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Abstract. The Holographic Computational Universe (HCU) introduces a fundamental 

paradigm shift in physics by asserting that time, spacetime, gravity, and matter emerge 

from the quantized and conserved transduction of bulk entropy into boundary 

information through the Holographic Thermodynamic Cycle (HTC). This cyclic eight-

phase renewal mechanism maintains global informational balance and drives the 

universe’s continual self-updating. In this framework, space is not an absolute 

background but a relational structure: a dynamic network of Rindler–Compton (RC) 

cells, each encoding one nat of information per HTC. Time is not an external parameter 

but a computational variable, arising from the ordered succession of Quantum 

Informational Ticks (QITs), the minimal holographic computations that refresh boundary 

surfaces. Entropy quantifies the evolving informational phase space and increases 

because the universe persistently computes and records its own structure. Gravity is the 

thermodynamic response to informational disequilibrium, manifesting as curvature 

generated by entropy gradients across the holographic boundary. By unifying relativity, 

quantum mechanics, holography, thermodynamics, and information theory into a single 

physical computational framework, HCU reconceives the universe as a non-formal, non-

algorithmic system whose evolution is governed by irreversible informational 

transduction rather than symbolic computation. The HCU offers a coherent and 

experimentally testable paradigm that simultaneously addresses quantum gravity, 

grounds the Second Law of Thermodynamics, explains temporal irreversibility, and 

defines universe itself as an autonomous, non-algorithmic, informational, holographic 

computational self-learning system. 
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1. Introduction 

More than three decades ago, John Archibald Wheeler proposed his visionary maxim “It from 

Bit” [1], declaring that every physical “it”, matter, field, particle, or curvature, ultimately arises 

from binary information, from a fundamental yes/no distinction. What began as philosophical 

speculation was progressively grounded by quantum information theory, black-hole 

thermodynamics, and holography. The holographic principle, originally formulated by ’t Hooft 

[2] and Susskind [3] and later refined by Bousso [4], provided to Wheeler’s insight a 

mathematical structure: all information contained within a spatial volume is encoded on its 

boundary. 

Rooted in the thermodynamic breakthroughs of Bekenstein and Hawking [5–8] and made 

concrete through the AdS/CFT correspondence [9–12], holography revealed that bulk 

gravitational dynamics are dual to boundary quantum correlations. The Ryu–Takayanagi 

formula [13, 14] reinforced this picture by demonstrating that entanglement entropy is 

proportional to the area of a bulk minimal surface, indicating that spacetime geometry itself is 

assembled from quantum information. Building on this foundation, van Raamsdonk [15–17] 

argued that the connectivity of spacetime emerges from entanglement, establishing that 

information, not geometry, is the true substrate of existence. This insight consolidated the 

triadic unity of geometry, gravity, and quantum information [18–27].  

Yet despite these breakthroughs, holography has been confirmed primarily in highly 

symmetric, asymptotically AdS systems [28–45], leaving open the question of how to extend 

holography universally, question leading to the constitution of a full theory of quantum gravity. 

The Scaling Entropy–Area Thermodynamics (SEAT) framework [46, 47] addresses this 

challenge by generalizing the holographic principle into a thermodynamically consistent and 

mathematically rigorous structure applicable to all spacetimes. SEAT makes evolved de 

Broglie’s “hidden thermodynamics” [48] through Entropic Information Theory (EIT) [49], 

where entropy becomes a dynamic measure of informational change. Vopson’s mass–energy–

information equivalence [50, 51] further fortifies this foundation by identifying information as 

a physical entity with intrinsic mass and energy. In SEAT, de Broglie’s action–entropy 

correspondence and Vopson’s informational mass principle unify into a single architecture in 

which quantum dynamics and informational content represent two aspects of the same 

underlying law, one aspect describes the thermodynamic origin of quantum oscillation, while 

the other defines the informational substance of physical reality. This yields a hierarchy of 

entropic formulations, Dynamic Entropy (DE), Black-Hole Dynamic Entropy (BHDE), 

Surface Gravity Dynamic Entropy (SGDE), and Holographic Gravitational Entropy (HGE), 

linking temperature, area, surface gravity, and information across all gravitational regimes [49].  

Building upon Casini and Bousso [52–58], SEAT integrates the Bekenstein–Hawking entropy, 

the von Neumann entropy, the Ryu–Takayanagi entropy into a single continuum valid for all 

spacetimes [49]. 

Holographic Gravity (HG), the operational implementation of SEAT, interprets gravity as the 

macroscopic thermodynamic response to entropy gradients encoded on holographic 

boundaries. Curvature becomes the geometric trace of entropic flow, while the Generalized 
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Holographic Principle (GHP) asserts that bulk physics, curvature formation, quantum 

dynamics, matter evolution, and even horizonless gravitational pair production [59], are 

continuously encoded on boundary surfaces. Spacetime becomes an evolving informational 

record rather than a passive geometric arena. The Holographic Thermodynamic Cycle (HTC), 

an eight-phase loop ensures global conservation across bulk–boundary exchange. Each cycle 

obeys Landauer’s principle [60] and its holographic extension: every quantum of bulk entropy 

lost corresponds to precisely one bit of boundary information gained. 

The Holographic Encoding Clock (HEC), defined by the Quantum Informational Frequency 

(QIF) and its inverse Quantum Informational Tick (QIT), introduces a quantized temporal 

structure: each QIT marks a discrete act of entropy-to-information conversion, making time the 

integer count of holographic updates. The arrow of time arises from the monotonic 

accumulation of boundary information. 

The Holographic Computational Universe (HCU) extends SEAT–HG into a fully discretized 

cosmology in which space, time, and spacetime are quantized. Spacetime consists of Rindler–

Compton (RC) cells, each encoding one nat. These RC cells form the fundamental voxels of 

the holographic fabric, and their sequential activation through QITs constitutes the ongoing 

computation of reality. Every 1/ ln2 QITs, one new RC cell activates, giving rise to 

Holographic Quantized Expansion (HQE), which explains that cosmic expansion originates 

not from stretching spacetime but from the progressive activation of new informational degrees 

of freedom.  

This unified holographic architecture integrates the insights of Sakharov [61, 62], Jacobson 

[63, 64], Susskind, van Raamsdonk, Padmanabhan [65–71], Verlinde [72, 73], and Vopson 

[74–76]. In HCU, their models appear as equilibrium or semiclassical projections of a deeper 

holographic engine. Empirical validation continues to reinforce the HCU paradigm as Wondrak 

et al. [59] demonstrated that curvature alone can generate local gravitational pair production 

without horizons, confirming HCU’s prediction that Hawking-like entropy flow is universal.  

HCU provides a physically consistent resolution of the universe being described as a non-

algorithmic holographic computer whose evolution is driven by thermodynamic, continuous, 

and self-updating informational processes. Each Quantum Informational Tick (QIT) 

irreversibly expands the informational phase space, activating new degrees of freedom that are 

not recursively enumerable in advance.  

Computation in HCU is non-algorithmic: it proceeds by physical entropy–information 

transduction rather than symbolic rule execution. 

The universe does not run an algorithm; it computes itself. 

This realization naturally leads to Holographic Computer (HC). Unlike classical or quantum 

computers, which manipulate bits or qubits inside spacetime, the HC computes spacetime itself. 

Its degrees of freedom are RC-cell activations, its clock is the HEC, its instruction set is the 

HTC, and its computation is the entropic transduction between bulk and boundary. HC operates 

directly on the informational fabric that generates matter, geometry, and causal structure. 

Because RC-cell activation monotonically increases the dimensionality of the informational 
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phase-space, HC is intrinsically non-algorithmic: each informational update creates new states 

that no finite program can pre-specify. In this sense, the Holographic Computer realizes a form 

of computation beyond algorithmic enumeration. 

On the quantum-technological frontier, tests involving the predicted entropy-rate ceiling and 

the Landauer “knee” frequency offer concrete experimental signatures, be able to validate HCU 

framework in existing laboratories.  

Through the synthesis of SEAT, HG, GHP, HCU, and the Holographic Computer, the 

holographic principle is transformed from a geometric correspondence into a quantized, 

dynamical, non-algorithmic and experimentally testable law of emergent quantum gravity.  

Spacetime becomes a lattice of informational cells; time becomes the ordered sequence of QIT 

updates; gravity becomes thermodynamic feedback; and the universe emerges as a self-

generating holographic computation that rewrites its own geometry through the irreversible 

flow of entropy into structured information. 

This article unveils the complete architecture of this holographic engine, from the quantized 

anatomy of Rindler–Compton cells to the non-algorithmic computation, from the 

thermodynamic origin of gravity to the experimental predictions poised for laboratory tests.  

What emerges is not merely a new model of the universe but a radically different understanding 

of existence itself: a universe that computes, evolves, and creates reality through the physics 

of information. 

2. Background 
 

Having established in the introduction that Holographic Gravity (HG) extends the Scaling 

Entropy–Area Thermodynamics (SEAT) framework, generalizing the Bekenstein–Hawking 

entropy, the next step is to transition from conceptual principles to formal structure. 

To maintain coherence with the unified SEAT–HG formulation developed in this article, 

several entropic expressions introduced in earlier works [46, 47, 49] have been renamed into 

Dynamic Entropy (DE), Black Hole Dynamic Entropy (BHDE), Surface Gravity Dynamic 

Entropy (SGDE), and Holographic Gravitational Entropy (HGE). 

This renaming avoids confusion with the classical Boltzmann expression: 

𝑆 = 𝑘 𝑙𝑛𝑊 (1) 

Where k is Boltzmann constant, ln as natural logarithm and W represents the number of distinct 

microscopic arrangements (microstates) that correspond to a given macroscopic state.  

This formula describes equilibrium thermodynamics as a static counting of microstates but not 

reflect the central SEAT principle that entropy is a time-dependent informational process rather 

than a static function.  
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By explicitly incorporating temporal evolution and quantum-informational flow, the new 

nomenclature aligns the entropy hierarchy with the dynamic, non-equilibrium nature of 

Holographic Gravity. 

 

3. Hidden Thermodynamics of Louis de Broglie 

 

We now advance the informational interpretation of entropy within Entropic Information 

Theory (EIT) by revisiting a foundational, yet underexplored insight introduced by Louis de 

Broglie: his visionary concept of Hidden Thermodynamics.  

Positioned at the crossroads of classical mechanics, quantum dynamics, and thermodynamics, 

de Broglie’s notion anticipated a unification of physical principles that EIT formalizes in this 

article. 

By introducing thermodynamic structure into the variational principles of mechanics, de 

Broglie proposed that every quantum particle carries an intrinsic thermodynamic character, 

linking internal frequency, action, and entropy along its proper time. This pioneering insight, 

largely qualitative in his era, finds in EIT a rigorous realization: entropy, and action are not 

merely statistical abstractions, but intrinsic, dynamically evolving quantities embedded in 

spacetime. 

In contrast to the mainstream Copenhagen interpretation, which emphasizes probabilistic 

descriptions without deeper mechanistic underpinnings, de Broglie’s late theoretical work 

proposed that each individual quantum particle possesses intrinsic thermodynamic properties, 

internal energy, internal frequency, and potentially entropy and temperature, without appealing 

to ensemble-based statistical mechanics. Crucially, Louis de Broglie recognized that the 

standard ensemble interpretation of entropy was insufficient to describe the full physical 

richness of quantum systems evolving in proper time. 

Central to this proposal is the hypothesis that a particle of rest mass (𝑚0) carries an internal 

frequency 

ν0 =
𝑚0𝑐

2

ℎ
 (2) 

derived from the Einstein–Planck relation (𝐸 = ℎν). This was his idea of an internal clock, 

each particle oscillates at a frequency proportional to its rest energy, giving rise to the notion 

of an internal Hidden Thermodynamics. 

De Broglie speculated that this internal vibration may encode real physical processes, 

suggesting that thermodynamic quantities could be defined even for a single quantum system.  

De Broglie suggested that the internal frequency might define an internal temperature. He 

speculated that this intrinsic oscillation could also have thermodynamic meaning, introducing 

the heuristic identification suggesting that a particle’s internal frequency might correspond to 

an effective temperature T. 

𝑘𝑇 = ℎν0 (3) 
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Thus, Planck’s constant h sets the quantization of action, while Boltzmann’s constant k sets 

the quantization of entropy. Their ratio implicitly defines a universal frequency connecting 

mechanical and thermal domains and further hypothesized that the particle’s evolution in 

spacetime might be associated with a thermodynamic action or entropy-like quantity.  

These ideas remained conceptual; he did not explicitly define entropy as a function of proper 

time. 

De Broglie recalled the classical Boltzmann relation for periodic systems, which connects the 

infinitesimal heat exchange (δ𝑄) to the variation of action (δ𝐴): 

𝛿𝑄 = 𝜈 𝛿𝐴 (4) 

where (ν) is the cyclic frequency.  

In the particle’s proper frame this becomes 

𝛿𝑄0 = ν0 𝛿𝐴0 (5) 

with (𝜈0) the intrinsic internal frequency. 

From classical thermodynamics 

 δ𝑄 = 𝑇δ𝑆 (6) 

by combining with (δ𝑄 = ν𝑐δ𝐴) gives 

𝑇 𝛿𝑆 = ν𝑐 𝛿𝐴 ⇒ 𝛿𝑆 =
ν𝑐
𝑇
𝛿𝐴 (7) 

Substituting (𝑘𝑇 = ℎν𝑐) yields 

𝛿𝑆 =
𝜈𝑐
ℎ𝜈𝑐/𝑘

 𝛿𝐴 =
𝑘

ℎ
𝛿𝐴 (8) 

Integration gives 

𝑆 =
𝑘

ℎ
𝐴 + const. (9) 

Up to an overall sign and additive constant, this establishes a linear proportionality between 

entropy and action. De Broglie emphasized that the natural (least-action) trajectory is the most 

probable, i.e., the trajectory of maximal entropy. This motivates the sign convention: 

𝑆

𝑘
= −

𝐴

ℎ
 (10) 

which unifies Maupertuis’ principle of least action with a thermodynamic extremum principle 

for isolated microscopic systems.  

The conceptual daring of Hidden Thermodynamics lies in its rejection of statistical averaging 

as a prerequisite for thermodynamic behavior. Instead, every quantum particle is envisioned as 

a microscopic thermodynamic engine, with internal structure, oscillatory behavior, and 
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intrinsic entropy. Though undeveloped mathematically in de Broglie’s lifetime, these insights 

laid the groundwork for a deeper synthesis of mechanics and thermodynamics. 

His insights remained largely qualitative, and, until now, no formal framework was established 

to rigorously relate entropy, action, and quantum evolution along proper time. 

 

4. Extension of Hidden Thermodynamics 

 

Building upon de Broglie’s qualitative insights, Entropic Information Theory (EIT) now 

provides the mathematical formalism that gives them quantitative precision. By translating de 

Broglie’s intuitive link between action, frequency, and entropy into a informational law, EIT 

reveals that entropy evolves as an intrinsic, measurable quantity along proper time. In this way, 

the hidden thermodynamics envisioned by de Broglie becomes the foundational seed from 

which EIT formally derives its dynamic entropic framework. 

Consider an isolated, free relativistic particle of rest mass (𝑚0) in Minkowski spacetime.  

Its internal frequency is 

𝐸 = ℎ𝜈 ⇒ 𝜈0 =
𝐸0
ℎ
=
𝑚0𝑐

2

ℎ
 (11) 

The action in Lagrangian mechanics is 

𝐴 = ∫ ℒ
𝑡2

𝑡1

𝑑𝑡, ℒ = −𝑚0𝑐
2√1−

𝑣2

𝑐2
= −𝑚0𝑐

2√1 − 𝛽2 (12) 

proper time (𝜏) and coordinate time (𝑡) are related by time dilation in special relativity: 𝑑τ =

√1 − β2𝑑𝑡. 

𝐴 = −𝑚0𝑐
2  ∫ √1 − 𝛽2

𝑡2

𝑡1

𝑑𝑡 = −𝑚0𝑐
2∫𝑑 𝜏 = −𝑚0𝑐

2Δ𝜏 (13) 

This equals minus the integral of the rest energy over proper time. 

If you choose the origin so that 𝜏(𝑡1) = 0, then Δ𝜏 = 𝜏 and 𝐴 = −𝑚0𝑐
2 𝜏. 

Interpreting each internal oscillation as one entropy quantum (here in nats), the number of 

cycles in proper time (τ) is (𝑁 = ν0𝜏), with, 𝑆 ≡ 𝑘𝑁,  

𝑆 = 𝑘𝑁 = 𝑘ν0𝜏 =
𝑘𝑚0𝑐

2

ℎ
𝜏 (14) 

Using (𝐴 = −𝑚0𝑐
2τ ⇒ 𝑚0𝑐

2𝜏 = −𝐴), we obtain: 

𝑆 =
𝑘𝑚0𝑐

2

ℎ
𝜏 = −

𝑘

ℎ
𝐴  ⇒ 

𝑆

𝑘
= −

𝐴

ℎ
 (15) 

de Broglie’s insight introduces a remarkable equivalence between two quantities traditionally 

regarded as distinct, action and entropy, mediated by the fundamental constants of nature. 



O. Denis 

49 
 

About Eq. (10), under the form,  𝑆 = −
𝑘𝐴

ℎ
  expresses entropy as a linear functional of action, 

normalized by Planck’s constant (ℎ) and scaled by Boltzmann’s constant (𝑘).  

Far from being a heuristic analogy, this equation emerges as a physically grounded identity 

once three conditions are jointly satisfied: 

1. The particle’s internal frequency (ν0 = 𝑚0𝑐
2/ℎ) is tied directly to its rest energy. 

2. Each internal oscillation is interpreted as an elementary quantum informational event. 

3. Entropy is defined as the cumulative number of such events experienced over proper 

time (τ). 
Together, these assumptions establish that entropy is not statistical but intrinsic, an internal 

informational counter advancing deterministically with proper time.  

The rate of entropy production is constant: 

𝑑𝑆

𝑑𝜏
=
𝑘𝑚0𝑐

2

ℎ
 (16) 

showing that each particle processes a fixed amount of information per tick of its internal 

quantum clock. 

This result establishes a fundamental action–entropy correspondence, showing that each 

particle carries a built-in entropic counter, with the entropy of a free particle evolving linearly 

with its proper time, at a rate determined by universal constants 𝑘, ℎ, 𝑐, and the particle’s rest 

mass 𝑚0. 

In this view, entropy is not an emergent macroscopic quantity, but a dynamical invariant 

embedded in the microscopic structure of spacetime.  

Each de Broglie cycle represents a discrete increment of entropy 𝑘, so that 𝑆 = 𝑘𝜈0𝜏 measures 

the cumulative informational evolution of the particle’s intrinsic clock. The rate (𝑘𝑚0𝑐
2/ℎ) 

thus defines a quantum rhythm, an entropic clock rate, that links mechanical action, and 

thermodynamic irreversibility, through a single universal law. 

It reveals mass as a measure of intrinsic activity: the greater the rest mass, the faster its internal 

entropy production.  

This equation forms the microscopic prototype of the Dynamic Entropy (DE) law in the SEAT 

framework, from which all higher-order holographic and gravitational entropy formulations 

naturally emerge. 

This formulation transforms de Broglie’s Hidden Thermodynamics from a speculative analogy 

into a formal identity linking mechanics, and thermodynamics theory.  

Entropy ceases to be a measure of disorder across ensembles; it becomes a measurable, intrinsic 

property of an individual particle, unfolding continuously along its worldline.  

The action is thus not only a mechanical functional but also a measure, encoding the cumulative 

cost of quantum evolution. 
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Within Entropic Information Theory (EIT), de Broglie’s internal quantum clock is rigorously 

formalized as a generator of quantized entropy, systematically linking action and entropy 

through the universal constants (ℎ) and (𝑘).  

Thus, EIT transforms entropy from a statistical descriptor into an active, quantized, intrinsic 

variable, embedding process within the fabric of spacetime itself.  

Taken together, these results demonstrate that EIT does not merely reinterpret de Broglie’s 

Hidden Thermodynamics it completes and formalizes it. 

Where de Broglie hypothesized, EIT provides explicit mathematical structure; where de 

Broglie envisioned thermodynamic behavior in single particles, EIT shows that every particle 

is a self-contained informational system, producing entropy at a quantized rate proportional to 

its rest energy. 

Entropy thus ceases to be emergent; it becomes a first-principles dynamical quantity, evolving 

deterministically with proper time.  

This extension of de Broglie’s vision forms a cornerstone of Entropic Information Theory, 

enabling a unified description of physical systems where entropy, action, mass, and time are 

bound together through the universal constants of nature. 

In this refined framework, EIT fulfills de Broglie’s lifelong ambition: to ground quantum 

mechanics in thermodynamic principles. EIT framework transforms his Hidden 

Thermodynamics into a predictive, covariant, and complete theory, where each particle’s 

evolution embodies the unification of mechanics, thermodynamics within a single, coherent, 

physical law. 

This section transforms entropy from a static, ensemble-based measure into a dynamic, 

intrinsic, and quantized process tied to proper time. It bridges mechanics and thermodynamics, 

laying the conceptual and mathematical foundation for Dynamic Entropy (DE), the cornerstone 

of the SEAT-HG framework, from which subsequent holographic relations emerge. 

 

5. Dynamic Entropy (DE) 

 

After unifying mechanics and thermodynamics by redefining entropy as a dynamic, quantized 

process evolving with proper time, we extend this approach by introducing Melvin Vopson’s 

mass–energy–information equivalence principle into Louis de Broglie’s hidden 

thermodynamics, establishing the foundation of Dynamic Entropy (DE) from which 

holographic relations emerge. 

About the Hidden Thermodynamics of isolated particles, it is an attempt to bring together three 

foundational principles of physics: the principles of Fermat, Maupertuis, and Carnot, that de 

Broglie has had his final idea. 

Entropy plays the reciprocal role of action with an equation that relates the only two universal 

dimensions of the form, 
A

h
= −

S

k
 , as from Eq. (10). 

According to the mass–energy–information principle: 



O. Denis 

51 
 

mbit =
𝑘𝑇 𝑙𝑛 2

𝑐2
 (17) 

With  

𝐸 =  𝑚 𝑐2 (18) 

E = mc2 =
kT ln 2

c2
⋅ c2 = kT ln 2 (19) 

As “A” is action:  

A =  𝐸𝑛𝑒𝑟𝑔𝑦 ⋅  𝑡𝑖𝑚𝑒 (20) 

Substitute E ⋅ t to replace action: 

A = 𝑘𝑇 𝑙𝑛 2 ⋅ 𝑡 (21) 

Now plug into Eq. (10) to obtain the Dynamic Entropy (DE) formula: 

     𝑆 = −𝑘2 ⋅
𝑇 𝑙𝑛 2 ⋅ 𝑡

ℎ
   (22) 

𝑘: Boltzmann constant  [k]→  [JK−1] 

𝑇: temperature [T]→  [K] 

𝑡: time [t]→ [s] 

ℎ: Planck constant [h] →  [J s] 

𝑙𝑛 2: binary information: →  dimensionless 

k2Tt/h = [
[J K−1]

2
⋅ K ⋅ s

J s
] = [J K−1] (23) 

This corresponds exactly to the SI unit of entropy; the formula is dimensionally consistent for 

𝑆 with [J/K]. 

Regarding the Dynamic Entropy (DE), Eq. (22), the connection to Landauer’s principle 

becomes clear as 𝑘𝑇𝑙𝑛 2 is the minimum energy required to erase one bit of information at 

temperature T.  

𝐸𝐵𝑖𝑡  =  𝑘 𝑇 𝑙𝑛2 (24) 

Landauer’s principle, derived from microscopic foundations and the Shannon–Gibbs–

Boltzmann entropy, is fully consistent with thermodynamics [77-80]. It applies universally to 

both classical and quantum information [81] and was experimentally confirmed for bits and 

qubits, first in 2012 [82] establishing its fundamental and universal validity. 

The dynamic entropy equation, Eq. (22), describes entropy flow as: 
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𝑆  ≡  − (Boltzmann  scale) ×
(Landauer cost per bit) × (time)

Planck 
 (25) 

Entropy in the dynamic entropy formulation is not a static equilibrium measure but a time-

dependent cost function.  

Entropy in this context represents the energetic expenditure, scaled by 𝑘, required to process a 

single bit over a time interval 𝑡. The temperature 𝑇 modulates this cost, higher temperatures 

demanding more energy per bit. Planck’s constant ℎ fixes the quantum resolution of the 

process, while 𝑙𝑛2 encodes the binary character of information. 

At temperature 𝑇, each bit of stored information carries an intrinsic entropic cost to evolve, a 

cost that grows linearly with time and is set by fundamental constants. 

This formulation captures the irreducible entropy of quantum information processing in a 

thermal environment, where the act of maintaining, transforming, or erasing a bit inevitably 

produces entropy at the minimal limits imposed by Landauer’s principle and quantum 

mechanics. 

This thermodynamic expression links entropy to thermal fluctuations and Landauer’s bound, 

distributing the per-bit cost across time with quantum precision. 

This formulation is a general entropic law governing all informational systems over time. 

The minus sign in the Dynamic Entropy (DE) equation, Eq. (22) does not mean negative 

entropy in the usual sense but rather encodes the direction of entropy flow. The minus sign is 

interpreted as an orientation marker for entropy flow, distinguishing between internal entropy 

production (positive sign) and external entropy release (negative sign).  

Having established the Dynamic Entropy (DE) formulation as the foundational law describing 

the time-dependent evolution of entropy in informational terms, the framework now ascends 

from its local thermodynamic interpretation to its global holographic meaning.  

The next step is to understand how the intrinsic directionality embedded in the DE equation, 

expressed by its negative orientation, reveals the fundamental holographic duality between 

bulk and boundary domains.  

The minus sign shows that entropy flow outward is inseparably tied to information gain, turning 

the formula into a dynamical bridge between thermodynamics, information theory, and 

holography. 

In Holographic Gravity (HG), this sign is not merely algebraic; it encodes the flow of entropy 

from the bulk and the corresponding gain of information on the boundary. 

From the Dynamic Entropy (DE) equation, Eq. (22), several fundamental corollaries follow, 

linking intrinsic entropy generation to its holographic mapping. 

6. Holographic Entropy Flow (HEF) 
 

From Eq. (22), the entropy rate is given by 
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d𝑆bulk

dt
= −

k2T ln 2

h
 (26) 

HEF (Holographic Entropy Flow) describes how entropy evolves in bulk. It states that the 

bulk’s entropy decreases at a quantum rate determined by the system’s temperature and Planck 

constant, a rate of information processing at the fundamental scale. 

Holographic Entropy Flow (HEF) formula, Eq. (26), carries units of  [JK−1 s−1], confirming 

that the expression represents a flow of entropy per unit time. It is a local-in-time entropy flux 

law valid over intervals where 𝑇 is quasi-static. 

This Holographic Entropy Flow (HEF) relation, Eq. (26) carries the correct units by confirming 

that the expression has genuine physical meaning and is not just a formal relation.  

By reducing the units, one sees that 𝑘2𝑇 has dimensions of 𝐽2/𝐾, and dividing by Planck’s 

constant h (J⋅s) gives J/(K⋅s) or  JK−1 s−1, which is exactly the unit of entropy per unit time. 

This dimensional consistency shows that the formula really describes a flow of entropy, not 

simply an abstract number.  

Physically, this matters because entropy in thermodynamics and information theory is not only 

a state function but also something that can change and evolve with time, and the correct units 

prove that the law captures this dynamical aspect.  

Dimensional verification confirms physical validity, one could mistakenly treat the result as a 

static entropy value, but the analysis demonstrates it is a true entropy current with a clear 

interpretation: the system loses entropy at a rate proportional to temperature.  

In this way, confirming the units is essential because it validates both the mathematical 

structure and the physical interpretation of the entropy rate as a real, measurable flow of 

disorder or information per unit time. 

 

7. Holographic Information Flow (HIF) 
 

HIF (Holographic Information Flow) describes how that same rate reappears as encoded 

information on the boundary. 

d𝐼boundary

(bits)

dt
= + 

kT

h
 (27) 

By converting entropy to information (dividing by k ln2) 

Dividing Eq. (26) by 𝑘 𝑙𝑛 2 converts entropy rate to bit rate,  

This relation measures how many informational units accumulate per unit time on the 

boundary. If entropy represents a cost or loss in the bulk, then 𝐼boundary represents the record of 

that loss, structured information imprinted on the boundary. 
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8. Holographic Complementarity Relation (HCR) 

 

In the Eq. (22), the minus sign is not a mere algebraic convention but the holographic marker 

of direction, the signature through which the duality between bulk and boundary becomes 

manifest.  

The minus sign designates the locus where holography itself resides, encoding the orientation 

of entropy–information flow and signifying that every decrease of entropy within the bulk 

corresponds to an equivalent gain of information on the boundary. In this sense, the minus sign 

embodies the directional symmetry of the holographic universe, transforming a mathematical 

sign into the physical imprint of information conservation across spacetime.  

𝑑𝑆bulk

𝑑𝑡
= −𝑘𝑙𝑛2

𝑑𝐼boundary

(bits)

𝑑𝑡
 (28) 

The minus sign enforces the Holographic Complementarity Relation (HCR), 

𝑑𝑆bulk = −𝑘𝑙𝑛2 𝑑𝐼boundary

(bits)
 (29) 

which asserts that any change of entropy in the bulk is precisely balanced by an opposite change 

of information on the boundary.  

In thermodynamics, an outward flow of entropy represents the reduction of internal disorder 

within the system. In information theory, the very same process is reinterpreted as a gain of 

knowledge, reducing uncertainty about the system’s state. Holography completes the picture: 

the information gained is not lost but becomes encoded on the boundary, consistent with the 

holographic principle. 

The Holographic Complementarity Relation (HCR), Eq. (29) elevates a plain thermodynamic 

balance into a holographic entropy law, where bulk entropy production, dissipation, or ordering 

corresponds one-to-one with boundary information gain or loss, ensuring conservation of the 

total entropy–information content of the system. 

It states that every infinitesimal unit of entropy lost in the bulk must reappear as an equivalent 

unit of information encoded on the boundary, with the conversion factor 𝑘ln2 implementing 

the Landauer entropy-per-bit relationship. 

The negative sign encodes the direction of entropy–information conversion, showing that 

erasure of order in one domain is repaid as structured information in the complementary 

domain, and in this way guarantees that entropy–information conservation is respected across 

bulk and boundary, extending Landauer’s principle from ordinary systems to the holographic 

universe. 

In a holographic system, the total entropy–information content is thus conserved across bulk 

and boundary, with any change of entropy in the bulk precisely balanced by an opposite change 

of information on the boundary.  

The minus sign in the SEAT dynamic entropy law, Eq. (22) is more than a mathematical detail, 

it is the holographic marker of direction. It shows that entropy decreasing within the bulk is 

inseparably tied to an equal gain of information on a boundary surface. In this sense, entropy 
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flow and information gain are two complementary aspects of a single process: what the system 

loses as bulk entropy, it encodes outward as boundary information. This duality turns the 

formula into a dynamical bridge uniting thermodynamics (entropy flow), information theory 

(information gain), and holography (boundary encoding). 

The negative orientation of Dynamic Entropy (DE) in SEAT is therefore a dynamical bridge 

unifying thermodynamic irreversibility, informational complementarity, and holographic 

encoding into a single law-like structure. 

 

9. Holographic Equilibrium Principle (HEP) 
 

The synthesis of the Holographic Entropy Flow (HEF), the Holographic Information Flow 

(HIF), and the Holographic Complementarity Relation (HCR) leads to a single unifying 

statement: the Holographic Equilibrium Principle (HEP).  

Holographic Entropy Flow (HEF) establishes that entropy in the bulk changes at a fixed 

quantum rate, while Holographic Information Flow (HIF) shows that this same rate appears as 

information encoded on the boundary. Holographic Complementarity Relation (HCR) 

formalizes their balance by equating bulk entropy loss with boundary information gain.  

Together, these perspectives condense into the Holographic Equilibrium Principle (HEP): 

𝑑

𝑑𝑡
(𝑆bulk + 𝑘 𝑙𝑛2 𝐼boundary

(bits) ) = 0 (30) 

which asserts that the total entropy–information content of the system is invariant. 

 In this formulation, the bulk and boundary are not independent domains but complementary 

channels of the same conserved flow: entropy dissipating from the bulk is precisely information 

acquired on the boundary.  

Equilibrium here refers to conserved transduction, not thermal stationarity. 

Holographic Equilibrium Principle (HEP) therefore extends Landauer’s principle and the 

second law of thermodynamics into a universal holographic framework, ensuring that no 

entropy–information is ever destroyed, only redistributed across bulk and boundary. 

 

10. Quantum Informational Frequency (QIF) 
 

The Holographic Information Flow (HIF), Eq. (27) reveals a quantum rate, kT/h, at which bits 

of information are processed, emitted, or encoded.  

The opposite signs encode holographic directionality: entropy flowing outward from the bulk 

is precisely mirrored as information encoded on the boundary. 

The quantity kT/h defines a thermal–quantum frequency, the Quantum Informational 

Frequency (QIF). 
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It represents the rate of entropic–informational exchange, expressing how many elementary 

informational transformations occur per second at temperature 𝑇.  

This rate is the frequency of holographic evolution, quantifying the continuous flow of entropy 

and information in time. 

QIF serves as the informational analogue of de Broglie’s internal frequency: it expresses the 

intrinsic pulsation of reality linking Planck’s quantum of action and Boltzmann’s quantum of 

entropy. 

Physically, QIF embodies the oscillatory pulsation of thermodynamic reality, the thermal 

frequency associated with the energy scale 𝐸 ∼ 𝑘𝑇.  

As anticipated by Louis de Broglie, Eq. (3), every physical system thus operates as an 

informational oscillator ticking at its characteristic frequency: 

𝜈𝑇 =
𝑘𝑇

ℎ
 (31) 

Quantum Informational Frequency (QIF) is the maximal number of entropic–informational 

updates per second, defining the rate of one-bit entropy–information exchange per tick. 

At this rate, entropy and information evolve linearly with time at a universal quantum rhythm. 

The magnitude of the flow is identical on both sides of the holographic interface; only the sign 

differs, encoding the Holographic Complementarity Relation (HCR). 

QIF thus constitutes a bridge law uniting the three pillars of modern physics: 

• Quantum mechanics, through Planck’s constant ℎ; 

• Thermodynamics, through the energy scale 𝑘𝑇; 

• Information theory, through the bit-to-entropy conversion (𝑘 ln 2). 

