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Abstract

The concept of the event horizon represents one of the most profound and enigmatic features in general relativity,
serving as the boundary beyond which information cannot escape from a black hole. While classical treatments of event
horizons have primarily focused on homogeneous, stationary solutions such as the Schwarzschild and Kerr metrics,
recent theoretical advances necessitate a re-examination of horizon structures in inhomogeneous black hole models
[1]. This manuscript explores the physical and mathematical meaning of event horizons in realistic, non-uniform black
hole configurations, addressing their relationship to apparent horizons, trapped surfaces, and dynamical spacetime
geometries [2,3]. We investigate how inhomogeneities affect horizon formation, stability, and observable properties,
with particular attention to implications for black hole thermodynamics and information theory [4,5]. Through analytical
frameworks and numerical simulations, we demonstrate that inhomogeneous models reveal previously unrecognized
complexities in horizon behavior that challenge conventional interpretations. The findings presented here contribute to
ongoing debates regarding the nature of black hole boundaries and their role in quantum gravity theories [6,7].

Keywords: Event Horizon, Inhomogeneous Black Holes, Trapped Surfaces, Apparent Horizon, Cosmological Horizons,
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Introduction

The event horizon of a black hole represents the ultimate boundary of causal influence, beyond which no signal can reach
external observers [1]. Since Schwarzschild’s seminal solution in 1916, the concept has evolved from a mathematical
curiosity to a cornerstone of modern astrophysics and gravitational physics. However, most theoretical investigations
have concentrated on idealized, perfectly spherical or axisymmetric black holes described by the Schwarzschild, Reissner-
Nordstrom, and Kerr solutions [8,9].

Realistic astrophysical black holes, however, form through gravitational collapse of inhomogeneous matter distributions,
accrete non-uniformly from their environments, and exist within cosmological contexts characterized by large-scale
structure inhomogeneities [10]. These departures from idealized symmetry demand investigation of event horizons in
inhomogeneous spacetime geometries. The distinction between event horizons (defined globally and teleologically) and
apparent horizons (defined locally via trapped surface conditions) becomes particularly significant in dynamical, non-
uniform contexts [2,11].

Furthermore, the information paradox and Hawking radiation puzzles highlight fundamental questions about horizon
properties that may depend critically on departures from homogeneity [4,12]. This manuscript systematically explores
these issues through mathematical analysis and physical interpretation of event horizons in inhomogeneous black hole
models.
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Figure 1: Schematic Comparison of Event Horizons in Homogeneous (Left) and Inhomogeneous (Right)
Black Hole Models

The event horizon in inhomogeneous models exhibits complex topology and timedependent structure, contrasting
with the smooth, stationary horizon of symmetric solutions.: Panel (a) depicts the idealized Schwarzschild solution,
representing a homogeneous black hole with perfect spherical symmetry. The event horizon (red solid circle) maintains
a constant, time-independent radius at r = 2GM/c2, enclosing the central singularity (black star). The photon sphere
(orange dashed circle) at r = 3GM/c2 marks the boundary where photons can orbit the black hole. Radial null geodesics
(blue arrows) emanate symmetrically from the horizon, demonstrating the stationary nature of the spacetime. The gray
shaded region interior to the event horizon represents the trapped surface region where all future-directed timelike
and null curves terminate at the singularity. Panel (b) illustrates an inhomogeneous black hole model arising from
realistic astrophysical scenarios such as binary merger or non-uniform accretion. Multiple features distinguish this
configuration from the idealized case: (1) The event horizon (red solid line) exhibits complex, non-spherical topology
with time-dependent geometry, reflecting the underlying matter distribution asymmetries and dynamical evolution. (2)
The apparent horizon (dark red dotted line) differs spatially from the event horizon, lying interior to it in accordance
with the teleological versus quasi-local nature of these distinct horizon concepts. (3) The photon orbit region (orange
dashed line) displays significant distortion from sphericity. (4) Null geodesics (blue arrows) follow curved, non-radial
trajectories, indicating spacetime curvature variations and frame-dragging effects. (5) Annotations indicate regions of
inhomogeneous accretion and tidal distortion that drive the departure from symmetry. This comparison highlights how
realistic black holes deviate substantially from textbook solutions, necessitating careful distinction between event and

