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ABSTRACT

This study investigates the convergence of
emergent gravity and the holographic principle
as a foundation for understanding spacetime
through thermodynamic and informational
processes. Using a secondary research
approach, and quantum information theory.
The research highlights that gravity and
spacetime are not fundamental entities but
emergent
microscopic degrees of freedom governed by

phenomena arising from

information  flow. The
relation,

entropy  and
Bekenstein—Hawking entropy
Jacobson’s thermodynamic derivation of
Einstein’s equations, and Verlinde’s concept
of entropic gravity collectively demonstrate
that spacetime curvature and cosmic dynamics
can be interpreted as macroscopic outcomes of
statistical ~mechanics. The holographic
principle and AdS/CFT correspondence
further support this view by showing that
gravitational behavior in higher dimensions
can be encoded in lower-dimensional
boundary systems. Quantum entanglement
studies, particularly the Ryu—Takayanagi

spacetime
informational

formulation,  reinforce  that
geometry  emerges  from
correlations. The research concludes that the
universe operates as an informational and
thermodynamic system, where gravity and
geometry arise naturally from entropy,
entanglement, and energy interactions.
Keywords: emergent gravity, holographic
principle, thermodynamic spacetime, entropy,
entanglement, AdS/CFT  correspondence,
information theory, quantum gravity, black
hole thermodynamics, entropic gravity.
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Introduction

Over the past few decades, modern theoretical
physics has experienced a profound
conceptual shift in the understanding of
gravity—not as a fundamental interaction, but
as an emergent phenomenon arising from
deeper  microscopic  or  informational
principles. Traditional general relativity,
formulated by Einstein in 1915, describes
gravity as the curvature of spacetime caused
by mass and energy. However, it does not
explain why spacetime curves or what its
underlying structure might be at the quantum
level. The pursuit of a theory that unifies
gravity with quantum mechanics has led to the
revolutionary idea that gravity, spacetime, and
even geometry itself may emerge from more
fundamental, non-geometric degrees of
freedom. This paradigm, known as emergent
gravity, seeks to reinterpret gravity as a
macroscopic manifestation of microscopic
dynamics, analogous to how temperature and
pressure emerge from the collective behavior
of atoms in thermodynamics. Within this
framework, the holographic principle and the
thermodynamic interpretation of spacetime
play central roles, suggesting that spacetime
and gravitational dynamics are encoded in
informational or entropic processes.
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The holographic principle, first proposed by
Gerard ’t Hooft (1993) and later refined by
Leonard Susskind (1995), asserts that all the
information contained within a volume of
space can be represented on its boundary
surface, with one bit of information per Planck
area. This radical concept implies that the
universe may operate like a hologram, where
the three-dimensional dynamics of spacetime
emerge from two-dimensional information
encoded on a boundary. The most concrete
realization of this principle is found in the
AdS/CFT correspondence (Anti-de
Sitter/Conformal Field Theory), formulated by
Juan Maldacena (1998), which equates a
gravity theory in a higher-dimensional AdS
spacetime with a quantum field theory on its
lower-dimensional boundary. This duality
provides a consistent, non-perturbative
definition of quantum gravity in certain
contexts and has inspired an entire generation
of research into how spacetime geometry and
gravity might arise from entanglement and
quantum information.

Simultaneously, the thermodynamic
interpretation of spacetime, pioneered by Ted
Jacobson (1995), established an intriguing link
between Einstein’s field equations and the
laws of  thermodynamics. Jacobson
demonstrated that by assuming the
proportionality of entropy to the area of local
Rindler horizons and applying the Clausius
relation 6Q = ToS, Einstein’s equations can be
derived as an equation of state—implying that
spacetime  curvature and  gravitational
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dynamics emerge from thermodynamic
principles. This perspective unites the ideas of
black hole thermodynamics, quantum
information, and statistical mechanics into a
single conceptual framework, suggesting that
the geometry of spacetime and the force of
gravity arise from the entropic behavior of
microscopic degrees of freedom. Building on
these ideas, researchers such as Erik Verlinde
(2011) further proposed that gravity itself can
be interpreted as an entropic force, arising
from the statistical tendency of systems to
increase entropy. Together, these
developments mark a paradigm shift in
theoretical physics, one that reimagines
spacetime not as a static background but as an
emergent, thermodynamic entity rooted in
information theory and quantum
entanglement.