 

Each physical system’s informational clock rate therefore defines its intrinsic thermal 

frequency, the fundamental pulsation of the Holographic Computational Universe (HCU). 

With each oscillation, entropy emitted from the bulk reappears as encoded information on the 

boundary, maintaining total informational conservation. 

 

11. Quantum Informational Tick (QIT) 
 

While Quantum Informational Frequency (QIF) defines the frequency of informational 

evolution, its inverse quantity defines the corresponding temporal resolution: the Quantum 

Informational Tick (QIT). 

Following de Broglie’s concept of intrinsic periodicity, where every quantum system possesses 

an internal rhythm linking energy, action, and entropy, the QIT introduces a precise temporal 

quantum, the minimal lapse over which entropy and information exchange occur at temperature 

𝑇. 

Its characteristic interval is: 
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𝜏𝑇 =
ℎ

𝑘𝑇
 (32) 

The Quantum Informational Tick (QIT) represents the elementary temporal quantum of 

holographic evolution, the duration of a single discrete informational update through which 

entropy emitted from the bulk is encoded as boundary information. Its inverse defines the 

Quantum Informational Frequency (QIF), which quantifies the rate of such updates. Thus, 

while QIF measures the continuous frequency of holographic information exchange, QIT 

specifies the discrete temporal spacing between successive transformations. 

Together, QIF and QIT constitute the dual structure of holographic time: QIF expresses the 

continuous rate of information flow, whereas QIT delineates the minimal temporal quantum 

over which that flow is realized.  

Physically, νT sets the informational refresh rate of the universe, while τT defines the shortest 

possible update interval, the fundamental tick during which an entropy–information conversion 

occurs. 

As temperature increases, (ν𝑇) rises and the informational clock accelerates; in the limit 

(𝑇 → 0), (ν𝑇 → 0) and (τ𝑇 → ∞), so informational evolution halts, an informational 

counterpart of the third law of thermodynamics. 

Thus, the chain 

𝐸 = ℎν ⇒ 𝐸 ∼ 𝑘𝑇 ⇒ ν𝑇 =
𝑘𝑇

ℎ
⇒ τ𝑇 =

ℎ

𝑘𝑇
 , (33) 

where temperature determines the informational update rate of the universe. 

Together, Quantum Informational Frequency (QIF) and Quantum Informational Tick (QIT) 

express the dual structure of de Broglie’s intrinsic periodicity: frequency and period, rate and 

tick, flow and step.  

Planck’s quantization of action (ℎ) and Boltzmann’s quantization of entropy (𝑘) jointly 

determine the informational cadence of reality, establishing a universal holographic rhythm 

through which every physical system updates its informational structure one tick at a time.  

In this sense, QIF–QIT duality completes de Broglie’s vision: the mechanical oscillation of 

matter becomes the thermodynamic–informational pulsation of the universe. This mechanism 

constitutes the physical realization of the Holographic Encoding Clock (HEC), the universal 

metronome synchronizing de Broglie’s periodicity with the holographic flow of entropy and 

information in the SEAT framework. 

 

12. Holographic Encoding Clock (HEC) 
 

Having defined the Quantum Informational Frequency (QIF) as the universal frequency at 

which entropy and information transform, and its inverse, the Quantum Informational Tick 

(QIT), as the minimal temporal quantum separating successive holographic updates, the 
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framework now reaches a stage where these timing laws converge into a coherent temporal 

structure. Together, they establish a quantum rhythm governing the synchronized exchange of 

entropy and information across bulk and boundary. This rhythm is not an external parameter 

but an intrinsic property of holographic dynamics: each tick signifies one discrete act of entropy 

emission from the bulk and its simultaneous encoding as information on the boundary. The 

interplay between QIF and QIT thus defines the informational cadence of the universe, linking 

Planck’s quantization of energy to Boltzmann’s thermal scale and Landauer’s principle of 

information cost. 

To formalize this holographic temporal order, we now introduce the Holographic Encoding 

Clock (HEC), the self-regulating metronome of holographic gravity. It quantizes the rhythm of 

entropic evolution, ensuring that every quantum of entropy lost from the bulk reappears as 

encoded information on the boundary at the fundamental rate ( ν𝑇  =  𝑘𝑇/ℎ ) Eq. (31).  

HEC unifies the thermodynamic arrow of time with the holographic flow of information, 

transforming the passage of time itself into a manifestation of quantum informational exchange.  

Each tick of duration ( 𝜏𝑇  =  ℎ/(𝑘𝑇) ), Eq. (32), represents one pulsation of the holographic 

universe, a universal temporal pulse through which spacetime continuously renews its 

informational structure. 

ν𝑇 =
𝑘𝑇

ℎ
 ⟺  

𝑑𝑆bulk

𝑑𝑡
= −

k2T 𝑙𝑛2 

h
,

𝑑𝐼boundary

𝑑𝑡
= +

𝑘𝑇

ℎ
,
𝑑

𝑑𝑡
(𝑆bulk + 𝑘 𝑙𝑛2 𝐼boundary

(bits) ) = 0   
(34) 

This triad of equations expresses the holographic rhythm of nature, the synchronized exchange 

of entropy and information across the bulk–boundary interface.  

Entropy flows outward from the bulk while information flows inward from the boundary, both 

evolving at the universal quantum rate 𝑘𝑇/ℎ, which serves as the fundamental clock of entropic 

information flow. This rate sets the quantum pulse through which the universe continuously 

processes and conserves its total informational content, evolving one tick at a time. 

The Holographic Encoding Clock (HEC) thus embodies the quantum pulsation of Holographic 

Computational Universe (HCU) a self-sustaining cycle where thermodynamic dissipation and 

informational encoding proceed in perfect synchrony at the universal rate, 𝑘𝑇/ℎ.  

Each tick of the clock marks a discrete act of holographic evolution, by which spacetime renews 

its informational structure while maintaining global conservation between bulk and boundary. 

The Holographic Encoding Clock (HEC) is a universal metronome synchronizing bulk entropy 

emission (HEF) with boundary information encoding (HIF), curvature feedback (HCR), and 

global conservation (HEP). 

Having established the Holographic Encoding Clock (HEC) as the universal metronome 

governing the rhythm of entropy–information exchange, the framework now extends this 

synchronization into a complete conservation structure. At the quantum frequency 𝜈𝑇 = 𝑘𝑇/ℎ, 

Eq. (31), each tick of duration 𝜏𝑇=ℎ/(𝑘𝑇), Eq. (32) marks a balanced act of bulk entropy 
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emission and boundary information encoding, ensuring coherence between oscillations and 

holographic dynamics.  

The next step is to formalize how this synchronization manifests as a fundamental conservation 

equation governing the entire holographic process. This is the Holographic Conservation Law 

(HCL), the collective expression of entropy–information symmetry uniting the Holographic 

Entropy Flow (HEF), Holographic Information Flow (HIF), Holographic Complementarity 

Relation (HCR), and Holographic Equilibrium Principle (HEP) through which global 

equilibrium and informational invariance are preserved across all scales of the holographic 

universe. 

 

13. Holographic Conservation Law (HCL) 
 

The Holographic Conservation Law (HCL) provide a unified and symmetric formulation of 

entropy–information dynamics in holographic systems. 

Each tick of duration (τ𝑇) marks one fundamental holographic step in which bulk entropy is 

transformed into boundary information. 

This timing law locks the entropy flow equation (HEF), 
𝑑𝑆bulk

𝑑𝑡
= −

𝑘2𝑇 ln2

ℎ
, Eq. (26) whose units 

are (JK-1s-1). 

Over a single tick (τ𝑇 = ℎ/(𝑘𝑇)), Eq. (32) the entropy change is 

Δ𝑆tick =
𝑑𝑆bulk

𝑑𝑡
𝜏𝑇 = −

𝑘2𝑇𝑙𝑛2 

ℎ
 
ℎ

𝑘𝑇
= −𝑘 𝑙𝑛2  (35) 

Δ𝑆bulk = −𝑘𝑙𝑛2    ⟺   Δ𝐼boundary
(bits) = +1 (36) 

Every tick converts one nat of bulk entropy into one bit of boundary information. 

Integrating in time the Holographic Equilibrium Principle from, Eq. (30): 

𝑑

𝑑𝑡
(𝑆bulk + 𝑘𝑙𝑛2  𝐼boundary

(bits) ) = 0 (37) 

  
𝑑𝑆bulk

𝑑𝑡
+ 𝑘𝑙𝑛2 

𝑑𝐼boundary
(bits)

𝑑𝑡
= 0 (38) 

𝛥𝑆bulk + 𝑘𝑙𝑛2 𝛥𝐼boundary
(bits) = 0 (39) 

which asserts that the total entropy–information content of the holographic system remains 

constant in time. 

The conservation law reads simply: 

Δ𝑆bulk = −𝑘 𝑙𝑛2  Δ𝐼boundary

(bits)  (40) 



The Holographic Computational Universe 

60 
 

It states that the total entropy–information content is conserved, only its distribution between 

bulk and boundary changes dynamically. 

One bit of boundary information is generated at the cost of exactly 𝑘ln2 of bulk entropy. 

Each tick is a quantized, temperature-set pulse through which the universe rewrites its 

informational structure one tick at a time. 

HEF defines the quantum rate of entropy evolution in the bulk, HIF specifies the mirrored 

information gain on the boundary, HCR ensures exact complementarity, and HEP, with 

Holographic Conservation Law (HCL) unify all into global conservation law, together, they 

form a self-consistent dynamical structure that extends Landauer’s principle and the second 

law of thermodynamics into a universal holographic framework, where entropy and 

information are not lost but continually exchanged between bulk and boundary in perfect 

symmetry. 

Building on this conservation foundation, the framework now applies the principle to 

gravitational systems. 

 

14. Black Hole Dynamic Entropy (BHDE) 

 

Below, we start from the dynamic entropy, SDE , the Dynamic Entropy law, Eq. (22), derived 

from entropic information theory and rooted in Landauer’s principle, wherein we inject either 

the Hawking Temperature or the Hawking temperature–surface gravity relation, leading to 

respectively the Black Hole Dynamic Entropy and the Surface Gravity Dynamics Entropy. We 

resolve these both equations relative to evaporation time that we inject in Surface Gravity 

Dynamics Entropy to obtain the Holographic Gravitational Entropy interpreted as a generalized 

entropy–area law that goes beyond AdS/CFT correspondence. 

To derive the Black Hole Dynamic Entropy (BHDE) within the Scaling Entropy–Area 

Thermodynamics (SEAT) framework, we begin from the Dynamic Entropy law of entropic 

information theory, Eq. (22) and introduce the Hawking temperature as the relevant thermal 

scale for black holes. 

The Hawking temperature is given by: 

𝑇𝐻 =
ℏ𝑐3

8𝜋𝐺𝑀𝑘
 (41) 

The reduced Planck constant, ℏ =
ℎ

2𝜋
, is explicitly used in gravitational relations such as the 

Hawking temperature, Eq. (41). 

This bridges microscopic information thermodynamics with macroscopic black hole physics, 

since TH encodes how the mass 𝑀 determines the black hole’s thermal spectrum  

Substituting Eq. (41) into the Dynamic Entropy law Eq. (22) yields the expression for Black 

Hole Dynamic Entropy [49]: 
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    𝑆BHDE = −
𝑘𝑐3𝑙𝑛2 𝑡

16𝜋2𝐺𝑀
   (42) 

where k is Boltzmann’s constant, c the speed of light, G Newton’s gravitational constant, M 

the black hole mass, and t the evaporation time parameter. 

Eq. (42) shows that BHDE emerges naturally from entropic information theory when applied 

to the thermal spectrum of black holes [49].  

The negative sign denotes the holographic direction of entropy flow during evaporation, an 

outward emission of entropy from the black-hole bulk into boundary radiation, rather than an 

intrinsic loss. It expresses the Landauer-type conversion of bulk entropy into boundary 

information, signifying that as evaporation proceeds, the system transitions toward greater 

informational order in accordance with the SEAT framework. So, the prefactor (without k) has 

dimensions: 

𝑐3𝑡

𝐺𝑀
= [

𝑚3/𝑠3 ⋅ 𝑠

(𝑚3/(𝑘𝑔 ⋅ 𝑠2)) ⋅ 𝑘𝑔
] = [

𝑚3/𝑠2

𝑚3/𝑠2
] =  𝑑𝑖𝑚𝑒𝑛𝑠𝑖𝑜𝑛𝑙𝑒𝑠𝑠 (43) 

Thus, the entire fraction is dimensionless, that leaves only 𝑘, which carries [J K−1] 

Eq. (42) is well-structured: the fraction gives the number of informational bits (dimensionless 

count), and multiplication by Boltzmann’s constant k converts it into physical entropy with 

units of [J K−1]. 

BHDE generalizes the statistical–mechanical origin of entropy into a time-resolved, 

information-theoretic cost function governed by Landauer’s principle at the quantum scale. 

This interpretation situates black hole thermodynamics firmly within an informational 

framework. 

The substitution of the Hawking temperature into the Dynamic Entropy (DE) law does not 

impose equilibrium on a non-equilibrium process; rather, it imports the black hole’s well-

established equilibrium spectrum into a more general informational law that already governs 

non-equilibrium entropy flow.  

More broadly, BHDE law provides a principled unification of energy, information, and 

geometry within black hole thermodynamics. In this way, BHDE demonstrates that black hole 

entropy is not static but a dynamically evolving informational quantity, one that bridges 

microscopic information thermodynamics with macroscopic gravitational entropy. 

We isolate time, 𝑡 from BHDE formula, Eq. (42): 

𝑡 = − 
16𝜋2𝐺𝑀

𝑘𝑐3 𝑙𝑛2
⋅ 𝑆 (44) 

Recall the standard Bekenstein–Hawking entropy 

𝑆BH =
𝑘𝑐3𝐴

4𝐺ℏ
  (45) 

Substitute Eq. (45) into Eq. (44) and cancel 𝑘, 𝐺, 𝑐3 and 4: 
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𝑡 = −
4𝜋2𝑀𝐴

ℏ 𝑙𝑛(2)
 (46) 

Substitute t into the BHDE formula, Eq. (42): 

𝑆BHDE(𝑡𝑒𝑣𝑎𝑝) = −
𝑘𝑐3𝑙𝑛2

16𝜋2𝐺𝑀
⋅ (−

4𝜋2𝑀𝐴

ℏ 𝑙𝑛2
) (47) 

The two negative signs cancel. 

𝑙𝑛 2 in numerator and denominator cancels. 

𝑀 cancels. 

π2 cancels partially. 

Simplify: 

𝑆BHDE(𝑡𝑒𝑣𝑎𝑝) =
𝑘𝑐3𝐴

4𝐺ℏ
= 𝑆BH (48) 

At evaporation time, the Black Hole Dynamic Entropy (BHDE), Eq. (42), reduces exactly to 

the Bekenstein–Hawking entropy formula, Eq. (45). This confirms that the time-dependent 

expression BHDE, which governs the non-equilibrium evolution of entropy during 

evaporation, asymptotically recovers the classical entropy–area law. 

The BHDE law thus encodes the time-dependent reduction of entropy during black hole 

evaporation, ensuring continuity between non-equilibrium dynamics and equilibrium 

endpoints. At evaporation times, BHDE reduces exactly to the Bekenstein–Hawking entropy–

area law, confirming its consistency with established results. 

The result establishes a principled bridge between dynamic and static descriptions: BHDE 

tracks entropy as a continuously evolving informational cost throughout evaporation, while the 

Bekenstein–Hawking law emerges as its equilibrium endpoint. In this way, black hole entropy 

is revealed not as a fixed quantity but as a structured, time-dependent process converging to a 

stable thermodynamic limit. 

Importantly, the Hawking temperature TH enters as the equilibrium boundary condition, while 

the dynamic entropy law encodes non-equilibrium flow. Their synthesis shows that the 

classical entropy law is not contradicted by the dynamical formulation but embedded within it 

as the limiting case. This continuity ensures that Black Hole Dynamic Entropy (BHDE) is not 

an ad hoc modification but a robust generalization that integrates microscopic information–

theoretic principles with macroscopic thermodynamics, showing that the black hole entropy 

law arises as a special case of a general entropic cost principle, offering a continuous 

description of entropy evolution during evaporation. 
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15. Surface Gravity Dynamics Entropy (SGDE) 
 

To derive the Surface Gravity Dynamic Entropy (SGDE) in the SEAT (Scaling Entropy–Area 

Thermodynamics) framework, we proceed from the foundational entropy formulation rooted 

in entropic information theory, Eq. (22) and connect it to gravitational systems via surface 

gravity. 

Hawking temperature–surface gravity relation: 

𝑇𝐻 =
ℏ𝜅

2𝜋𝑘𝑐
 (49) 

By substituting Eq. (49) into the formula of SDE, Eq. (22) to obtain SGDE formula: 

    𝑆SGDE = −
𝑘𝜅 𝑙𝑛2 𝑡

4𝜋2𝑐
   (50) 

where 𝜅 is surface gravity, t represents time and S, called: Surface Gravity Dynamic Entropy 

(SGDE).  

This equation further strengthens the Scaling Entropy–Area Thermodynamics, SEAT 

framework by linking gravitational intensity to entropy evolution, demonstrating that changes 

in entropy are directly influenced by the interplay between surface gravity and time. 

The presence of 𝑙𝑛 2 reflects the discrete nature of entropy, reinforcing the notion that 

gravitational information is encoded in discrete bits.  

The Surface Gravity Dynamic Entropy (SGDE) provides a dynamic formulation illustrating 

how entropy gradients shape gravitational effects, as gravity emerges not from static geometry, 

but from evolving entropy flows regulated by surface gravity. 

The Surface Gravity Dynamic Entropy (SGDE) shows that gravitational intensity (𝜅) is 

proportional to entropy flow over time, and entropy gradients (changes in entropy with respect 

to time and space) act as the thermodynamic origin of gravity. 

The negative sign denotes the holographic orientation of entropy flow, an outward emission of 

entropy from the bulk toward the boundary, rather than an intrinsic decrease. It marks the 

direction of information transfer during gravitational processes, in accordance with the SEAT 

prediction that gravitational systems evolve toward more ordered informational configurations, 

[
kg m3

s3 K
] ⋅ [

s

m
] = [

kg m2

s2 K
] =  [J K−1] (51) 

The Surface Gravity Dynamic Entropy (SGDE) formulation reveals that surface gravity (𝜅) 

acts as the local intensity of entropic flow, directly connecting thermodynamic gradients to 

geometric curvature.  
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This Surface Gravity Dynamic Entropy (SGDE) formulation, Eq. (50), extends entropy 

evolution by expressing it directly through surface gravity 𝜅 and its influence on gravitational 

dynamics.  

Applicable to any system encoded on a holographic surface, it provides the missing bridge 

between thermodynamic entropy flow and geometric curvature.  

 

16. Holographic Gravitational Entropy (HGE) 
 

We resolve now, previous entropy formulations, the Surface Gravity Dynamic Entropy 

(SGDE), relative to time. We reinject this time after in SGDE formulation to obtain the 

Holographic Gravitational Entropy. 

Now, we isolate time, 𝑡 from SGDE formula, Eq. (50): 

𝑡 = −
4𝜋2𝑐

𝑘𝜅 𝑙𝑛2
 ⋅ 𝑆 (52) 

Now, use the entropy expression for a black hole Bekenstein-Hawking entropy, Eq. (45): 

𝑡 = −
𝜋2𝑐4𝐴

𝐺ℏ𝜅 𝑙𝑛2
 (53) 

Now, recall the surface gravity of a Schwarzschild black hole: 

𝜅 =
𝑐4

4𝐺𝑀
 (54) 

Substitute this κ into the Eq. (53), cancel c4 and 𝐺: 

𝑡 = −
4𝜋2𝑀𝐴

ℏ 𝑙𝑛2
 (55) 

This formula defines, within the SEAT–HG framework, the quantum-informational lifetime of 

a black hole. 

As Eq. (46) is equal to Eq. (55), this confirms the internal consistency of the Scaling Entropy–

Area Thermodynamics, SEAT framework and demonstrates that whether we start from the 

black hole dynamic entropy or the surface gravity dynamic entropy, the physical prediction of 

the evaporation time remains unchanged. 

Substitute this time (𝑡), Eq. (55) into the Surface Gravity Dynamics Entropy (SGDE), Eq. (50): 

𝑆SGDE(𝑡𝑒𝑣𝑎𝑝) = −
𝑘𝜅 𝑙𝑛(2)

4𝜋2𝑐
⋅ (−

4𝜋2𝑀𝐴

ℏ 𝑙𝑛(2)
) (56) 

Simplify: 𝑙𝑛2 and 4π² cancels. The minus sign cancels and leads to the Holographic 

Gravitational Entropy formula: 
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   𝑆HGE =
𝑘𝜅𝑀𝐴

ℏ𝑐
  (57) 

In natural units ℏ = 𝑐 = 𝑘 = 1, we obtain: 

   𝑆HGE = 𝜅𝑀𝐴   (58) 

where k is Boltzmann’s constant, κ is the surface gravity, M is the mass of the system, A is the 

surface area of the boundary, ℏ is the reduced Planck constant, and c is the speed of light. With  

J =  [
kg m2

s2 
] 

[
kg2 m5

s4 K
] [
kg m3

s2
]⁄ = [

kg2 m5

s4 K
] ⋅ [

s2

kg m3
] = [

kg m2

s2 K
] =  [

J

K
] (59) 

The Holographic Gravitational Entropy (HGE) is dimensionally consistent: it has the correct 

units of entropy, [J/K]. Eq. (57) wherein Schwarzschild identities 

𝐴 = 16𝜋
𝐺2𝑀2

𝑐4
,   𝜅 =

𝑐4

4𝐺𝑀
. (60) 

are substituted: 

𝑆HGE =
𝑘

ℏ𝑐
(
𝑐4

4𝐺𝑀
)𝑀(16𝜋

𝐺2𝑀2

𝑐4
) =

4𝜋𝑘𝐺𝑀2

ℏ𝑐
= 𝑆BH (61) 

HGE, Eq. (57) exactly reproduces the Bekenstein–Hawking entropy for a Schwarzschild black 

hole. 

The three entropic formulations connect to the standard Bekenstein–Hawking entropy in 

distinct but consistent ways. Black Hole Dynamic Entropy (BHDE) expresses the entropy loss 

rate during evaporation, and only after full time integration over the evaporation history does 

it reduce to the static Bekenstein–Hawking entropy, SBH. When the evaporation time is 

explicitly introduced, SGDE remains fully consistent with SBH. Finally, the Holographic 

Gravitational Entropy (HGE) also yields SBH in the black hole case but extends the same area-

scaling principle universally to other gravitating systems, providing a more general holographic 

entropy law. 

The Holographic Gravitational Entropy (HGE) can be interpreted as an entropy–area 

generalized law, capturing the total entropy encoded on a boundary surface as a source of 

gravitational dynamics.  

Physically, (𝑆HGE) represents the entropic potential of spacetime, an informational field 

defining how entropy is distributed over the holographic surface. Spatial variations 

of (𝑆HGE) encode differences in informational density, generating entropic imbalances that 

drive the evolution of the system. 

 In analogy with classical mechanics, where acceleration follows the gradient of a potential 

(𝑎 = −∇Φ), the gradient of (𝑆HGE) defines the entropic field guiding the motion of matter. 
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The Holographic Gravitational Entropy (HGE) therefore completes the SEAT hierarchy by 

unifying preceding dynamic laws into a universal, area-scaling entropic potential. It represents 

the equilibrium projection of Dynamic Entropy (DE) and Surface Gravity Dynamic Entropy 

(SGDE) onto boundary surface, encoding the total informational content responsible for 

curvature formation. 

In HG, HGE defines the entropic source term of spacetime geometry: variations 𝛿𝑆𝐻𝐺𝐸 

correspond to geometric deformations δA.  Consequently, HGE functions as the holographic 

generalization of the Bekenstein–Hawking area law, applicable to any horizonless or curved 

system, thereby establishing the expression of gravitational entropy within the SEAT–HG 

architecture. 

Holographic Gravitational Entropy (HGE) is a cornerstone concept within the Scaling 

Entropy–Area Thermodynamics (SEAT) framework, representing a generalized formulation 

of gravitational entropy that extends beyond the classical Bekenstein–Hawking relation.  

Holographic Gravitational Entropy, HGE encapsulates the idea that gravitational phenomena, 

including curvature and force, emerge not as fundamental interactions, but as macroscopic 

consequences of quantum informational processes occurring on lower-dimensional boundary 

surfaces.  

Holographic Gravitational Entropy, HGE generalizes the entropy–area relationship by 

embedding dynamical and quantum-gravitational effects directly into the entropy formula. The 

inclusion of surface gravity κ introduces the influence of acceleration due to gravity, while the 

mass M captures the inertial-energy content of the system.  

Crucially, the surface area A reinforces the holographic nature of gravitational entropy, 

confirming that it scales with area and not volume, as per the holographic principle. In this 

framework, spacetime curvature is not sourced by matter fields per se, but rather by the 

variation in encoded quantum information across boundary surfaces, with HGE providing the 

thermodynamic potential that drives the emergence of gravity itself. 

The SEAT–HG framework explicitly addresses limiting cases and boundary conditions: the 

Black Hole Dynamic Entropy reduces exactly to the Bekenstein–Hawking area law at 

evaporation time, ensuring the correct equilibrium limit, while Holographic Gravitational 

Entropy (HGE) recovers the classical area scaling in static regimes. Approximations are built 

in by interpolating between non-equilibrium dynamics and equilibrium endpoints. The 

approximations are built in because the SEAT–HG formulas interpolate smoothly between 

non-equilibrium dynamics and equilibrium endpoints, automatically sliding from a time-

dependent, out-of-equilibrium description during evaporation to the static Bekenstein–

Hawking area law at the endpoint, without requiring any external correction or ad hoc patching. 

By defining gravity through entropy gradients and their informational sources, Holographic 

Gravitational Entropy, HGE reframes spacetime as an emergent geometry shaped by the 

dynamical evolution of quantum entanglement on boundary surfaces. This shifts the 

foundations of gravitational physics away from traditional field-theoretic models toward a new 

paradigm where information, holographically encoded and thermodynamically active, is the 

fundamental entity from which gravity, spacetime, and matter emerge. 
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17. Entropic Temperature 
 

Up to this point, the Scaling Entropy–Area Thermodynamics (SEAT) framework has 

established a set of dynamic entropy laws linking information, thermodynamics, and 

gravitational dynamics.  

The next conceptual step is to extend these foundations toward the definition of a universal 

temperature scale rooted in information itself. 

Traditional thermodynamic temperature measures the average kinetic energy of microscopic 

constituents, but in holographic and quantum informational contexts, such a definition proves 

insufficient. 

Gravitational systems, black holes, and boundary-encoded entanglement structures require a 

generalized measure of temperature that reflects not only thermal agitation but also the 

informational cost of mass and entropy flow. 

This motivates the introduction of entropic temperature.  Entropic temperature is the effective 

temperature that quantifies the minimal energetic cost of storing, erasing, or transforming one 

bit of information in a physical system. 

Formally, it is introduced through Landauer’s principle: 

𝐸bit = 𝑘𝑇 𝑙𝑛 2 (62) 

where Ebit is the minimal energy required to erase or process 1 bit of information. Entropic 

temperature can be expressed as the ratio 

𝑇Entropic =
Ebit

Sbit

 (63) 

By showing that entropic temperature is simply the quotient of the energy per bit and the 

entropy per bit, that unveils an elegant informational meaning of temperature. Temperature 

emerges as the conversion rate between informational disorder (entropy) and energetic cost 

(energy). This ratio tells you how much energy is needed to manipulate one unit of entropy (1 

bit of information). This simple expression serves as a bridge across four domains of physics.  

In ordinary thermodynamics, each microscopic degree of freedom contributes an energy scale 

proportional to 𝑘𝑇. Dividing this by the per-bit entropy, 𝑘𝑙𝑛2, reproduces, up to the 

conventional scaling factor 𝑙𝑛 2, the kinetic temperature 𝑇. The discrepancy is not physically 

problematic; it merely reflects whether entropy is measured in nats (with 𝑘) or in bits (with 

𝑘𝑙𝑛 2).  

In quantum information theory, Landauer’s principle states that erasing 1 bit of information 

requires an energy cost 𝐸bit = 𝑘𝑇 ln 2. Inserting this into the entropic ratio of  𝑇entropic, shows 

that the entropic temperature exactly reproduces the physical temperature 𝑇, thereby unifying 

informational and thermodynamic definitions of temperature.  
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In gravity, the reasoning extends to the Unruh effect, where an observer with acceleration 𝑎, 

perceives a thermal bath of temperature 𝑘𝑇𝑈  =  ℏ𝑎 / 2π𝑐. The associated bit energy is 𝐸bit =
𝑘𝑇𝑈 ln 2, and dividing by the entropy per bit, 𝑆bit = 𝑘 ln 2, yields 𝑇entropic = 𝑇𝑈. When the 

acceleration 𝑎 is replaced by the surface gravity κ, this relation gives Hawking’s black hole 

temperature 𝑇𝐻 = ℏκ/2π𝑘𝑐.  

Thus, the single ratio 𝐸bit/𝑆bit acts as a universal bridge: it reduces itself to kinetic temperature 

in thermodynamics, enforces the Landauer bound in information theory, and yields the 

Hawking radiation for black holes and the Hawking–Unruh temperature on holographic 

horizons.  

Through this equality, the energy cost of one bit becomes the common language of heat, 

information, and curvature, establishing the entropic–informational foundation of temperature 

itself. 

  𝑇Entropic  =  
𝐸bit

𝑆bit

 =  𝑇   (64) 

This establishes the Entropic Temperature Principle, a universal law linking energy, entropy, 

and temperature across thermodynamics, quantum information, gravity, and holography, where 

Entropic temperature is not new scale but simply the thermodynamic temperature reinterpreted 

in informational terms. 

Physically, Entropic Temperature shows that temperature is nothing but the energy cost per bit 

of entropy, providing a common language for kinetic motion in matter, the minimal cost of 

computation, the thermal radiation of horizons, and the holographic encoding of information 

on boundary surfaces. 

 

18. Mass-Energy-Temperature (MET) 
 

Having established entropic temperature as the universal bridge that unifies thermodynamics, 

information theory, and holography by interpreting temperature as the energy cost per bit of 

entropy, we can now extend this reasoning to the scale of mass itself.  

Whereas entropic temperature is intrinsic and intensive, capturing the local informational cost 

of entropy flow, the next step is to introduce the Mass–Energy-Temperature Equivalence 

(MET), which generalizes the per-bit formulation of Melvin Vopson to arbitrary masses. 

Mass-Energy-Temperature (MET) emerges naturally when generalizing Vopson’s mass–

energy-information equivalence principle.  

Starting from the bit-level relation of the mass of bit of information from Melvin Vopson,  

𝑇 =
mbitc

2

k ln(2)
 (65) 

as we scale up from the per-bit value to an arbitrary mass 𝑚, we can absorb the 𝑙𝑛 2 into the 

definition of the per-bit normalization (choosing nats rather than bits) 
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T

m
=
c2

k
  (66) 

This is the Mass–Energy-Temperature Equivalence (MET) where temperature is explicitly 

defined as an equivalence temperature rather than a literal thermodynamic one. Eq. (66) must 

be understood as a mapping between mass–energy and a temperature scale. 

Before deriving the Mass–Energy–Temperature Equivalence (MET) from first principles, it is 

instructive to trace the conceptual lineage connecting Verlinde’s emergent gravity to the 

present Scaling Entropy–Area Thermodynamics (SEAT) formulation. 

Verlinde reformulated Newton’s laws as emergent thermodynamic relations and argued that 

Einstein’s equations may likewise arise from entropic considerations. Starting from the 

entropic-force identity, together with Bekenstein’s entropy variation for a displaced test mass, 

Unruh’s temperature–acceleration correspondence, and the holographic equipartition law, he 

recovered Newton’s second law and the inverse-square law of gravitation. In this picture, a test 

particle’s displacement relative to a holographic screen induces an entropy change proportional 

to its mass, and the screen encodes information proportional to its area. 

The Scaling Entropy–Area Thermodynamics (SEAT) framework takes this further by elevating 

Verlinde’s phenomenological ratio into a universal structural law. Whereas Verlinde’s 

derivation depends on the displacement of a test particle and on equilibrium thermodynamic 

assumptions, SEAT identifies a mass–temperature proportionality that is independent of test 

mass, acceleration, or specific holographic screen geometry. 

In this sense, Verlinde’s insight is acknowledged as the steppingstone, but the SEAT 

framework transforms it from a phenomenological consistency condition into a universal 

conversion principle. This distinction ensures that what was originally a test particle-dependent 

entropic force becomes, in SEAT–HG, a fundamental bridge law governing all gravitational 

systems. 

Start from the Verlinde’s basic relation 

𝐹 Δ𝑥  =   𝑇 Δ𝑆  (67) 

Insert Bekenstein’s entropy increment with reduced Compton convention .For a test mass m 

translated by Δ𝑥, 

Δ𝑆 = 2𝜋 
k mc

ℏ
 Δ𝑥 (68) 

Plug (68) into (67) and cancel Δ𝑥: 

𝐹 = 2𝜋 
k mc

ℏ
 𝑇 (69) 

Set 𝐹 =  𝑚 a and cancel 𝑚: 

𝑎 =  2𝜋 
k c

ℏ
 𝑇 ⟺  𝑇 =  

ℏ𝑎

2 𝜋𝑘𝑐
  (70) 

which reproduces the Unruh temperature–acceleration correspondence. 
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Here, acceleration becomes an emergent entropic response of the holographic screen. 

In Verlinde’s picture, acceleration emerges as an entropic response of the holographic screen 

to a change in information content. The particle feels a force because its displacement alters 

the entropy of the screen. 

The SEAT–HG framework extends this reasoning by removing the dependence on an external 

screen and replacing displacement relative to a surface with intrinsic quantum localization 

within the particle’s own holographic patch. 

Let’s the particle’s reduced Compton length define its intrinsic confinement scale, Compton 

wavelength marks the boundary between quantum mechanics and relativistic quantum field 

theory. 