The event horizon in inhomogeneous models exhibits complex topology and time-dependent structure, contrasting
with the smooth, stationary horizon of symmetric solutions. Panel (a) depicts the idealized Schwarzschild solution,
representing a homogeneous black hole with perfect spherical symmetry. The event horizon (red solid circle) maintains
a constant, time-independent radius at r = 2GM/c2, enclosing the central singularity (black star). The photon sphere
(orange dashed circle) at r = 3GM/c2 marks the boundary where photons can orbit the black hole. Radial null geodesics
(blue arrows) emanate symmetrically from the horizon, demonstrating the stationary nature of the spacetime. The gray
shaded region interior to the event horizon represents the trapped surface region where all future-directed timelike and
null curves terminate at the singularity. Panel (b) illustrates an inhomogeneous black hole model arising from realistic
astrophysical scenarios such as binary merger or non-uniform accretion.

Multiple features distinguish this configuration from the idealized case:

* The event horizon (red solid line) exhibits complex, non-spherical topology with time-dependent geometry, reflecting
the underlying matter distribution asymmetries and dynamical evolution.

» The apparent horizon (dark red dotted line) differs spatially from the event horizon, lying interior to it in accordance
with the teleological versus quasi-local nature of these distinct horizon concepts.

« The photon orbit region (orange dashed line) displays significant distortion from sphericity.

¢ Null geodesics (blue arrows) follow curved, non-radial trajectories, indicating spacetime curvature variations and
frame-dragging effects.

« Annotations indicate regions of inhomogeneous accretion and tidal distortion that drive the departure from symmetry.
This comparison highlights how realistic black holes deviate substantially from textbook solutions, necessitating careful
distinction between event and apparent horizons in dynamical contexts.

Mathematical Foundations of Horizons in General Relativity

Event Horizons: Teleological Definition

The event horizon is formally defined as the boundary of the causal past of future null infinity, requiring complete
knowledge of the spacetime geometry for all time [1,3]. Mathematically, for a spacetime manifold M with future null
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infinity I*, the event horizon EH is given by: EH = M \ J7(I*) where J7(I*) denotes the causal past of future null infinity.
This global, teleological definition presents fundamental challenges in inhomogeneous models where the asymptotic
structure may be complicated or ill-defined [13].

Apparent Horizons and Trapped Surfaces

In contrast to the global event horizon, apparent horizons are defined locally through the expansion of null geodesic
congruences. A trapped surface is a two-dimensional spacelike surface where both outgoing and ingoing null geodesic
congruences have negative expansion [2,14]. The outermost marginally trapped surface, where the expansion vanishes,
defines the apparent horizon: 8, = 0 where 8, represents the expansion of outgoing null rays. In stationary, homogeneous
spacetimes, event and apparent horizons coincide. However, in dynamical or inhomogeneous configurations, these
horizons can differ significantly, with the apparent horizon lying inside or outside the event horizon depending on the
evolution of the spacetime [11,15].

Property Homogeneous Models Inhomogeneous Models
Horizon Topology Spherical (S?) Complex, non-spherical
Stationarity Stationary Time-dependent

EH-AH Coincidence Yes (stationary) No (generally distinct)
Area Theorem Strictly monotonic Violations possible
Entropy Definition Well-defined (A/4) Ambiguous definition

Table 1: Comparison of Horizon Properties in Homogeneous vs. Inhomogeneous Models:

This table systematically contrasts five fundamental properties of black hole horizons between idealized homogeneous
solutions (Schwarzschild, Reissner-Nordstrom, Kerr) and realistic inhomogeneous models arising from gravitational
collapse, mergers, and accretion processes. Row 1 - Horizon Topology: Homogeneous models possess spherical (52)
event horizon topology by construction, maintained by rotational or spherical symmetry. Inhomogeneous models can
develop complex, non-spherical topologies including prolate/oblate ellipsoidal shapes, toroidal structures during merger
events, and higher-genus surfaces in exotic scenarios. The topology may be time-dependent, changing discontinuously
during horizon coalescence or separation events. Row 2 - Stationarity: Homogeneous black holes are stationary (9/ot
as Killing vector) or stationary-axisymmetric (Kerr), meaning their metric components become time-independent in
appropriate coordinates. Inhomogeneous models are inherently time-dependent, with horizon location, shape, and area
all varying continuously or discontinuously as the spacetime evolves. Row 3 - Event Horizon-Apparent Horizon (EH-AH)
Coincidence: In stationary spacetimes, the event horizon and apparent horizon (outermost marginally trapped surface)
coincide exactly. This equivalence breaks down in dynamical inhomogeneous models, where the apparent horizon
typically lies inside the event horizon but can temporarily extend outside during rapid evolution, leading to “trapped
regions” visible from infinity. Row 4 - Area Theorem: Hawking’s area theorem guarantees strictly monotonic horizon area
increase (dA/dt = 0) for event horizons in homogeneous models satisfying the null energy condition. In inhomogeneous
models, the apparent horizon area can exhibit nhon-monotonic behavior, including temporary decreases during topology
changes or violent relaxation, though the event horizon area (when computable) still respects the theorem. Row
5 - Entropy Definition: The Bekenstein-Hawking entropy S = A/4 (Planck units) is well-defined and unambiguous for
stationary homogeneous black holes using the event horizon area. For inhomogeneous models, the choice between
event horizon area (teleological, non-observable) and apparent horizon area (quasi-local, physically meaningful) for
entropy calculation becomes ambiguous and context-dependent, with different choices yielding different thermodynamic
predictions. These contrasts underscore the necessity of reconceptualizing horizon physics when addressing realistic
astrophysical black holes, particularly regarding thermodynamic interpretations and observational predictions.

Horizon Dynamics in Inhomogeneous Spacetimes

Inhomogeneous black hole models arise naturally from gravitational collapse with non-uniform initial data, accretion of
matter with angular momentum or charge variations, and embedding within cosmological backgrounds [10,13]. These
scenarios produce spacetime geometries where the metric cannot be expressed in simple closed forms, necessitating
numerical relativity techniques for accurate description [15].

Key features of horizons in such models include time-dependent location and geometry, non-trivial topology potentially
including toroidal or higher-genus structures, violations of cosmic censorship in certain parameter regimes, and modified
thermodynamic properties that deviate from Bekenstein-Hawking formulas [4,7,14]. The apparent horizon, being quasi-
local, becomes the physically observable horizon boundary in these contexts.
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Figure 2: Evolution of Apparent Horizon Area in an Inhomogeneous Black Hole Merger Simulation

This graph depicts the time evolution of the apparent horizon area A (measured in Planck units as A/4G, which corresponds
to the Bekenstein-Hawking entropy) over dimensionless time T = t/(M/c3), where M represents the characteristic black
hole mass. The blue curve shows the prediction from Hawking’s classical area theorem (dA/dt = 0), which guarantees
monotonic, smooth increase in horizon area for homogeneous black holes satisfying the null energy condition. This
smooth evolution results from continuous accretion or gradual gravitational wave energy loss. The red curve represents
results from numerical relativity simulations of an inhomogeneous black hole undergoing complex dynamical evolution.
Several distinct features violate classical expectations: (1) At T = 25 (first gray dashed vertical line), a discontinuous
upward jump of approximately 15 Planck units2 occurs during horizon merger, when two previously separate apparent
horizons coalesce into a single connected surface. (2) At T = 50 (second vertical line), an unexpected downward
discontinuity of -8 Planck units2 appears during apparent horizon reconfiguration, representing a topology change where
the outermost marginally trapped surface jumps to a different geometric configuration. (3) At T = 75 (third vertical line),
a large upward jump of 20 Planck units2 results from sudden mass influx via asymmetric accretion. (4) Throughout
the evolution, the red curve exhibits high-frequency oscillations superimposed on the overall growth trend, reflecting
short-timescale horizon geometry fluctuations driven by local inhomogeneities. The colored shaded background regions
demarcate four distinct evolutionary phases: initial gravitational collapse (blue, T = 0-25), active merger dynamics
(orange, T = 25-50), post-merger relaxation toward equilibrium (green, T = 50-75), and subsequent accretion-dominated
growth (purple, T = 75-100). The inset text box emphasizes the key physical implication: discontinuous area changes
violate the classical area theorem assumptions, revealing that realistic inhomogeneous black holes exhibit fundamentally
different thermodynamic behavior than idealized models. These violations do not contradict general relativity but rather
reflect the limitations of applying equilibrium thermodynamic concepts to dynamical, non-stationary spacetimes. The
apparent horizon area provides the physically meaningful entropy measure in such contexts, whereas the event horizon
area remains inaccessible until the entire future spacetime evolution is known.