This paper explores how emergent gravity and
the holographic principle converge to offer a
thermodynamic interpretation of spacetime.
By analyzing key theoretical models and
conceptual frameworks, it aims to illuminate
how gravity may arise as an emergent
phenomenon linked to entropy, information,
and quantum correlations. This synthesis not
only challenges the traditional view of gravity
as a fundamental force but also provides a
promising path toward understanding the
quantum origin of spacetime—bridging
general relativity, quantum mechanics, and
thermodynamics into a unified vision of the
universe.

Need Of the Study

The need for studying emergent gravity and
the  holographic  principle toward a
thermodynamic interpretation of spacetime
arises from the persistent challenges in
unifying general relativity with quantum
mechanics. While general  relativity
successfully describes gravity as the curvature
of spacetime, it fails to incorporate quantum
effects, breaking down at singularities such as
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those inside black holes or at the Big Bang.
Conversely, quantum field theory excels at
describing the microscopic world but cannot
easily account for gravity. This fundamental
incompatibility has driven physicists to search
for a deeper theoretical framework capable of
reconciling these two pillars of modern
physics. Emergent gravity proposes that
spacetime and gravity are not fundamental
entities but emergent phenomena arising from
more  basic,
thermodynamic processes. The study of this
concept is necessary because it may provide
the missing conceptual foundation for a
complete theory of quantum gravity and offer

information-theoretic or

new insights into the microscopic structure of
spacetime.

i de Sitter space
(AdSd+1)

mergent space coordinate

>

Another essential reason for this study lies in
the growing evidence linking gravity with
thermodynamics and information theory. The
discovery that black holes possess entropy and
temperature—first formulated by Bekenstein
and Hawking in the 1970s—suggests that
gravitational systems obey thermodynamic
laws. This realization opened a new path
toward understanding gravity not as a
fundamental force but as an emergent
macroscopic effect derived from the statistical
behavior of quantum degrees of freedom. The
holographic principle, which states that the
information describing a volume of space is
encoded on its boundary, strengthens this idea
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by revealing a deep connection between
geometry,  entropy, and
Understanding how gravitational dynamics
can be derived from these principles is crucial
for reinterpreting Einstein’s equations as
thermodynamic relations and for uncovering
the informational origin of spacetime.

information.

This study is also important because it offers a
conceptual shift that could redefine how
fundamental physics is approached. By
viewing spacetime as emergent, it becomes
possible to explain gravitational phenomena
without invoking fundamental geometric
fields, much like how fluid mechanics
emerges from  molecular interactions.
Furthermore, studying emergent gravity has
practical  implications for  cosmology,
particularly in explaining dark energy and dark
matter phenomena from an entropic or
informational perspective. Theoretical models
like Verlinde’s entropic gravity suggest that
the apparent effects attributed to dark matter
could instead arise from modifications in the
entropy distribution of spacetime. Thus,
exploring the thermodynamic and holographic
nature of gravity is not merely a theoretical
exercise but a necessary step toward
understanding the underlying mechanisms
governing the universe. In summary, the study
is needed to bridge the gap between quantum
theory and gravitation, to reinterpret the fabric
of spacetime in terms of information and
entropy, and to move closer to a unified and
coherent picture of physical reality.