Tie 𝑎 to a mass-set localization length (reduced Compton length) 

𝜆̄𝐶 =
ℏ

mc
 (71) 

Rindler horizon length (including the Euclidean 2𝜋 periodicity): 

ℓ𝑅 =
2πc2

𝑎
 ⟹  𝑎 =

2πc2

ℓ𝑅
 (72) 

The 2π factor arises because, when you view an accelerated observer’s spacetime in Euclidean 

form, the imaginary time direction becomes an angular coordinate. To keep the geometry 

smooth at the Rindler horizon, that angle must sweep a full 2π radians, giving rise to the 

circular thermal periodicity that manifests physically as the Unruh temperature. The 2π factor 

comes from the topological requirement of smoothness in Euclidean Rindler space, imaginary 

time is periodic with period 2πc/a. This ensures no conical singularity at the horizon and 

encodes the thermal periodicity of the Unruh temperature. 

Identify ℓ𝑅 to 𝜆̄𝐶  , ℓ𝑅 ∼ 𝜆̄𝐶 get 

𝑎 ∼
2πc2

ℏ/(mc)
=
2πmc3

ℏ
 (73) 

ℓ𝑅 ∼ 𝜆̄𝐶, this relation means that the quantum thermal length scale equals the quantum rest-

mass length scale. 

It expresses the idea that a particle’s quantum thermal length equals its quantum rest-mass 

localization length 

Eliminate 𝑎, use (73) with (70): 

𝑇 =
ℏ

2πkc
 𝑎 =

ℏ

2πkc
 
2πmc3

ℏ
=
mc2

k
 (74) 

We obtain the same result as Eq. (66) relative to the Mass–Energy-Temperature Equivalence 

(MET) but it arises here from purely geometric–informational reasoning. 
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The single identification ℓ𝑅 ∼ 𝜆̄𝐶  is a sharp, natural way to connect Unruh thermality to 

quantum localization.  

The relation ℓ𝑅 ∼ 𝜆̄𝐶 encodes the principle that a particle’s rest energy is the minimal thermal–

informational cost required to localize it within its own quantum extent.  It is not an assumption, 

but the unique scale at which quantum mechanics, horizon thermodynamics, and information 

theory become mutually consistent. 

Conceptually, the Mass–Energy-Temperature Equivalence (MET) represents the missing 

bridge between Verlinde’s emergent thermodynamic gravity and Vopson’s mass–energy- 

information equivalence. Vopson anchors the principle in information thermodynamics, 

Verlinde in entropic gravitational dynamics, while SEAT unifies them into a structural 

holographic law. This distinction transforms what was once a test-particle-dependent 

consistency condition into a fundamental universality, positioning temperature as the 

informational cost carried by every unit of mass. 

MET and entropic temperature establish a structural bridge unifying mass, energy, entropy, 

and information, thereby transforming Verlinde’s entropic force into a universal equivalence 

principle that grounds the SEAT–HG framework. 

The Mass–Energy–Temperature (MET) equivalence in the Holographic Computational 

Universe (HCU), expressed as 
𝑇

𝑚
=
𝑐2

𝑘
, Eq. (66) establishes a direct proportionality between 

temperature and mass through the universal constants 𝑐2and 𝑘. This deceptively simple ratio 

carries enormous conceptual weight: it tells us that every unit of mass encodes a definite 

thermal amplitude, and every unit of temperature corresponds to a precise mass-equivalent 

energy. MET therefore becomes the fundamental conversion rule between matter, energy, 

temperature, and information. 

 

19. Holographic Bulk Energy (HBE) 
 

The Mass–Energy–Temperature Equivalence (MET) introduces an extrinsic temperature scale, 

(𝑇Ext), which reinterprets Einstein’s rest-energy relation (𝐸 = 𝑚𝑐2) as a thermal–informational 

identity, 

𝑚𝑐2 = 𝑘𝑇Ext (75) 

This equation defines the Holographic Bulk Energy (HBE), the minimal thermal cost required 

to sustain the informational existence of mass on its holographic boundary. In this view, the 

rest energy of matter is not a static quantity but a continuous energy investment maintaining its 

boundary representation. Every unit of mass corresponds to a unit of boundary tension, and 

this tension constitutes the energetic infrastructure of existence itself. 

Within the SEAT–HG framework, the dynamics of reality are governed by two complementary 

temperature scales that operate in perfect holographic synchrony.  

The first is the entropic temperature, (𝑇Ent), defined by the ratio between the energy and entropy 

of a single bit, 𝑇Ent =
𝐸bit

𝑆bit
, Eq. (63), which is intrinsic and intensive. It represents the local 
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thermodynamic rate of information flow, the microscopic frequency of holographic evolution. 

(𝑇Ent) coincides with the thermodynamic temperature, enforcing Landauer’s bound in 

information theory, reproducing the Unruh–Hawking temperature in gravitational systems, and 

reducing to kinetic temperature in ordinary thermodynamics. 

The second temperature, (𝑇Ext), is extrinsic and extensive, given by the Holographic Bulk 

Energy (HBE) relation (𝑚𝑐2 = 𝑘𝑇Ext), Eq. (75). It measures the global informational 

amplitude or total thermal cost required to encode a stable mass configuration holographically. 

Unlike(𝑇Ent), which quantifies the internal dynamics of entropy exchange, (𝑇Ext) captures the 

external thermodynamic potential that defines the system as a whole. It does not represent 

kinetic agitation but an equivalence temperature, a macroscopic thermodynamic–informational 

scale mapping rest mass into its Holographic Bulk Energy (HBE). 

In the language of the Holographic Computational Universe (HCU), every physical system 

admits a dual description: a bulk, containing mass–energy and matter fields, and a boundary, 

on which the corresponding informational content is encoded. The extrinsic temperature 𝑇Ext 
is bulk-defined but boundary-effective: it is fixed by the total bulk rest energy and manifests 

as the thermal–informational condition required for holographic encoding on the boundary. 

Accordingly, 𝑇Ext does not represent internal kinetic agitation or a microscopic thermodynamic 

temperature. Rather, it characterizes a distributed boundary tension, a global thermal potential 

spread over the holographic surface, that stabilizes the encoded bulk geometry. As the bulk 

mass–energy 𝑚𝑐2 increases, a correspondingly higher 𝑇Ext is required to maintain and sustain 

its informational imprint on the boundary. 

Through this interpretation, 𝑇Ext emerges as a holographic scale temperature that translates the 

total bulk rest energy into a boundary-equivalent quantity expressed in thermal units. It depends 

exclusively on global properties, namely the total mass, total encoded energy, and the extent 

of the holographic boundary, rather than on local microscopic degrees of freedom. 

Although bulk-defined, 𝑇Ext sets the informational amplitude of the holographic system by 

determining how much energy per bit is written onto the boundary, thereby fixing the strength 

of holographic encoding itself. The rest energy of mass thus appears as Holographic Bulk 

Energy (HBE), sustained through its continuous transcription into structured boundary 

information. 

This equivalence provides the physical and informational meaning of MET: mass and 

temperature are structurally equivalent expressions of the same holographic energy. The 

Holographic Bulk Energy (HBE) is thus fundamental within SEAT–HG because it bridges 

thermodynamics, information theory, and gravity through a unified equivalence law. In 

thermodynamics, it generalizes Einstein’s (𝑚𝑐2) by introducing a temperature correspondence 

that links energy content to a thermal amplitude. In information theory, it expresses the energy 

cost of storing or erasing structural information, extending Landauer’s bound to the 

macroscopic scale. In holography, it defines how bulk energy is mirrored as boundary 

temperature and information density, making the encoding of matter itself a thermal–

informational process. 

Consequently, the Holographic Bulk Energy HBE establishes a bulk–boundary duality in 

which every unit of rest energy corresponds to a boundary tension that encodes it. This 
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redefinition is foundational to Holographic Gravity, as it translates mass–energy into boundary 

information density and allows gravity to emerge as an entropic response to gradients of 

holographic encoding energy. Variations of (𝑇Ext) across space create entropy gradients that 

manifest as gravitational acceleration and curvature. 

The Mass–Energy–Temperature Equivalence (MET) reveals that mass is a thermal–

informational construct. The extrinsic temperature (𝑇Ext) expresses the global encoding 

amplitude, while the entropic temperature (𝑇Ent) determines the local evolutionary frequency.  

Together they form the dual thermodynamic coordinates of the holographic universe, 

amplitude and frequency, energy and information, bulk and boundary, synchronized by the 

Holographic Encoding Clock (HEC), which governs the quantum rhythm of spacetime itself. 

 

20. Holographic Synchronization Law (HSL) 
 

The Holographic Synchronization Law (HSL) constitutes the operational core of the 

Holographic Computational Universe (HCU). It expresses, within a single dynamical relation, 

the exact phase-locking between bulk entropy emission and boundary information encoding. 

The Holographic Synchronization Law (HSL) originates from the Mass–Energy–Temperature 

(MET) equivalence, also referred to as Holographic Bulk Energy (HBE), 𝑚𝑐2 = 𝑘𝑇Ext, Eq. 

(75), which recasts Einstein’s inertial rest energy as a thermal–informational amplitude. In this 

framework, rest mass is no longer a passive reservoir of energy but an actively encoded 

thermodynamic structure, whose stability is maintained through holographic boundary 

encoding and curvature feedback. 

The temporal granularity of holographic computation is set by the Quantum Informational Tick 

(QIT). Its duration is defined by the intrinsic entropic temperature, 𝜏𝑇 =
ℎ

𝑘𝑇Ent
, Eq. (32). 

A QIT does not convert action into entropy; rather, the Planck constant ℎ fixes the time 

resolution of holographic updates, while Boltzmann’s constant 𝑘 fixes the entropy quantum 

exchanged per update. During each tick, a fixed entropy quantum 𝑘 is transferred between bulk 

and boundary. 

The bulk entropy current associated with inertial energy content follows from the MET 

relation. Substituting 𝑚𝑐2 = 𝑘𝑇Ext , Eq.  (75), into 
𝑑𝑆

𝑑𝑡
=
𝑘𝑚𝑐2

ℎ
, Eq. (16), yields 

𝑑𝑆𝑏𝑢𝑙𝑘
𝑑𝑡

=
𝑘2𝑇𝐸𝑥𝑡
ℎ

 (76) 

Dimensionally expressed in joules per kelvin per second, this quantity represents a genuine 

entropy current: a steady thermodynamic cost associated with bulk evolution along proper time. 

Viewed holographically, the same rate reappears with opposite orientation on the boundary as 

encoded information. This correspondence is governed by the Holographic Conservation Law 

(HCL), Δ𝑆bulk = −𝑘 𝑙𝑛2 Δ𝐼boundary

(bits) , Eq. (40). 
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Combining these relations yields the complete formulation of the Holographic 

Synchronization Law (HSL): 

𝑑𝑆bulk
𝑑𝑡

= −
𝑘𝑚𝑐2

ℎ
= −

𝑘2𝑇Ext
ℎ

= − − 𝑘 𝑙𝑛2   
𝑑𝐼boundary

(bits)

𝑑𝑡
(77) 

 

The minus sign is not an algebraic artifact but a physical orientation marker: it encodes the 

directed flow from bulk entropy loss to boundary information gain. 

This equation represents the microscopic synchronization mechanism of physical reality. It 

provides the dynamic bridge between the time-resolved entropy current in the bulk and the 

precisely matched information gain on the holographic boundary. Through this mechanism, the 

Holographic Encoding Clock (HEC) maintains global synchronization across all holographic 

processes, ensuring that each emission of an entropy quantum from the bulk corresponds to an 

exactly matched informational update on the boundary. 

Temperature determines the rate of this conversion: higher temperature implies a higher 

entropy current and a faster informational update rhythm. The universe therefore does not 

compute at a universally fixed pace; rather, its informational heartbeat is locally set by 

temperature. 

The Holographic Synchronization Law is fundamental because it provides the first fully 

operational mechanism that synchronizes entropy, information, time, and geometry within a 

single dynamical equation. By unifying quantum mechanics (through ℎ), thermodynamics 

(through 𝑘𝑇), relativity (through 𝑚𝑐2), and information theory (through 𝑆 and 𝐼), the HSL 

reveals physical reality as a quantized, temperature-regulated holographic computation 

governed by the continuous interplay between bulk entropy emission and boundary 

information encoding. 

 

21. Holographic Equilibrium Ratio (HER) 
 

The Holographic Computational Universe (HCU) framework now advances to the condition 

that governs its thermal and informational coherence. 

The balance between the extrinsic temperature TExt,  which is a holographic scale temperature 

associated with the total bulk rest energy and its boundary representation, which determines 

the macroscopic encoding amplitude of the boundary, and the intrinsic temperature TEnt, which 

fixes the microscopic oscillation rate of each cell, establishes this coherence. Their ratio defines 

the Holographic Equilibrium Ratio (HER), a universal, dimensionless measure quantifying the 

degree of synchronization between bulk entropy emission and boundary information encoding. 

From a wave–informational perspective, the interplay between (TEnt) and (TExt)  can be 

visualized as a thermal–informational waveform that governs the holographic evolution of 

reality.  
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Their ratio quantifies the informational tension between the extrinsic encoding temperature TExt

, the global amplitude of the mass–energy, and the intrinsic entropic temperature TEnt, defining 

the local tick rate of holographic evolution. 

The Holographic Equilibrium Ratio (HER) quantifies the phase harmony between energy 

storage and information processing: 

HER =
Amplitude

Frequency
 (78) 

The Holographic Equilibrium Ratio (HER) is introduced as a universal dimensionless 

parameter quantifying the degree of thermal and informational coherence between a system’s 

macroscopic holographic encoding field and its microscopic entropic clock. It completes the 

Mass–Energy–Temperature (MET) hierarchy by establishing the explicit bridge between the 

extrinsic holographic temperature (TExt) and the intrinsic entropic temperature (TEnt), thereby 

defining the condition for holographic equilibrium within the Holographic Computational 

Universe (HCU) framework. 

The Holographic Equilibrium Ratio (HER) thus unites the amplitude and frequency aspects of 

the holographic thermodynamic wave. It expresses the phase relationship between the bulk’s 

energy reservoir and the boundary’s informational tick rate. 

By combining these two temperature scales, the Holographic Equilibrium Ratio takes the 

explicit form: 

Using Ebit = kTEnt ln 2 and Sbit = k ln 2, and 𝑚𝑐2 = 𝑘𝑇Ext, Eq. (75): 

𝑇𝐸𝑥𝑡
𝑇𝐸𝑛𝑡

=
𝑚𝑐2/𝑘

(𝑘𝑇𝐸𝑛𝑡 𝑙𝑛 2)/(𝑘 𝑙𝑛 2)
=
𝑚𝑐2

𝑘𝑇𝐸𝑛𝑡
 (79) 

HER =
𝑇Ext
𝑇Ent

=
𝑚𝑐2

𝑘𝑇Ent
 =  
𝑘 𝑇𝐸𝑥𝑡
ℎ 𝜈𝑇

 (80) 

The Holographic Equilibrium Ratio (HER) measures the ratio of macroscopic energy 

amplitude to microscopic entropic frequency. When expressed in this form, 
mc2

kTEnt
, HER 

functions as the thermal-informational analogue of the Lorentz factor in relativistic kinematics: 

it parametrizes the system’s state of deviation from perfect holographic equilibrium. It thereby 

provides a quantitative gauge of how efficiently energy and information remain synchronized 

across the bulk–boundary interface. When expressed in this form, 
k TExt

h νT
 , it quantifies the 

balance between boundary energy density and quantum informational cadence. Where the 

former defines how much energy per bit is available for encoding (macroscopic capacity), the 

latter sets how fast each bit is processed or oscillates (microscopic rate).   

The Holographic Equilibrium Ratio (HER) establishes the quantitative criterion of holographic 

balance.  

This ratio expresses the degree of thermal and informational coherence between the 

macroscopic holographic encoding field and the microscopic entropic clock that governs 

intrinsic informational evolution. It quantifies how the global thermal amplitude of a system 
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compares with the local frequency of its internal entropy production, thereby unifying the 

thermodynamic and informational perspectives into a single invariant quantity that determines 

whether a system is in equilibrium, absorbing, or radiating information. 

For HER > 1, where 𝑇Ext > 𝑇Ent, the system enters a bulk-dominated regime. The bulk 

encoding temperature exceeds the boundary entropic temperature, meaning that the inertial 

energy scale of the system is larger than the Landauer cost governing informational updates. 

As a consequence, entropy production in the bulk dominates over boundary encoding capacity. 

Entropy flows outward from the bulk toward the holographic boundary, leading to expansion, 

mass–energy dilution, and loss of effective bulk degrees of freedom. This regime corresponds 

to entropy-driven evolution such as gravitational evaporation, cosmological expansion, or mass 

loss, where the bulk emits entropy faster than the boundary can compress it into stored 

information. 

Conversely, when HER < 1, where 𝑇Ext < 𝑇Ent, the system becomes boundary-dominated. In 

this regime, the entropic (informational) temperature of the boundary exceeds the bulk energy 

scale. The holographic boundary processes and encodes information faster than the bulk can 

thermodynamically regenerate it. Information inflow dominates over entropy outflow, 

resulting in compression, curvature buildup, and densification of mass–energy. This phase 

corresponds to gravitational contraction, matter condensation, or black-hole accretion, where 

boundary encoding capacity overwhelms the entropic emission rate of the interior. 

Deviations from unity represent phase shifts between the bulk energy reservoir and boundary 

encoding dynamics, giving rise to curvature evolution or cosmological inflation phenomena. 

When HER = 1, corresponding to 𝑇𝐸𝑥𝑡 = 𝑇𝐸𝑛𝑡 , the system achieves perfect holographic 

equilibrium. In this state, bulk entropy emission and boundary information encoding occur in 

exact synchrony: every entropy quantum lost from the bulk is instantaneously encoded as a 

boundary bit within a single entropic tick, producing a regime in which entropy flow and 

information encoding are perfectly balanced and phase-locked, with no net entropy production.  

At the critical point HER = 1, where 𝑇Ext = 𝑇Ent, bulk entropy emission and boundary 

information encoding are exactly balanced. The system thus reaches holographic informational 

equilibrium, characterized by a stationary encoding rate: entropy outflow from the bulk is 

exactly compensated by boundary information uptake, with no net informational surplus or 

deficit. 

𝐻𝐸𝑅 =  
TExt
TEnt

 

→  {

> 1 Bulk − dominant (  expansion, evaporation, Loss of DoF)

= 1 Holographic Balance Condition (bulk − boundary parity)

< 1 Boundary − dominant (contraction, Gain of Dof)
} 

(81) 

In HCU, holographic contraction produces a gain of degrees of freedom (DoF) because it 

enables the creation of new representable structure that did not exist before.  

When the boundary’s encoding capacity exceeds the rate of bulk entropy production, the 

system no longer merely preserves existing informational states but becomes capable of 

encoding additional patterns, correlations that were previously unrealizable. 
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In this regime, the surplus encoding capacity is not idle; it is dynamically expressed as novel 

distinguishability, new ways for the universe to be different from itself.  

Rather than re-expressing the same information in a smaller space, contraction intensifies 

informational density by capturing, reorganizing, and compressing entropy into finer-grained 

representable states, thereby expanding the total multiplicity of encoded configurations. Thus, 

contraction enriches the ontology of the universe: it increases not only the number of states that 

can be stored, but also the variety of states that can exist.  

What emerges is not merely a preservation of meaning against erasure, but the generation of 

new meaning, new structure that did not pre-exist in latent form but is brought into being 

through its successful encoding on the boundary. In this sense, contraction is not just the 

reversal of loss but a constructive phase in which the universe becomes more informationally 

articulate, transforming its energetic surplus into genuinely new degrees of freedom. 

In contrary, Holographic expansion reduces degrees of freedom (DoF) because entropy 

produced in the bulk but not captured at the boundary is permanently erased from the accessible 

informational phase space. 

In the Holographic Computational Universe (HCU), unencoded entropy vanishes in the sense 

that bulk-generated microstates that are not stored on the boundary are excluded from the 

universe’s representable state space and therefore cease to exist as physical possibilities. 

Thus, in the Holographic Computational Universe (HCU), what is lost in erasure is not 

substance but structure, not matter but meaning, as the universe sheds the capacity to represent 

certain states, and in doing so, reduces the domain of what can exist. 

 

22. Holographic Structural Capacity (HSC) 

 

Having established the dual thermal architecture of the Holographic Computational Universe 

(HCU) through the extrinsic temperature (𝑇Ext) and the intrinsic entropic temperature (𝑇Ent), it 

becomes necessary to extend the thermodynamic description of matter into an informational 

ontology. Beyond the traditional equivalence between mass, energy, and temperature, the 

concept of Holographic Structural Capacity (HSC) introduces a fundamental informational 

principle: every physical mass is the structured expression of encoded information. 

In the Holographic Computational Universe (HCU) formalism, a rest mass (𝑚) possesses bulk 

energy (𝐸bulk = 𝑚𝑐
2), which, is perceived as an informational tension associated with the 

extrinsic temperature (𝑇Ext) through the Mass–Energy–Temperature (MET) equivalence, 

𝑚𝑐2 = 𝑘𝑇Ext, Eq. (75). 

According to Landauer’s principle, the minimal energy required to encode or erase a single bit 

at temperature (𝑇Ent) is 𝐸bit = 𝑘𝑇Ent ln 2. 

The total number of bits encoded within a rest mass (𝑚) is then given by the ratio of its total 

Einstein energy (𝐸Einstein = 𝑚𝑐
2) to this Landauer cost: 
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𝑁𝐻𝑆𝐶
𝑏𝑖𝑡𝑠  =

𝐸Einstein
𝐸bit

=
𝑚𝑐2

𝑘𝑇Ent 𝑙𝑛 2
 (82) 

Substituting the MET identity(𝑚𝑐2 = 𝑘𝑇Ext), Eq. (75), we obtain 

𝑁𝐻𝑆𝐶
𝑏𝑖𝑡𝑠 =

𝑇Ext
𝑇Ent 𝑙𝑛 2

 (83) 

The critical value (1/ln 2) marks the Landauer equilibrium point, where bulk and boundary 

are thermodynamically and informationally synchronized.  

𝑇Ext
𝑇Entl n 2

=

{
 
 

 
 <

1

ln 2
, if 𝑇Ext > 𝑇Ent (Lost of DoF)

=
1

ln 2
, if 𝑇Ext = 𝑇Ent(Equilibrium)

>
1

ln 2
, if 𝑇Ext < 𝑇Ent(Gain of DoF)}

 
 

 
 

 (84) 

Hence, as 𝑇Ent =
ℎ 𝜈𝑇

𝑘
, from Eq. (80), the Holographic Structural Capacity is 

𝑁𝐻𝑆𝐶
𝑏𝑖𝑡𝑠  =

𝐸𝐸𝑖𝑛𝑠𝑡𝑒𝑖𝑛
𝐸𝑏𝑖𝑡

=
𝑚𝑐2

𝑘𝑇𝐸𝑛𝑡𝑙 𝑛 2
=

𝑇𝐸𝑥𝑡
𝑇𝐸𝑛𝑡𝑙 𝑛 2

=
𝑘 𝑇𝐸𝑥𝑡
ℎ 𝜈𝑇  𝑙 𝑛 2

 =
𝑘 𝑇𝐸𝑥𝑡𝜏𝑇
ℎ  𝑙 𝑛 2

=
𝐻𝐸𝑅

𝑙𝑛 2
 (85) 

Holographic Structural Capacity (HSC) is the quantitative expression of how matter stores, 

exchanges, and preserves information. 

HSC measures the number of bits structurally encoded by mass as a function of its holographic 

thermal coherence, forming a bridge between thermodynamic temperature, quantum 

frequency, and informational structure. 

Holographic Structural Capacity (HSC) is the total bit count that a holographic system of mass 

m, extrinsic temperature (TExt), and entropic temperature (TEnt) can encode. 

All the above forms are equivalent because they describe the same quantity from different 

physical viewpoints: 

▪ Energy reservoir (
𝐸𝐸𝑖𝑛𝑠𝑡𝑒𝑖𝑛

𝐸𝑏𝑖𝑡
) 

▪ Thermodynamic cost (
𝑚𝑐2

𝑘𝑇𝐸𝑛𝑡𝑙 𝑛 2
) 

▪ Thermal efficiency (
𝑇𝐸𝑥𝑡

𝑇𝐸𝑛𝑡𝑙 𝑛 2
) 

▪ Quantum frequency (
𝑘 𝑇𝐸𝑥𝑡

ℎ 𝜈𝑇 𝑙 𝑛 2
) 

▪ Temporal duration (
𝑘 𝑇𝐸𝑥𝑡𝜏𝑇

ℎ  𝑙 𝑛 2
) 

▪ Holographic coherence (
𝐻𝐸𝑅

𝑙𝑛2
) 

Holographic Structural Capacity (HSC) unifies energy, thermodynamics, quantum dynamics, 

and informational geometry into a single quantity. 

As soon as a rest mass exists, it defines a temperature and hence a fixed informational cost. 
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Because energy, temperature, and information are equivalent, the mere existence of mass forces 

a minimum thermodynamic temperature and therefore a minimum energetic cost to encode, 

store, and process the information associated with its existence. 

This leads to the ontological principle: 

No Bits → No Structure → No Existence  (86) 

Existence is to be encoded   

It is principle expresses the foundational axiom of the holographic ontology: without encoded 

bits, no structure can arise; without structure, existence cannot manifest. 

Existence itself is thus understood as a continuous process of holographic encoding, in which 

entropy is perpetually converted into structured information on boundary surface. 

In the Holographic Computational Universe (HCU) framework, existence is fundamentally 

informational: to be is to be distinguishable, and to be distinguishable is to be encoded.  

Physical reality is therefore defined not by the mere presence of energy or matter, but by the 

capacity to discriminate one microstate from another through holographic encoding.  

Conversely, to fail to be encoded is to not exist, because an unrepresented configuration 

possesses no identity, no history, and no capacity to influence future evolution. From this 

perspective, erasure is not the destruction of energy, but the ontological deletion of 

distinguishability: it removes a state from the accessible informational phase space, eliminating 

it as a physical possibility rather than hiding it or transferring it elsewhere.  

Matter, in this perspective, is not a static substance but a stable configuration of information, 

dynamically sustained through the holographic exchange between bulk and boundary. 

Mass represents the organized, self-sustaining phase of information, the encoded geometry that 

gives rise to inertia, gravitational interaction, and physical form.  

The Holographic Structural Capacity (HSC) therefore provides the missing informational 

foundation of ontology, uniting thermodynamics, quantum mechanics, and gravity under a 

single universal principle: 

Mass is Structured Information.  (87) 

With this dual thermal structure in place, the framework now advances from quantitative 

relations to structural ontology, where mass, information, and time become co-emergent 

attributes of a single holographic process. 

 

23. Holographic Computational Entropy (HCE) 

 

In the Holographic Computational Universe (HCU), the informational structure of a physical 

system is quantified by the number of distinguishable microstates it can encode, denoted Ωinfo.  

The base-2 logarithm of this quantity, log
2
Ωinfo, measures the number of bits required to 

specify one microstate among the total set.  
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Within HCU, as in Eq. (83), this bit-capacity is controlled by the ratio between the system’s 

extrinsic encoding temperature 𝑇Ext, representing the available energetic capacity to encode 

information, and its intrinsic entropic temperature 𝑇Ent, representing the microscopic update 

frequency of holographic states. From Eq. (85), this relation is expressed as 

log
2
Ωinfo =

𝑇Ext

𝑇Entl n 2
= 𝑁𝐻𝑆𝐶

𝑏𝑖𝑡𝑠   (88) 

Because base-2 and natural logarithms are related by 𝑙𝑛𝛺info = (l n 2)  log2 Ωinfo, the previous 

identity immediately implies that the natural-logarithmic entropy of the system, measured in 

nats is 

𝑙𝑛𝛺info =
𝑇Ext

𝑇Ent

 =  𝐻𝐸𝑅  (89) 

This identity reveals a direct correspondence with classical statistical mechanics. Boltzmann’s 

definition of entropy identifies thermodynamic entropy with the natural logarithm of the 

number of microstates accessible to a system, 𝑆 = 𝑘 ln𝑊, where 𝑊 is the statistical 

multiplicity. Identifying 𝑊 = Ωinfo and substituting the HCU result yields. 

𝑆𝐻𝐶𝐸 = 𝑘𝑙𝑛𝛺info = 𝑘 
𝑇Ext

𝑇Ent

= 𝑘𝐻𝐸𝑅 =
m𝑐2

𝑇Ent

 (90) 

Boltzmann entropy quantifies how many microscopic configurations are actually populated 

within a specific macroscopic ensemble, a quantity necessarily limited by accessible thermal 

energy, interactions, and boundary conditions.  

By contrast, Holographic Computational Entropy (HCE) quantifies how much information a 

system could, in principle, encode if its entire rest energy were converted into sequential 

holographic updates at the entropic temperature 𝑇Ent.  

Holographic Computational Entropy (HCE) is the quantitative measure of a system’s capacity 

to encode, process, and update information through holographic transduction of bulk entropy 

into boundary-encoded information. 

Put differently, Boltzmann entropy measures realized disorder, whereas Holographic 

Computational Entropy (HCE) measures maximal energetic potential for information.  

The discrepancy between them reflects two fundamentally different perspectives on entropy: 

one describing how matter is currently arranged, and the other describing how much 

information the same matter could, in principle, embody, process, or transform. 

For ordinary systems, the difference between structural storage and computational capacity is 

enormous because only a tiny fraction of a system’s rest energy participates in thermodynamic 

activity, while almost all of it remains inert with respect to information processing; therefore, 

the maximal Holographic Computational Entropy (HCE) generally does not match 

thermodynamic entropy.  
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𝑆 = 𝑘 
𝑇Ext

𝑇Ent
 =  

m𝑐2

𝑇Ent
, Eq. (90) formula calculates precisely this upper bound: the maximum 

amount of information a system could ever hold or process, assuming its entire rest energy is 

used for holographic computation. 

Black holes are exceptional because they nearly saturate their informational capacity: they use 

essentially all of their mass–energy to maintain the horizon, leaving no residual bulk energy 

outside of geometry.  

All energy is already bound to spacetime curvature, making black holes the maximal encoders 

of energy into geometry.  

As a result, geometric storage and energetic capacity are not independent resources but become 

locked together, so that the entropy associated with static geometric storage and the entropy 

associated with dynamic energetic processing become comparable in magnitude.  

This produces the characteristic factor-of-two difference between Bekenstein–Hawking 

entropy and Holographic Computational Entropy (HCE): the former measures only static 

storage on the horizon, while the latter measures both storage and executable informational 

capacity.  

In the Holographic Computational Universe (HCU), the entropy of a black hole is therefore 

predicted to be twice the standard value because gravitational horizons encode not only the 

amount of information already stored in geometry, but also an equal amount of energetic 

capacity reserved for future holographic updates. Whereas ordinary black-hole 

thermodynamics describes the “written” content of the horizon, HCE includes the writeable 

potential that will be converted into structured Hawking radiation during evaporation.  

This doubling is not a mathematical artifact but a physical signature that black hole’s function 

as active informational engines rather than passive storage media: half of their entropy is 

encoded as geometry, and the other half represents the thermodynamic headroom required to 

compute and emit the stored information back into the universe.  

Consequently, evaporation becomes a balanced process in which a black hole emits exactly as 

much information as it has encoded, ensuring information conservation and establishing black 

holes as self-discharging holographic computational system whose total informational capacity 

is 𝑆HCE = 2𝑆BH. From Eq. (90), 

𝑙𝑛𝛺info =
𝑆𝐻𝐶𝐸
𝑘

 (91) 

With this definition of base-change, log
2
𝑥 =

ln 𝑥

ln 2
 , apply this to Ωinfo: log

2
Ωinfo =

lnΩinfo

ln 2
 

Substitute 𝑙𝑛𝛺info =
𝑆𝐻𝐶𝐸

𝑘
: 

𝑙𝑜𝑔2𝛺info =

𝑆𝐻𝐶𝐸
𝑘
𝑙𝑛 2

 (92) 

log
2
Ωinfo =

𝑆𝐻𝐶𝐸
𝑘 ln 2

 (93) 
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This equation expresses that the number of bits required to specify a microstate of the system 

equals its thermodynamic entropy expressed in bits. 

In the Holographic Computational Universe (HCU), the informational phase space is defined 

as  Ωinfo which denotes the total number of distinct informational configurations a system could 

encode or process if its entire rest energy were converted into sequential holographic updates 

at the entropic temperature 𝑇Ent. Whereas log
2
Ωinfo is the number of bits needed to specify one 

configuration. 

Conceptually, Ωinfo plays the role of a holographic analogue of Boltzmann’s multiplicity 𝑊, 

measuring the total informational capacity of a system rather than the set of microstates it 

currently occupies.  

From the original expression, 𝑆𝐻𝐶𝐸 = 𝑘
𝑇Ext

𝑇Ent
, Eq. (90) plug into the logarithm formula, Eq. (93): 

𝑙𝑜𝑔2 𝛺info =
𝑘
𝑇𝐸𝑥𝑡
𝑇𝐸𝑛𝑡
𝑘𝑙𝑛2

 
(94) 

The 𝑘 cancels, so we now have: 

𝑙𝑜𝑔2 𝛺info =
𝑇𝐸𝑥𝑡

𝑇𝐸𝑛𝑡 𝑙𝑛2
  (95) 

Exponentiate both sides with base 2: 

2𝑙𝑜𝑔2 𝛺info = 2
𝑇Ext

𝑇Ent 𝑙𝑛2 (96) 

which implies 

𝛺info = 2
𝑇Ext

𝑇Ent 𝑙𝑛2 (97) 

Using the identity 21/ln2 = 𝑒 and defining the Holographic Encoding Ratio (HER) as 𝐻𝐸𝑅 =
𝑇Ext

𝑇Ent
, 𝐸𝑞. (80)this can be simplified to 

Ωinfo = 𝑒
(𝐻𝐸𝑅)  (98) 

This result shows that the total number of distinct informational configurations Ωinfo grows 

exponentially with the holographic encoding ratio (HER), indicating that a system’s capacity 

to encode holographic information is not incremental but multiplicative: each unit increases in 

HER increases the number of admissible configurations by a factor of 𝑒.  

Consequently, Holographic Computational Entropy (HCE) does not merely represent a 

macroscopic measure of disorder but quantifies the exponential proliferation of informational 

degrees of freedom that arises from holographic encoding, capturing how energy, temperature, 

and computation jointly determine the structural richness of a holographic system. 