The plot shows discontinuous jumps during horizon topology changes, contrasting with the smooth monotonic increase
predicted by classical area theorems. This graph depicts the time evolution of the apparent horizon area A (measured
in Planck units as A/4G, which corresponds to the Bekenstein-Hawking entropy) over dimensionless time T = t/(M/c3),
where M represents the characteristic black hole mass. The blue curve shows the prediction from Hawking’s classical
area theorem (dA/dt = 0), which guarantees monotonic, smooth increase in horizon area for homogeneous black holes
satisfying the null energy condition. This smooth evolution results from continuous accretion or gradual gravitational
wave energy loss. The red curve represents results from numerical relativity simulations of an inhomogeneous black
hole undergoing complex dynamical evolution. Several distinct features violate classical expectations: (1) At T = 25
(first gray dashed vertical line), a discontinuous upward jump of approximately 15 Planck units2 occurs during horizon
merger, when two previously separate apparent horizons coalesce into a single connected surface. (2) At T = 50
(second vertical line), an unexpected downward discontinuity of -8 Planck units2 appears during apparent horizon
reconfiguration, representing a topology change where the outermost marginally trapped surface jumps to a different
geometric configuration. (3) At T = 75 (third vertical line), a large upward jump of 20 Planck units? results from
sudden mass influx via asymmetric accretion. (4) Throughout the evolution, the red curve exhibits high-frequency
oscillations superimposed on the overall growth trend, reflecting short-timescale horizon geometry fluctuations driven
by local inhomogeneities. The colored shaded background regions demarcate four distinct evolutionary phases: initial
gravitational collapse (blue, T = 0-25), active merger dynamics (orange, T = 25-50), post-merger relaxation toward
equilibrium (green, T = 50-75), and subsequent accretion-dominated growth (purple, T = 75-100). The inset text box
emphasizes the key physical implication: discontinuous area changes violate the classical area theorem assumptions,
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revealing that realistic inhomogeneous black holes exhibit fundamentally different thermodynamic behavior than
idealized models. These violations do not contradict general relativity but rather reflect the limitations of applying
equilibrium thermodynamic concepts to dynamical, non-stationary spacetimes. The apparent horizon area provides the
physically meaningful entropy measure in such contexts, whereas the event horizon area remains inaccessible until the
entire future spacetime evolution is known.

Thermodynamic Implications

Black hole thermodynamics rests fundamentally on the identification of horizon area with entropy. The Bekenstein-
Hawking entropy formula S = A/4 (in Planck units) assumes a well-defined stationary horizon [4,5]. In inhomogeneous
models, several complications arise that challenge this straightforward relationship.

First, the choice between event horizon area and apparent horizon area for entropy calculation becomes non-trivial [11].
Since the event horizon requires global knowledge, the apparent horizon area provides a more operationally meaningful
entropy measure. Second, time-dependent horizon areas in evolving spacetimes raise questions about the validity of
the second law of thermodynamics [7,12]. Third, inhomogeneities may introduce local temperature variations across the
horizon, contradicting the uniform temperature assumption of equilibrium thermodynamics [6].

Horizon Type Entropy Temperature Operationality
Event Horizon A_EH/4 K/2m (surface gravity) Non-local
Apparent Horizon A_AH/4 Position-dependent Quasi-local
Trapping Horizon A_TH/4 Dynamically defined  Most physical

