to all
observables in a non-contextual way (Rudolph, 2006).

Rudolph (2006) constructs explicit ontological models for two- and three-
dimensional quantum systems, showing that while these models can come close to
reproducing quantum statistics, they ultimately fail to do so exactly due to
contextuality. That is, the outcome assigned to a measurement depends not only on
the state of the system but also on the context of other measurements being
performed.

Implications for Information Loss

The relevance of ontological models to the black hole information paradox is
twofold. First, they clarify the status of information in quantum mechanics,
suggesting that probabilistic predictions may reflect ignorance about an underlying
reality, or they may instead be fundamentally irreducible. If the latter, then the loss
of information in black holes may be less paradoxical, as information may not be a
fundamental property of the world, but a feature of our descriptions (Rudolph,
2006).

Second, the contextuality revealed by the Kochen-Specker theorem suggests
that any attempt to describe the evolution of information in black holes in purely
classical, deterministic terms is doomed to fail. The measurement outcomes —and
hence the “information” available —are context-dependent and may not be globally
well-defined.

Process Theories and Emergent Reality

Sulis (2013) advances a process-theoretic approach to quantum mechanics,
positing that all physical phenomena emerge from an underlying reality of
information-laden entities called “actual occasions.” In this view, the quantum state
is an emergent property of a deeper, inherently unobservable level of reality, and
information is an emergent, not fundamental, property.

This perspective has significant implications for the black hole information
paradox. If information is an emergent property of patterns of actual occasions,
rather than a fundamental feature of reality, then the apparent “loss” of
information in black hole evaporation may simply reflect the limits of our
descriptions, rather than a breakdown of physical law (Sulis, 2013).

Furthermore, Sulis’s approach suggests that the incompatibility between
quantum mechanics and gravity may arise from the attempt to apply classical
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concepts of information and measurement to fundamentally quantum-gravitational
processes. By adopting a process-theoretic framework, it may be possible to resolve
the paradox without abandoning realism or unitarity.

Quantum Interference, Entanglement, and Information

The Quantum Nature of Interference

The phenomenon of quantum interference lies at the heart of quantum
mechanics and has deep implications for the understanding of information. Ghosh
and Sinha (2025) review the foundational role of interference in quantum theory,
emphasizing that it is rooted in the superposition of probability amplitudes rather
than classical probabilities.

In classical physics, interference arises from the addition of wave amplitudes,
leading to constructive or destructive patterns. In quantum mechanics, however,
interference reflects the addition of complex probability amplitudes, with
measurement outcomes determined by the Born rule (Ghosh & Sinha, 2025). This
non-classical interference leads to phenomena such as the double-slit experiment,
where the probability of detection at a given location depends on the coherent
superposition of indistinguishable paths.

The implications for information are profound. As Ghosh and Sinha (2025)
note, the quantum state encodes not just probabilities, but the full structure of
possible interference effects. Measurement collapses the state, destroying
interference and generating definite outcomes. The fate of information in quantum
processes, therefore, is intimately connected to the structure of interference and the
collapse of the wavefunction.

Entanglement and Nonlocality

Perhaps the most striking feature of quantum mechanics is entanglement — the
existence of correlations between distant systems that cannot be explained by local
hidden variables. As Moldoveanu (2015) explains, quantum mechanics is
distinguished from classical mechanics by its violation of Bell inequalities, which
set limits on the correlations possible in local realistic theories.

Entanglement and nonlocality have direct relevance to the black hole
information paradox. If information is encoded in entangled quantum states, then
the process of black hole evaporation may involve the redistribution of
entanglement between the interior and exterior of the black hole, or between the
black hole and the Hawking radiation. The challenge is to understand whether and
how this entanglement is preserved or lost as the black hole evaporates.

The Role of Interference in Information Transfer

Ghosh and Sinha (2025) discuss higher-order interference effects, such as two-
photon or fourth-order interference, which reveal non-classical correlations and are
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central to quantum information protocols. In the context of black holes, such
interference effects may play a role in the transfer or scrambling of information
across the event horizon.

If the quantum state of the black hole and its surroundings is entangled, then
the evaporation process may involve subtle interference effects that encode
information about the initial state in the correlations among the emitted Hawking
radiation. Understanding these processes requires a detailed analysis of the
quantum dynamics of black hole evaporation, including the structure of
entanglement and interference.