The limiting case of this dynamic occurs when HER reaches unity, a condition we identify as 

Holographic Thermal Equilibrium (HTE): 𝐻𝐸𝑅 = 1. 
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At Holographic Thermal Equilibrium, HTE, with 𝐻𝐸𝑅 = 1, its value, 

𝛺info = 𝑒  (99) 

The resulting is 

𝑆 = 𝑘𝑙𝑛𝛺info = 𝑘 𝑙𝑛 𝑒 = 𝑘  (100) 

representing exactly one natural unit of entropy, one nat.  

A system whose informational multiplicity satisfies Ωinfo = e possesses the minimal 

informational structure necessary for physical existence: it carries exactly one nat of entropy, 

corresponding to a single distinguishable configuration. Such a system can exist, but it cannot 

evolve, because evolution requires at least two admissible future states. It is therefore an 

informational singularity, capable of being, but not of becoming. 

In a larger evolving universe, many equilibrium RC-cells may coexist locally, provided the 

total informational capacity continues to expand. Global evolution persists so long as new 

degrees of freedom are generated faster than existing ones are lost. However, if holographic 

degrees of freedom are depleted more rapidly than they are created, the informational phase 

space Ωinfocontracts. Should this contraction continue until the global capacity reaches the 

critical value Ωinfo = e, the universe enters a terminal state: holographic computation ceases, 

the Holographic Encoding Clock halts, and no further informational updates occur. 

A one-nat system cannot encode spatial extension or support temporal evolution. Space 

requires relations among multiple RC-cells, and time requires sequential informational updates. 

With only a single degree of distinguishability, neither relations nor updates are possible. 

Geometry and temporality therefore vanish, and the system collapses into a static, non-

geometric, non-temporal informational singularity. 

In HCU, Ωinfo may fall below e, but such configurations are sub-physical: they lack sufficient 

information to complete a single Rindler–Compton cycle, and therefore cannot encode 

geometry, undergo computation, or support time. They represent proto-information rather than 

physical reality: not instantiated informational potential. 

The absolute minimum Ωinfo = 1 corresponds to zero entropy, no distinguishable alternatives, 

and no degrees of freedom. Nothing is encoded, nothing evolves, and nothing is extended. 

Physical existence is logically possible but not realized.  

Proto-information thus represents an ontological substrate of pure potentiality, capable of 

supporting information but containing none. 

Physicality begins only when Ωinfo = e, the minimal informational capacity required to form 

an identifiable state. At exactly one nat, a system exists but remains frozen, because it cannot 

explore alternative configurations. For Ωinfo > e, additional RC-cells and multiple admissible 

states appear, enabling relational structure, computational updates, and causal evolution. Only 

systems satisfying Ωinfo > e can sustain geometry, computation, and time. The transition 

through Ωinfo = e therefore marks the genesis of physics: below e lies potential without 

existence; at e existence without change; above e existence capable of becoming. 
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In the HCU framework, space is relational and time is computational. The end of space is the 

collapse of relational information; the end of time is the cessation of holographic computation. 

Both coincide when Ωinfo = e, because a universe with only one nat cannot encode structure 

or evolution. Existence freezes into a timeless, spaceless informational singularity. 

Importantly, contraction toward Ωinfo = e does not represent the literal destruction of 

“substance,” but the elimination of degrees of freedom (DoF), as the loss of DoF being the 

ontological deletion of unencoded microstates as when boundary encoding cannot keep pace 

with bulk entropy, some microstates remain unencoded. Because “to be is to be encoded,” these 

unencoded microstates are ontologically deleted, meaning they no longer count as possible 

configurations within the universe. 

Each degree of freedom corresponds to a distinguishable configuration; as these disappear, the 

universe’s ability to encode, correlate, or evolve information collapses. At Ωinfo = e, exactly 

one state remains, the minimal informational content required for existence, while all other 

alternatives vanish, not by being erased, but by ceasing to be possible. 

Thus, one nat is simultaneously the ontological seed of reality and the minimal boundary of 

physicality: the universe begins when it reaches one nat of informational capacity, and it would 

end if ever reduced to that threshold. 

A universe may collapse further, to Ωinfo = 1, but at that point it no longer qualifies as a 

physical universe. The boundary of physicality is Ωinfo = e; the boundary of ontology is 

Ωinfo = 1. 

This distinction clarifies an essential asymmetry between universes and black holes. A black 

hole cannot annihilate information: Hawking radiation forces it to export its encoded content, 

dispersing structure into the environment and increasing global informational multiplicity.  

A black hole ends by releasing information, not destroying it. The universe, by contrast, cannot 

export information externally. If it loses informational capacity, the loss is internal, leading to 

collapse toward an informational singularity.  

Ultimately, it may reach Ωinfo = e, ending physical existence, and potentially continue to 

Ωinfo = 1, where it becomes a proto-informational substrate. 

In HCU, proto-information denotes this pre-physical substrate: a non-geometric, non-temporal 

state with no entropy, no structure, and no degrees of freedom, yet possessing the potential to 

bootstrap physical reality. When the holographic encoding ratio is raised above unity by 

adjusting TExtor TEnt, an RC-cell can form, Ωinforises to e, and physical existence becomes 

instantiated. 

Proto-information becomes physical when sufficient informational capacity exists to support 

at least one nat, and evolution becomes possible only when capacity exceeds it. 

Thus, the HCU describes a hierarchy: 

• Ωinfo < e: potentiality without structure (proto-information) 

• Ωinfo = e: existence without evolution (minimal physicality) 

• Ωinfo > e: existence with dynamical evolution (physics proper) 



O. Denis 

85 
 

A universe begins when it crosses the one-nat boundary and ends if it collapses back to it; 

below it, reality ceases to be physical and becomes pure potentiality. 

 

24. Quantization of Space 

 

The dual-temperature architecture established by the Mass–Energy–Temperature (MET) 

equivalence provides the missing thermodynamic bridge between matter and space.  

Once mass is recognized as a thermal–informational construct characterized by its extrinsic 

encoding amplitude (𝑇Ext) and intrinsic entropic frequency (ν𝑇 = 𝑘𝑇/ℎ), Eq. (31), space itself 

acquires a quantized thermodynamic structure.  

Every massive particle becomes the generator of a local thermal horizon whose temperature 

field reproduces its own rest-energy cost. 

This correspondence naturally extends to accelerated reference frames, where proper 

acceleration defines an equivalent thermal environment, the Unruh bath, that governs the 

exchange between inertial energy and informational entropy.  

In this regime, the holographic duality between (𝑇Ext) and (𝑇Ent) manifests geometrically: the 

extrinsic temperature sets the global amplitude of the horizon, while the entropic temperature 

fixes its local oscillation rate. Space quantization emerges naturally through the Rindler 

framework. 

Every accelerated observer in flat or curved spacetime perceives a local causal horizon at a 

distance known as the Rindler horizon, a horizon of information generated by the observer's 

own constant acceleration. According to the Unruh effect, such an observer experiences a 

thermal bath at the temperature: 

𝑘𝑇U =
ℏ𝑎

2𝜋𝑐
 (101) 

This defines a local equilibrium in which the vacuum behaves as a thermal medium. The 

infinitesimal region near the observer, the Rindler wedge, can thus be treated as a locally 

thermalized system in equilibrium with 𝑇U. 

For a particle of mass 𝑚, quantum mechanics defines a characteristic localization scale, the 

reduced Compton wavelength, 𝜆̄𝐶 =
ℏ

𝑚𝑐
, which marks the quantum–relativistic boundary 

between two physical regimes: quantum mechanics, where a single particle can be 

meaningfully described, and quantum field theory, where particle creation and annihilation 

must be taken into account. The reduced Compton wavelength thus represents the minimal 

region of confinement beyond which localization of the particle inevitably triggers pair 

creation. 

In parallel, general relativity associates with the same particle an acceleration field 𝑎, 

generating a corresponding Rindler horizon at a distance ℓ𝑅. This Rindler scale defines the 

gravitational counterpart of the reduced Compton limit, linking inertial acceleration and 

horizon thermodynamics to the particle’s mass. 
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Within Holographic Computational Universe, these two scales, (𝜆̄𝐶) and (ℓ𝑅), are not 

independent.  Their equality marks the critical point where quantum confinement and 

geometric curvature describe the same physical limit, signifying the transition from a 

continuous to a quantized structure: ℓ𝑅 = 𝜆̄𝐶. 

This defines the informational quantization condition, the spatial equality that renders the cell 

thermodynamically self-consistent. 

An observer with acceleration 𝑎 perceives a thermal bath with the Unruh temperature, 𝑘𝑇𝑈 =
ℏ𝑎

2𝜋𝑐
, insert 𝑎 = 2𝜋𝑐2/ℓ𝑅, Eq. (72) into 𝑇𝑈 =

ℏ𝑎

2𝜋𝑘𝑐
, from Eq. (101): 

𝑇𝑈 =
ℏ

2𝜋𝑘𝑐
(
2𝜋𝑐2

ℓ𝑅
) =

ℏ𝑐

𝑘ℓ𝑅
 (102) 

When the Rindler horizon coincides with the reduced Compton wavelength, 

ℓ𝑅 = 𝜆̄𝐶 =
ℏ

𝑚𝑐
 (103) 

Insert Eq. (103) into Eq. (102) 

𝑘𝑇𝑈== mc2 (104) 

This identifies the rest energy of the particle as the minimal thermodynamic cost required to 

sustain a stable informational structure. 

The coincidence of the reduced Compton wavelength and the Rindler horizon defines the 

Rindler–Compton (RC) thermal cell: the smallest region of space in which quantum mechanics 

(ℏ), relativity (𝑐), thermodynamics (𝑘), and information theory (ln 2) are simultaneously 

saturated.  

At this scale, quantum localization length, geometric horizon length, and thermal encoding 

scale coincide without invoking any global equilibrium assumption. 

No further subdivision is physically meaningful. Any attempt to reduce the cell size would 

violate at least one of the constraints imposed by quantum localization, relativistic causality, 

or thermodynamic irreversibility. 

Formally, spatial quantization is expressed through the minimal thermodynamically self-

consistent volume, 

𝑉RC = ℓ𝑅
3 ≃ (

ℏ

𝑚𝑐
)
3

 (105) 

In the HCU framework, this volume defines the smallest physical unit of space: a self-contained 

holographic patch bounded by its own local causal horizon. These relations define a discrete 

quantum–informational lattice of space. 

In the Holographic Computational Universe, each particle is the manifestation of such a cell: a 

minimal region where quantum confinement, thermodynamic cost, and information encoding 

coalesce.  



O. Denis 

87 
 

Space emerges as a thermodynamic lattice of Rindler–Compton cells whose collective behavior 

gives rise to the smooth continuum of geometry. 

Quantization of space is therefore not a postulate but a thermodynamic necessity, arising from 

the unavoidable constraints imposed by quantum mechanics, relativity, and irreversible 

information encoding. 

 

25. Quantization of Time 
 

At the most fundamental level, time is not a pre-existing continuum but a quantized process 

emerging from the discrete exchange of entropy and information across the holographic 

interface. 

In the Holographic Computational Universe (HCU) framework, the rate of this exchange 

defines the Quantum Informational Frequency (QIF), 𝜈𝑇 =
𝑘𝑇

ℎ
, Eq. (31), which expresses the 

universal holographic rhythm at which thermal energy quanta are transduced into informational 

quanta on the boundary. Its reciprocal, 𝜏𝑇 =
ℎ

𝑘𝑇
, Eq. (32) defines the Quantum Informational 

Tick (QIT), the minimal temporal unit of holographic evolution. 

Each tick of duration 𝜏𝑇 represents a discrete act of entropic renewal: a quantum of entropy 𝑘 

emitted from the bulk is precisely balanced by one bit of information inscribed on the boundary.  

This process is governed by the Holographic Synchronization Law (HSL),  

𝑑𝑆bulk

𝑑𝑡
= −

𝑘𝑚𝑐2

ℎ
= −

𝑘2𝑇Ext

ℎ
= − − 𝑘 𝑙𝑛2   

𝑑𝐼boundary

(bits)

𝑑𝑡
, Eq. (77) ensuring that bulk entropy loss and 

boundary information gain remain in perfect temporal correspondence. 

In this regime, the holographic duality between the extrinsic temperature 𝑇Ext and the entropic 

temperature 𝑇Ent manifests geometrically: 𝑇Ext sets the global amplitude of the holographic 

horizon, determining its macroscopic energy scale, while 𝑇Ent fixes its local oscillation rate, 

governing the microscopic frequency of entropic updates. Thus, the flow of time itself arises 

from the steady rhythm of entropy–information conversion: each tick 𝜏𝑇 marks a microscopic 

encoding of reality. 

At the most fundamental level, this reveals that the passage of time is not an independent 

background flow but the manifestation of continuous entropy–information exchange: each tick 

of duration 𝜏𝑇 represents a discrete act of holographic evolution.  

The universe therefore functions as a perfectly synchronized informational engine, where every 

bit encoded on the boundary is born from an entropy quantum emitted in the bulk at the 

universal frequency ( ν𝑇 = 𝑘𝑇/ℎ), Eq. (31).  

Through the Holographic Synchronization Law, the microscopic thermodynamic activity of 

matter becomes the metronome of the universe, the quantum rhythm by which reality 

continuously measures, encodes, and creates itself. 

When all holographic cells oscillate coherently at the same frequency 𝜈𝑇, time emerges as a 

smooth macroscopic dimension. Away from equilibrium, variations in 𝑇 or entropy flux distort 
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the local tick rate, producing gravitational time dilation and curvature as informational 

inhomogeneities in the Holographic Encoding Clock (HEC). 

Time exists because the Holographic Computational Universe (HCU) performs computation 

sequentially, encoding one bit of information at a time, and the ordered sequence of those 

irreversible updates is what we experience as temporal flow. 

 

26. Quantization of Spacetime 
 

At the microscopic level, the quantization of time and the quantization of space are inseparable 

manifestations of a single thermodynamic–informational process.  

Within the Holographic Computational Universe (HCU), spacetime is not a pre-existing 

background but is continuously generated through discrete, irreversible informational renewals 

governed by the Holographic Encoding Clock. Each renewal constitutes an elementary act of 

physical computation and defines a fundamental quantum of temporal progression. 

The duration of a single renewal is given by the quantum informational tick, 𝜏𝑇 =
ℎ

𝑘𝑇
, Eq. (32), 

which represents the minimal time required for one irreversible informational update to occur.  

Time is therefore computational in nature: it advances through the ordered succession of such 

ticks, each corresponding to a thermodynamically irreversible transition to a new informational 

state.  

The entropic temperature 𝑇Ent governs the rate of informational updating and fixes the minimal 

duration of an irreversible renewal. 

The spatial support of a single renewal is provided by the Rindler–Compton (RC) cell, which 

constitutes the minimal thermodynamic unit of space.  

Its spatial volume is 𝑉RC = ℓ𝑅
 3, Eq. (105), where the Rindler–Compton length ℓ𝑅 coincides 

with the reduced Compton wavelength, ℓ𝑅 = 𝜆̄𝐶 =
ℏ

𝑚𝑐
, 𝐸𝑞. (103). 

This identification fixes the minimal spatial localization scale associated with a massive degree 

of freedom and defines the smallest spatial domain capable of hosting a thermodynamically 

consistent irreversible process.  Below this scale, neither localization nor irreversible state 

renewal can be physically defined. 

A Rindler–Compton cell is therefore the minimal physically admissible spacetime support 

required for a single irreversible informational update in the HCU.  

Because this spacetime element is minimal and indivisible, the informational update it can host 

is likewise minimal and indivisible.  

As a direct physical consequence, exactly one nat of information is encoded per RC-cell 

renewal.  

This one-nat result is not a convention but a necessity imposed by irreversibility itself: any 

genuine physical update must produce a non-zero entropy, and the smallest admissible entropy 

increment is one nat. 
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Combining the quantized spatial volume of the RC cell with the temporal quantum 𝜏𝑇 yields 

the fundamental four-dimensional spacetime element associated with thermodynamic 

evolution, 

ΩRC = ℓ𝑅
 3 𝜏𝑇 = (

ℏ

𝑚𝑐
)
3 ℎ

𝑘𝑇Ent
 (106) 

This quantity defines the minimal spacetime–temporal support required for one irreversible 

update of physical existence. It is a geometric–thermodynamic phase volume. 

In the general formulation of HCU, spacetime dynamics involve two distinct temperatures with 

different physical roles.  

The extrinsic temperature 𝑇Ext sets the energetic and geometric scale of spacetime, while the 

intrinsic (entropic) temperature 𝑇Ent controls the irreversible rate of informational updating. 

When both contributions are made explicit, the RC-cell phase volume takes the form 

ΩRC = (
ℏ𝑐

𝑘𝑇Ext
)
3 ℎ

𝑘𝑇Ent
 (107) 

Variations in these temperatures rescale the spatial extent ℓ𝑅  and the temporal duration 𝜏𝑇, 

thereby modifying the spacetime cost and update rate of informational renewal.  

The informational outcome of a single renewal is universal and invariant. Each irreversible RC 

cell update therefore generates exactly one nat of entropy.  

This one-nat result follows directly from irreversibility: informational updates occur in 

discrete, indivisible steps, and the minimal admissible increase of informational phase space 

cannot be subdivided.  

The RC-cell phase volume ΩRC specifies the four-dimensional spacetime support required to 

implement an informational update. By contrast, Ωinfo specifies the fixed informational 

multiplicity created by that update.  

An RC cell encodes one nat because one nat is the minimal entropy required for a physical, 

thermodynamically stable, and geometrically real spacetime excitation. This ensures 

consistency between entropy, action, and holographic encoding.  

The boundary representation of this entropy appears as one bit, but the fundamental unit at the 

spacetime level is one nat. In the Holographic Computational Universe, the extrinsic 

temperature 𝑇Ext is a bulk temperature encoding the inertial energy of existence.   

Boundary thermodynamics is instead governed by the entropic temperature 𝑇Ent, which sets 

both the Landauer cost of irreversibility and the quantum informational update rate. 

The universe may thus be described as a lattice of Rindler–Compton cells, each providing the 

minimal spacetime support for a single irreversible informational event, encoding exactly one 

nat of information.  

The ordered accumulation of these updates generates time; the collective arrangement of 

activated cells generates space; and spacetime itself emerges as the dynamical record of 

continual informational renewal. 
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In this view, spacetime is not a passive geometric arena but an active informational fabric. Each 

Rindler–Compton cell constitutes a spacetime voxel of thermodynamic encoding, each 

quantum tick represents an elementary act of computation, and their synchronization through 

the Holographic Encoding Clock gives rise to the macroscopic continuity of time, geometry, 

and gravity. 

The following diagram summarizes how the Holographic Computational Universe quantizes 

space, time, and spacetime into discrete informational units in the Holographic Computational 

Universe (HCU) framework.  

 

 

Figure 1. Quantization of Space, Time, and Spacetime in the Holographic Computational Universe. 

 

This diagram illustrates how spacetime emerges as a quantized thermodynamic–informational 

lattice composed of one-nat Rindler–Compton cells. For (ℓ𝑅 = 𝜆̄𝐶), the Rindler horizon 
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quantum thermal length equals the reduced Compton wavelength of mass localization, defining 

the minimal thermodynamic domain of spacetime capable of encoding one nat of information.  

 

27. Holographic Informational Time (HIT) 
 

𝑁𝐻𝑆𝐶
𝑏𝑖𝑡𝑠, Eq. (82) represents the total number of quantum informational ticks (each encoding one 

bit at the Landauer cost kTEnt 𝑙𝑛2) that the system can sustain before its full rest energy 

mc2 has been informationally expressed. 

The Holographic Informational Time (HIT) is total informational lifetime (maximum temporal 

support) is the product of the total number of ticks and the duration of each tick: 

𝑡𝑚𝑎𝑥 = 𝑁𝐻𝑆𝐶
𝑏𝑖𝑡𝑠  𝜏𝑇 (108) 

Substituting Eq. (31) and Eq. (83) into Eq. (108) gives: 

𝑡𝐻𝐼𝑇 = 𝑡𝑚𝑎𝑥 = (
1

𝑙𝑛 2

𝑇𝐸𝑥𝑡
𝑇𝐸𝑛𝑡

) (
ℎ

𝑘𝑇𝐸𝑛𝑡
) =

ℎ

𝑘  𝑙𝑛 2
 
𝑇𝐸𝑥𝑡

𝑇𝐸𝑛𝑡
 2

 (109) 

This relation defines the total time during which a system can sustain holographic evolution 

before its internal entropic reservoir is fully encoded as boundary information. 

• The numerator h/(k ln 2) represents the universal temporal constant connecting 

Planck’s quantum of action, Boltzmann’s quantum of entropy, and Landauer’s 

information cost. 

 

• The ratio TExt/TEnt
2  sets the scaling behavior of the lifetime: high intrinsic temperatures 

accelerate the clock (shorter lifetime), while high extrinsic amplitudes extend it (longer 

endurance). 

 

HIT converts the physics of “lifetime” into a counting problem: 

lifetime =
total energy

energy per updated bit
× frequency factor (110) 

So, lifetime becomes: 

• how many bits you can write 

• how fast you can write them 

The Holographic Informational Time (HIT) provides a universal expression for the 

macroscopic lifetime of a holographically encoded system by linking its total informational 

capacity to its intrinsic update rate.  

Holographic Informational Time (HIT) is the total time a system can continue holographic 

computation, obtained by dividing its total informational capacity by its microscopic entropy-
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discharge rate. It is computed as the product of the total number of holographic ticks and the 

duration of each tick and therefore represents a lifetime.  

This relation captures a fundamental physical principle: a system persists longer when it has 

more energy available to encode (large 𝐸) and a slower intrinsic entropic temperature 

governing its microscopic update rate (small 𝑇Ent).  

Because the dependence on 𝑇Ent is inverse-square, small variations in the intrinsic temperature 

led to dramatic changes in the macroscopic lifetime, making HIT a highly sensitive predictor 

of long-term evolution.  

More generally, the Holographic Informational Time (HIT) formulation provides a single 

dynamic timescale unifying gravitational evolution, thermodynamic relaxation, and quantum 

informational processing, revealing macroscopic time as the integrated outcome of 

microscopic holographic computation. 

Combining all relations yields the complete set governing the temporal structure of holographic 

evolution: 

𝜈𝑇 =
𝑘𝑇𝐸𝑛𝑡
ℎ
, (𝐹𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 𝑜𝑓 𝑇𝑖𝑐𝑘)

𝜏𝑇 =
ℎ

𝑘𝑇𝐸𝑛𝑡
, (Duration of each tick)

𝑁𝐻𝑆𝐶
𝑏𝑖𝑡𝑠 =

1

𝑙𝑛 2

𝑇𝐸𝑥𝑡
𝑇𝐸𝑛𝑡

, (Total tick capacity)

𝑡𝐻𝐼𝑇 =
ℎ

𝑘 𝑙𝑛2

𝑇𝐸𝑥𝑡

𝑇𝐸𝑛𝑡
2 , (Maximun  number of ticks )

 (111) 

These equations collectively define the Holographic Encoding Clock (HEC) as the self-

regulating temporal architecture of the universe.  

Each tick represents the minimal thermodynamic act of encoding one bit of information at the 

Landauer cost 𝑘𝑇Entl𝑛2, and each system possesses a finite number of such ticks determined 

by its thermal-informational structure. 

The total tick budget 𝑁𝐻𝑆𝐶
𝑏𝑖𝑡𝑠 specifies the maximum number of one-bit Landauer updates a 

system can perform before its internal informational reservoir is exhausted.   

Since one Rindler–Compton (RC) cell reaches equilibrium only after storing a full natural unit 

of information and because one nat corresponds to ≈ 1.44 bits, a complete RC-cell renewal 

requires, 
1

ln 2
 ticks. 

Dividing the total tick capacity by the number of ticks per nat: 

𝐶𝑅𝐶 =
𝑁𝐻𝑆𝐶
𝑏𝑖𝑡𝑠

1/𝑙 𝑛 2
 (112) 

Substituting the expression for 𝑁𝐻𝑆𝐶
𝑏𝑖𝑡𝑠 , Eq. (100) gives the remarkably simple result: 
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𝐶𝑅𝐶 =
𝑇𝐸𝑥𝑡
𝑇𝐸𝑛𝑡

 (113) 

In the Holographic Computational Universe, 𝐶𝑅𝐶 represents the global informational capacity 

of a system, measured in units of how many full RC-cell renewals its total energy can support.  

𝐶𝑅𝐶 specifies the number of RC-cells the system could, in principle, renew if its entire energetic 

reservoir were converted into holographic updates.  

𝐶𝑅𝐶 is the number of RC-cells that the system can renew, making it a global descriptor of 

holographic sustainability and the thermodynamic headroom available for spacetime to persist, 

expand, or evolve. 

This relation encapsulates the reconciliation between microscopic and macroscopic 

information units. 

𝐻𝐸𝑅 =
𝑇𝐸𝑥𝑡
𝑇𝐸𝑛𝑡

= 𝐶𝑅𝐶  (114) 

𝛺𝑖𝑛𝑓𝑜 = 𝑒
𝐻𝐸𝑅 = 𝑒𝐶𝑅𝐶  (115) 

𝑆𝐻𝐶𝐸 = 𝑘𝑙 𝑛𝛺𝑖𝑛𝑓𝑜 = 𝑘 𝐻𝐸𝑅 = 𝑘 𝐶𝑅𝐶  (116) 

In the Holographic Computational Universe (HCU), the quantity 𝐻𝐸𝑅 = 𝐶𝑅𝐶 =
𝑇𝐸𝑥𝑡

𝑇𝐸𝑛𝑡
, is a 

dimensionless capacity ratio that measures the thermodynamic headroom available for 

holographic renewal. It specifies how many intrinsic entropic update cycles (QIT-scale 

oscillations) can be supported by the available extrinsic (bulk) energy scale. 

HER therefore controls the stability, growth, and renewal capacity of holographic spacetime. 

This capacity directly determines the holographic information architecture of the system: the 

total number of distinct configurations that could be encoded if the system’s full rest energy 

were converted into sequential holographic updates at the entropic temperature 𝑇𝐸𝑛𝑡 scales as 

Ω𝑖𝑛𝑓𝑜 = 𝑒
𝐶𝑅𝐶.  

The thermodynamic ratio of energy available to energy required for encoding directly 

determines the number of holographic degrees of freedom (DoF) the universe can create and 

thus sets the size of its computational and geometric phase space. 

 

28. Mass-Energy-Temperature-Information (METI) 

 

Within the Holographic Computational Universe (HCU), the Mass–Energy–Temperature–

Information (METI) principle formulates is a unified equivalence among four foundational 

quantities of existence: mass, energy, temperature, and information, establishing that these are 

not independent entities but complementary phases of a single quantum-informational 

substrate.  
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The Mass–Energy–Temperature–Information (METI) equivalence provides the fundamental 

bridge connecting relativity, thermodynamics, and information theory. 

The Mass–Energy–Temperature–Information (METI) principle reinterprets Einstein’s mass–

energy relation, Landauer’s bound, Vopson’s mass–information correspondence, and the 

Mass–Energy-Temperature equivalence (MET) as interlocking expressions of the same 

informational law. 

The principle unfolds through core equivalences forming a closed thermodynamic–

informational cycle: 

Energy–Mass Equivalence: 𝐸 = 𝑚𝑐2

 Energy–Information Equivalence: 𝐸 = 𝑁Bits𝑘𝑇Ent𝑙𝑛2

Mass–Temperature Equivalence: 𝑚𝑐2 = 𝑘𝑇Ext
Information–Temperature Equivalence 𝑁Bits𝑇Ent𝑙𝑛2 = 𝑇Ext

Mass–Information Equivalence 𝑚 =  𝑘𝑇Ent𝑙𝑛2/𝑐
2

 (117) 

Rest energy, E = mc2 , represents the potential informational capacity stored in a localized 

mass configuration. It defines the latent energy required to sustain the informational structure 

of matter. In the Holographic Computational Universe (HCU) this is reinterpreted as the bulk 

energetic content available for holographic encoding. 

In the holographic interpretation of the relation 𝑚𝑐2 = 𝑘 𝑇𝐸𝑥𝑡, Eq. (75), the equation states that 

the rest-energy of a system in the bulk (𝑚𝑐2) is exactly equal to the informational tension 

required to encode the existence of that mass at the boundary. 

The quantity TExt is the extrinsic holographic temperature: a macroscopic encoding amplitude 

that measures how much energetic tension the boundary must sustain in order to represent the 

system’s mass. 

In the Landauer relation, Ebit = kTEntln2, TEnt denotes the intrinsic entropic temperature, 

quantifying the minimal energetic cost per bit of information processed or erased.  

Proposed by Melvin Vopson, mbit =
kT𝑙𝑛2

c2
, Eq. (17) this expression translates Landauer’s 

principle directly into a mass equivalent per bit of information. It asserts that information itself 

possesses an effective rest mass determined by the energy required to encode or erase it. 

Vopson’s relation is not independent but emerges naturally from combining Landauer’s bound 

with Einstein’s E = mc2. It provides the quantitative anchor linking the informational ontology 

of matter to the thermodynamic framework the Holographic Computational Universe, (HCU). 

Within the Mass–Energy–Temperature–Information (METI), this bridges quantum 

thermodynamics and relativity by treating mass as condensed information, physically 

measurable through its energy equivalence. 

In the relation of the Holographic Structural Capacity (HSC), NHSC
bits =

TExt

TEntln2
, Eq. (83) NHSC

bits  

expressing how many bits are required to holographically encode its mass–energy content. 

Together these relations form the closed equivalence chain: 
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𝑚⟷ 𝐸 ⟷ (𝑇𝐸𝑥𝑡, 𝑇𝐸𝑛𝑡) ⟷ 𝑁𝐵𝑖𝑡𝑠⟷𝑚 (118) 

This chain is a closed informational–thermodynamic loop describing how mass, energy, 

temperature, and information continuously convert into one another within the Holographic 

Computational Universe (HCU). 

A defining feature of Mass–Energy–Temperature–Information (METI) equivalence is its dual-

temperature ontology, wherein the ratio, HER =
TExt

TEnt
, is the Holographic Equilibrium Ratio, 

determining the direction and stability of information flow. 

This dual-temperature symmetry ensures that the universe’s holographic dynamics maintain 

both thermodynamic consistency and informational conservation. 

By combining these roles, the Mass–Energy–Temperature–Information (METI) equivalence 

rewrites Einstein’s law into a composite informational identity: 

𝐸 =  𝑚𝑐2   ⟷   𝑘𝑇𝐸𝑥𝑡 ⟷  𝑁𝐵𝑖𝑡𝑠𝑘𝑇𝐸𝑛𝑡 𝑙𝑛2   (119) 

This relation establishes full dimensional and conceptual coherence: every joule, kelvin, 

kilogram, and bit are complementary expressions. 

The Mass–Energy–Temperature–Information (METI) principle transforms the classical 

hierarchy of physical quantities into a closed informational symmetry.  

Mass, energy, temperature, and information no longer stand as separate parameters but as 

interdependent thermodynamic states of a single informational continuum.  

• Mass represents structured information, the frozen entropy that anchors existence in a 

stable configuration.  

 

• Energy embodies dynamic information, the active propagation and transformation of 

that structure through spacetime.  

 

• Temperature acts as the conversion rate, regulating the frequency and amplitude at 

which information transitions between its frozen and dynamic states.  

 

• Information itself constitutes the conserved identity of the system, the holographic 

memory that persists through all transformations, ensuring continuity between mass, 

energy, and thermodynamic evolution. 

The Mass–Energy–Temperature–Information (METI) framework thus reveals that every 

physical quantity arises as a phase of a deeper informational field, where thermodynamics and 

relativity converge into a single entropic language. 

The Mass–Energy–Temperature–Information (METI) principle demonstrates that Einstein’s, 

Landauer’s, and Vopson’s laws are not disparate, but thermodynamically interwoven aspects 

of one self-consistent informational cycle.  

By integrating Einstein’s, Landauer’s, Vopson’s, and the newly derived MET laws, METI 

establishes the informational backbone of the Scaling Entropy–Area Thermodynamics (SEAT) 
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and Holographic Gravity (HG), showing that the universe itself operates as a self-consistent 

thermodynamic engine in which energy, mass, temperature, and information continuously 

transform yet remain conserved in total informational content. 

The following schema illustrates the METI equivalence structure as a closed informational–

thermodynamic quadrilateral linking the four fundamental quantities of the Holographic 

Computational Universe (HCU), mass, energy, temperature, and information.  

 

Figure 2. Mass–Energy–Temperature–Information (METI) Equivalence. 

 

This diagram summarizes the closed set of bidirectional equivalences linking mass 𝑚, energy 

𝐸, temperature (𝑇Ent, 𝑇Ext), and information 𝑁bits. Each arrow represents an exact physical 

identity (e.g. 𝐸 = 𝑚𝑐2 = 𝑘𝑇Ext = 𝑁bits 𝑘𝑇Entln 2), showing that matter, energy, thermal 

scale, and information are mutually convertible expressions of a single holographic 

informational structure. 

The rest energy of mass obeys the Einstein relation 𝐸 = 𝑚𝑐2 and is equivalently represented 

as an extrinsic holographic temperature through 𝑚𝑐2 = 𝑘𝑇Ext, where 𝑇Ext characterizes the 

macroscopic thermal–informational amplitude required to encode the bulk rest energy on the 

holographic boundary.  

Information is quantified in discrete bits, each carrying a Landauer energy cost 𝑘𝑇Entln2 at the 

intrinsic entropic temperature 𝑇Ent, which governs the microscopic update rate of Rindler–

Compton cells. The total informational energy 𝐸info = 𝑁bits𝑘𝑇Entln2 is equal to the bulk rest 

energy and therefore to 𝑘𝑇Ext, establishing the central METI identity: 

𝑁bits 𝑘 𝑇Entln2   =   𝑚𝑐2   =   𝑘𝑇Ext, Eq. (119).  
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The diagram encapsulates the HCU principle that mass, energy, temperature, and information 

are mutually convertible expressions of a single underlying holographic computational content, 

with intrinsic and extrinsic temperatures distinguishing microscopic update dynamics from 

macroscopic encoding amplitude. 

Together, these relations show that mass, energy, temperature, and information form a unified 

and mutually convertible set of quantities governed by the METI equivalence, revealing their 

common holographic informational origin. 