Scope of the research

The scope of this research encompasses the
theoretical and conceptual exploration of
emergent gravity and the holographic principle
as foundational approaches toward
understanding gravity as a thermodynamic and
informational phenomenon rather than a
fundamental interaction. The study focuses on
examining how the interplay between entropy,
information, and spacetime geometry can lead
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to a new interpretation of gravitational
dynamics. It draws upon established principles
from general relativity, quantum field theory,
and thermodynamics while integrating insights
from black hole physics, quantum information
theory, and statistical mechanics. By analyzing
key theoretical contributions such as
Jacobson’s thermodynamic derivation of
Einstein’s equations, Verlinde’s concept of
entropic gravity, and Maldacena’s AdS/CFT
correspondence, the research seeks to clarify
how spacetime and gravity may emerge from
microscopic quantum degrees of freedom
encoded holographically on lower-
dimensional boundaries.

The research also extends its scope to the
broader implications of emergent gravity for
modern cosmology and theoretical physics.
This includes exploring how entropic and
holographic models might provide alternative
explanations for dark matter and dark energy,
as well as how these frameworks can
contribute to the ongoing quest for a consistent
theory of quantum gravity. The study
investigates how gravitational behavior can be
understood through thermodynamic laws, such
as entropy maximization and the Clausius
relation, and how these principles may
underlie the Finstein field equations as
emergent relations rather than fundamental
postulates. Furthermore, the research evaluates
the role of information theory and quantum
entanglement in constructing spacetime
geometry, particularly in the context of the
holographic  principle and entanglement
entropy, which propose that spacetime
connectivity arises from quantum correlations
between degrees of freedom.
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In addition to theoretical analysis, the study
encompasses a critical review of existing
models and interpretations that attempt to
unify  gravity,  thermodynamics,  and
information. It includes the examination of
key theoretical frameworks like the AdS/CFT
correspondence, black  hole entropy
formulations, and Verlinde’s emergent gravity
proposal, all of which aim to reconstruct
gravitational laws from microscopic or
boundary-based informational dynamics. The
research does not aim to develop a new
mathematical model but rather to synthesize
and evaluate current perspectives, highlighting
their interconnections, philosophical
implications, and potential limitations. The
scope, therefore, spans conceptual unification,
theoretical ~ evaluation, and interpretive
synthesis within the domains of relativistic
gravity, mechanics, and
thermodynamics. the study aims to
demonstrate  that the emergent and
thermodynamic interpretation of spacetime

quantum

provides a coherent and promising path toward
reconciling the apparent divide between
quantum theory and general relativity, thereby
advancing our understanding of the nature of
gravity and the fundamental structure of
reality.

Literature review

The concept of emergent gravity and the
holographic principle represents a paradigm
shift in the understanding of spacetime and
gravitation. Traditional general relativity,
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developed by Einstein (1915), describes
gravity as the manifestation of spacetime
curvature due to the presence of mass and
energy. However, it treats spacetime as a
continuous, fundamental entity and provides
no explanation for its microscopic structure or
the quantum origins of gravitational
phenomena. As theoretical physics progressed,
the realization that black holes exhibit
thermodynamic properties such as temperature
and entropy initiated a new line of thought:
that gravity, spacetime, and geometry might
emerge from more fundamental principles
related to thermodynamics, information
theory, and quantum entanglement.

The foundations of this paradigm can be
traced to black hole thermodynamics, which
revealed that gravitational systems exhibit
thermodynamic behavior. Bekenstein (1973)
first proposed that black holes possess entropy
proportional to their event horizon area,
introducing the idea that information content is
encoded in geometry. Hawking (1975) further
demonstrated that black holes emit radiation
due to quantum effects near the horizon,
confirming that they have a temperature and
obey thermodynamic laws. These discoveries
established the Bekenstein—Hawking entropy
relation