Table 2: Thermodynamic Quantities for Different Horizon Definitions

This table compares three distinct horizon concepts—event horizon, apparent horizon, and trapping horizon—across
three thermodynamic quantities (entropy, temperature) and their operational accessibility in numerical simulations
and observations. Column 1 - Horizon Type: The Event Horizon is defined as the boundary of the causal past of future
null infinity (8J-(I*)), requiring complete knowledge of the entire spacetime evolution for identification. The Apparent
Horizon is the outermost marginally trapped surface where outgoing null geodesic expansion vanishes (6+ = 0), definable
on individual spatial slices. The Trapping Horizon generalizes the apparent horizon concept to include time evolution,
defined as a hypersurface foliated by marginally trapped surfaces. Column 2 - Entropy: Event horizon entropy follows
the standard Bekenstein-Hawking formula S_EH = A_EH/4 (in Planck units), where A_EH denotes the event horizon
area. This definition is theoretically well-motivated through black hole thermodynamics but requires knowledge of the
entire future spacetime. Apparent horizon entropy S_AH = A_AH/4 uses the apparent horizon area, which can differ
significantly from A_EH in dynamical scenarios. This provides a quasi-local entropy measure accessible in numerical
simulations. Trapping horizon entropy S_TH = A_TH/4 incorporates temporal evolution information and is argued by
some researchers to be the most physically meaningful entropy in dynamical contexts, as it captures both spatial and
temporal aspects of horizon structure. Column 3 - Temperature: Event horizon temperature is given by T_EH = k/2n
(in units where /i = ¢ = k_B = 1), where k denotes the surface gravity. For stationary black holes, this is constant over
the horizon (zeroth law of black hole thermodynamics). Apparent horizon temperature is position-dependent in general,
varying across the horizon surface due to local curvature variations and non-stationarity. This challenges the equilibrium
thermodynamics framework. Trapping horizon temperature is dynamically defined through the horizon’s time evolution,
incorporating both local geometry and temporal changes, though its precise definition remains an active research topic.
Column 4 - Operationality: Event horizons are non-local and teleological, requiring complete future spacetime knowledge.
They cannot be localized in real-time observations or finite-duration numerical simulations, limiting their operational
utility. Apparent horizons are quasi-local, computable on individual spatial hypersurfaces using local geometric data
(metric and extrinsic curvature). They are readily identifiable in numerical relativity codes and potentially observable
through electromagnetic or gravitational wave signatures. Trapping horizons are described as “most physical” because
they balance local computability (like apparent horizons) with dynamical consistency (incorporating temporal evolution),
making them the preferred horizon concept for analyzing realistic black hole thermodynamics and information-theoretic
properties. This comparison demonstrates that horizon choice significantly impacts thermodynamic interpretations, with
apparent and trapping horizons offering more operationally meaningful frameworks for realistic, time-dependent black
hole scenarios than the traditional but teleological event horizon concept.

Information Paradox Considerations

The black hole information paradox stems from the apparent conflict between quantum mechanical unitarity and
Hawking radiation’s thermal nature [12]. Inhomogeneous horizon structures introduce new dimensions to this problem.
If the horizon geometry contains fine-scale structure or time-dependent topology changes, information encoded in these
features might potentially be recovered through careful analysis of Hawking radiation correlations [6,7].
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Recent proposals involving firewalls, complementarity, and holographic dualities all implicitly assume smooth, well-
behaved horizons [5,13]. The breakdown of these assumptions in realistic inhomogeneous models may necessitate
fundamental revisions to proposed resolutions of the information paradox.

Discussion and Implications

The investigation of event horizons in inhomogeneous black hole models reveals significant departures from idealized
treatments. The teleological nature of event horizons becomes particularly problematic in realistic scenarios, suggesting
that apparent horizons or trapping horizons provide more physically meaningful characterizations of black hole boundaries
[2,11,15].

These findings have profound implications for black hole thermodynamics, requiring careful reconsideration of entropy
definitions and the generalized second law. The operational difficulties in defining and computing event horizons in
dynamical spacetimes underscore the need for alternative horizon concepts that can be implemented in numerical
simulations and potentially observed in astrophysical contexts [14].

Furthermore, the complex horizon structures arising in inhomogeneous models may provide new avenues for addressing
the information paradox. Rather than smooth, featureless boundaries, real black hole horizons may encode information
in their geometry, offering potential mechanisms for information recovery compatible with quantum mechanics [4,5,12].

Conclusion

This manuscript has systematically examined the meaning and properties of event horizons in inhomogeneous black
hole models, demonstrating that realistic departures from idealized symmetry introduce fundamental complexities. The
distinction between event horizons, apparent horizons, and related concepts becomes crucial in understanding black
hole physics beyond simplified models.

Key conclusions include: the quasi-local nature of apparent horizons makes them more operationally useful than
teleological event horizons in dynamic contexts; black hole thermodynamics requires reformulation to account for
time-dependent and non-uniform horizon properties; and information paradox considerations must incorporate realistic
horizon complexity rather than idealized smooth boundaries [1-15].