As each arrow is a bidirectional equivalence, the quadrilateral is a closed computation cycle: 

mass, energy, temperature, and information convert into one another without loss, expressing 

the self-consistent holographic loop required for physical existence in the HCU framework. 

In the Holographic Computational Universe (HCU), these relations show that matter exists 

because it costs information to encode, energy is the capacity to update that information, 

temperature sets the rate of holographic computation, and information is the distinguishability 

structure that spacetime encodes as physical reality.  

 

29. Holographic Entropy-Acceleration Law (HEAL)   
 

The quantization of spacetime completes the microscopic description of the holographic lattice, 

establishing that each Rindler–Compton (RC) cell constitutes not only the minimal 

thermodynamic unit of geometry but also the fundamental cycle of informational renewal. 

Yet, while this discretization captures the static structure of the holographic fabric, the next 

step is to understand how these quantized cells collectively generate motion, curvature, and 

force.  

The transition from static informational geometry to dynamic gravitational behavior arises 

when entropy gradients propagate across adjacent cells, producing measurable accelerations.  

It is precisely this emergence of motion from entropy differentials that the following section 

formalizes through the Holographic Entropy-Acceleration Law (HEAL), where acceleration 

appears not as a primitive cause but as the thermodynamic response of quantized spacetime to 

informational imbalance. 

We now derive the Holographic Entropy-Acceleration Law (HEAL), which expresses 

acceleration as an emergent effect of entropy gradients.  

Unlike Verlinde’s mass-dependent formulation, Holographic Entropy-Acceleration Law, 

HEAL eliminates the test mass and formulates acceleration purely as a boundary-informational 

effect. 

This reinterpretation is pivotal for the present article. It provides a direct bridge between 

classical dynamics and holographic thermodynamics, where spacetime curvature, acceleration, 

and gravitational attraction are unified through informational and entropic principles.  

The derivation that follows builds upon these postulates, extending them to formalize 

acceleration explicitly as a function of entropy gradients, thereby embedding Verlinde’s insight 

within the broader Holographic Computational Universe (HCU) developed here. 
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In classical mechanics, a particle of mass 𝑚 moving in a Newtonian gravitational potential 

𝜙(𝑥) experiences a force: 

𝐹⃗ = −𝑚 𝛻𝜙 (120) 

by Newton’s second law: 

𝑚 𝑎⃗ = −𝑚𝛻𝜙 (121) 

From thermodynamic or entropic gravity reasoning, in Verlinde’s approach, one introduces an 

equivalent relation: 

𝐹⃗ = 𝑇 𝛻𝑆 (122) 

Equating with Eq. (120): 

− 𝑚 𝛻𝜙 = 𝑇 𝛻𝑆 ⇒ 𝛻𝑆 = −
𝑚

𝑇
 𝛻𝜙 (123) 

This relation means that: 

• A spatial change in gravitational potential corresponds to a proportional change in 

entropy density.  

 

• The proportionality factor −
𝑚

𝑇
 expresses how much entropy gradient (per unit distance) 

corresponds to a given gravitational acceleration, scaled by the local temperature. 

 

Thus, gravity is reinterpreted as a thermodynamic response to entropy gradients or 

equivalently, entropy itself becomes a scalar field whose gradient gives rise to gravitational 

acceleration. 

Using Mass-Energy-Temperature (MET) equivalence, one gets the ratio, Eq. (66): 
𝑇

𝑚
=
𝑐2

𝑘
⟹

𝑚

𝑇
=

𝑘

𝑐2
. 

By inserting Eq. (66) into Eq. (123): 

𝛻𝑆 = −
𝑘

𝑐2
 𝛻𝜙 ⟹ 𝛻𝜙 =

𝑐2

𝑘
 𝛻𝑆 (124) 

Using again 𝑎⃗ = −∇𝜙 from Eq. (132), we obtain: 

𝑎⃗ =  −
𝑐2

𝑘
𝛻𝑆  (125) 

This is precisely the step where entropy becomes geometry, and information gradients generate 

gravitational curvature, a foundation of the Holographic Computational Universe (HCU). 

With Dimensional analysis:[𝛻𝑆] = [J/(K·m)];multiplying by 𝑐2/k gives [m/s
2], as required. 

•  𝑎 is the emergent acceleration experienced by a test particle, interpreted not as a 

fundamental force but as a response to information differentials. 
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• ∇S encodes the entropy gradient defined on holographic boundary surfaces, 

representing the local directional change of information density. 

• 𝑐2 acts as a relativistic scaling factor, linking the rate of information change to 

kinematic response. 

• 1/k ensures thermodynamic normalization, converting entropy gradients into physical 

accelerations measurable in SI units. 

Acceleration represents the geometric translation of an entropy gradient. By Extending this 

reasoning from test-particle-based forces to a field-level description yields a mass-independent 

acceleration–entropy relation, which fits seamlessly into the Holographic Computational 

Universe (HCU). 

In this view, gravity is no longer a fundamental force acting at a distance but the 

thermodynamic response of spacetime information striving toward equilibrium.  

Spatial variations in entropy reflect informational imbalances between neighboring regions of 

the holographic field, and acceleration expresses the system’s natural drive to restore entropic 

uniformity. 

Holographic Entropy–Acceleration Law (HEAL),  𝑎⃗ = −
𝑐2

𝑘
∇𝑆, Eq. (125), formalizes this 

principle.  

The negative sign encodes the universe’s intrinsic self-organization: motion occurs in the 

direction that smooths entropy gradients, guiding matter and energy toward maximal 

informational coherence. Acceleration always points toward decreasing entropy, just as 

gravitational acceleration points toward decreasing potential, ensuring holographic equilibrium 

is restored. 

Gravitational attraction thus emerges as the macroscopic manifestation of a deeper 

informational dynamics through which spacetime continuously reorganizes itself to preserve 

entropic balance. 

Holographic Entropy–Acceleration Law, HEAL extends Verlinde’s entropic-force argument 

into a mass-independent, field-level law.  

By eliminating the test mass, HEAL aligns perfectly with the equivalence principle, showing 

that all bodies accelerate identically under entropy gradients. 

Within the Scaling Entropy–Area Thermodynamics (SEAT) framework, HEAL completes the 

cycle linking Dynamic Entropy (DE), Surface Gravity Dynamic Entropy (SGDE), and 

Holographic Gravitational Entropy (HGE). It demonstrates that acceleration itself is the 

thermodynamic response to entropy gradients encoded on holographic boundary surfaces. In 

this sense, entropy functions as a generalized gravitational potential: just as the Newtonian 

potential ϕ dictates motion through  𝑎⃗ = −∇𝜙, the entropic potential ∇𝑆 determines motion 

holographically, matter and energy move along paths that reduce local entropy imbalances 

most efficiently, as motion itself is the optimization of the universe’s informational structure. 

Whereas Verlinde’s original formulation expressed force as relating a particle’s displacement 

to entropy change, Holographic Entropy–Acceleration Law, HEAL transcends the force picture 

by expressing acceleration directly as the geometric translation of entropy gradients. It shifts 



The Holographic Computational Universe 

100 
 

the emphasis from matter-induced screen entropy to boundary-encoded information as the 

fundamental source of curvature.  

Geometry itself becomes the outcome of boundary information striving toward equilibrium. A 

localized mass perturbs its surrounding holographic surface, producing a non-uniform entropy 

distribution. The resulting gradient acts as an organizing influence that guides nearby particles 

along trajectories of maximal informational consistency.  

What we interpret as gravitational attraction is therefore the dynamic alignment of matter with 

the informational variations inscribed on the boundary. 

Together with the other Scaling Entropy–Area Thermodynamics (SEAT) relations, the 

Holographic Entropy–Acceleration Law (HEAL) integrates into the unified entropic hierarchy: 

• Dynamic Entropy (DE): entropy as time-dependent informational cost. 

• Surface Gravity Dynamic Entropy (SGDE): coupling entropy flow to local gravitational 

intensity κ. 

• Holographic Gravitational Entropy (HGE): generalization of the entropy–area scaling 

to all spacetimes. 

• Holographic Entropy–Acceleration Law (HEAL): identifying acceleration as the bulk 

imprint of entropy gradients. 

The Holographic Entropy–Acceleration Law (HEAL) reveals that entropy gradients act as the 

carriers of emergent gravity, independent of test mass.  

the Holographic Computational Universe (HCU), spacetime curvature is a structured 

distribution of entropy, and Holographic Entropy–Acceleration Law, HEAL specifies how this 

structure governs motion. 

Coupled with Dynamic Entropy (DE), it implies that accelerations evolve dynamically with 

time, tracking the continuous flow of entropy. 

The Holographic Entropy–Acceleration Law (HEAL) generalizes Verlinde’s insight into a 

universal, holographic–informational field law where acceleration is not a fundamental 

quantity but a thermodynamic reaction to entropy gradients on evolving boundary surfaces.  

Holographic Entropy–Acceleration Law (HEAL) embeds Verlinde’s entropic gravity into a 

time-dependent, quantum-informational thermodynamics valid for all gravitational systems.  

 

30. Holographic Entropic Geometrization (HEG) 
 

The introduction of the Holographic Entropy–Acceleration Law (HEAL) establishes gravity as 

a thermodynamic phenomenon emerging from entropy gradients. To complete this picture, the 

law can be formally integrated into the expression of Holographic Gravitational Entropy 

(HGE), yielding a unified relation, hereafter denoted HEG (Holographic Entropic 

Geometrization) that links entropy gradients, acceleration, surface gravity, and gravitational 

information. 

At its foundation, the HEAL relation, 𝑎⃗ = − 
𝑐2

𝑘
 ∇𝑆, Eq. (125), describes acceleration as the 

macroscopic manifestation of a microscopic informational imbalance. Whenever entropy is 
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non-uniformly distributed, a gradient of information arises across the holographic boundary, 

driving the system toward equilibrium through an effective acceleration 𝑎. This 

thermodynamic acceleration is not an external force but an emergent response of spacetime 

itself to the flow of information. The negative sign indicates the orientation of this flow, from 

higher toward lower informational potential, corresponding to the emission of entropy from 

the bulk to the boundary. 

In the Holographic Gravitational Entropy formulation, 𝑆HGE =
𝑘 𝜅 𝑀 𝐴

ℏ𝑐
, Eq. (57) the quantity 

𝑆HGE measures the entropic content encoded on a boundary of area 𝐴 enclosing a mass–energy 

𝑀. The parameter 𝜅 represents the surface gravity or local acceleration at that boundary and 

acts as the geometric imprint of thermodynamic imbalance. This expression generalizes the 

Bekenstein–Hawking law by allowing 𝜅 to vary dynamically with informational flux rather 

than remaining fixed at equilibrium. 

Take surface gravity as an acceleration (standard: 𝑇𝐻 =
ℏ 𝜅

2𝜋𝑘𝑐
⇒ 𝜅 has units of m s−2): 

𝜅 ≡∣ 𝑎 ∣=
𝑐2

𝑘
  ∣ 𝛻𝑆 ∣ (126) 

HGE law: 𝑆HGE =
𝑘 𝜅 𝑀 𝐴

ℏ 𝑐
, Eq. (57), substitute 𝜅 (HEAL → HGE): 

𝑆HEG   =   
𝑘 𝑀 𝐴

ℏ 𝑐
 
𝑐2

𝑘
  ∣ 𝛻𝑆 ∣    =   

𝑀 𝐴 𝑐

ℏ
  ∣ 𝛻𝑆 ∣ (127) 

With orientation: 

 𝑆HEG = −
𝑀𝐴𝑐

ℏ
 𝑛̂  ⋅  𝛻𝑆 (128) 

n̂ means the outward unit normal vector, and 𝑛̂ ⋅ ∇𝑆 means the entropy gradient along the 

outward normal direction. 

A dimensional verification confirms that the result possesses units of entropy demonstrating 

internal consistency between thermodynamic and geometric scales.  

• [𝑀𝐴𝑐/ℏ] = [kg m2 m s−1]/[kg m2 s−1] = [m] 
• [∇𝑆] = [(J/K)/m] 
• Product [m] × [(J/K)/m] = [J/K] 

 

Hence, the formula 

𝒮𝐻𝐸𝐺 = −
𝑀𝐴𝑐

ℏ
𝛻𝑆  (129) 

This formula contains only the dimensionally essential constants: 

• 𝑀: represents inertial or gravitational mass (source term), 

• 𝐴: the holographic area where curvature encodes entropy, holographic encoding surface 

• 𝑐: the conversion between temporal and spatial scales (relativistic scaling), 
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• ℏ: the quantum of action linking geometry and information flow, defines the resolution, 

cadence, and energetic cost of holographic computation, 

• ∇𝑆: the entropic gradient defining the direction and intensity of informational flux, 

informational/entropic potential driving curvature. 

 

Hence, HEG unifies thermodynamic, geometric, and quantum aspects under one dimensionally 

minimal and conceptually universal expression. 

These quantities together give a dimensionally consistent and physically general expression, 

valid across both classical and quantum-gravitational regimes. 

It defines the pure coupling between mass–area–information without assuming any specific 

thermodynamic or informational interpretation. 

This equation expresses that the gravitational entropy of a holographic system is directly 

proportional to the product of its mass, boundary area, and the local entropy gradient. The 

coupling constant 𝑐/ℏ ensures dimensional coherence between the quantum, relativistic, and 

informational domains.  

HEG translates an informational imbalance (∇S) into geometric curvature, expressing how 

entropy gradients shape spacetime geometry. 

 

31. Holographic Thermalization Relation (HTR) 

 

Having established in Holographic Entropic Geometrization (HEG) that gravitational structure 

arises from spatial gradients of entropy, linking curvature to informational density through, 

𝑆HEG = −
𝑀𝐴𝑐

ℏ
∇𝑆, Eq. (129), the framework now advances toward a thermal interpretation of 

this geometrical relation. 

In HEG, geometry itself is understood as an entropic field: curvature emerges from the 

differential distribution of entropy across holographic surfaces. Yet, every entropic gradient 

implies an associated thermal gradient, a correspondence that naturally bridges geometric 

deformation and thermodynamic excitation. 

The next section, the Holographic Thermalization Relation (HTR), formalizes this bridge by 

introducing temperature as the energetic conjugate of geometric entropy.  

The Holographic Thermalization Relation (HTR), reveals how entropic curvature, quantified 

in HEG, translates into an equivalent thermal potential driving holographic evolution. Through 

this step, entropy ceases to be purely geometric and becomes thermodynamic in essence, 

binding surface gravity, mass, and area to temperature in a unified informational framework. 

Thus, where HEG defines how entropy shapes geometry, HTR explains why that geometry 

radiates thermally, establishing temperature as the local holographic signature of entropic 

curvature and completing the thermodynamic–geometric correspondence within the 

Holographic Computational Universe (HCU). 
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The starting point of the derivation is the Unruh temperature–acceleration equivalence, which 

identifies acceleration 𝑎 (or surface gravity 𝜅) with temperature 𝑇 through fundamental 

constants, 𝑇 =
ℏ𝑎

2𝜋𝑘𝑐
⟺ 𝑎 = 𝜅 =

2𝜋𝑘𝑐

ℏ
 𝑇. This correspondence encapsulates the Unruh insight 

that an observer experiencing constant acceleration 𝑎 in flat spacetime perceives a thermal bath 

of temperature 𝑇. 

The equivalence thus establishes a direct mapping between kinematic curvature and 

thermodynamic excitation, providing the bridge that converts gravitational dynamics into 

thermal information flow. 

Starting from the Holographic Gravitational Entropy (HGE) relation, 𝑆HGE =
𝑘𝜅𝑀𝐴

ℏ𝑐
 , Eq. (57), 

where 𝑀 is the enclosed mass–energy and 𝐴 the holographic area, we substitute the Unruh 

relation 𝜅 =
2𝜋𝑘𝑐

ℏ
𝑇 to obtain: 

𝑆HGE =
𝑘𝑀𝐴

ℏ𝑐
⋅
2𝜋𝑘𝑐

ℏ
𝑇 (130) 

This result defines the Holographic Entropy–Temperature (HTR): 

𝑆𝐻𝑇𝑅 =
2𝜋𝑘2𝑀𝐴𝑇

ℏ2
 (131) 

The dimensional structure confirms the validity of the law: 

𝑘2𝑀𝐴𝑇/ℏ2 = [
(𝐽/𝐾)2 𝑘𝑔 𝑚2 𝐾

(𝐽 ⋅ 𝑠)2
] = [𝐽/𝐾] (132) 

thus, preserving the correct entropy dimension. 

The prefactor 2𝜋 reflects the Euclidean periodicity of Rindler time in the Unruh effect, 

corresponding to a 2𝜋-rotation in imaginary time that regularizes local horizons. 

Eq. (131) reveals that gravitational entropy scales linearly with the local Unruh temperature 

and with the holographic capacity MA: 

𝑆𝐻𝑇𝑅 ∝ 𝑀𝐴𝑇 (133) 

The stronger the entropic gradient, the higher the acceleration; the higher the acceleration, the 

greater the Unruh temperature; and the greater the temperature, the larger the holographic 

entropy. 

At local equilibrium, when 𝑇 = 𝑇𝐻 = ℏ𝑐
3/(8𝜋𝐺𝑀𝑘) and 𝐴 = 16𝜋𝐺2𝑀2/𝑐4, the HTR law 

exactly reproduces the Bekenstein–Hawking entropy: 

𝑆𝐻𝑇𝑅 =
𝑘𝑐3𝐴

4𝐺ℏ
= 𝑆𝐵𝐻 (134) 

showing that the HTR is a dynamical generalization of static area law. 
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When extended beyond equilibrium, it continues to describe non-stationary horizons and local 

holographic surfaces, where temperature gradients represent the real-time informational 

exchange between bulk and boundary. 

𝑆𝐻𝑇𝑅 =
2𝜋𝑘2𝑀𝐴𝑇

ℏ2
, Eq. (131) represents the thermalized informational state of spacetime, where: 

• 𝑘 links information to energy (Boltzmann–Landauer constant); 

• 𝑀𝐴 expresses the system’s holographic encoding capacity; 

• 𝑇 measures the thermodynamic rate of information excitation; 

• ℏ quantizes the curvature–information coupling. 

 

Thus, 𝑆HTR unifies thermodynamics (𝑇), geometry (𝐴, 𝑎), and information (𝑆) within a single 

holographic law, making gravitational entropy the thermalized informational imprint of 

spacetime curvature. 

The Holographic Thermalization Relation (HTR) expresses how gravitational entropy emerges 

as a thermal encoding of acceleration, linking Unruh temperature, surface area, and mass 

through quantum-informational scaling. 

 

32. Holographic Informational Genesis (HIG) 
 

The Holographic Thermalization Relation (HTR) completes the thermodynamic interpretation 

of geometry by demonstrating that curvature radiates as temperature, establishing entropy as 

the thermal imprint of spacetime structure.  

Yet this thermalization of geometry is not an endpoint but a generative bridge. The same Unruh 

correspondence that links acceleration to temperature also initiates a deeper causal chain in 

which information flow, thermodynamic excitation, and geometric formation become 

inseparable phases of one single process. 

The next section, the Holographic Informational Genesis (HIG), formalizes a transductive 

continuum. It integrates the entropic, kinematic, thermal, and geometric aspects of holographic 

dynamics, showing how informational disequilibrium propagates through acceleration and 

temperature to crystallize as spacetime geometry itself. 

The Holographic Informational Genesis (HIG) describes the fundamental transductive process 

through which informational disequilibrium, represented by entropy gradients, progressively 

transforms into geometric curvature and gravitational entropy.  

Holographic Informational Genesis (HIG) is about the genesis of the holographic boundary, 

describing the progressive activation of the boundary as holographic boundary. 

Within the Holographic Computational Universe (HCU), the Holographic Informational 

Genesis, HIG embodies the causal chain that converts informational flow into spacetime 

structure. 

It unifies five foundational holographic laws into a single generative continuum: 
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HEAL   ⟶   HEG   ⟶   HTR   ⟶ 𝑆𝐺𝐷𝐸 − 𝐼   ⟶   HGE  (135) 

Each step expresses a different representation of the same informational content under 

changing physical conditions entropic, kinematic, geometric, thermal, dynamic, and 

holographic.  

Together they constitute the entropic genesis of spacetime: 

𝐸𝑛𝑡𝑟𝑜𝑝𝑦 𝐺𝑟𝑎𝑑𝑖𝑒𝑛𝑡 

→ 𝐴𝑐𝑐𝑒𝑙𝑒𝑟𝑎𝑡𝑖𝑜𝑛(𝐻𝐸𝐴𝐿) 

→ 𝐺𝑒𝑜𝑚𝑒𝑡𝑟𝑦(𝐻𝐸𝐺) 

→ 𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒(𝐻𝑇𝑅) 

→ 𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝐺𝑟𝑎𝑣𝑖𝑡𝑦(𝑆𝐺𝐷𝐸 − 𝐼) 

→ 𝐺𝑟𝑎𝑣𝑖𝑡𝑎𝑡𝑖𝑜𝑛𝑎𝑙 𝐸𝑛𝑡𝑟𝑜𝑝𝑦(𝐻𝐺𝐸) 

 

(136) 

HIG establishes a continuous informational–geometric chain: 

𝛻𝑆   ⇒   𝑎   ⇒   𝜅   ⇒   𝑇   ⇒  𝑆̇    ⇒   𝑆GEO  (137) 

Within Holographic Informational Genesis (HIG), entropy gradients (∇S) generate 

informational acceleration (HEAL), establishing the fundamental dynamical response of 

spacetime to informational disequilibrium. Through HEG, this acceleration crystallizes into 

curvature, defining the entropic–geometric structure of spacetime and establishing surface 

gravity as a latent geometric property. 

This structured curvature admits a thermal interpretation through the Unruh correspondence 

(HTR), whereby acceleration is associated with an effective temperature without yet inducing 

thermodynamic irreversibility. At this stage, temperature remains a reversible state variable 

and no entropy production occurs.  

Through SGDE-I, surface gravity acts as a reversible transductive potential, activating the 

boundary’s capacity for directed entropy production while no entropy flux is yet generated. 

The sequence culminates in HGE as the geometric entropy capacity/potential. This chain 

expresses the universal conversion:  Information flow   ⟶   Geometry formation.  

It is the informational engine through which the universe continuously computes its own 

spacetime geometry. 

Hence, HGE is the universal completion of the chain: it encapsulates all prior transformations 

in a single geometric encoding. 

It is the informational engine through which the universe continuously computes its own 

spacetime geometry 

Bringing these stages together, HIG forms the closed informational cycle: 
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[HEAL] 𝛻𝑆 ⟶   Informational acceleration (𝑎)

 [HEG]  ⟶   Geometry / curvature (𝜅)

[HTR]   ⟶   Temperature (𝑇)

[SGDE-I]   ⟶   Activation of Informational Dimensional Capacity 

  [HGE] ⇢  Geometric  Holographic Entropy Capacity (𝑆𝑔𝑒𝑜)

 (138) 

 

Entropy Gradient → Acceleration (HEAL) 

Acceleration → Curvature (HEG) 

Curvature → Temperature (HTR) 

Temperature → Surface Gravity (SGDE-I) 

Surface Gravity → Geometric Holographic Entropy Capacity (HGE) 

(139) 

 

Here’s the physical flow of causality among the five laws in the Holographic Thermodynamic 

Cycle (HTC):  

HEAL :  𝛻𝑆   ⇒   𝑎
HEG :  (𝑎, 𝛻𝑆)   ⇒  𝜅, 𝐴(𝑀)
HTR : 𝜅 ↔ 𝑇  

𝑆𝐺𝐷𝐸 − 𝐼 : (𝑇, 𝜅)   ⇒  𝑆̇ 

𝐻𝐺𝐸 : 𝑆̇   ⇒    𝑆𝑔𝑒𝑜(𝑀, 𝐴)

 (140) 

 

• Step 1, Informational initiation (HEAL). Entropy gradients generate acceleration fields, 

translating informational disequilibrium into motion. The universe responds to 

informational pressure through entropic acceleration, 𝑎⃗ =  −
𝑐2

𝑘
𝛻𝑆, Eq. (125), initiating 

the dynamic flow of information. 

• Step 2, Geometric encoding (HEG). These acceleration fields curve spacetime, 

producing geometric encoding of information. Through mass–area coupling, motion 

crystallizes into curvature, establishing the first geometric memory of the informational 

flow. 

• Step 3, Thermal reflection (HTR). Curvature variations manifest as temperature 

differentials, converting geometric tension into thermodynamic feedback. These 

curvature-induced fluctuations are experienced as thermal radiation, the 

thermodynamic expression of geometric information. 

• Step 4, Surface Gravity Transduction (SGDE-I)  .SGDE-I transduces thermalized 

curvature into surface gravity, activating the holographic boundary as an informational 

interface. At this stage, surface gravity is defined but not yet dynamical; no entropy is 

produced or evolved. SGDE-I establishes the transduction scale linking temperature 

and curvature. The activation of surface gravity defines a geometric capacity for 

holographic encoding. 
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• Step 5, Holographic consolidation (HGE). Holographic Gravitational Entropy (HGE) 

represents the entropic–geometric potential of spacetime: a stable structural register that 

determines how irreversible entropy flux can later be stored, without yet constituting 

an accumulated holographic memory. 

Here, holographic gravitational entropy represents the final encoded geometry of information, 

the stationary record of all preceding entropic transformations. 

The five sequential stages of informational transduction, HEAL, HEG, HTR, SGDE-I, and 

HGE, describe how an entropy gradient (∇𝑆) evolves into gravitational geometry (𝑆geo). 

• HEAL converts informational disequilibrium into acceleration, establishing the 

entropic origin of gravity and showing that motion emerges from informational 

pressure. 

 

• HEG translates that acceleration into geometric potential through mass–area coupling, 

encoding motion into curvature and defining the first geometric imprint of information. 

 

• HTR thermalizes curvature via the Unruh correspondence, linking acceleration to 

temperature and revealing that geometric deformation has a thermodynamic signature. 

 

• SGDE-I transduces thermalized curvature into surface gravity, activating the 

holographic boundary as an informational interface. At this stage, surface gravity is 

defined but not yet dynamical; no entropy is produced or evolved. SGDE-I establishes 

the transduction scale linking temperature and curvature. 

 

• HGE geometrizes the resulting surface-gravity information into holographic entropy, 

encoding curvature, mass, and temperature into the informational structure of 

spacetime. 

 

Together, these five stages form the Holographic Informational Genesis (HIG), the continuous 

process through which informational gradients become gravitational geometry, uniting 

entropy, acceleration, temperature, and curvature into one coherent informational law of the 

universe. 

Within Holographic Informational Genesis (HIG), Surface Gravity Dynamic Entropy (SGDE-

I) marks the decisive transition where a purely geometric boundary becomes 

thermodynamically and informationally active. The preceding steps, HEAL, HEG, and HTR, 

generate boundary acceleration, boundary curvature, and boundary temperature, but the 

boundary remains informationally inert until SGDE-I operates. 

SGDE-I maps the boundary temperature established by HTR into a surface-gravity–controlled 

transduction capacity, activating the boundary as a thermodynamic interface. No entropy 

quanta are produced at this stage; SGDE-I defines the susceptibility by which irreversible 

entropy flux can later be generated and encoded as holographic gravitational information via 

HGE. In this sense, SGDE-I creates the holographic surface informationally, not geometrically, 
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by transforming a passive geometric interface into an active thermodynamic processor capable 

of producing, reorganizing, and storing entropy as structured information.  

SGDE-I therefore constitutes the moment when the boundary, and thus spacetime itself, 

acquires the ability to record and process entropy, initiating the informational structure from 

which holographic gravity emerges. 

Information   →   Acceleration   →   Temperature   →   Surface Gravity   →   Entropy (152) 

Information creates acceleration, which induces temperature, which shapes gravity, which 

encodes entropy. 

Holographic Informational Genesis (HIG) is the pre-computational phase in which entropy 

gradients activate geometry into a thermodynamically and informationally addressable 

holographic interface. 

The Holographic Informational Genesis (HIG) is the transductive cycle by which information 

becomes geometry. Thus, Holographic Informational Genesis (HIG) formalizes the 

holographic genesis of structure. 

The Holographic Informational Genesis (HIG) is the mechanism through which the universe 

converts informational gradients into physical geometry, ensuring that entropy, temperature, 

and acceleration remain conjugated expressions of a single informational law, the Dynamic 

entropy, DE, Eq. (22). 

The Holographic Informational Genesis (HIG) relation therefore unifies thermodynamics, 

quantum information, and general relativity under a single holographic law of motion. 

HIG is a reversible, pre-computational phase that establishes the thermodynamic and geometric 

capacity for entropy production without executing entropy flow or generating any persistent 

holographic record. 

Gravity emerges as the acceleration of boundary information attempting to restore equilibrium 

across entropic gradients. 

Gravity is the acceleration of information under entropy gradients across the bulk–boundary 

interface, where variations in informational density drive spacetime to adjust its geometry 

toward holographic equilibrium. 

The bulk–boundary interface is spacetime itself, the dynamic holographic medium where 

entropy emitted from the bulk is continually transduced into boundary information.  

Each informational update through this interface renews the geometric structure of the 

universe, making spacetime the dynamically self-computing record of entropy–information 

exchange. 

 

 

33. Holographic Thermodynamic Cycle (HTC) 
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Having established the holographic hierarchy linking entropy flow, information encoding, and 

conservation through the Holographic Entropy Flow (HEF), Holographic Information Flow 

(HIF), Holographic Complementarity Relation (HCR), and Holographic Equilibrium Principle 

(HEP), all synchronized by the Holographic Encoding Clock (HEC) characterized by the 

Quantum Informational Frequency (QIF) and Quantum Informational Tick (QIT), the 

framework now attains structural completeness through the integration of the five entropic–

geometric laws: the Holographic Entropy–Acceleration Law (HEAL), the Holographic 

Entropic Geometrization (HEG), the Holographic Thermalization Relation (HTR), the Surface 

Gravity Dynamic Entropy (SGDE), and the Holographic Gravitational Entropy (HGE), 

collectively defined within the unified field of Holographic Informational Genesis (HIG). 

The Holographic Thermodynamic Cycle (HTC) governs spacetime evolution by converting 

bulk entropy into boundary information through discrete updates, with gravity emerging as the 

curvature needed to equilibrate the entropic gradients and preserve holographic balance. 

The Holographic Thermodynamic Cycle (HTC) is the fundamental computational engine of 

the Holographic Computational Universe (HCU), the eight-phase loop through which the 

universe continually processes, transfers, and renews information.  

Each cycle converts entropic activity in the bulk into encoded information on the boundary, 

then feeds this encoded structure back into the geometry, updating curvature and resetting the 

conditions for the next cycle.  

Each complete HTC corresponds to the renewal of one Rindler–Compton (RC) cell, one nat of 

stored information and is synchronized by Quantum Informational Ticks (QITs), which define 

the rhythm of holographic time. Through repeated HTC cycles, the universe expands, evolves, 

and computes its own structure, ensuring global informational conservation under the 

Holographic Conservation Law. 

The Holographic Thermodynamic Cycle (HTC), the core engine of the Holographic 

Computational Universe (HCU) and Holographic Gravity (HG), unites previous results into a 

coherent holographic feedback loop, portraying the universe as a self-sustaining informational 

system driven by entropy–information exchange, a self-organizing thermodynamic 

computation that continuously optimizes and reconfigures the distribution of information 

throughout spacetime. 
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Figure 3. Holographic Thermodynamic Cycle (HTC): 

 

Diagram of the cyclic informational engine of spacetime and holographic gravity. The cycle 

integrates eight entropic–informational processes, HIG (Holographic Informational Genesis), 

HEF (Holographic Entropy Flow), SGDE (Surface Gravity Dynamic Entropy), HIF 

(Holographic Information Flow), HCR (Holographic Complementarity Relation), HEP 

(Holographic Equilibrium Principle), HEC (Holographic Encoding Clock), and HCL 

(Holographic Conservation Law). Each stage governs a distinct phase of entropy–information 

conversion: from the generation of informational gradients shaping physical geometry (HIG), 

through bulk entropy emission (HEF) and boundary transduction and encoding (SGDE, HIF), 

to feedback and conservation (HCR, HCL) that restore equilibrium (HEP). The temporal 

synchronization of these processes is set by the Holographic Encoding Clock (HEC), defined 

by the Quantum Informational Frequency (𝜈𝑇 = 𝑘𝑇/ℎ) and Quantum Informational Tick (𝜏𝑇 =

ℎ/𝑘𝑇). Together, they describe how spacetime evolves through discrete informational updates 

that convert bulk entropy into boundary information, where gravity is the curvature response 

produced by the resulting entropic gradients while maintaining global holographic balance.  

In HIG, 𝑆̇ is the first time-directed quantity, defining a reversible geometric update rule that 

prepares the structural conditions for holographic memory, without yet producing 
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irreversibility or persistent records, irreversible entropy emission and memory writing occur 

only later, at SGDE-II within the HTC. 

The Holographic Thermodynamic Cycle (HTC) represents the complete informational engine 

underlying Holographic Gravity (HG). It unifies the flow of entropy, information, energy, and 

geometry across bulk and boundary domains, revealing gravity as a cyclic thermodynamic 

process driven by the exchange and conservation of entangled information. It describes the 

continuous exchange between bulk entropy flow and boundary information encoding. 

This closed informational loop generalizes the Carnot cycle [83], replacing heat and work with 

entropy and information, and establishing gravity as a cyclic entropic–informational 

transformation. 

Just as the Carnot cycle defines the limits of mechanical efficiency, the HTC defines the 

informational symmetry of spacetime, a holographic equilibrium where curvature, entropy, and 

information perpetually transform without loss, by establishing gravity as a cyclic entropic–

informational transformation. 

The Holographic Thermodynamic Cycle (HTC) unites the principles of: 

• Thermodynamics (entropy and temperature) 

• Quantum information theory (bit-level encoding) 

• General relativity (curvature from gradients) 

• Holography (bulk–boundary correspondence) 

 

Holographic Thermodynamic Cycle (HTC) represents the operational heart of Holographic 

Computational Universe (HCU). 

HTC formalizes gravity as a cyclic entropic–informational engine, where the continuous 

exchange of bulk entropy and boundary information drives the dynamic emergence of 

spacetime curvature.  

HTC integrates thermodynamics, quantum information theory, and holography into a unified 

process where entropy flow, information encoding, and curvature evolution are strictly 

conserved. 