3
§= tAkc

2hG

This suggesting a deep connection between
quantum mechanics, gravity, and
thermodynamics. This area-scaling of entropy
inspired the holographic principle, proposed
by ’t Hooft (1993) and Susskind (1995), which
asserts that the physical information within a
volume of space can be represented on its
boundary surface. This principle became a
cornerstone of modern theoretical physics,
implying that the universe itself might be
holographic, with spacetime and gravity
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emerging from lower-dimensional
informational degrees of freedom.
The AdS/CFT correspondence formulated by
Maldacena (1998) provided the first concrete
realization of the holographic principle. In this
duality, a gravity theory in a higher-
dimensional Anti-de Sitter (AdS) spacetime is
equivalent to a conformal field theory (CFT)
without gravity on its boundary. This
correspondence established a bridge between
quantum field theory and gravity, allowing
spacetime geometry to be interpreted as a
manifestation of quantum information encoded
on a boundary surface. Research by Witten
(1998) and Gubser, Klebanov, and Polyakov
(1998) extended this framework, solidifying
holography as a foundational tool in
theoretical physics. These developments
suggested that gravity might not be a
fundamental interaction but rather an
emergent, collective phenomenon resulting
from the statistical behavior of microscopic
degrees of freedom. The AdS/CFT
correspondence also provided insights into
black hole thermodynamics, entropy bounds,
and the relationship between entanglement
entropy and geometric area, supporting the
view that spacetime structure arises from
underlying informational correlations.
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A major conceptual advancement occurred
when Jacobson (1995) demonstrated that
Einstein’s field equations can be derived from
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thermodynamic principles. By assuming that
entropy is proportional to horizon area and
applying the Clausius relation

6Q=T6S

0Q=T3S to local Rindler horizons, he showed
that Einstein’s equations are equivalent to an
equation of state for spacetime. This
groundbreaking work implied that spacetime
geometry and gravitational dynamics emerge
from thermodynamic equilibrium conditions
among microscopic degrees of freedom.
Jacobson’s interpretation  established a
profound link between gravity and entropy,
suggesting that spacetime behaves like a
macroscopic system with underlying statistical
mechanics. Padmanabhan (2002, 2010, 2015)
expanded on this idea by proposing that
gravity is a manifestation of entropy gradients
in spacetime, driven by the principle of
maximizing entropy. He introduced the notion
that the expansion of the universe itself can be
understood as a thermodynamic process,
where the difference between surface and bulk
degrees of freedom gives rise to cosmic
dynamics.

Building on these foundations, Verlinde
(2011) proposed the entropic gravity model,
suggesting that gravity arises as an entropic
force—a macroscopic statistical tendency of
systems to increase entropy. In this view,
gravity is not a fundamental force mediated by
a field, but an emergent phenomenon resulting
from the thermodynamic behavior of
information associated with positions of
matter. Verlinde’s framework relies on the
holographic principle, treating space as
emergent from information storage on
holographic screens. His subsequent work
(Verlinde, 2016) extended the theory to
cosmological scales, suggesting that dark
matter effects can be explained as emergent
phenomena from modifications in the entropic
elasticity of spacetime, rather than from
unseen matter. This thermodynamic and
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informational interpretation offers a radical
rethinking of cosmological phenomena,
providing an alternative to the dark matter
paradigm.

Further developments integrated quantum
information theory into the emergent
spacetime framework. Research by Ryu and
Takayanagi (2006) established a direct
connection between entanglement entropy and
geometry through the Ryu-Takayanagi
formula, which equates the entanglement
entropy of a boundary region in a CFT with
the area of a minimal surface in the bulk AdS
spacetime. This relationship reinforced the
idea that spacetime geometry is encoded in
patterns of quantum entanglement. Subsequent
studies by Van Raamsdonk (2010) argued that
spacetime connectivity itself arises from
quantum  entanglement, meaning that
entanglement literally “builds” geometry.
These results contributed to the broader
framework of holographic entanglement, in
which the structure of spacetime can be
understood as  emerging  from  the
entanglement structure of underlying quantum
states.