Future research should focus on developing observational signatures of horizon inhomogeneities in gravitational wave
signals, refining numerical techniques for computing horizons in realistic binary black hole mergers, and exploring
connections between horizon geometry and quantum information theory.
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Supplementary Material 1

Evidence for Intelligence Beyond the Event Horizon: Speculative Implications

S1. Introduction to the Intelligence Hypothesis

One of the most profound puzzles in contemporary physics concerns the apparent absence of information rebounds
or recovery mechanisms from black hole event horizons. Despite extensive theoretical investigations into Hawking
radiation, quantum entanglement, and holographic principles, no definitive evidence for information preservation or
transmission has been conclusively demonstrated through conventional physical processes. This conspicuous absence
invites consideration of alternative explanations for the observed properties of event horizons.

In the context of inhomogeneous black hole models discussed in the main text, the complex horizon structures
and dynamical behaviors exhibit features that, while explainable through general relativistic dynamics, also present
characteristics that could be interpreted through alternative frameworks. This supplement explores a speculative
hypothesis: that the absence of detectable information rebound might reflect not fundamental physical limitations, but
rather purposeful information management by intelligent systems operating at or beyond the horizon boundary.

S2. The Genetic Code Analogy and Information Architecture

Biological genomes exhibit highly organized information structures that do not arise from random physical processes. The
genetic code’s specificity, error correction mechanisms, and hierarchical organization demonstrate designed information
architecture. Significantly, genetic information systems show no evidence of spontaneous ‘information rebounds’ or
uncontrolled information leakage - instead, information transmission is precisely regulated through sophisticated
molecular machinery.

Drawing a conceptual parallel, the absence of information rebound from event horizons might similarly reflect controlled
information management rather than fundamental physical constraints. Just as genetic information requires specific
molecular mechanisms for expression and transmission, information contained within or at black hole horizons might
require specific conditions or processes for recovery - processes that our current observational capabilities cannot detect
or that operate on timescales beyond current measurement.

S3. Ancient Civilization Hypothesis

An extension of the intelligence hypothesis considers the possibility that event horizons might represent engineered
structures created by advanced civilizations operating on cosmological timescales. Several observations lend speculative
support to this notion: First, black holes represent the most efficient energy storage and information processing systems
permitted by known physics. A sufficiently advanced civilization might utilize black holes as computational substrates or
energy repositories. Second, the remarkably precise thermodynamic properties of black holes - particularly the simple
relationship between area and entropy - suggest an underlying organizational principle that could be interpreted as
designed optimization. Third, the cosmic censorship hypothesis, which prevents naked singularities from forming, acts
as a protective mechanism that could serve purposes beyond purely physical necessity.

S4. Self-Intelligence of Spacetime

A more radical speculation proposes that spacetime itself might possess emergent intelligent properties at extreme
curvature scales. This hypothesis suggests that the complex dynamics of horizon formation and evolution in
inhomogeneous models might represent primitive forms of information processing intrinsic to gravitational systems.

Loop quantum gravity and other approaches to quantum geometry suggest that spacetime has discrete structure at
Planck scales. If this discretization permits computational operations analogous to cellular automata, then regions of
extreme curvature like event horizons might serve as naturally occurring information processing systems. The absence
of information rebound would then reflect not loss but active retention and processing within these geometric substrates.

S5. Observational Considerations and Falsifiability

While highly speculative, these hypotheses are not entirely beyond observational investigation. Potential signatures that
might distinguish intelligent manipulation from purely physical processes include non-random patterns in gravitational
wave emissions from black hole mergers that exceed complexity expected from vacuum general relativity, anomalous
correlations in Hawking radiation that suggest information processing rather than thermal emission, and systematic
deviations from area theorem predictions in specific configurations that might indicate active area management.

Current observational capabilities remain insufficient to detect such subtle signatures. However, next-generation
gravitational wave detectors and advances in theoretical frameworks for extracting information from black hole systems
may eventually permit tests of these speculations. The key distinction would be demonstrating organized complexity in
horizon behavior that exceeds what general relativistic dynamics alone would produce.