This demonstrates that Holographic Gravity (HG) is not a static geometric duality, but a 

thermodynamic process: spacetime geometry continuously emerges, evolves, and equilibrates 

through quantum informational exchange. 

In this view, Holographic Gravity emerges as cyclic informational thermodynamics of 

spacetime, an engine in which entropy lost in the bulk becomes the boundary’s structured 

information, restoring equilibrium through curvature feedback. Here, geometry itself emerges 

as an informational feedback process.  

Initiated by the Holographic Informational Genesis (HIG), information gradients first shape 

the entropic–geometric potential of spacetime. As entropy then flows outward from the bulk 

and reappears as boundary code, the encoded information, through the Holographic 

Complementarity Relation (HCR), feeds back into this potential, reshaping geometry via 

curvature modulation. 
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In this way, spacetime becomes a self-referential informational system, continuously updated 

by the reciprocal exchange between entropy flow and boundary encoding. 

The interwoven stages of the Holographic Thermodynamic Cycle (HTC): 

1. HIG (Potential): Information gradients shape geometry.  Establishes the entropic–

geometric potential of spacetime by coupling information flow, curvature, and 

acceleration into a unified informational field.  

 

2. HEF (Flow): Determines the quantum rate of entropic emission. The potential drives 

an outward flow of entropy quanta, initiating the transfer from bulk to boundary. 

 

3. SGDE-II (Geometric Transduction) :SGDE-II is the active transductive phase in 

which the entropic–geometric potential and the entropy-production rate, previously 

established upstream, are irreversibly executed as a physical entropy current emitted 

at the holographic boundary. 

 

4. HIF (Encoding): Converts entropy into boundary information. The emitted entropy 

becomes structured information at the holographic boundary, reconstructing 

physical reality as encoded information. 

 

5. HCR (Feedback): Couples bulk dynamics to boundary curvature. The encoded 

boundary information feeds back into the bulk, modulating curvature and geometry 

through informational influence.  

 

6. HEP (Equilibrium): Restores holographic equilibrium. Ensures thermodynamic and 

informational balance between bulk and boundary,  

 

7. HEC (Temporal): Introduces the temporal rhythm of the cycle. Sets the quantum 

ticking rate τT =
h

kT
 , Eq. (32), that synchronizes each phase of emission, encoding, 

and feedback.  

 

8. HCL (Closure): The set of the previous stages forms the Holographic Conservation 

Law. Integrates all stages under the conservation relation Δ𝑆bulk =

 −𝑘 𝑙𝑛2  Δ𝐼boundary

(bits)
,Eq. (40). 

 

HIG → HEF → 𝑆𝐺𝐷𝐸 − 𝐼𝐼 → HIF → HCR → HEP → HEC → HCL → HIG (153) 

 

Together, these laws form the sequential HTC transformation chain from HIG: 

Informational Disequilibrium    

→
HEAL

  Acceleration 

(154) 
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→
HEG

  Geometric Potential   

→
HTR

  Thermal Curvature  

→
𝑆𝐺𝐷𝐸−𝐼

  Entropy Production Rate and Boundary Activation 

  →
HGE

  Holographic Gravitational Entropy 

 

Within HIG, information gradients shape the entropic–geometric potential, the initial field that 

couples informational flow, curvature, and acceleration. Through HEAL, the informational 

gradients translate into acceleration, revealing gravity as the thermodynamic response of 

spacetime to informational tension. Through HEG, informational acceleration crystallizes into 

geometry, encoding curvature as the structural manifestation of entropy flow. Through HTR, 

curvature thermalizes into temperature, linking the Unruh–Hawking correspondence to the 

Landauer informational scale. Through SGDE-I, which is the transductive step that turns a 

passive geometric boundary into an informationally active holographic surface. Finally, 

through HGE which geometrizes the resulting surface-gravity information into holographic 

entropy, encoding curvature, mass, and temperature into the informational structure of 

spacetime 

This multi-stage entropic–geometric sequence ensures that gravity, information, and entropy 

remain inseparably unified under one universal holographic thermodynamic principle, the 

principle through which spacetime perpetually computes, encodes, and renews its own 

structure. 

In the Holographic Computational Universe (HCU), the dynamics of reality unfold through 

two foundational processes: Holographic Informational Genesis (HIG) and Holographic 

Thermodynamic Cycle (HTC). HIG describes the birth of holography itself, the moment when 

information first acquires geometric, thermal, and entropic expression.  

It begins with informational gradients generating acceleration (HEAL), which integrates into 

curvature (HEG), then thermalizes into temperature (HTR). Yet the boundary remains inert 

until Surface Gravity Dynamic Entropy (SGDE-I) transforms this thermal curvature into a 

directed entropy-production rate. At this transition, geometry becomes thermodynamically 

active, producing the first entropy quanta capable of being encoded as gravitational memory 

through HGE. HIG therefore marks the universe’s informational ignition point: informational 

tension becomes curvature, temperature, entropy flow, and ultimately, holographic storability. 

Once holography is activated, the universe transitions into continual operation through the 

Holographic Thermodynamic Cycle (HTC). Each cycle expresses the ongoing computation of 

spacetime. HEF governs the quantum rate of entropy emission from the bulk, while SGDE-II 

transduces this microscopic flow into a holographic-scale flux. HIF encodes the processed 

entropy as structured boundary information. HIF encodes bulk entropy into boundary 

information by absorbing the Landauer energy of each SGDE-II entropy quantum and writing 

its curvature imprint into boundary degrees of freedom during a single Quantum Informational 

Tick. After what HCR ensures geometric consistency between bulk activity and boundary 

storage. HEP restores local equilibrium, HEC synchronizes each update through the Quantum 
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Informational Tick, and HCL enforces global informational conservation. Thus, HIG explains 

how holography begins, and HTC explains how the universe continuously computes itself.  

Together they form the operational and generative logic of the HCU: the universe emerges 

from information and evolves by processing it. 

In the holographic view, the universe sustains itself through a perpetual cycle of informational 

transformation, where each stage gives rise to the next and reinitiates the loop.  

Holographic Thermodynamic Cycle (HTC) is Materialized by this sequence:  

• HEAL (Acceleration) – Entropy gradients generate acceleration, establishing the 

fundamental dynamical response of matter and geometry to ∇S. This marks the first 

kinematic expression of informational imbalance. 

 

• HEG (Geometry) – Acceleration integrates into curvature: geometry emerges from 

informational tension, encoding the first geometric response to entropy gradients. 

 

• HTR (Thermalization) – Curvature becomes temperature, setting the intrinsic entropic 

oscillation frequency 𝜈𝑇 = 𝑘𝑇/ℎ and preparing the boundary for holographic 

activation. 

 

• SGDE-I (Activation) –This is the moment the boundary becomes informationally 

active. 

 

• HGE (Accumulation) – Integrates the outgoing entropy flux into gravitational entropy 

stored on the boundary. HGE is the first true holographic storage law: each emitted 

entropy quantum increases the boundary’s gravitational entropic charge, shaping the 

curvature encoded by the holographic screen. 

 

• HEF (Flow) – Determines the quantum rate of entropic emission, specifying how many 

entropy quanta per QIT leave the bulk. 

 

• SGDE-II (Transduction) – Converts microscopic QIT-scale entropy flow into 

macroscopic holographic flux, deforming the boundary geometry. SGDE-II is the 

surface-gravity response to the incoming entropic signal. 

 

• HIF (Encoding) – Encodes the SGDE-II-processed entropy as structured boundary 

information, updating the holographic memory of the system. 

 

• HCR (Feedback) – Couples the encoded information back into the bulk through 

curvature, ensuring real-time geometric adjustment. 

 

• HEP (Equilibrium) – Achieves holographic equilibrium into a unified thermodynamic 

rhythm. 

 

• HEC (Temporal) – Provides the temporal scaffolding for the entire cycle via Quantum 

Informational Ticks (QITs), sequencing the updates and defining holographic time. 
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• HCL (Closure) – Enforces global holographic conservation, ensuring that entropy flow, 

information encoding, curvature evolution, and mass–energy remain in perfect 

informational balance across the full cycle. 

 

Collectively, these stages form a closed loop through which entropy emission, information 

encoding, curvature formation, and conservation are dynamically intertwined.  

The HCL encompasses every stage of the holographic cycle in exact symmetry, ensuring that 

for every quantum of entropy lost in the bulk, an equivalent quantum of information is gained 

on the boundary. 

The Holographic Thermodynamic Cycle (HTC) process begins with Holographic 

Informational Genesis (HIG), whose internal structure unfolds through a sequence of entropic–

geometric operations.  

First, HEAL (Acceleration) establishes the primordial dynamical response of matter and 

geometry to informational gradients: entropy gradients generate acceleration, defining the 

initial direction of informational flow.  

Through HEG (Geometry), this acceleration integrates into curvature, transforming 

informational imbalance into geometric structure.  

As curvature intensifies, HTR (Thermalization) converts geometric deformation into 

temperature. 

The Holographic Thermalization Relation (HTR) explains the emergence of temperature by 

marking the stage where geometric curvature acquires a thermodynamic identity. Through 

HTR, surface gravity, or equivalently, geometric acceleration, induces a thermal response such 

that temperature appears as the measurable imprint of curvature on the surrounding vacuum. 

In this formulation, temperature is not a primitive variable but the thermal signature of 

spacetime geometry. HTR is therefore the law that converts curvature into temperature, 

establishing the thermal scale that governs the rate of holographic computation and sets the 

quantum rhythm of entropy–information exchange. 

In the Holographic Computational Universe, temperature is an emergent quantity that arises at 

the Holographic Thermalization (HTR) stage, where curvature generated by entropy gradients 

is converted into an intrinsic thermal–informational rate. Temperature is therefore not a 

fundamental variable but the quantum frequency of holographic state updates. 

At this point, SGDE-I (Activation) initiates the first holographic entropy-production rate. 

Thermalized curvature becomes a directed entropic flux, switching the boundary on as an 

active informational surface. This activation forms the first holographic channel through which 

entropy can flow. 

From here, the outgoing flux undergoes HGE (Holographic Gravitational Entropy), the first 

stage of true boundary accumulation. HGE integrates the newborn entropy flux into the 

boundary’s geometric–informational reservoir, increasing its gravitational entropic charge. 
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Each emitted entropy quantum arriving from SGDE-II becomes stored as gravitational entropy, 

imprinting curvature onto the boundary.  

With HGE, the boundary ceases to be merely active; it becomes a gravitationally operative 

holographic screen. 

This completes the HIG sequence and launches the Holographic Thermodynamic Cycle (HTC). 

Out of the accumulated flux emerges HEF (Flow), which determines the quantum rate of 

entropic emission from the bulk. HEF specifies how many entropy quanta per QIT escape, 

producing the microscopic outflow that drives holographic updating. 

As this emission propagates, SGDE-II (Transduction) converts discrete QIT-scale entropy 

quanta into a coherent macroscopic holographic flux capable of deforming boundary geometry. 

Here, microscopic entropic activity becomes macroscopic informational structure, enabling the 

boundary to function as a dynamic holographic processor. 

The processed flux then enters HIF (Encoding), where entropy becomes structured information 

recorded on the boundary. In this act, the universe writes its own evolution: thermodynamic 

activity becomes geometric memory.  

Immediately, this encoded information participates in HCR (Feedback), modulating the bulk 

curvature in real time. Every boundary update induces a geometric response in the bulk, 

sustaining holographic complementarity and informational symmetry. 

According to Holographic Equilibrium Principle (HEP), which unifies the thermodynamic 

rhythm ensuring thermodynamic and informational balance between bulk and boundary . The 

pacing of these updates is governed by HEC (Temporal), grounded in the Quantum 

Informational Tick (QIT), 𝜏𝑇 =
ℎ

𝑘𝑇
 Eq. (32).  

Time emerges as the sequential renewal of encoded information: the universe computes its own 

continuity, one holographic tick at a time. 

Finally, HCL (Closure) enforces the global Holographic Conservation Law (HCL),  Δ𝑆bulk =

  − 𝑘 𝑙𝑛2  Δ𝐼boundary
(bits) , Eq. (40), ensuring that while entropy increases locally, the total 

informational content of the universe remains invariant.  

Through this conservation, the entire HTC forms a self-sustaining informational engine in 

which geometry, energy, and time emerge from the ceaseless transformation of entropy into 

information, information into geometry, and geometry back into entropy. 

In this framework, gravity is not a static curvature but a dynamically self-computing 

thermodynamic process, a closed holographic loop that continually converts bulk entropy into 

boundary information. Spacetime, matter, and curvature are the self-organized manifestations 

of quantum informational dynamics.  

 

34. Holographic Computational Time (HCT) 
 

Having established that the Holographic Encoding Clock (HEC) defines the quantum rhythm 

of entropy–information exchange, and that each Quantum Informational Tick (QIT) constitutes 
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an irreducible act of holographic renewal, we now formalize the emergence of Holographic 

Computational Time (HCT).  

In the Holographic Computational Universe (HCU), time is not an external parameter but an 

intrinsic computational variable: the macroscopic manifestation of the microscopic 

informational updates through which the universe continually recomputes itself.  

Time advances only because new information is encoded, and entropy increases precisely 

because time advances.  

The progression of time is therefore the sequential activation of quantized holographic 

elements, Rindler–Compton (RC) cells, each stabilized through a complete execution of the 

Holographic Thermodynamic Cycle (HTC). 

The smallest four-dimensional informational element through which the universe encodes and 

refreshes itself is the RC-cell, defined by the quantized volume Ω𝑅𝐶 = ℓ𝑅
3𝜏𝑇 =

(
ℏ

𝑚𝑐
)
3 ℎ

𝑘𝑇
, Eq. (106), where ℓ𝑅 = ℏ/(𝑚𝑐)Eq. (103),  is the Rindler–Compton length, ℓ𝑅

3  the 

cubic Rindler volume, and 𝜏𝑇 = ℎ/(𝑘𝑇) the QIT duration, Eq. (32).  Each RC-cell encodes 

exactly one nat of holographic information and constitutes the voxel of spacetime’s 

computational lattice.  

One Holographic Thermodynamic Cycle (HTC) stabilizes one such cell, creating a one-nat 

geometric element from approximately 1/l n 2 ≈ 1.44 QITs, the number of one-bit updates 

required to accumulate a full natural unit of bulk information. A QIT is thus the elementary act 

of holographic computation, converting one quantum of bulk entropy into one bit of boundary 

information within the interval 𝜏𝑇 = ℎ/(𝑘𝑇), Eq. (32). 

The activation of a new RC-cell expands the geometric substrate additively: 

ΔΩRC(t + τT) = ΔΩRC(t) + (
ℏ

𝑚𝑐
)
3 ℎ

𝑘𝑇
 (155) 

While geometry increases one cell at a time, each newly stabilized cell introduces an additional 

degree of freedom (DoF), and DoFs combine multiplicatively. Consequently, the informational 

phase-space expands exponentially: Ω𝑖𝑛𝑓𝑜 ∼ 𝑒
𝐶𝑅𝐶  Eq. (116), and equivalently, 

𝛺𝑖𝑛𝑓𝑜(𝑡) = 𝛺𝑅𝐶(𝑡) = 2
𝑁𝑐𝑒𝑙𝑙(𝑡) (156) 

where 𝑁cell(𝑡) is the number of RC cells activated up to time 𝑡.  

This distinction is fundamental: geometry grows additively (one RC-cell per HTC), whereas 

information grows multiplicatively (doubling per QIT).  

The exponential increase in Ω𝑖𝑛𝑓𝑜 arises not from geometric expansion but from the binary 

nature of boundary updates.  

Geometric quantization fixes the count of RC-cells; QITs determine the multiplicity of 

accessible microstates.  

This equality expresses the core holographic duality of HCU: geometry sets informational 

capacity, and informational capacity sets geometric potential. 
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𝐻𝐶𝑇 = 𝐻𝐸𝑅 = 𝐶𝑅𝐶 = 𝑙𝑛𝛺𝑅𝐶 = 𝑙𝑛𝛺𝑖𝑛𝑓𝑜 = 𝑁𝑐𝑒𝑙𝑙𝑙𝑛2 (157) 

Because each QIT doubles Ωinfo, the elapsed holographic time is the natural-logarithmic record 

of informational growth.  

The use of ln is what makes HCT a measure in nats, not bits. Thus, Holographic Computational 

Time (HCT) is a temporal coordinate expressed not in seconds but in natural-logarithmic 

informational units, each unit indexing one holographic renewal. 

Holographic Computational Time (HCT) grows only because informational multiplicity grows, 

and informational multiplicity grows only through discrete QIT-driven RC-cell activations. 

Holographic Computational Time (HCT) therefore tracks the total number of holographic 

updates performed, not chronological duration. It is the cumulative informational history of the 

universe. Holographic Computational Time (HCT) is therefore a temporal coordinate measured 

not in seconds but in natural-logarithmic informational units indexing the total number of 

holographic updates performed. 

HCT counts renewals; HIT measures the tempo at which they unfold. 

1. HCT(t) measures how much the universe has computed. 

2. HER(t) measures how large the informational history has grown (in nats). 

3. 𝐶𝑅𝐶 (t) relates this growth to thermodynamic capacity. 

4. ln Ω𝑖𝑛𝑓𝑜  expresses the same growth through multiplicity of microstates. 

5. 𝑁𝑐𝑒𝑙𝑙 ln2 expresses it through spatial RC-cell activation. 

All are equivalent representations of the same physical quantity: the accumulated informational 

computation performed by the universe. Accordingly: 

• Time is the accumulated sequence of boundary computations. 

• Space is the stabilised archive of nats stored in RC-cells. 

• HTC is the conversion of bitwise temporal updates into natwise geometric memory. 

Time is thus not a background parameter but the ordered sequence of holographic updates: 

𝑇𝑖𝑚𝑒 ≡ ordered sequence of boundary updates  (158) 

Each QIT is one tick of the universal holographic engine; each HTC consolidates these ticks 

into a stabilized geometric cell.  

The passage of time emerges from the progressive expansion of the universe’s informational 

phase-space. This progression is a purely entropic translation, not an energetic transaction; the 

same information migrates from bitwise representation on the boundary to natwise 

representation in the bulk, ensuring no net gain or loss of information. 

The Holographic Informational Time (HIT) provides the microscopic update tempo, while 

HCT provides the macroscopic cumulative time measured by the number of RC-cells renewed. 
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Holographic Computational Time (HCT) measures how much holographic computation has 

occurred (in nats of accumulated multiplicity), while HIT measures the physical duration of 

that computation (in seconds). All relations converge to a single unifying principle: the 

universe computes in bits and stores in nats. Each QIT contributes a binary increment to 

log
2
Ω𝑖𝑛𝑓𝑜, and each RC-cell contributes a natural increment to lnΩ𝑖𝑛𝑓𝑜.  

Every HTC converts transient bitwise updates into stabilized one-nat geometric voxels. Since 

Holographic Informational Time (HIT) is defined as this physical time, one obtains the direct 

relation: 

𝐻𝐼𝑇 =
𝐻𝐶𝑇

𝑙𝑛 2
 
ℎ

𝑘𝑇𝐸𝑛𝑡
 (159) 

This expression follows from the equivalence: 

• One nat of HCT corresponds to 1/l n 2 bits, i.e., (1/l n 2) QITs. 

• Each QIT requires a physical duration of ℎ/(𝑘𝑇𝐸𝑛𝑡). 

𝐻𝐼𝑇= physical time = HCT⏟
nats

×
1

ln2⏟
bits/nat

×
ℎ

𝑘𝑇Ent⏟  
seconds per bit-update

 
(160) 

This formula therefore formalizes the principle that physical time flows only because 

holographic computation proceeds, and that the universe’s temporal evolution is the direct 

temporal expression of its informational renewal. 

Holographic Informational Time (HIT) quantifies the physical duration associated with a 

system’s finite holographic energy budget and is measured in standard units of time (seconds). 

It represents the total elapsed time required for a given number of irreversible holographic 

updates to occur. By contrast, Holographic Computational Time (HCT) is the fundamental 

temporal variable of the Holographic Computational Universe (HCU): it is defined as the 

cumulative count of irreversible holographic updates encoded on the boundary and is measured 

in natural-logarithmic informational units (nats). HCT therefore counts informational renewal 

events themselves, independent of any physical clock, while HIT converts this informational 

count into physical duration through the entropic update rate set by the intrinsic temperature 

𝑇Ent. In this sense, HCT measures how much information has been generated and stabilized, 

whereas HIT measures how long the universe must run, in physical time, to generate that 

information. 

In this sense, time is the universe’s memory of its computation, space is the durable archive of 

stabilized informational structure, and the Holographic Computational Universe evolves 

through the continuous translation of bitwise temporal computation into natwise spatial 

geometry.  

Through this mechanism, the universe becomes a self-computing entity whose very passage of 

time is the execution of its own holographic code. 
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35. Holographic Quantized Expansion (HQE) 
 

The Holographic Quantized Expansion (HQE) formalizes the dynamic through which the 

universe grows not by geometric dilation, but through the quantized enlargement of its 

informational phase-space.  The Holographic Quantized Expansion (HQE) constitutes the 

cosmological realization of the Holographic Thermodynamic Cycle (HTC). At the foundation 

of the Holographic Quantized Expansion (HQE) lies the principle that reality computes by 

renewing itself.  In the Holographic Quantized Expansion (HQE), cosmic expansion arises 

from computation.  

The universe expands because it computes; with every holographic tick, entropy from the bulk 

is converted into new boundary correlations, activating additional RC-cells. These activations 

enrich the holographic network’s informational connectivity, expanding its combinatorial 

phase space and geometric complexity.  

Each RC-cell passes through five holographic genesis stages, corresponding precisely to the 

internal structure of Holographic Informational Genesis (HIG): 

1. Latent phase, HEAL (Holographic Entropy–Acceleration Law) 

The RC-cell exists as pure potential informational capacity, unentangled and inactive. 

HEAL responds to an initial entropic imbalance (ΔS > 0) by generating a directional 

informational tension. This constitutes the precursor of activation: entropy gradients induce 

acceleration, orienting the subsequent flow of information toward the bulk. 

2. Entropic gradient formation, HEG (Holographic Entropic Geometrization) 

HEG geometrizes the acceleration created by HEAL. The local ΔS is now shaped into an 

entropic–geometric potential encoded in curvature. The RC-cell becomes embedded in a field 

of informational tension that prepares it for activation. 

3. Entanglement ignition, HTR (Holographic Thermalization Relation) 

HTR is the informational ignition point of HIG. The entropic gradient becomes thermalized 

curvature, establishing a local temperature T that governs entanglement formation.  

Here, entropy flow transforms into quantum correlations: latent potential becomes active 

informational connectivity with neighboring RC-cells. 

4. Boundary activation, SGDE-I (Surface Gravity Dynamic Entropy) 

SGDE-I performs the activation transduction. HTR’s thermalized curvature is converted into 

surface gravity, defining a directed holographic entropy-production rate Ṡ and enabling the 

boundary to function as an informational interface. At this stage, the RC-cell switches from 

reactive to computationally addressable, but no entropy is yet emitted or encoded. At this stage, 

the RC-cell switches from reactive to computationally addressable, but no entropy is yet 

emitted or encoded. 

5. Entropy Capacity Geometric, HGE (Holographic Gravitational Entropy) 
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Within HIG, HGE establishes the entropic capacity of geometry, preparing spacetime to 

function as holographic memory; actual entropy accumulation occurs only later during SGDE-

II within the HTC. 

To sum up the process: 

• HEAL: acceleration as the response to an entropic gradient (ΔS > 0). 

• HEG: geometrizes ΔS into curvature 

• HTR: thermalizes curvature into entanglement correlations 

• SGDE-I: converts thermal curvature into entropy flux (boundary activation) 

• HGE: establishes the geometric entropic capacity (the “one-nat-per-RC-cell” storage 

unit), without encoding. 

In HCU, entropic gradients are created whenever holographic disequilibrium is spatially or 

relationally non-uniform: local variations in the headroom 𝐻𝐸𝑅 (equivalently lnΩinfo) 

generate ∇𝑆 ≠ 0, which manifests in HEAL as a directional informational tension and is 

subsequently geometrized by HEG into curvature and thermalized by HTR into the intrinsic 

update-rate field 𝜈𝑇 = 𝑘𝑇Ent/ℎ Eq. (32). 

HTR transforms curvature into temperature, temperature defines the rate of informational 

renewal, and entanglement emerges as the coherent synchronization of the thermalized 

renewals across RC-cells, making entanglement not a primitive ingredient, but a 

thermodynamic consequence of holographic thermalization. 

Through HTR, curvature generated by entropy gradients is converted into a common intrinsic 

thermal rhythm, aligning the renewal rates of neighboring RC-cells. That synchronization is 

what renders their quantum states jointly defined and non-factorizable. 

Thus, HTR is the ignition point, SGDE-I the activation point, and HGE the encoding point. 

This complete sequence unifies thermodynamics, entanglement physics, and geometry: 

▪ Thermodynamics (HEAL & HEG) provides the dynamical response to entropy 

gradients: HEAL converts entropic imbalance into acceleration, and HEG geometrizes 

this response, producing curvature as an entropic–geometric potential. 

▪ Quantum information (HTR) generates entanglement correlations from thermalized 

curvature. 

▪ Dynamic holography (SGDE-I) transduces thermalized curvature into surface gravity, 

activating the holographic boundary as an informational interface and defining the 

entropy-production capacity (𝑆̇) without executing entropy flow or computation. 

▪ Geometry (HGE) prepares the geometric capacity to store information as gravitational 

structure, establishing the substrate for holographic memory while remaining pre-

computational. 

The physical expansion of spacetime is, therefore, the macroscopic manifestation of 

microscopic informational activation. 
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The HIG sequence bridges thermodynamics (entropy gradients) and quantum entanglement 

(correlations).  In HQE (Holographic Quantized Expansion), the entropic flux from SGDE-II 

is the causal agent driving new RC-cell activation. Every SGDE-II-mediated correlation forms 

a new entanglement bond: a microscopic act of spacetime assembly.  

Entropy → Information → Entanglement → Geometry → Entropy (161) 

This is the fundamental construction law of the Holographic Computational Universe. 

In the Holographic Computational Universe, entropy generates information, information 

organizes into entanglement, entanglement gives rise to geometry, and geometry feeds back by 

generating new entropy gradients, closing a self-consistent thermodynamic–informational 

cycle. 

In the Holographic Computational Universe (HCU), entanglement is the fundamental relational 

process through which entropy becomes correlation, correlation becomes geometric adjacency, 

and adjacency becomes spacetime itself. In HQE (Holographic Quantized Expansion), the 

SGDE-II-mediated entropic flux is the causal agent of geometric growth. 

It is this flux, born from thermalized curvature, that pushes each RC-cell through the HIG 

sequence and activates it as a new unit of spacetime.  As SGDE-I converts microscopic thermal 

curvature into a directed holographic entropy-production rate, it simultaneously generates the 

informational conditions required for entanglement bonding. 

Each SGDE-II-driven entropic pulse produces a correlation that acts as a microscopic act of 

spacetime assembly: a new entanglement bond that glues the RC-cell into the holographic 

lattice. SGDE-I activates the entanglement-ready boundary, SGDE-II executes this potential as 

discrete entropic pulses that generate entanglement bonds and assemble spacetime one RC-cell 

at a time. 

Each RC-cell carries a nat of encoded information, but its geometric function arises from the 

entanglement bonds established during HTR and strengthened through SGDE-II.  

Macroscopic curvature thus emerges as the collective imprint of countless microscopic 

informational acts, where every entanglement correlation becomes a structural thread in the 

holographic fabric. Entanglement is simultaneously the glue and the organizing grammar of 

geometry, the universal syntactic principle by which the holographic universe computes, 

structures, and stabilizes its own spacetime form. 

From this perspective, the boundary operates as the creative interface of reality, the locus where 

entropic potential becomes geometric form.  Each new QIT adds one bit of information to the 

boundary register, refining the precision of the code by sharpening the entanglement network.  

The boundary’s informational density, with the geometric area: 𝐴geom, 

𝜌𝑖𝑛𝑓𝑜 =
𝑁𝑏𝑖𝑡𝑠
𝐴𝑔𝑒𝑜𝑚

 (162) 

increases discreetly with every holographic tick. Consequently, the universe’s expansion 

manifests as informational refinement, a progressive sharpening of the holographic resolution 

driven by the growth of the entanglement lattice. 
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In the Holographic Computational Universe (HCU), refinement means an increase in 

resolution. This occurs on both the boundary and the bulk: on the boundary, each QIT adds one 

bit, sharpening the informational resolution of the holographic code; in the bulk, each HTC 

adds one nat, increasing the geometric resolution of curvature. Boundary refinement drives 

bulk refinement, and bulk refinement stabilizes boundary refinement, forming a dual increase 

in resolution that defines cosmic expansion. 

Spacetime, in this framework, is the structured memory of the universe’s computation: the 

geometric record of all informational transformations that have occurred.  Each newly encoded 

RC-cell adds a layer of entangled memory, deepening the universe’s informational history. The 

curvature of spacetime reflects the density, topology, and coherence of these stored 

correlations, while time itself arises as the ordered sequence of their continuous renewal. 

Through successive HTCs, the universe expands not by stretching space but by learning: each 

activated RC-cell deepens the entanglement network and enlarges the universe’s informational 

phase-space. Spacetime, in this framework, is the structured memory of the universe’s 

computation: the geometric record of all informational transformations that have occurred. 

Each new RC-cell adds a layer of encoded memory, deepening the universe’s informational 

history. The curvature of spacetime reflects the density and topology of these stored 

correlations, while time itself arises as the sequence of their continuous renewal. In summary, 

the HQE encapsulates the quantized, informational mechanism of cosmic evolution: 

Universe expands because it computes, it computes because it  learns; 
and it learns because it increases its informational phase space 

(163) 

In the Holographic Computational Universe, learning is not metaphorical but physical.  

As information density grows, previously equivalent states become distinguishable, enlarging 

the effective informational phase space Ωinfo. This refinement of distinctions constitutes 

learning: the universe acquires a more structured internal representation. 

However, increasing informational density cannot occur without cost. To avoid saturation and 

erasure, the holographic boundary must activate additional representational capacity, new 

Rindler–Compton cells, leading to spacetime expansion. Expansion is therefore not driven by 

excess energy, but by the necessity to store higher-density information without loss. 

Cosmic expansion is the ongoing holographic computation of existence, the universe’s self-

generation through the quantized renewal and stabilization of its own informational phase 

space. 

Universe is conceived as a self-computing holographic system, perpetually converting bulk 

entropy into structured boundary information through the Holographic Thermodynamic Cycle 

(HTC). Within this framework, spacetime emerges as the structured informational memory of 

the universe, the enduring record of its own computation, where every encoded interaction 

becomes a geometric trace in the holographic fabric. 

At the foundation of this process lies Holographic Informational Genesis (HIG), the entropic–

geometric sequence through which each Rindler–Compton (RC) cell is born. Here, HEAL 

answers with the acceleration, to the initial entropy gradient, HEG shapes it into curvature, and 

HTR ignites entanglement, transforming thermalized curvature into quantum correlations. 
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These correlations represent the first connective threads linking an emerging RC-cell to its 

neighbors. Through this entanglement ignition, latent informational potential becomes active 

relational structure, prefiguring geometry before any encoding occurs. SGDE-I then activates 

the boundary by transducing thermal curvature into directed entropy flux, and HGE finally 

encodes that flux as one nat of gravitational structure, the moment an RC-cell becomes a 

permanent geometric element of spacetime. 

In this perspective, time does not pre-exist as a continuous background but arises as the ordered 

sequence of Quantum Informational Tick (QIT) updates, each tick marking one discrete act of 

holographic computation. After approximately 1.44 QITs, a complete HTC stabilizes one RC-

cell, the fundamental one-nat voxel of spacetime, thereby linking temporal computation to 

spatial realization.  

Gravity manifests as the thermodynamic feedback generated by entropy gradients within this 

holographic network, directing matter and energy along a path of maximal entropic efficiency 

where curvature encodes informational equilibrium. Because entanglement is generated at 

HTR and amplified by SGDE-II, gravity becomes the macroscopic expression of microscopic 

entanglement architecture, curvature as the large-scale realization of informational 

correlations. 

Entanglement emerges when thermalization synchronizes the irreversible informational 

renewals of neighboring Rindler–Compton cells. This synchronization enforces a shared 

thermodynamic time, rendering their quantum states jointly defined and non-factorizable, not 

as a result of dynamical interaction, but as a consequence of coherent holographic renewal. As 

shared thermodynamic time is the condition in which multiple RC-cells undergo irreversible 

informational renewals in synchronized quantum informational ticks, such that their states are 

jointly defined within the same entropic update and cannot be temporally or informationally 

separated. 

Within the Holographic Computational Universe (HCU) interpretation, entropy is redefined 

from a notion of degradation into a notion of constructive renewal. In standard thermodynamic 

language, entropy increase is often associated with dissipation, disorder, or loss of usable 

energy. In contrast, the HCU framework interprets entropy as the thermodynamic bookkeeping 

of informational creation: it records the irreducible energy cost required to generate new 

physical distinctions, correlations, and structures. 

In this view, entropy does not signal that the universe is “running down.” Instead, it signals 

that the universe is actively updating itself. Every increase in entropy corresponds to the 

successful completion of a holographic update in which bulk degrees of freedom are converted 

into boundary-encoded information. This update is not abstract: it is a physical process that 

consumes energy and leaves behind a permanent informational trace in geometry. Entropy 

therefore represents the energetic footprint of computation, not the erosion of structure. 

Crucially, each entropic increment marks a finished computational step. A new configuration 

has been realized, new informational possibilities have been opened, and spacetime itself has 

been extended or refined through this encoding. Geometry emerges as the memory of these 

updates, and time advances because these updates are irreversible: once information has been 

encoded, the energetic cost cannot be undone. The arrow of time is therefore aligned with the 
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direction of entropy increase, not because of disorder, but because computation is intrinsically 

irreversible. 

From this perspective, entropy measures the price of novelty. It quantifies how much energy 

must be expended to transform an existing informational configuration into a new one. The 

universe evolves by paying this cost repeatedly, step by step, as it computes its next state. 

Entropy is thus the accounting variable that tracks how reality is continuously produced: not 

as decay, but as ongoing self-generation of information, structure, geometry, and time itself. 

Therefore, the Holographic Quantized Expansion (HQE) reveals the microscopic mechanism 

underlying cosmic growth: 

• Expansion = Computation. 

• Time = Sequential informational renewal. 