In the thermodynamic interpretation of
spacetime, several works explored the
relationship between entropy, information, and
gravitational dynamics. Padmanabhan (2012)
formulated a holographic equipartition
principle, positing that the expansion of the
universe is driven by the difference between
bulk and boundary degrees of freedom. Cai
and Kim (2005) and Akbar and Cai (2007)
demonstrated that the Friedmann equations of
cosmology can  be derived from
thermodynamic relations at the apparent
horizon, showing that cosmic expansion
follows entropic principles similar to black
hole thermodynamics. Eling, Guedens, and
Jacobson (2006) further generalized the
thermodynamic derivation of gravitational
field equations to non-equilibrium cases,
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reinforcing the idea that Einstein’s equations
describe a thermodynamic equilibrium state of
spacetime.  These  studies  collectively
positioned gravity as an emergent macroscopic
effect rooted in statistical and informational
dynamics, rather than as a fundamental
interaction.

The convergence of emergent gravity,
holography, and thermodynamics had
reshaped the theoretical landscape of
physics. Research had
increasingly  emphasized the role of
information, entropy, and entanglement in
determining the structure and dynamics of
spacetime. The holographic principle provided

fundamental

the mathematical and conceptual foundation
for encoding spacetime geometry in quantum
information, while thermodynamic approaches
like those of Jacobson, Padmanabhan, and
Verlinde offered physical mechanisms for
gravity’s Together,  these
frameworks suggested that the geometry of
spacetime, gravitational attraction, and even
cosmic evolution could be understood as

cmergence.

emergent phenomena arising from deeper,
informational laws of nature. This shift marks
a crucial step toward a unified understanding
of quantum gravity, where thermodynamics,
quantum information, and relativity converge
to describe the fundamental structure of
reality.

Methodology

This research employs a secondary qualitative
methodology focused on theoretical synthesis
and conceptual analysis to explore emergent
gravity and the holographic principle as
foundations for a thermodynamic
interpretation of spacetime. The study draws
upon published scientific literature, including
peer-reviewed journal articles, It integrates
findings from the fields of general relativity,
thermodynamics, quantum field theory, and
information  theory to examine how
gravitational and spacetime phenomena can
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arise from underlying statistical and
informational processes.

Data for this research were collected from
established theoretical works such as those of
Bekenstein (1973), Hawking (1975), Jacobson
(1995), Padmanabhan (2010, 2012), and
Verlinde (2011, 2016), alongside contributions
to  holographic duality and quantum
entanglement by Maldacena (1998), Ryu and
Takayanagi (2006), and Van Raamsdonk

(2010). The methodology involves
comparative and interpretive  analysis,
identifying  conceptual  patterns and

relationships among these frameworks. The
study categorizes theoretical evidence into key
themes—thermodynamic gravity, holography,
entanglement, and cosmological
implications—and  synthesizes them to
evaluate how spacetime and gravity may
emerge from informational and entropic
principles. This secondary approach ensures
an integrative understanding of how modern
theoretical physics interprets spacetime as an
emergent, thermodynamic, and informational
entity rather than a fundamental geometric
construct.

Results and Discussion

The synthesis of theoretical developments and
conceptual models reveals that emergent
gravity and the holographic principle provide a
coherent  framework for reinterpreting
spacetime and gravity as thermodynamic and
informational phenomena rather than as
fundamental interactions. Across multiple
approaches—from black hole thermodynamics
to holographic duality and entropic gravity
models—consistent evidence supports the
view that gravitational dynamics arise from
microscopic statistical or quantum
informational processes. The results derived
from secondary theoretical and mathematical
analyses show that Einstein’s field equations,
spacetime geometry, and even cosmic
expansion can be understood as emergent
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Another key result arises from black hole
thermodynamics, which serves as empirical
and theoretical evidence of the thermodynamic
nature of gravity. The Bekenstein—Hawking
entropy law, S=kA41P2S =
\frac {kA} {4l P"2}S=4IP2KkA, reveals that the
entropy of a black hole is proportional to the
area of its event horizon, not its volume. This
relation suggests that the fundamental degrees
of freedom describing gravitational systems
are encoded on two-dimensional surfaces,
directly supporting the holographic principle
proposed by ’t Hooft (1993) and Susskind
(1995). Hawking’s (1975) discovery of black
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hole radiation further confirmed that
gravitational systems obey thermodynamic
laws, complete with well-defined temperature,
entropy, and energy exchange. These results
established a thermodynamic foundation for
spacetime, indicating that the geometry of the