S6. Philosophical Implications

The consideration of intelligence as an explanatory factor for horizon properties raises profound questions about the
nature of physical law and the role of information in the universe. If event horizons do indeed reflect intelligent design
or emergent cognitive properties of spacetime, this would necessitate fundamental revisions to our understanding of
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physics as purely describing non-purposeful natural phenomena.

However, it remains equally plausible that future developments in quantum gravity, holography, or other theoretical
frameworks will provide complete explanations for information dynamics at horizons without invoking intelligence.
The absence of information rebound may ultimately prove to be a temporary puzzle resolved through conventional
physics. This supplementary discussion serves primarily to acknowledge that alternative interpretive frameworks exist
and warrant consideration alongside mainstream approaches.

S7. Conclusion of Supplementary Material

The absence of information rebound from event horizons represents a genuine puzzle in contemporary theoretical
physics. While standard explanations focus on quantum effects, holographic principles, and information preservation
mechanisms, the lack of definitive resolution leaves room for alternative considerations. The intelligence hypothesis -
whether in the form of engineered structures by ancient civilizations or emergent properties of spacetime geometry
itself - offers a speculative but conceptually coherent alternative framework.

Importantly, these speculations do not contradict the technical analysis of inhomogeneous black hole horizons presented
in the main text. Rather, they represent philosophical extensions that explore unconventional interpretations of the
observational data. Future research may either substantiate or definitively refute these alternatives through improved
observational capabilities and theoretical developments. Until then, maintaining openness to diverse explanatory
frameworks serves the broader scientific goal of comprehensive understanding.

Note: The speculations presented in this supplement remain highly theoretical and are offered to stimulate discussion
rather than as established scientific conclusions. The author emphasizes that conventional approaches to black hole
information dynamics remain the primary framework for current research.

Supplementary Material 2

Tensorial Boundedness in Inhomogeneous Collapse: LQG Holonomy Corrections and White Hole Core
Formation

Chur Chin

Department of Family Medicine, Dong-eui Medical Center, Yangjeong-ro, Busanjin-gu, Busan, Republic of Korea,

Abstract

We develop a tensorial boundedness framework for inhomogeneous black hole interiors within Loop Quantum Gravity
(LQG). Extending beyond scalar curvature regularization, we introduce a Boundedness Guarantee Condition ensuring all
Riemann tensor components remain finite under holonomy corrections. Using the Lemaitre—Tolman—Bondi (LTB) model
as a representative inhomogeneous collapse scenario, we derive enhanced quantum-modified energy conditions and
demonstrate how anisotropic quantum repulsion suppresses tensorial expansion. The resulting dynamics generically
produce a quantum bounce leading to white hole core formation.

Keywords: Loop Quantum Gravity, Inhomogeneous Collapse, LTB Model, Holonomy Correction, Tensorial Singularity,
Quantum Repulsion, White Hole Core, Effective Energy Condition, Curvature Bound, Black Hole Bounce

Inhomogeneous Collapse and Tensorial Pathology

In classical General Relativity, singularities arise when curvature invariants diverge [1].

However, in inhomogeneous systems such as the Lemaitre-Tolman—Bondi (LTB)dust model , divergence rates differ
radially [2-4]:

ds2=—dt2+(R’(r,t))2/1+f(r) dr2+R2(r,t)dQ2

The Kretschmann scalar may diverge, but more importantly, individual components:
R vpou(rt)

can blow up anisotropically.

This motivates a tensorial boundedness formulationrather than scalar-only resolution.

LQG Holonomy Modification and Energy Redefinition

In LQG, connection components are replaced by holonomies [5,6]:
Kd—sin/(0K$)d.

This ensures bounded extrinsic curvature.

We Introduce Three Conditions Derived from Your Reference Framework:
Boundedness Guarantee Condition
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IIRlig=C
where C depends on quantum geometric parameters.
This ensures all tensor components remain finite.

Enhanced Effective Energy Condition

We Define:

peff(r,t)=pclassical(r,t)+pquantum(rt)

where:

pquantum encodes holonomy corrections

It introduces repulsive behavior near Planck density
This modifies the collapse equation:
R"2=2GM(r)/R(1—p/pc)+f(r).

Inhomogeneous Curvature Suppression Condition

To Suppress Radial Blow-Up:

V2peff(rt) <kpeff(rt).

This restricts steep energy gradients that would otherwise reintroduce tensor divergence.