• Entropy = Rate of informational creation. 

• Spacetime = Structured memory of computation. 

In the Holographic Computational Universe, the arrow of time corresponds to the monotonic 

increase of informational phase-space resolution. Each Quantum Informational Tick 

irreversibly enhances the universe’s internal self-description by activating new distinguishable 

holographic states, refining entanglement structure, and expanding the boundary memory that 

encodes physical reality. Time therefore emerges as the ordered accumulation of irreversible 

informational refinements, rather than as a measure of decay or disorder. 

 

36. HCU and the Second Law of Thermodynamics 

 

In the Holographic Computational Universe (HCU), the Second Law of Thermodynamics 

arises not as a statistical coincidence or macroscopic regularity but as a necessary consequence 

of holographic information processing.  

Entropy is understood as the size of the informational phase-space, the total number of 

physically realizable microstates that the universe can encode at a given moment. This phase-

space expands because the universe computes itself through a continuous sequence of Quantum 

Informational Ticks (QITs), each converting a quantum of bulk entropy into structured 

boundary information via the Holographic Thermodynamic Cycle (HTC). Every QIT increases 

the informational content stored on holographic boundaries, enlarging the dimensionality of 

possible microstates. This expansion is inherently irreversible: once encoded, boundary 

information cannot be erased without violating Landauer’s principle or the Holographic 

Conservation Law (HCL), both of which guarantee the conservation of total entropy–

information content. 

The Second Law therefore follows directly from the basic architecture of holographic 

computation.  Bulk degrees of freedom lose entropy at the universal rate (HEF), while 

boundary degrees of freedom gain exactly one bit per QIT, enforcing strict bulk-to-boundary 

informational conservation. Because each Rindler–Compton (RC) cell activation introduces at 

least one nat of new geometric information into the spacetime fabric, the universe’s 
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informational phase-space grows monotonically. This monotonic growth is what 

thermodynamics registers as the continuous increase of entropy. In HCU, entropy increases 

because geometry must grow to encode new information.  

Curvature-driven pair production, RC-cell renewal, and QIT-ordered time evolution all push 

the holographic boundary into ever-higher informational resolution. No earlier state can be 

perfectly recovered because each newly activated cell introduces new entanglement links and 

increases the dimensionality of the computational phase space.  

Thus, the Second Law is not a probabilistic trend but an intrinsic property of holographic time 

flow: time itself is defined by the irreversible creation of new holographic information. 

The inevitability of the Second Law in HCU arises from three structural constraints: 

• Landauer’s bound, which imposes a minimum thermodynamic cost of 𝑘 𝑙𝑛2 for every 

informational update, making each holographic evolution step irreducibly dissipative. 

 

• The Holographic Conservation Law (HCL), which guarantees that any decrease in bulk 

entropy must be exactly matched by an increase in boundary information, ensuring the 

unitary preservation of total entropy–information. 

 

• The quantization of spacetime, which ensures that each QIT activates a new RC-cell or 

updates an existing one, thereby adding irreducible, new informational degrees of 

freedom to the universe. 

Entropy rises because the universe is a self-computing system whose memory architecture 

grows with every holographic update. The arrow of time is simply the direction of increasing 

holographic information. In this way, the HCU transforms the Second Law from a contingent 

statistical rule into a fundamental principle of cosmic computation. 

 

37. Local Pair Production 

 

The Holographic Computational Universe (HCU) framework is now prepared to confront one 

of its most striking physical consequences: the spontaneous emergence of matter from 

curvature itself. 

In the HCU, informational flow, entanglement structure, and geometric response form a tightly 

coupled triad. When this balance is perturbed, when curvature gradients exceed the local 

informational equilibrium threshold, the holographic engine must restore balance by generating 

new informational degrees of freedom. 

Recent work by Wondrak et al. demonstrates that spacetime curvature alone, even in the 

absence of event horizons, can induce gravitational pair production. This phenomenon is not 

an anomaly but an expected expression of the Holographic Computational Universe (HCU) 

architecture: curvature-driven informational stress converts bulk entropic tension into real 

particle–antiparticle pairs. Thus, Local Pair Production appears not as an exotic quantum effect 

but as a natural holographic response to informational disequilibrium, completing the 

thermodynamic loop that binds entropy flow, information encoding, and geometric curvature. 
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The study by Michael Wondrak et al., “Gravitational Pair Production and Black Hole 

Evaporation”, introduces a transformative insight into quantum gravitational processes by 

demonstrating that virtual particle pairs can be promoted to real particles purely through 

spacetime curvature, without the need for a global event horizon. This mechanism extends the 

domain of particle creation far beyond classical Hawking radiation and directly supports the 

core prediction of Scaling Entropy–Area Thermodynamics (SEAT): that entropy–area relations 

arise from local informational dynamics rather than exclusively from horizon physics. 

Wondrak and collaborators explicitly draw a parallel between curvature-driven pair production 

and the Schwinger effect, where strong electric fields create particle pairs from the vacuum. In 

the gravitational case, local tidal forces act as the analogue of an electric field, providing the 

necessary energy to separate virtual pairs. Their results show that such tidal-induced emission 

can match Hawking-like flux even when no horizon exists. This demonstrates that gravitational 

radiation is a generic feature of curved spacetime, not a phenomenon restricted to black holes. 

Any sufficiently strong curvature configuration can emit particles and therefore undergo 

entropy evolution, confirming that the mechanism underlying Hawking radiation is 

fundamentally local and geometric. 

By establishing that curvature alone enables pair production through local energy exchange, 

Wondrak et al. broaden the foundation of entropy–area relationships, treating them as universal 

characteristics of gravitational systems. This aligns precisely with SEAT’s assertion that 

matter, spacetime, and gravitational effects emerge from quantum-informational correlations 

encoded on boundary surfaces, not from special global structures. 

Furthermore, their findings reinforce the HCU view that gravitational entropy is locally 

encoded: particle creation arises from boundary-encoded informational gradients and tidal 

fields rather than from bulk vacuum instability alone. In this sense, local gravitational pair 

production becomes an operational manifestation of holographic encoding, where curvature-

induced informational tension is released as real particles. 

 

38. Empirical Alignment 
 

The Scaling Entropy–Area Thermodynamics (SEAT) framework finds decisive empirical 

reinforcement in the seminal work of Wondrak et al., who demonstrated that gravitational pair 

production occurs in curved spacetime even when no global event horizon is present. This 

discovery confirms that local curvature alone can generate real particle pairs, directly validating 

SEAT’s core claim that gravitational radiation, spacetime evolution, and particle dynamics 

arise from localized quantum-informational processes rather than global topological structures. 

As a result, the domain of holographic gravitational entropy is extended well beyond the 

classical black-hole setting. 

Wondrak et al. provide independent and rigorous support for SEAT’s entropy–area scaling 

formulation by showing that entropy flow and radiation emission are driven by spacetime 

curvature itself.  

A central insight of their work is that local pair production does not require an event horizon. 

Using a heat-kernel method analogous to the Schwinger effect, they show that particle creation 
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emerges from tidal forces and curvature gradients, not exclusively from Hawking’s horizon-

dependent mechanism. This establishes gravitational radiation as a universal feature of curved 

spacetime, fully consistent with SEAT’s assertion that entropy production is a general property 

of all gravitational systems. 

Moreover, Wondrak et al. predict that curvature-induced emissions are structured and non-

thermal, indicating that radiation encodes information, precisely the viewpoint adopted by 

SEAT, in which Hawking radiation carries quantum structure rather than pure thermality. Their 

results thus provide an explicit physical mechanism through which SEAT’s entropy flow 

equations and informational dynamics become operational. 

Crucially, the demonstration that even non-horizon systems can radiate and decay extends 

SEAT’s entropy–area law to all gravitational configurations, showing that surface properties 

and entropic gradients govern gravitational evolution. This confirms that gravitational entropy 

is fundamentally a boundary phenomenon governed by quantum informational dynamics. 

Thus, Wondrak et al.’s work offers a fully independent, conceptually coherent, and technically 

rigorous alignment with the SEAT framework. It supplies the missing physical mechanism 

linking curvature, entropy flow, and information encoding, solidifying SEAT as a foundational 

theory for understanding gravitational entropy and the quantum-informational structure of 

spacetime. 

 

39. Holographic Interpretation 
 

In the Holographic Computational Universe (HCU), curvature-driven pair production is 

reinterpreted as a fundamentally entropic–informational process, not merely a geometric or 

quantum-field effect. Local curvature acts as a thermodynamic catalyst that releases stored 

entropic potential encoded on boundary surfaces. When the entanglement density on the 

boundary becomes sufficiently stressed, informational tension accumulates in the bulk 

geometry. At this threshold, gravitational pair production becomes the release mechanism 

through which Holographic Gravitational Entropy (HGE) transforms into real energy. Virtual 

fluctuations are promoted into real particles precisely because the holographic code must 

update itself: the emission of particles is the physical expression of informational renewal. 

In this process, the boundary entanglement pattern is updated, and the emitted particles carry 

the exact informational imprint of the bulk configuration that produced them. This ensures that 

the Holographic Conservation Law (HCL) is enforced at every step: what is lost as bulk entropy 

reappears as structured boundary information. Gravitational pair production is therefore not an 

incidental quantum effect but a thermodynamically necessary step in the universe’s self-

computation. It is the local, visible moment when informational tension becomes encoded 

matter–energy. 

This dynamic expresses the fundamental synthesis governing holographic physics: 

Entropy generates motion;  

motion sculpts geometry;  
(164) 
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geometry encodes information. 

 

Entropy drives information flow
 Information builds Entanglement
Entanglement sculpts Geometry
Geometry feeds back into Entropy

  (165) 

The universe continuously translates entropy into geometry and geometry into information. 

Gravitational pair production is the visible interface of this deeper informational cycle, the 

point at which geometry releases stored entropic potential into new degrees of freedom.  

Informational disequilibrium drives acceleration (HEAL), acceleration sculpts curvature 

(HEG), curvature acquires thermal–informational consistency (HTR), surface gravity channels 

dynamic entropic flow (SGDE-I), and the accumulated entropic potential is stored and 

ultimately released as HGE. Pair production is simply the operational consequence of this cycle 

reaching a critical local threshold. 

This interpretation aligns precisely with the breakthrough analysis of Wondrak et al., who 

demonstrated that curvature alone suffices to create real particles, even without event horizons. 

Their result, that tidal forces and local curvature gradients can generate Hawking-like radiation, 

matches exactly the SEAT–HCU prediction that pair creation emerges from local entropic–

informational dynamics, not from global geometry. In HCU terms, HEAL produces the local 

entropic tension that destabilizes vacuum fluctuations, HEG converts this tension into 

curvature, HTR gives that curvature an effective temperature, SGDE-I quantifies the entropic 

flux driving emission, and HGE provides the stored informational energy that is released as 

real particles. 

Thus, the Wondrak mechanism is not an outlier or anomaly; it is the direct physical 

manifestation of the SEAT–HG–HCU hierarchy in action. Their horizonless pair production 

demonstrates that gravitational radiation and particle creation are inherent features of any 

curved spacetime where entanglement and entropy interact.  

Wondrak’s demonstration that pair production occurs without horizons is therefore not 

surprising; it is the expected signature of a universe whose matter, geometry, and dynamics 

emerge from holographically encoded information. Curvature-driven pair production becomes 

the natural expression of spacetime’s self-updating computation, the point where informational 

gradients sculpt geometry, and geometry releases new informational content in the form of 

particles. 

 

40. Unification of Entropy Concepts 
 

The various entropy formulations traditionally used in gravitational, quantum, and holographic 

physics can now be understood as manifestations of a single, coherent informational principle. 

In the Holographic Computational Universe (HCU), the Bekenstein–Hawking entropy, the 

Bekenstein Bound, von Neumann entropy, the Ryu–Takayanagi (RT) relation, and the 
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Holographic Gravitational Entropy (HGE) introduced in the SEAT–HG framework, all 

describe one and the same phenomenon: entropy as boundary-encoded quantum information.  

Formally, the HCU establishes the equivalence: 

𝑆BH = 𝑆BB = 𝑆vN = 𝑆RT = 𝑆HGE (166) 

revealing that classical, quantum, and holographic entropies are different faces of a unified 

informational structure. 

Casini and Bousso’s results demonstrated that the Bekenstein Bound can be written exactly as 

a difference of von Neumann entropies, showing that its content is purely quantum 

informational. This identification elevates von Neumann entropy to the foundational measure 

underlying all gravitational entropy relations, including those in SEAT. In the same way, the 

original Ryu–Takayanagi formula is recognized as a general expression of the fine-grained 

entropy of quantum systems coupled to gravity. Its discovery revealed that the black-hole 

entropy–area law is nothing more than a special instance of the more general RT conjecture, 

thus linking the informational structure of spacetime directly to entanglement entropy [84]. 

From this viewpoint, the emergence of gravity is a consequence of the fundamentality of 

entangled quantum information: von Neumann entropy, the Bekenstein Bound, and the RT 

relation converging into a single informational origin of gravitational entropy. 

The Bekenstein–Hawking law shows that black-hole entropy scales with horizon area, not 

volume, indicating that gravitational information is intrinsically surface-bound. The 

Bekenstein Bound generalizes this to any finite region, asserting that information content is 

limited by boundary area. Von Neumann entropy supplies the microscopic source of this 

boundary information through quantum entanglement. RT then demonstrates that entanglement 

entropy is area, embedding geometry inside the quantum informational structure of boundary 

correlations. The SEAT/HG framework extends this entire family of results into a dynamical, 

rather than static, formulation.  

The Holographic Gravitational Entropy (HGE), SHGE =
kκMA

ℏc
, Eq. (57), generalizes RT beyond 

static minimal surfaces, beyond AdS/CFT, and beyond equilibrium. HGE incorporates surface 

gravity κ, mass M, and boundary area A, embedding curvature, dynamics, and quantum 

structure directly into the entropy law. Gravity therefore appears not as a fundamental force, 

but as a thermodynamic response to the organization and evolution of quantum information 

encoded on boundary surfaces. 

In the HCU architecture, this picture gains further depth. Spacetime is quantized into Rindler–

Compton (RC) cells, each encoding one natural unit of information. Time emerges from the 

ordered sequence of Quantum Informational Ticks (QITs), each converting one bit of bulk 

entropy into boundary information. At each QIT, bulk entropy decreases by kln2 while 

boundary information increases by one bit, implementing the Holographic Conservation Law 

(HCL). Every gravitational system, including black holes, surface-gravity systems, and 

cosmological horizons, follows this entropy–information flow, making gravitational behavior 

the macroscopic reflection of microscopic entanglement processing. 

This framework situates HGE as the universal extension of RT/HRT/QES: whereas Ryu–

Takayanagi expresses entanglement entropy as minimal surface area in AdS, HGE applies to 
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all spacetimes, incorporates mass and curvature, and includes dynamical and quantum-

gravitational contributions. It acts as a quantum-informational upgrade to classical 

entanglement formulas, embedding time evolution and geometric deformation into the entropy 

law. In this way, the SEAT–HG structure unifies thermodynamics, quantum information 

theory, and geometry into a single conceptual and mathematical architecture. 

The consequences are profound. The apparent distinctions between black-hole entropy, 

Bekenstein bounds, von Neumann entropy, and RT vanish; all represent a single informational 

invariant. The unification of these entropic quantities reveals a universal informational 

architecture at the heart of gravity, spacetime, and thermodynamics. 

Within the HCU, entropy is a dynamic, quantized informational quantity governing the 

evolution of physical systems; information encoded on the boundary determines the physics of 

the bulk; and spacetime curvature emerges from the evolution of entangled degrees of freedom 

across holographic surfaces. This establishes gravity, particle dynamics, and spacetime 

geometry as emergent phenomena arising from the informational computation of the universe 

itself.  

 

41. Generalized Holographic Principle (GHP) 
 

The Generalized Holographic Principle (GHP) extends the original ’t Hooft–Susskind insight 

into a universal, fully dynamical law of nature, applicable to all spacetimes without reliance on 

AdS boundaries or static geometric backgrounds.  

Whereas the classical holographic principle asserts that the information within a bulk region 

can be represented by degrees of freedom on its boundary, the generalized version introduced 

in the SEAT–HG–HCU hierarchy transforms this static encoding into a thermodynamic 

engine: the boundary does not merely store the bulk, it actively computes and updates it. 

The Generalized Holographic Principle states that spacetime, geometry, and gravitational 

dynamics exist if and only if information is continuously encoded, computed, and renewed on 

holographic boundaries, which actively update the bulk through entropy–information 

transduction, with curvature and gravity emerging as thermodynamic responses to boundary 

entropy gradients. 

The Generalized Holographic Principle states that the boundary of any physical system does 

not merely encode the information of its bulk but dynamically processes and updates it: entropy 

flows from the bulk to the boundary, information is irreversibly encoded through quantized 

updates, and spacetime curvature and gravity emerge as the thermodynamic response to 

gradients of boundary information. 

 In this framework, holographic surfaces function as entropic processors whose gradients of 

informational density generate curvature, regulate bulk evolution, and mediate the continuous 

exchange of entropy and information. Spacetime becomes the ever-renewed record of this 

computation; curvature emerges as the thermodynamic response to boundary entropy 

gradients; and gravity appears not as a fundamental force but as entropic acceleration arising 

from holographic disequilibrium. 
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GHP integrates seamlessly with the quantization of spacetime into discrete Rindler–Compton 

(RC) cells, each encoding one natural unit of information. These RC cells define the minimal 

four-volume through which entropy and information flow, and their sequential activation, 

driven by the Holographic Encoding Clock (HEC) with quantum frequency 𝜈𝑇 =
𝑘𝑇

ℎ
, Eq. (31), 

constitutes the microscopic mechanism of the Holographic Thermodynamic Cycle (HTC).  

Every Quantum Informational Tick (QIT) produces a bit of boundary information, refining the 

entanglement structure and expanding the universe’s informational phase-space. Through this 

mechanism, bulk entropy loss is precisely balanced by boundary information gain, enforcing 

the Holographic Conservation Law (HCL). 

In this formulation, spacetime, curvature, and matter are not inputs to a pre-existing geometry 

but outputs of a continuous holographic computation. All physical events, motion, gravitational 

dynamics, particle creation, radiation emission, and entanglement evolution, appear as 

manifestations of boundary informational processes. The universe therefore does not simulate 

itself in the externalist, algorithmic sense; rather, it computes itself intrinsically through 

thermodynamic-informational operations encoded on holographic boundaries. The 

fundamental axiom of the Generalized Holographic Principle expresses this ontology with 

precision:  

𝑁𝑜 𝑏𝑖𝑡𝑠 →  𝑛𝑜 𝑏𝑜𝑢𝑛𝑑𝑎𝑟𝑦 𝑒𝑛𝑐𝑜𝑑𝑖𝑛𝑔 →  𝑛𝑜 𝑠𝑝𝑎𝑐𝑒𝑡𝑖𝑚𝑒 𝑔𝑒𝑜𝑚𝑒𝑡𝑟𝑦 (167) 
 

 

Existence, geometry, and dynamics arise only through encoded information and its continual 

renewal. GHP thus elevates holography from a geometric correspondence into a universal 

informational principle, describing a universe where reality itself is the ongoing computation 

of entropy into information and information into geometry, executed one RC-cell and one QIT 

at a time. 

 

42. Experimental Validation and Falsifiable Predictions 
 

In the Holographic Computational Universe (HCU), reality does not evolve continuously but 

advances in discrete informational updates.  

Each Quantum Informational Tick (QIT) of the Holographic Encoding Clock (HEC) 

constitutes the minimal causal interval through which bulk entropy is converted into boundary 

information.  

The conversion proceeds at the Quantum Informational Frequency (QIF), 𝜈𝑇 =
𝑘𝑇

ℎ
, Eq. (31) 

which defines the universal ceiling on the rate at which entropy can be processed into 

information for any system at temperature 𝑇. 

Each tick thus marks a discrete act of holographic computation: a quantum of bulk entropy 

(𝑘 ln 2) is transcribed into one bit of structured boundary information, synchronizing the 

thermodynamic and informational evolution of spacetime. QIF therefore represents the 

fundamental rate of causal renewal in the Holographic Computational Universe, where every 

unit of temperature corresponds to a quantized frequency of informational transformation, and 



O. Denis 

133 
 

every tick advances the universe’s computation by one minimal step in its ongoing self-

encoding. 

In this view, time itself is the sequential activation of such informational conversions; each tick 

represents a fundamental act of computation through which the universe renews its 

informational content. Entropy flow, therefore, becomes a measurable computational rate.  

The HCU framework predicts that this process obeys an absolute thermodynamic rate limit, 

detectable as a deviation from standard Landauer behavior in controlled laboratory systems, a 

phenomenon that directly tests the quantized informational nature of spacetime. 

 

43. Rate-Limited Landauer Erasure 
 

Conventional thermodynamics, through Landauer’s principle, asserts that erasing one bit of 

information requires a minimal dissipation of energy 𝑄min = 𝑘𝑇 ln 2. However, it imposes no 

restriction on the rate at which such erasure may occur.  

The HCU introduces a new dynamical limit derived from the Holographic Entropy Flow (HEF) 

law, 𝑆̇bulk = −
𝑘2𝑇 ln 2

ℎ
 , Eq. (26) HG asserts that the minimal Landauer heat per bit, 𝑄min =

𝑘𝑇 ln 2, is achievable only if the logical-erasure frequency satisfies 𝑓 ≤ 𝜈𝑇. When 𝑓 > 𝜈𝑇, 

entropy cannot be evacuated at the holographic rate, forcing super-Landauer dissipation. This 

creates a measurable knee in the dissipated-heat curve 𝑄(𝑓)at 𝑓 = 𝜈𝑇. 

Conventional thermodynamics has no intrinsic rate ceiling; therefore, the presence or absence 

of this knee provides a direct falsification test of Holographic Gravity (HG). This law predicts 

that erasure frequency 𝑓cannot surpass the holographic frequency 𝜈𝑇 = 𝑘𝑇/ℎ, because that 

frequency defines the maximum entropy-to-information conversion rate permitted by the 

quantized architecture of spacetime.  

Attempting to erase faster than 𝜈𝑇 forces the system to dump excess heat, producing a 

measurable dissipation “knee” point in the 𝑄(𝑓) curve precisely at 𝑓 = 𝜈𝑇.  Below this limit, 

energy follows the Landauer bound; beyond it, super-Landauer dissipation reveals the 

holographic ceiling. The defining frequency 𝜈𝑇 =
𝑘𝑇

ℎ
, Eq. (31) scales linearly with temperature. 

At 300 K, 𝜈𝑇 ≈ 6.25 × 10
12Hz (optical/THz range, experimentally inaccessible). At 1 K, 𝜈𝑇 ≈

2.08 × 1010Hz (20 GHz), near the quantum limit of superconducting qubits. Cooling further 

to 100 mK yields 𝜈𝑇 ≈ 2.08 × 10
9Hz, and to 10 mK, 𝜈𝑇 ≈ 2.08 × 10

8Hz (208 MHz), squarely 

within the range of modern dilution-refrigerator and microwave-circuit technology. In this 

temperature window (10–100 mK), the system transitions from the Landauer-flat regime into 

the HCU-“knee” point regime, making the holographic rate limit directly testable with existing 

cryogenic nanocalorimetry. 

A feasible setup employs a single-electron transistor, a superconducting transmon qubit, or a 

quantum-dot logic element operating as a two-state memory bit. 

1. Maintain a stable cryogenic bath at temperature 𝑇. 

2. Repeatedly perform erase-to-zero cycles while progressively increasing the operation 

frequency 𝑓. 
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3. Measure the dissipated heat 𝑄(𝑓) per cycle via on-chip nanocalorimetry or normal-

insulator-superconductor (NIS) thermometry. 

 

The HCU predicts: 

𝑓 ≪ 𝜈𝑇 ⇒ 𝑄(𝑓) ≈ 𝑘𝑇 𝑙𝑛 2 ,

𝑓 ≈ 𝜈𝑇 ⇒ 𝑄(𝑓) > 𝑘𝑇 𝑙𝑛 2  (onset of holographic "knee"  point),

𝑓 > 𝜈𝑇 ⇒ 𝑄(𝑓) ∝ 𝑓𝛼 , 𝛼 > 1 (super-Landauer regime).

 (168) 

 

By contrast, standard thermodynamics expects 𝑄(𝑓) = 𝑘𝑇 ln 2 for all 𝑓. Hence, the emergence 

of a “knee” point at 𝑓 = 𝜈𝑇 provides a unique falsifiable signature of the HCU’s quantized 

entropy-flow constraint. 

 

44. Universal Entropy-Flow Rate 
 

Beyond the Landauer “knee” point, Equation defines a quantized entropy-current bound per 

bit channel: ∣ 𝑆̇bulk ∣=
𝑘2𝑇 ln 2

ℎ
 Eq. (26). This relation expresses the universal limit on 

thermodynamic throughput, the maximum entropy flux that can pass through any single 

quantum channel of computation.  

At 300 K this equals 6 × 10−11 J K−1 s−1; at 1 K, 2 × 10−13 J K−1 s−1, and at 10 mK, 

2 × 10−15 J K−1 s−1. When the system reaches 𝑓 = 𝜈𝑇, the measured entropy flow 𝑄̇/𝑇should 

saturate at this constant, verifying the quantized coupling between entropy rate and 

temperature. Simultaneous observation of this saturation with the Landauer “knee” point would 

confirm the bulk–boundary informational conservation that underpins the HCU’s holographic 

dynamics. 

 

45. Falsification Criteria 
 

The Holographic Computational Universe (HCU) is explicitly falsifiable. It is disproven if any 

of the following conditions fail: 

1. No dissipation «knee» point observed near 𝑓 ≃ 𝑘𝑇/ℎ. 

2. Non-linear temperature dependence of 𝑓»knee» point(slope ≠ 𝑘/ℎ). 

3. Entropy flux deviating from ∣ 𝑆̇ ∣= 𝑘2𝑇 ln 2 /ℎ at 𝑓 ≃ 𝜈𝑇. 

Each failure targets a distinct layer of the HCU hierarchy: 

(1–2) test the HEC/QIT synchronization; 

(3) tests bulk–boundary entropy conservation; 

A violation of any single criterion would falsify the Holographic Quantized Expansion (HQE) 

law and the quantized computational description of spacetime. 
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46. Experimental Feasibility 
 

Current cryogenic quantum technologies already operate within the predictive regime of the 

Holographic Computational Universe (HCU). Modern dilution-refrigerator platforms routinely 

reach base temperatures of 5–20 mK and support operational frequencies from 106to 109 Hz, 
encompassing superconducting transmon qubits and radio-frequency single-electron 

transistors. In parallel, quantum nanocalorimeters and bolometric detectors have achieved 

single-microwave-photon sensitivity, corresponding to energy resolutions on the order of 

10−23 J at millikelvin temperatures. These places present experiments within a few orders of 

magnitude of the Landauer limit 𝑘𝑇ln 2, directly overlapping the regime where HCU predicts 

discrete, rate-limited, and irreversible entropy-to-information conversion events. 

This convergence renders the detection of the 𝑓 = 𝜈𝑇 “knee” point and the entropy-flux 

saturation both technically feasible and immediately testable with existing instruments. 

 

47. Interpretive Approach 
 

The Holographic Computational Universe (HCU) transforms Landauer’s static limit into a 

dynamic principle of spacetime computation. Each QIT converts one bit of bulk entropy into 

boundary information, advancing the holographic computation that defines the flow of time 

itself.  

The experimentally measurable consequences are: 

 Universal Landauer Rate Limit: 𝑓𝑚𝑎𝑥 = 𝜈𝑇 =
𝑘𝑇

ℎ

 Quantized Entropy Current: ∣ 𝑆̇ ∣=
𝑘2𝑇 𝑙𝑛 2

ℎ

 

 

(169) 

Observation of these signatures, particularly the temperature-tracking “knee” point at 

(𝑓 = ν𝑇),  would mark the first empirical confirmation that entropy flow, information 

encoding, and spacetime curvature are dynamically coupled.  

Such confirmation would demonstrate that gravity and time emerge from the quantized 

computational process of the universe itself, verifying the central thesis of the Holographic 

Computational Universe. 

The plot should show the normalized heat dissipation 𝑄(𝑓)/(𝑘𝑇 ln 2) as a function of erasure 

frequency 𝑓(log scale), comparing the predictions of conventional thermodynamics with those 

of the Holographic Computational Universe / Holographic Gravity (HCU/HG) framework. 

In standard Landauer thermodynamics, the dissipated heat per bit remains constant at 𝑘𝑇 ln 2, 

independent of erasure frequency, implying no intrinsic rate ceiling; the line is therefore flat. 
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In the HCU/HG model, dissipation remains constant only up to the holographic “knee” 

frequency : 𝑓𝑐 = 𝜈𝑇 =
𝑘𝑇

ℎ
, which defines the Quantum Informational Frequency (QIF), the 

maximum rate at which bulk entropy can be converted into boundary information per Quantum 

Informational Tick (QIT) of the Holographic Encoding Clock (HEC). 

If a comparison between conventional thermodynamics and the Holographic Computational 

Universe (HCU) prediction for entropy–information dissipation versus erasure frequency was 

made, to compares normalized dissipated heat 𝑄(𝑓)/(𝑘𝑇 ln 2) versus erasure frequency 𝑓(log 

scale), we  should see a divergence between the classic curve representing standard 

thermodynamics, assuming no intrinsic limit to information-erasure rates, predicting a 

continuous linear rise in normalized dissipation 𝑄(𝑓)/(𝑘𝑇 ln 2) with frequency, and the curve 

depicting the HCU/Holographic Gravity (HG) prediction, which should introduce a 

holographic rate ceiling at the Quantum Informational Frequency 𝜈𝑇 = 𝑘𝑇/ℎ.  

Beyond this critical holographic “knee” frequency, dissipation should diverge sharply, defining 

the Landauer–Holographic knee that marks the transition from the classical to the holographic 

regime.  

If no knee appears, the HCU/HG framework is falsified; if a knee occurs near 𝑓 ≈ 𝜈𝑇, it 

provides empirical support for the existence of a fundamental holographic limit on information-

processing rates. 

If no knee appears → HCU/HG falsified; if a knee occurs at 𝑓 ≈ 𝜈𝑇→ HCU/HG supported. 

This transition delineates the boundary between continuous thermodynamics and quantized 

holographic computation, revealing a finite entropy-to-information conversion rate fixed by 

spacetime’s discrete informational architecture. 

The falsification criterion: if no knee appears, HG is falsified; if a knee arises at 𝑓 ≈ 𝜈𝑇, HG is 

experimentally supported. 

The «knee» therefore constitutes a decisive empirical signature of the HCU hypothesis, the 

transition from continuous thermodynamics to quantized holographic computation, where 

reality exhibits a finite entropy-to-information conversion rate fixed by its discrete 

informational architecture. 

Three characteristic regimes arise: 

1. Landauer regime (𝑓 ≪ 𝜈𝑇): reversible thermodynamic computation, 𝑄(𝑓)  ≈ 𝑘𝑇 ln 2; 

each bit operation satisfies the Holographic Complementarity Relation Δ𝑆bulk =

−𝑘 ln 2Δ𝐼boundary

(bits)
, Eq. (29) 

 

2. Holographic “knee” point (𝑓𝑐 = 𝜈𝑇): onset of non-linear dissipation as computation 

approaches the causal bandwidth of spacetime. 

 

3. Super-Landauer regime (𝑓 > 𝜈𝑇): excess dissipation 𝑄(𝑓)  ∝  𝑓𝛼(𝛼 > 1) from 

entropic interference between overlapping Rindler–Compton cell updates, the system 

attempts to compute faster than the quantized informational refresh rate of spacetime. 
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The Super-Landauer regime is the domain in which classical thermodynamic intuition fails and 

the holographic rate-limit of computation becomes observable. It marks the transition from 

ordinary, continuous dissipation to the quantized throughput bound where the universe’s 

informational substrate cannot process entropy faster than one bit per h/(kT) seconds. This 

ceiling corresponds to the Quantum Informational Frequency 𝜈𝑇 =
𝑘𝑇

ℎ
, Eq. (31), the universal 

limit on entropy-to-information conversion imposed by holographic dynamics. The Super-

Landauer regime therefore exposes the fundamental computational constraint encoded into 

spacetime itself. 

The most direct falsification pathway for HCU is a rate-limited Landauer erasure experiment 

in which an information-bearing degree of freedom (e.g., electron occupation or qubit state) is 

repeatedly reset at frequency 𝑓while the dissipated heat 𝑄(𝑓) is measured with sub-attojoule 

accuracy. 

A single-electron box or superconducting qubit in a dilution refrigerator provides the ideal 

platform, capable of resolving both the linear Landauer regime and any non-linear deviations. 

For cryogenic temperatures 10–100mK, the predicted “knee” (𝑓𝑐 ≈ 10
8–109Hz) fall squarely 

within the operational range of current GHz-scale nanocalorimetry. Observation of a 

frequency-dependent excess dissipation with slope exponent 𝛼 > 1 at 𝑓 ≈ 𝜈𝑇 would constitute 

the first laboratory evidence of a quantized informational rate limit confirming that spacetime 

computation proceeds in discrete holographic updates. 

Thus, the rate-limited Landauer erasure experiment offers a tabletop falsification of the 

Holographic Computational Universe HCU principle, linking microscopic quantum 

thermodynamics to the macroscopic quantization of spacetime through measurable, frequency-

dependent entropy flow. 

 

48. Construction to Consolidation 

 

Having established the internal coherence, dynamical completeness, and empirical falsifiability 

of the Holographic Computational Universe (HCU), the analysis now turns outward.  

The purpose of the following sections is not to re-derive the HCU framework, but to situate it 

precisely within the broader landscape of modern theoretical physics.  

Sections 48 through 57 therefore constitute a structured comparative synthesis, examining how 

the central results of HCU relate to, subsume, or generalize the most influential approaches to 

emergent gravity, holography, and spacetime thermodynamics developed over the past 

decades. 

Rather than treating existing theories as competing descriptions, this comparative phase adopts 

a unifying perspective. Each referenced framework, ranging from Sakharov’s induced gravity 

and Susskind’s holographic principle to Jacobson’s thermodynamic derivation of Einstein’s 

equations, Ryu–Takayanagi–type entanglement prescriptions, and modern entropic gravity 

models, captures a partial projection of a deeper informational structure. The objective here is 

to demonstrate that these approaches arise naturally as limiting cases, equilibrium reductions, 
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or semiclassical approximations of the more general holographic–computational dynamics 

articulated by HCU. 