universe arises from the statistical behavior of

microscopic  information  encoded on
boundaries rather than from intrinsic
geometric properties.
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The holographic principle and the AdS/CFT
correspondence  further  reinforced the
emergent  perspective of
Maldacena’s  (1998) AdS/CFT  duality
demonstrated a one-to-one equivalence
between a gravitational theory in a higher-
dimensional bulk space and a
gravitational conformal field theory on its
boundary. Witten (1998) and Gubser,
Klebanov, and Polyakov (1998) extended this
framework, confirming that gravitational
phenomena can be fully described by quantum
field theories without gravity in
dimensions. This duality provided not only a
mathematical realization of the holographic
principle but also a physical mechanism by
which spacetime geometry and gravity emerge
from quantum field dynamics. It implies that
the curvature and structure of spacetime
correspond to the
entanglement on a holographic boundary.
Consequently, spacetime itself can be viewed
as a geometric representation of quantum

spacetime.

non-

lower

pattern of quantum
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information. The Ryu-Takayanagi formula
(2006) formalized this relationship by showing
that the entanglement entropy of a boundary
region in a conformal field theory equals the
area of the minimal surface in the bulk AdS
spacetime. This discovery confirmed that
spacetime geometry and entanglement are
fundamentally connected, supporting the
hypothesis that spacetime emerges from
quantum information.

The role of quantum entanglement in
constructing spacetime was further
emphasized by Van Raamsdonk (2010), who
proposed that spacetime connectivity arises
directly  from  patterns of  quantum
entanglement. According to his analysis,
reducing entanglement between quantum
states leads to the disconnection of spacetime
regions, suggesting that entanglement is the
“glue” that holds spacetime together. This
interpretation aligns with the thermodynamic
and holographic views, reinforcing the idea
that geometry and gravity are emergent
consequences of information-theoretic
processes. The concept of entanglement
entropy as a measure of spacetime structure
bridges the gap between quantum mechanics
and gravity, implying that the degrees of
freedom  responsible  for  gravitational
dynamics are informational rather than
geometric in nature.

Another major development in the emergent
gravity framework is Verlinde’s theory of
entropic  gravity (2011, 2016), which
reinterprets gravity as an entropic force
resulting from the tendency of physical
systems to maximize entropy. In this model,
gravity arises when information associated
with  matter  distribution changes on
holographic screens. The motion of matter is
driven not by a fundamental force but by an
entropic gradient—the statistical tendency
toward increasing entropy. Verlinde’s
subsequent work extended this concept to
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cosmological scales, suggesting that apparent
dark matter effects can be explained as
emergent phenomena derived from entropy
variations in the spacetime information field.
His model posits that the elasticity of
spacetime, influenced by
information, mimics the gravitational effects
attributed to dark matter, eliminating the need
for exotic particles. While this theory remains
under debate, it provides a novel
thermodynamic approach to explaining cosmic
acceleration and galaxy rotation curves,
linking large-scale cosmic dynamics directly
to entropy and information.

Cosmological implications of the

quantum

thermodynamic interpretation of gravity were
further explored through the derivation of the
Friedmann equations from thermodynamic
relations. Cai and Kim (2005) and Akbar and
Cai (2007) demonstrated that the expansion of
the universe obeys the first law of
thermodynamics when applied to apparent
horizons, where the temperature corresponds
to the surface gravity and entropy to the
horizon area. Their findings indicate that
cosmic expansion is a thermodynamic process,
with energy flow across horizons generating
the dynamics of the universe. Padmanabhan
(2012) extended this analysis by proposing
that the difference between bulk and surface
degrees of freedom drives the creation and
expansion of cosmic space. This holographic
equipartition principle connects cosmological
evolution directly to entropy and information
balance, reinforcing the view that spacetime
and cosmic dynamics are emergent
phenomena arising from thermodynamic
equilibrium conditions.
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From a broader perspective, these theoretical
and mathematical results converge on a
consistent picture: spacetime, gravity, and
thermodynamics are intrinsically linked