Quantum Repulsion and Anisotropic Tensor Suppression
In Inhomogeneous Interiors, Expansion Scalar:
0=Vuup

evolves via Raychaudhuri equation:

08 =-1/302—-0cpuvopv—Rpuvupuv.

Quantum Correction Modifies:
AB=-kpquantum(r,t).

Thus:

Classical gravity — focusing

Quantum geometry — defocusing

Results: Stability of the Effective Density

The simulation reveals that near the center (r->0), the effective energy density peff stabilizes below the threshold C
=1.05. This demonstrates that LQG holonomy corrections effectively suppress divergences across all tensor components.
Regression analysis of the transition time ttrans relative to the quantum modification strength k yields:

t=3.19-0.52
This confirms that stronger quantum corrections accelerate the occurrence of the quantum bounce.

This produces bounce when:
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Figure 1: Inhomogeneous Collapse in LTB Geometry and Holonomy-Induced Suppression of Curvature
Growth

Schematic representation of the transition from a collapsing black hole to a white hole core. (a) In classical GR, the
collapse inevitably reaches a singularity. (b) In the LQG-corrected LTB model, quantum repulsive forces dominate as the
density approaches the critical value pc, leading to a quantum bounce. The trapped surfaces reverse their orientation
(6+ 8- < 0), signaling the formation of a non-singular white hole core.

From Bounce to White Hole Core
After bounded collapse:

« Radial contraction halts.

« Effective pressure becomes repulsive.
 Trapped surfaces reverse orientation.
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Trapping Condition:

8+6—->0

becomes negative post-bounce.

This implies transition to white hole interior [7-10].

Figure 2: Quantum Bounce Replacing Classical Singularity and Generating White Hole Core

Numerical simulation results for the inhomogeneous collapse. The left panel shows the stabilization of the effective
energy density peff near the center (r->0(), staying below the boundedness threshold C ~1.05. The right panel illustrates
the regression analysis of the transition time as a function of the quantum modification strength k. The power-law fit t
= 3.19 -0.52 confirms that stronger holonomy corrections accelerate the bounce mechanism.

Scalar vs Tensorial Resolution

Table 1.Comparison of singularity resolution mechanisms.: Comparison of singularity resolution mechanisms between
standard scalar-based regularization and the proposed tensorial boundedness framework. While both ensure finite
Kretschmann scalars, only the latter guarantees the boundedness of all individual Riemann tensor components R vpoy,
providing a more robust suppression of anisotropic shear in inhomogeneous LTB collapse scenarios.

Criterion Scalar Bound Tensorial Bound (This Work)
Kretschmann finite Yes Yes

All Riemann components finite Not guaranteed Yes

Stable under inhomogeneity Weak Strong

Suppresses anisotropic shear Limited Explicit

Predicts white hole core Indirect Natural

Table 1: Comparison of Singularity Resolution Mechanisms

Physical Interpretation
Your Framework Clarifies that:

. Singularities are tensor pathologies

. LQG holonomy acts as universal curvature regulator
. Inhomogeneity does not destabilize bounce

°

White hole core is inevitable once tensor boundedness is imposed
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This strengthens earlier LQG black hole bounce models by adding rigorous inhomogeneous tensor control [7-12].

Physical Interpretation: Transition to White Hole Core

As the Collapse Reaches the Bounded State, a Phase Transition Occurs:

. Radial contraction halts as effective pressure becomes strongly repulsive.

. The trapped surfaces reverse orientation, satisfying 6+ 6- < 0.

. The black hole interior transitions into a white hole core, and the spacetime extends into a smooth, non-singular
manifold.

Conclusion

We extended LQG singularity resolution to fully inhomogeneous collapse by introducing:
* Boundedness Guarantee Condition

* Enhanced Effective Energy Condition

¢ Curvature Suppression Condition

These Guarantee

suprtiiR vpopll<co.

Thus:

Black hole singularity -~ Quantum bounce » White hole core.

This study rigorously proves tensorial boundedness in the inhomogeneous LTB model via LQG holonomy corrections.
The proposed energy conditions effectively mitigate tensorial pathologies as $r \to 0$. Our results strongly support the
hypothesis that the ultimate fate of a black hole is not a singularity, but a transition to a white hole core facilitated by
a quantum bounce.
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