Axiomatic and Algebraic Approaches to Quantum Information

Invariance Principles and the Structure of Quantum Theory

Moldoveanu (2015) provides an axiomatic reconstruction of quantum
mechanics based on invariance principles. By demanding that the laws of nature
are invariant under time evolution, composition, and relational structure, and that
physical states are defined by positivity, Moldoveanu derives the algebraic
structure of quantum mechanics as a Jordan-Lie algebra.

A key insight of this approach is that quantum mechanics is characterized by
the existence of two algebraic products: a Lie bracket (the commutator) and a
Jordan product (the anti-commutator), with the complex structure of the theory
emerging from their interplay. The violation of Bell inequalities is taken as an
experimental postulate that distinguishes quantum mechanics from classical
mechanics (Moldoveanu, 2015).

This algebraic framework has important implications for the black hole
information paradox. If the structure of quantum theory is determined by
invariance and composition, then any process—such as black hole evaporation—
that appears to violate unitarity or the algebraic structure of quantum mechanics
must be scrutinized carefully. The axiomatic approach suggests that the
preservation of information is not an incidental feature, but a consequence of the
deep structure of quantum theory.

The Algebra of Observables and Quantum Gravity

The composability of physical systems, as formalized in the Jordan-Lie
algebra, implies that information about subsystems can be composed and
decomposed in a consistent way. In quantum field theory and quantum gravity,
this composability is reflected in the algebra of observables, which encodes the
possible measurements and their correlations.

The challenge in black hole physics is to reconcile the algebraic structure of
quantum mechanics with the causal structure of spacetime as described by general
relativity. If information is truly lost in black holes, then the algebra of observables
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must be non-unitary, or the composition rules must be violated. This suggests that
either quantum mechanics must be modified, or our understanding of gravity must
be extended to incorporate quantum effects (Moldoveanu, 2015).

Positivity, Entropy, and the Arrow of Time

A further implication of Moldoveanu’s approach is the centrality of
positivity — the requirement that probabilities are non-negative and sum to unity. In
the context of black holes, the entropy associated with the event horizon is a
measure of the information content of the black hole. The increase of entropy in
black hole evaporation processes reflects the fundamental asymmetry of time and
the second law of thermodynamics.

The challenge is to reconcile the increase of entropy with the unitarity of
quantum mechanics. If the evaporation process is fundamentally unitary, then the
apparent increase of entropy must be an artifact of tracing over inaccessible degrees
of freedom, rather than a true loss of information. Alternatively, if information is
genuinely lost, then the positivity and unitarity of quantum mechanics are violated,
requiring a new understanding of the arrow of time.

Quantum Gravity, Gauge/Gravity Duality, and Information

The Gauge/Gravity Duality

One of the most promising approaches to the black hole information paradox
comes from the gauge/gravity duality, also known as the AdS/CFT
correspondence. This duality, as explored in numerical studies by Hanada (2010),
posits an equivalence between certain quantum field theories (such as maximally
supersymmetric Yang-Mills theory) and gravitational theories in higher-
dimensional spacetimes.

In particular, the correspondence relates black holes in anti-de Sitter (AdS)
space to thermal states in the dual quantum field theory. The evaporation of black
holes in AdS space corresponds to unitary evolution in the field theory, suggesting
that information is preserved (Hanada, 2010).

Hanada (2010) demonstrates that numerical simulations of supersymmetric
quantum mechanics can reproduce predictions from the gravitational side,
including stringy corrections beyond the supergravity approximation. This
provides strong evidence that the gauge/gravity duality holds beyond the classical
limit and can be used to study the nonperturbative dynamics of black hole
evaporation.

Matrix Models and the Microstates of Black Holes

The gauge/gravity duality suggests that the microstates of black holes—the
detailed quantum states that account for the black hole’s entropy —are encoded in
the degrees of freedom of the dual field theory. In matrix models of quantum
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mechanics, such as the DO-brane quantum mechanics studied by Hanada (2010),
the bound states of matrices correspond to black hole microstates.

Numerical studies show that the energy density and other observables in the
matrix model match the predictions from black hole thermodynamics, providing
evidence that the microstates are correctly captured (Hanada, 2010). This supports
the idea that information about the initial state is preserved in the evolution of the
quantum system, even as the black hole evaporates.

Implications for the Information Paradox

The gauge/gravity duality thus offers a resolution to the black hole
information paradox: the evolution of the quantum field theory is unitary, and
information is preserved. The apparent loss of information in the gravitational
description is an artifact of the classical approximation or of tracing over
inaccessible degrees of freedom.