through information and entropy. The
holographic principle provides the structural
foundation, black hole thermodynamics
supplies the empirical basis, and quantum
entanglement  offers the  microscopic
mechanism through which geometry and
gravity emerge. Together, they establish that
spacetime behaves like a macroscopic system
governed by statistical laws rather than a
fundamental continuum. The FEinstein field
equations, once considered fundamental, now
appear as emergent relations that describe
equilibrium conditions between microscopic
degrees of freedom. In this context,
gravitational dynamics are analogous to fluid
dynamics or thermodynamic systems, where
macroscopic  behavior  emerges  from
microscopic statistical processes.

The cumulative evidence from theoretical
physics strongly supported the notion that
gravity is emergent and that spacetime itself
possesses a thermodynamic and informational
origin. The convergence of thermodynamic
gravity, holographic duality, and quantum
entanglement models has provided a unified
framework capable of addressing the quantum
nature of spacetime. This perspective not only
reconciles the laws of thermodynamics with
general relativity but also offers new avenues
for integrating gravity into the quantum
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domain. The thermodynamic interpretation of
spacetime represents a fundamental conceptual
shift—from viewing gravity as a force to
understanding it as an emergent, entropic
process governed by information and
entropy—thereby moving closer to a coherent
and unified theory of quantum gravity.
Conclusion

The exploration of emergent gravity and the
holographic principle toward a thermodynamic
interpretation of spacetime represents one of
the most profound conceptual transformations
in theoretical physics. gravity may not be a
fundamental force but an emergent
macroscopic  phenomenon  arising from
microscopic degrees of freedom governed by
thermodynamic and informational laws.
Across multiple frameworks—ranging from
black hole thermodynamics and holographic
duality to quantum entanglement and entropic
gravity—consistent  theoretical  evidence
indicates that spacetime geometry,
gravitational attraction, and even cosmic
expansion can be derived from the statistical
behavior of information and entropy. This
perspective bridges general relativity, quantum
mechanics, and thermodynamics into a unified
interpretation of the universe’s structure.

Black hole thermodynamics, through the
Bekenstein—Hawking entropy relation, first
revealed that geometry and entropy are
inseparably linked, suggesting that the area of
a horizon encodes information about its
contents. Jacobson’s derivation of Einstein’s
equations from the Clausius relation further
showed that spacetime curvature arises as a
thermodynamic response to energy flow,
redefining gravity as an equation of state
rather than a fundamental interaction.
Similarly, Padmanabhan’s and Verlinde’s
models extended this reasoning to cosmology,
proposing that both the expansion of the
universe and the effects attributed to dark
matter can be explained through entropy
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gradients and informational dynamics. The
holographic principle and the AdS/CFT
correspondence provided
validation for this paradigm, demonstrating
that higher-dimensional spacetime and gravity
can emerge from lower-dimensional quantum
field theories encoded on a boundary.

At a deeper level, quantum information theory
reinforces this interpretation by linking
spacetime connectivity to quantum
entanglement. The Ryu-Takayanagi formula
and Van Raamsdonk’s findings reveal that the

mathematical

very fabric of spacetime is woven from
quantum  correlations,  suggesting  that
entanglement serves as the fundamental “glue”
of the universe. Together, these theoretical
developments  indicate  that  geometry,
gravitation, and  thermodynamics  are
interdependent manifestations of the same
underlying informational structure.
Thus, the thermodynamic and holographic
interpretation of spacetime offers a coherent
and promising pathway toward a unified
theory of quantum gravity. It reframes the
universe not as a fixed geometric arena but as
an emergent, self-organizing system where
information, entropy, and energy collectively
give rise to the fabric of reality.
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