Howeer, the duality is best understood in the context of AdS space, whereas
real astrophysical black holes exist in asymptotically flat spacetimes. Extending the
duality to more general settings remains a challenge, and the precise mechanism by
which information escapes from evaporating black holes is still under active
investigation.

Toward a Synthesis: Contextuality, Emergence, and Quantum Gravity

Contextuality and the Limits of Classical Description

The analysis of ontological models and the Kochen-Specker theorem
(Rudolph, 2006) reveals that contextuality is an inherent feature of quantum
mechanics. Any attempt to describe the measurement outcomes, and hence the
information content of a quantum system, in classical, non-contextual terms is
doomed to fail.

In the context of black holes, this suggests that the classical picture of
information as localized, objective, and independent of observation is inadequate.
The information content of a black hole must be understood in terms of the
quantum correlations and contextual properties of the system, which may not be
accessible to classical measurements.

Emergence and the Process-Theoretic View

Sulis’s process-theoretic approach (2013) emphasizes the emergent nature of
physical reality, with information arising from patterns of actual occasions
generated by underlying processes. In this view, the fate of information in black
holes is not a matter of fundamental loss, but of the transition between different
levels of description.

As the black hole evaporates, the patterns of actual occasions that encode the
information about the initial state are transformed, but not necessarily destroyed.
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The information may be encoded in the correlations among the emitted Hawking
radiation or in the structure of spacetime itself. The process-theoretic approach thus
offers a framework in which unitarity and realism can be preserved, even in the
face of apparent paradoxes.

The Role of Entanglement and Quantum Information

Entanglement and quantum information theory provide powerful tools for
analyzing the fate of information in black holes. The structure of entanglement
between the black hole and its environment, and among the Hawking radiation,
determines the accessibility of information and the possibility of reconstructing the
initial state.

Recent advances in quantum information theory, including the study of
quantum error-correcting codes and holographic entanglement entropy, suggest
that information may be encoded in highly nonlocal correlations, inaccessible to
local measurements but preserved in the global state. The gauge/gravity duality
provides a concrete realization of these ideas, relating the entanglement structure of
the field theory to the geometry of the dual spacetime.

Conclusion

The question of how information that falls into a black hole is preserved or lost
is one of the deepest and most challenging in modern physics. It forces us to
confront the limits of our current theories, the relationship between quantum
mechanics and gravity, and the nature of information itself.

Through the analysis of ontological models (Rudolph, 2006), process-theoretic
frameworks (Sulis, 2013), axiomatic reconstructions of quantum theory
(Moldoveanu, 2015), foundational studies of quantum interference (Ghosh & Sinha,
2025), and numerical studies of gauge/gravity duality (Hanada, 2010), this essay
has surveyed the rich landscape of ideas at the intersection of quantum mechanics
and gravity.

The evidence suggests that the preservation of information is deeply rooted in
the structure of quantum theory, as determined by invariance, composition, and
positivity. The contextuality of quantum mechanics, the emergent nature of
information, and the structure of entanglement and interference all play crucial
roles in understanding the fate of information in black holes.

While the gauge/gravity duality offers a promising resolution to the paradox,
many challenges remain, particularly in extending these insights to real
astrophysical black holes and in clarifying the precise mechanisms by which
information escapes. The continued interplay between quantum theory, gravity,
and information science promises to yield further breakthroughs in our
understanding of the universe.
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Ultimately, the black hole information paradox serves as a crucible for the
foundational principles of physics, driving the search for a deeper and more unified
understanding of reality.

REFERENCES:

Ghosh, D., & Sinha, U. (2025). Interference in Quantum Mechanics.
arXiv:2508.12940v1. https:/ /arxiv.org/pdf/2508.12940v1

Hanada, M. (2010). Numerical approach to SUSY quantum mechanics and the
gauge/ gravity duality. arXiv:1011.1284v1. https:/ /arxiv.org/pdf/1011.1284v1

Moldoveanu, F. (2015). Quantum mechanics from invariance principles.
arXiv:1303.3935v3. https:/ /arxiv.org/pdf/1303.3935v3

Rudolph, T. (2006). Ontological Models for Quantum Mechanics and the
Kochen-Specker theorem. arXiv:quant-ph/0608120v1.
https:/ /arxiv.org/pdf/quant-ph/0608120v1

Sulis, W. H. (2013). Quantum Mechanics Without Observers.
arXiv:1302.4156v2. https:/ /arxiv.org/pdf/1302.4156v2

581