In this context, gravity is no longer interpreted as a fundamental interaction, nor holography as 

a boundary-specific duality tied to AdS geometries. Instead, both emerge as consequences of a 

universal entropic–informational transduction process, governed by quantized entropy flow, 

boundary encoding, and the holographic conservation law. The comparative analysis that 

follows shows how earlier insights correctly identified fragments of this structure, entropy–

area relations, entanglement-induced geometry, thermodynamic field equations, while 

remaining restricted by equilibrium assumptions, geometric priors, or static formulations. 

Following sections examine these contributions individually, clarifying their conceptual scope, 

identifying their underlying assumptions, and making explicit how each is recovered within 

the HCU framework under well-defined conditions. This progression culminates in Section 57, 

which provides a consolidated comparative table, offering a synthetic overview that maps 

established theories onto the unified architecture of HCU. Together, these sections serve both 

as validation and as clarification: validation, by demonstrating consistency with the strongest 

results of contemporary physics; clarification, by revealing why those results appear 

fragmented in traditional formulations and how they are coherently integrated once entropy, 

information, and computation are treated as fundamental. 

This transition marks a shift from construction to consolidation. With the holographic–

computational engine now fully specified, the following sections demonstrate that HCU does 

not replace existing theories arbitrarily, but completes them by embedding their successes 

within a single, dynamical, and informationally grounded framework 

 

49. Sakharov ‘s Induced Gravity 
 

Andrei Sakharov’s 1967 proposal of induced gravity was one of the first attempts to frame 

gravity not as a fundamental interaction but as an emergent macroscopic effect arising from 

microscopic quantum processes. In Sakharov’s formulation, spacetime curvature behaves 

analogously to the elastic deformation of a solid: it is a thermodynamic response generated 

when the quantum fluctuations of vacuum fields are integrated out. The Einstein–Hilbert action 

thus appears not as an axiom but as an effective action produced by vacuum polarization, with 

curvature, inertia, and the dynamics of general relativity emerging from the density of vacuum 

fluctuations.  

Within the Holographic Computational Universe (HCU), Sakharov’s intuition is not discarded 

but generalized and elevated to a fully holographic–informational framework. HCU preserves 

the core idea, that geometry is emergent, while transforming its underlying mechanism. What 

Sakharov attributed to vacuum polarization becomes, in the HCU, a process of entropic 

induction: the thermodynamic restructuring of boundary-encoded information that generates 

curvature as a holographic response.  

In this generalized picture, the vacuum is no longer a fluctuating quantum background but a 

computational substrate composed of discrete Rindler–Compton (RC) cells, each encoding 

exactly one nat of information. These RC cells form the quantized microstructure of spacetime 
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and evolve according to Scaling Entropy–Area Thermodynamics (SEAT), which links entropy, 

area, surface gravity, mass, temperature, and action through dynamic informational laws. 

Curvature arises not from fluctuating fields but from thermodynamic imbalances across 

holographic boundaries.  

Gravity thus emerges as a macroscopic thermodynamic response to entropy gradients encoded 

on the boundary, formalized through the Holographic Entropy–Acceleration Law (HEAL). 

Temporal ordering of this evolution is set by the Holographic Encoding Clock (HEC), whose 

discrete Quantum Informational Ticks (QITs) define the universe’s informational update rate. 

The “elasticity of the vacuum” reappears as Holographic Informational Genesis (HIG), the first 

phase of the Holographic Thermodynamic Cycle, during which informational disequilibria 

induce curvature and initiate the self-computation of spacetime.  

Each activation of an RC cell requires 1.44 QITs, encoding one new nat of geometric 

information and driving Holographic Quantized Expansion (HQE). Cosmic expansion 

therefore emerges not from metric stretching but from the sequential activation of new 

informational degrees of freedom, an intrinsically computational process that reveals spacetime 

as an ever-growing holographic memory.  

While Sakharov viewed curvature as the macroscopic effect of vacuum polarization, HCU 

shows that vacuum polarization itself is simply the low-level signature of holographic 

computation. Geometry is not a secondary by-product of quantum fields, but the informational 

record produced by the continuous updating of boundary information. The Einstein–Hilbert 

action appears as the coarse-grained, low-frequency limit of a deeper Holographic Entropic 

Action Law governing entropy flow, information encoding, and curvature feedback within the 

HTC cycle.  

In summary, the HCU completes and transcends Sakharov’s vision by embedding it in a 

holographic–informational ontology: 

• Vacuum becomes RC-cell lattice: a discrete computational substrate encoding one nat 

per activation. 

• Curvature becomes entropic induction: arising from boundary informational 

restructuring rather than quantum-field fluctuations. 

• Gravity becomes thermodynamic response: of boundary-encoded information to 

entropy gradients. 

• Einstein–Hilbert action becomes equilibrium limit: of a universal holographic entropic 

action principle. 

Sakharov’s foundational idea, that geometry is induced rather than fundamental, finds its 

natural culmination in the HCU: a universe where spacetime, curvature, motion, and time itself 

emerge from the quantized computation of information across holographic boundaries.  
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50. Susskind’s Holographic Principle 
 

The holographic principle, formulated independently by Gerard ’t Hooft and Leonard Susskind, 

established one of the most profound conceptual shifts in theoretical physics: all physical 

information contained within a spatial region can be fully represented by degrees of freedom 

encoded on its boundary. This principle introduced a radical upper bound of one bit per Planck 

area, overturning the traditional view that information scales with volume. It provided the 

conceptual foundation for AdS/CFT duality and initiated the modern understanding that 

spacetime geometry is not fundamental but informationally constructed.  

In its classical formulation, holography was largely geometric and representational: bulk 

physics is mirrored on a lower-dimensional boundary, but the mechanism by which entropy, 

information, and geometry dynamically interconvert remained unspecified. The holographic 

screen served as a passive container rather than an active participant in the generation of 

spacetime.  

The Holographic Computational Universe (HCU) transforms this static principle into a fully 

dynamical, thermodynamic–informational engine. In this framework, the boundary is no longer 

a passive encoding surface but an active computational membrane that performs continuous 

entropy-to-information conversion. Entropy emitted from the bulk flows toward the boundary, 

where it is reorganized into structured information, generating curvature feedback that sustains 

and evolves spacetime geometry.  

This transformation is formalized through three central quantities: 

• Holographic Entropy Flow (HEF), governing the emission of bulk entropy toward the 

boundary. 

• Holographic Information Flow (HIF), organizing the incoming entropy into encoded 

information. 

• Holographic Complementarity Relation (HCR), ensuring consistency between bulk and 

boundary descriptions. 

Together, these form the Holographic Equilibrium Principle (HEP) and culminate in the 

Holographic Conservation Law (HCL), which enforces perfect informational conservation 

across bulk and boundary. This conservation structure is the foundation of the Holographic 

Thermodynamic Cycle (HTC), the eight-phase causal loop through which the universe 

continually computes its own structure.  

Time itself is redefined by this process. Every Quantum Informational Tick (QIT) of the 

Holographic Encoding Clock (HEC) converts precisely one quantum of bulk entropy into one 

bit of boundary information. The rate of these updates is set by the Quantum Informational 

Frequency, and its inverse, the Quantum Informational Tick, which together define the 

universe’s informational clock rate. Reality does not evolve continuously; it advances through 

discrete holographic updates, one bit per QIT.  

By integrating entropy flow, informational encoding, and curvature feedback into a single 

computational mechanism, the HCU supersedes and operationalizes Susskind’s principle. 
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Holography is no longer a geometric constraint but a physical process, a continual conversion 

cycle: bulk entropy → boundary information → geometric curvature. 

HTC makes this conversion cyclic and self-consistent. Entropy leaving the bulk becomes 

encoded as boundary information; this encoded information induces curvature; and curvature 

regulates future entropy emission, closing the loop that defines the universe’s ongoing 

computation.  

In summary, Susskind’s holographic principle achieves its full dynamical realization within 

the HCU: 

• the boundary is an active computational membrane, 

• holography becomes a thermodynamic process, not merely a geometric mapping, 

• each QIT performs an entropy-to-information conversion, 

• curvature becomes the macroscopic imprint of boundary information dynamics, and 

• the universe advances through discrete informational updates governed by HTC. 

The HCU therefore completes and extends Susskind’s insight by providing the mechanism his 

principle implied but did not specify: a universe where spacetime is continuously computed 

from information, one boundary update at a time.  

 

51. Jacobson’s Thermodynamics of Spacetime 

 

Ted Jacobson’s seminal 1995 insight revealed a remarkable thermodynamic foundation 

beneath general relativity: the Einstein field equations can be derived from the Clausius 

relation, δ𝑄 = 𝑇δ𝑆, applied to local Rindler horizons. Using the Unruh relation ( 𝑘𝑇𝑈  =

 ℏ𝑎 / 2π𝑐 ), Jacobson interpreted spacetime itself as a thermodynamic medium, with heat flux 

across local causal horizons generating curvature through an equation of state rather than a 

fundamental field law. This perspective reframed gravity as the macroscopic consequence of 

microscopic degrees of freedom associated with horizon entropy.  

However, Jacobson’s framework rests on local equilibrium: the Clausius relation is applied in 

an infinitesimal patch near the horizon, where spacetime is assumed approximately stationary. 

This restricts the formulation to near-equilibrium, small-deformation regimes and leaves open 

how to treat non-equilibrium, time-dependent, and cosmological settings, where horizon 

entropy changes dynamically.  

The Holographic Computational Universe (HCU) extends Jacobson’s thermodynamic 

paradigm into a universal, explicitly time-resolved formalism. In HCU, the horizon is not 

merely surface obeying equilibrium thermodynamics but an active holographic boundary that 

processes and encodes information continuously. Bulk entropy flow, boundary information 

encoding, and curvature feedback are not static relations but phases of the Holographic 

Thermodynamic Cycle (HTC), an eight-phase informational engine governing the universe’s 

evolution. 
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The key generalization is that geometry is not derived from a static heat balance but from a 

time-dependent holographic information flow. In HCU, curvature emerges from the rate at 

which entropy is converted into boundary information through Quantum Informational Ticks 

(QITs), each representing one discrete update of the holographic boundary.  

Where Jacobson treated (δ𝑄) as classical heat crossing a horizon, HCU interprets it as bulk 

entropy flux processed by the boundary into structured information. The Clausius relation 

becomes a special case of the Holographic Conservation Law (HCL), which ensures perfect 

balance between bulk entropy loss and boundary information gain throughout the HTC cycle. 

This extends Jacobson’s emergent-gravity interpretation to fully out-of-equilibrium regimes, 

where entropy production, information encoding, and curvature evolve dynamically in time.  

In this generalized picture: 

• Einstein’s equations arise as the equilibrium limit of a deeper informational dynamic. 

• Curvature is not an equation of state but the macroscopic imprint of holographic 

information flow. 

• Local Rindler horizons become active computational membranes mediating entropy 

into information conversion. 

• Unruh temperature becomes a measure of the horizon’s informational refresh rate. 

• The Clausius relation becomes a boundary-encoded energy–information balance 

enforced each QIT. 

HCU therefore completes and extends Jacobson’s thermodynamic interpretation. Instead of 

relying on local equilibrium near horizons, the HCU provides a fully dynamical, causal, and 

time-quantized framework in which spacetime geometry results from the continuous 

processing of entropy into information at the boundary. Jacobson’s horizon thermodynamics 

becomes the equilibrium footprint of a richer holographic computation. 

In summary, HCU elevates Jacobson's paradigm into a dynamic holographic law: 

• heat flux → entropy flow 

• horizon entropy → boundary information 

• equation of state → holographic conservation 

• local equilibrium → global, time-resolved informational dynamics 

• gravitational field equation → emergent geometry from continuous holographic 

computation 

Thus, while Jacobson uncovered the thermodynamic essence of gravity, the HCU provides the 

computational mechanism that drives it, embedding horizon thermodynamics within a 

universal, quantized, entropy-processing architecture.  
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52. Ryu–Takayanagi, HRT and Quantum Extremal Surfaces 
 

The discovery by Ryu and Takayanagi that entanglement entropy is proportional to the area of 

a bulk minimal surface, was a watershed moment in theoretical physics. Their formula 

demonstrated that quantum entanglement, not classical geometry, is the true fabric of 

spacetime. Quantum correlations across a boundary region determine the geometry of the 

corresponding bulk surface, revealing that spatial connectivity is emergent rather than 

fundamental.  

Subsequent generalizations, Hubeny, Rangamani, and Takayanagi (HRT) [85] for time-

dependent spacetimes, and the Quantum Extremal Surface (QES) [86] prescription for mixed 

states, extended this correspondence into dynamical and quantum-corrected regimes.  

These developments solidified a unified principle: entanglement patterns generate geometry, 

minimal area surfaces encode extremal entropic configurations, and the bulk spacetime 

emerges from quantum information on the boundary. 

Yet, despite their power, these formalisms remain tightly linked to near-equilibrium, static, or 

asymptotically AdS settings. Minimal-area extremization is a geometric prescription rather 

than a dynamical mechanism. The RT/HRT/QES framework describes what surfaces encode 

entropy, but not how entropy becomes information or how geometry updates over time.  

The Holographic Computational Universe (HCU) transforms these geometric prescriptions 

into time-resolved, causal, entropic processes. In HCU, extremal surfaces are not purely 

geometric objects but minimal entropic-acceleration configurations, special cases of a deeper 

informational dynamics governed by the Holographic Entropy–Acceleration Law (HEAL). RT 

surfaces arise as the equilibrium limit of this relation, where entropic gradients are stationary 

and the geometry ceases to evolve.  

In this view: 

• RT corresponds to static entropic equilibrium, where entropy flow vanishes, entropic 

acceleration is zero, and geometry extremizes under purely classical boundary 

conditions. 

• HRT corresponds to time-dependent entropic rebalancing, capturing covariant extremal 

surfaces during ongoing entropy redistribution and geometric adjustment. 

• QES corresponds to fully quantum, mixed-state entropic optimization, where both 

geometric and bulk quantum informational contributions are extremized 

simultaneously. 

• HCU provides universal dynamical law underlying all three regimes. 

While RT, HRT, and QES identify which bulk surfaces extremize generalized entropy, the 

Holographic Computational Universe explains why such extremization conditions arise. In 

HCU, these surfaces correspond to configurations in which the holographic boundary reaches 

local informational balance, such that entropy gradients momentarily cancel and entropic 

acceleration temporarily vanishes. Extremal surfaces are therefore not fundamental geometric 

postulates, but dynamical fixed points of the holographic thermodynamic cycle, emerging 
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whenever boundary encoding achieves transient equilibrium between entropy inflow, 

informational cost, and geometric storage. 

In HCU, spacetime updates discretely through Quantum Informational Ticks (QITs). Each QIT 

converts bulk entropy into boundary information, and each activation of a Rindler–Compton 

(RC) cell adds one nat to the holographic memory. The bulk geometry is therefore continuously 

recomputed, one informational update at a time. 

This directly operationalizes the RT/HRT/QES hierarchy within the Holographic 

Computational Universe (HCU) as successive regimes of entropic–informational encoding. 

HCU provides the computational mechanism the extremal-surface perspective lacked: 

entanglement entropy is not merely geometrized; it is actively processed through holographic 

thermodynamics to generate curvature and drive spacetime evolution.  

The HCU framework reveals that RT/HRT/QES are not isolated entropy formulas but 

manifestations of a universal entropic principle: entanglement is the engine, entropy flow is the 

fuel, boundary computation is the mechanism, curvature is the output, extremal surfaces are 

equilibrium cross-sections of this dynamic cycle. 

In HCU, these surfaces mark points where the holographic boundary momentarily achieves 

equilibrium in the continual Entropy → Information → Entanglement → Geometry → Entropy 

cycle. They are geometric realizations cast by the deeper holographic computation that 

constructs spacetime itself. 

Thus, the RT/HRT/QES approach finds its natural completion in the HCU: 

a framework in which entanglement does not merely correspond to geometry, it computes it, 

one QIT at a time. 

 

53. van Raamsdonk’s Entanglement–Geometry Correspondence 
 

Mark van Raamsdonk’s groundbreaking insight established a conceptual bridge between 

quantum entanglement and the connectivity of spacetime itself. This insight catalyzed 

subsequent developments, tensor-network models [87-89], bit-thread formulations [90, 91], 

and quantum error-correcting code interpretations of AdS/CFT [92, 93], all supporting the idea 

that entanglement is the structural backbone of spacetime. 

Building on the Ryu–Takayanagi framework, van Raamsdonk argued that the global structure 

of spacetime emerges from patterns of entanglement among boundary degrees of freedom. 

Reducing entanglement between boundary regions causes the bulk geometry to stretch, pinch, 

or even disconnect; increasing entanglement repairs and reconnects the geometric fabric.  

Under this paradigm: entanglement creates spatial proximity, reduced entanglement produces 

geometric separation, spacetime connectivity is a quantum-information construct rather than a 

geometric primitive.  

This bold proposal reframed Einstein’s geometric theory as a manifestation of quantum 

correlations. Geometry became the realization of a deeper informational structure, and 

spacetime emerged as a network of entangled degrees of freedom, with the metric determined 
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by the strength and distribution of these correlations. Yet van Raamsdonk’s approach remained 

largely qualitative, a conceptual thought experiment grounded in the AdS context.  

What was missing was a dynamic, time-resolved, and non-AdS mechanism explaining how 

entanglement reconstructs geometry, how geometry updates, and how these processes obey 

thermodynamic or informational laws. 

The Holographic Computational Universe (HCU) framework provides the operational 

foundation that van Raamsdonk’s correspondence implies. In HCU, entanglement is not merely 

associated with geometry, it is the active thermodynamic driver of geometric evolution. 

Instead of static correlation patterns determining a fixed geometry, the HCU treats 

entanglement as a time-dependent informational flow governed by the Holographic 

Thermodynamic Cycle (HTC).  

Each cycle transforms: entropy → information → curvature → entropy, closing the loop 

through the Holographic Conservation Law (HCL). 

In this architecture: entanglement gradients generate entropy gradients, entropy gradients drive 

curvature evolution via the Holographic Entropy–Acceleration Law (HEAL): 𝑎⃗ =  −
𝑐2

𝑘
𝛻𝑆, Eq. 

(125), curvature feedback regulates future entanglement structure, and all updates proceed 

through discrete Quantum Informational Ticks (QITs) of the Holographic Encoding Clock 

(HEC). 

Thus, entanglement is not only the blueprint of geometry, it is the fuel, the engine, and the 

update rule of spacetime. Where van Raamsdonk described a conceptual process, modulating 

entanglement to deform spacetime, HCU provides the quantized computational mechanism: 

each Rindler–Compton (RC) cell encodes one nat of geometric information,  every 1.44 QITs, 

an RC cell activates, updating the local entanglement network, this update propagates curvature 

changes through holographic entropic flow and spacetime expands, contracts, or disconnects 

based on the entropic influence of the encoded boundary information. 

Thus, in HCU, the connectivity changes van Raamsdonk envisioned arise from sequential, 

quantized, thermodynamic updates of boundary entanglement. Geometry is not passively 

reconstructed; it is actively recomputed. 

van Raamsdonk’s insight finds its complete operational realization within the HCU: 

entanglement is the agent of geometry, entropy flow is the dynamics of geometry, RC-cell 

activations are the quanta of geometry, QITs are the ticks of geometric evolution, HTC is the 

computational cycle engineering geometry, HCL enforces the informational conservation that 

makes the process consistent. In this unified view, the qualitative “entanglement builds 

spacetime” picture becomes a quantitative, mechanistic, and universal computational law. 

Spacetime emerges not because the boundary has entanglement, but because it processes 

entanglement one QIT at a time. 

Thus, the HCU completes van Raamsdonk’s vision by transforming the entanglement–

geometry correspondence into a dynamic, thermodynamic, and computational engine that 

continually constructs spacetime from information. Spacetime is not merely glued by 

entanglement, it is computed from it. 
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54. Padmanabhan’s Emergent Spacetime Paradigm 

 

T. Padmanabhan’s emergent-spacetime perspective advanced one of the most comprehensive 

thermodynamic reformulations of gravitational physics. His central claim is that spacetime 

dynamics arise from imbalances between bulk and boundary degrees of freedom, and that 

cosmic expansion is driven by the universe’s tendency to restore holographic equipartition. In 

this formulation: surface degrees of freedom are associated with area, bulk degrees of freedom 

are associated with energy content, dynamics emerge from the departure from equipartition, 

and the surface term in the Einstein–Hilbert action encodes the true thermodynamic essence of 

gravity.  

Padmanabhan thus reframed gravity not as a fundamental interaction but as a consequence of 

horizon thermodynamics, with geometric evolution arising from the universe’s drive toward 

holographic balance. However, his paradigm, while profound, remains rooted in near-

equilibrium reasoning, static equipartition arguments, and bulk–surface bookkeeping. It does 

not specify how the holographic degrees of freedom update, what mediates the exchange of 

information between bulk and boundary, or how time emerges from this thermodynamic 

evolution. 

The Holographic Computational Universe (HCU) provides the dynamical, microscopic, and 

computational machinery that Padmanabhan’s paradigm anticipates.  

In place of static equipartition, the HCU introduces Scaling Entropy–Area Thermodynamics 

(SEAT), a fully time-dependent hierarchy of gravitational entropy laws: 

• Dynamic Entropy (DE), entropy as the intrinsic informational cost of evolution, 

• Black Hole Dynamic Entropy (BHDE), evaporation as informational transfer, 

• Surface Gravity Dynamic Entropy (SGDE), entropy flow coupled to surface gravity 

(κ), 

• Holographic Gravitational Entropy (HGE), the universal entropic potential ( 𝑆HGE =

𝑘κ𝑀𝐴/(ℏ𝑐)).  

Each reduces to the Bekenstein–Hawking area law in equilibrium, revealing that 

Padmanabhan’s equipartition is simply the stationary limit of a deeper informational evolution. 

In HCU, the mismatch between bulk and boundary degrees of freedom is reinterpreted as an 

informational disequilibrium, generating curvature through the Holographic Entropy–

Acceleration Law (HEAL): 𝑎⃗ =  −
𝑐2

𝑘
𝛻𝑆, Eq. (125). 

This law turns Padmanabhan’s degree-of-freedom counting into an explicit dynamical 

mechanism, where acceleration, curvature, and motion arise directly from entropy gradients on 

holographic boundaries.  

Padmanabhan proposed that cosmic expansion is driven by the universe’s tendency toward 

holographic equipartition. HCU gives this proposal a precise, quantized realization: each 

Rindler–Compton (RC) cell carries one nat of structural information. Each RC cell activation 
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requires 1.44 Quantum Informational Ticks (QITs). Every activation expands the boundary’s 

informational phase space, producing Holographic Quantized Expansion (HQE).  

Thus, cosmic expansion is not the stretching of an existing metric but the sequential activation 

of new informational degrees of freedom, a direct, quantized manifestation of Padmanabhan’s 

emergent-spacetime paradigm. 

The HCU provides the missing dynamical engine behind Padmanabhan’s insights: 

• The surface term becomes the holographic memory of entropic exchanges. 

• The bulk–surface mismatch becomes an entropy gradient that drives curvature. 

• Equipartition becomes a time-dependent attractor of holographic evolution, approached 

through SGDE-II, wherein entropy gradients encoded as surface gravity are 

progressively converted into structured boundary information. 

• Geometry becomes the record of boundary informational updates. 

• Cosmic expansion becomes a quantized informational growth process (HQE). 

• Gravity becomes the thermodynamic response of encoded information to entropy 

imbalances (HEAL). 

Padmanabhan’s qualitative statements about emergent spacetime, holographic surfaces, and 

equipartition thus attain a rigorous, unified, and operational interpretation within the HCU’s 

entropic-computational framework. 

In summary, HCU fulfills and extends Padmanabhan’s approach by revealing the microscopic 

mechanism that he postulated: spacetime emerges from boundary-encoded information 

processed through quantized entropic cycles. The universe expands, curves, and evolves 

because it is continuously computing its own structure.  

 

55. Verlinde’s Emergent Gravity 
 

Erik Verlinde’s emergent-gravity proposal introduced a significant conceptual shift by treating 

gravity not as a fundamental interaction, but as an emergent phenomenon arising from changes 

in the information content of microscopic degrees of freedom, which can manifest as an 

effective entropic force.  

Building on Bekenstein, Hawking, and Jacobson, Verlinde argued that the gravitational force 

experienced by a test particle near a holographic screen result from the system’s 

thermodynamic tendency to maximize entropy. In Verlinde’s framework, motion toward 

regions of higher entropy, as defined on a holographic screen (boundary), manifests in the bulk 

as gravitational acceleration. 

The central idea is expressed through the entropic-force relation: 𝐹Δ𝑥 =  𝑇 Δ𝑆, Eq. (67), and 

the Unruh temperature associated with an accelerating observer: 𝑘𝑇 =
ℏ𝑎

2π𝑐
. Combining these 

yields Newton’s second law and Newtonian gravity as entropic responses rather than primitive 

axioms.  
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Verlinde’s work reframed gravity as an emergent, macroscopic phenomenon arising from 

changes in the distribution of microscopic information, often modeled using holographic 

screens, with effective forces associated with entropy or information gradients. 

However, his original derivation remains quasi-static, relying on equipartition and equilibrium 

arguments, and it does not explain how holographic screens update their stored information, 

how curvature is computed, or how time arises from this informational structure.  

The Holographic Computational Universe (HCU) realizes and extends Verlinde’s entropic 

picture by introducing a fully dynamical, quantized, and holographically driven informational 

mechanism. Instead of using force as the starting point, the HCU begins which Holographic 

Entropy–Acceleration Law (HEAL): 𝑎⃗ =  −
𝑐2

𝑘
𝛻𝑆, Eq. (125) which generalizes Verlinde’s 

entropic force into a local entropic-gradient law governing all forms of acceleration, motion, 

and curvature.  

In this formulation: acceleration is the thermodynamic response to entropy gradients, 

gravitational attraction arises from the boundary’s informational tendencies, curvature reflects 

the macroscopic imprint of ongoing entropy→information conversion, and motion in 

spacetime is driven by the universe’s informational dynamics, not an imposed force.  

Verlinde’s screen becomes, in HCU, an active holographic surface, encoding one nat of 

information per activated Rindler–Compton (RC) cell. Each activation takes 1.44 Quantum 

Informational Ticks (QITs), defining a quantized holographic clock rate for gravitational 

evolution. 

The Holographic Thermodynamic Cycle (HTC) provides the dynamic engine that Verlinde’s 

original formulation lacked. Its eight-phase cycle governs the continual conversion of bulk 

entropy into boundary information, the restructuring of entanglement, and the geometric 

response of spacetime through the gravitational HIG micro-cycle. 

The HCU extends Verlinde’s insights in four decisive ways: 

• Dynamics instead of statics 

Verlinde’s entropic force is static; HCU makes it time-resolved, governed by 

QITs and HTC cycles. 

 

• Gradient law instead of force law 

HEAL replaces entropic force with a geometric acceleration law driven by 

entropy gradients. 

 

• Quantization of holographic degrees of freedom 

RC cells discretize the informational content of holographic screens, giving 

them a computable microstructure. 

 

• Full thermodynamic loop 

Where Verlinde had only the force relation, HCU supplies the entire 

thermodynamic cycle linking entropy, information, time, and curvature. 

As a result: 
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• Mass acquires an informational interpretation (via Vopson’s law). 

• Gravity becomes a computational response to entropy flux. 

• Spacetime geometry is continuously recomputed each QIT. 

• The universe advances not through forces but through holographic computation. 

Verlinde glimpsed a universe where gravity is inherently entropic.  

The HCU reveals the deeper truth: gravity is informational. 

Entropy gradients generate acceleration (HEAL). Information encoded on holographic 

boundaries shapes curvature (HGE). Time is the sequential ordering of informational updates 

(HEC). Motion is the system’s thermodynamic drive toward holographic equilibrium 

(HEP/HCL). 

In this unified framework, Verlinde’s entropic gravity becomes the Newtonian-limit projection 

of the HCU’s universal entropic-computational architecture. 

Thus, the HCU completes Verlinde’s vision by embedding entropic gravity in a fully dynamic 

holographic perspective, where spacetime, motion, and curvature arise from quantized 

informational processing.  

 

56. Vopson’s Infodynamic Approach to Gravity 

 

Melvin Vopson’s infodynamic perspective presents a notable attempt to derive gravity from 

information-theoretic first principles, independent of geometric axioms or quantized 

gravitational fields. Starting from the mass–energy–information equivalence principle and the 

Second Law of infodynamics, he models space as a discrete informational lattice in which each 

cell stores one Shannon bit. Matter perturbs this lattice; clustering reduces Shannon entropy, 

generating an entropic force, 𝐹𝑆 = 𝑇∇𝑆inf, which reproduces Newtonian gravity. In this picture, 

gravity is an informational compression drive that minimizes the description length of bulk 

matter configurations. 

While this aligns with the SEAT–HG–HCU view that gravity is emergent, informational, and 

discrete, the mechanisms differ fundamentally. Vopson treats information as a bulk property 

of space whose Shannon entropy decreases when matter clusters. By contrast, the Generalized 

Holographic Principle (GHP) central to SEAT and HCU locates the true degrees of freedom 

on boundary surfaces, with the bulk emerging from boundary encodings.  

The SEAT formulation of Holographic Gravitational Entropy, 𝑆HGE =
𝑘𝜅𝑀𝐴

ℏ𝑐
, Eq. (57), is 

dynamic, geometric, and explicitly holographic, unlike Vopson’s static Shannon entropy. 

SEAT’s dynamic entropies (BHDE, SGDE, HGE) and the Holographic Conservation Law 

(HCL) show that gravitational entropy is a continuous flux across boundary surfaces, not a bulk 

compression measure. 

Within HCU, Vopson’s lattice finds a natural microscopic interpretation. One nat ≈ 1.44 bits 

corresponds to a single Rindler–Compton (RC) cell activated every ≈1.44 Quantum 

Informational Ticks (QITs) of the Holographic Encoding Clock (HEC).  
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In sum, Vopson correctly identifies the informational origin of gravity but places the 

mechanism in the wrong location (bulk), employs a static entropy functional, and lacks the 

temporal and boundary-driven structure required by holography. 

From the SEAT–HG–HCU perspective, infodynamics represents the Newtonian-limit 

representation of the deeper holographic relation: Entropy → Information → Entanglement → 

Geometry → Entropy 

This embeds Vopson’s insights within a more general, holographically complete, and 

experimentally testable framework. 

 

57. Integration of Recent Development 
 

The Scaling Entropy–Area Thermodynamics (SEAT), Holographic Gravity (HG), and 

Generalized Holographic Principle (GHP) frameworks together provide the explicit 

thermodynamic realization of Takayanagi’s vision of spacetime as an entanglement-generated 

entity [94].  

These frameworks extend the static, equilibrium-based correspondence of AdS/CFT into a 

fully dynamic, nonequilibrium, and time-resolved informational law, where entanglement is 

not merely diagnostic of geometry but causal, its flow actively generates curvature, 

acceleration, and temporal evolution. 

SEAT generalizes the Bekenstein–Hawking area law into the dynamic Holographic 

Gravitational Entropy (HGE) principle, 𝑆𝐻𝐺𝐸 =
𝑘 κ 𝑀 𝐴

ℏ𝑐
, Eq.  (57), which unifies surface gravity 

κ, mass M, and boundary area A into a single informational expression.  

Unlike the RT, HRT, and QES prescriptions, which extremize static or covariant area 

functionals, HGE incorporates time dependence, mass-coupled feedback, entropic flow, 

embedding curvature, acceleration, and information transfer within one dynamical framework. 

At equilibrium, HGE reduces to the familiar RT/HRT/QES entanglement-geometry relations; 

away from equilibrium, it describes the continuous informational evolution of spacetime, 

thereby extending Takayanagi’s geometric entanglement perspective into a universal 

thermodynamic law of gravity. 

Within the Holographic Computational Universe (HCU), every Quantum Informational Tick 

(QIT) of the Holographic Encoding Clock (HEC) marks a minimal causal update of the 

universe: one quantum of bulk entropy (kln2) is converted into one bit of boundary information. 

Time is thus not pre-existing but generated through sequential holographic computation. This 

evolution is governed by the Holographic Thermodynamic Cycle (HTC), a closed 

informational loop that couples entropy emission, boundary encoding, curvature response, and 

thermodynamic equilibrium restoration. This process aligns precisely with Takayanagi’s 

pseudoentropy perspective, where time emerges from informational updates rather than from 

continuous geometric evolution. 

The Holographic Entropy–Acceleration Law (HEAL): 𝑎⃗ =  −
𝑐2

𝑘
𝛻𝑆, Eq.  (125), provides the 

field-level dynamical extension of Takayanagi’s entanglement-curvature correspondence. 
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Under HEAL, gravitational acceleration arises directly from entropy gradients defined on 

holographic boundaries, meaning curvature is the macroscopic imprint of the universe’s 

ongoing informational processing rate.  

Where Takayanagi’s QES surfaces extremize generalized entanglement entropy, SEAT–HG–

HCU systems minimize entropic acceleration, embedding time-dependent gravitational 

evolution into the informational geometry of the boundary. 

The Holographic Quantized Expansion (HQE) mechanism completes Takayanagi’s vision by 

describing how entanglement not only shapes geometry but drives its temporal growth. Every 

1.44 QITs, the HEC activates a new Rindler–Compton (RC) cell, a quantized holographic voxel 

encoding exactly one nat of information. This activation increases the number of active 

boundary degrees of freedom, expanding spacetime’s informational phase space. The resulting 

stepwise, quantized cosmic expansion is the macroscopic manifestation of Takayanagi’s 

microscopic entanglement network in motion. 

The Holographic Computational Universe provides the precise mechanism Takayanagi’s 

paradigm requires: spacetime emerges through the continuous conversion of entropy into 

information; time arises through discrete QIT-based updates; and gravity is the thermodynamic 

response of boundary-encoded information to entropy gradients.  

While Takayanagi articulated the conceptual foundation for entanglement-built spacetime, 

HCU furnishes the thermodynamic engine that computes it.  

In this unified framework, each QIT transforms entropy into information, each RC cell 

activation increases the universe’s informational capacity, and each holographic cycle updates 

the geometric fabric of existence.  

Takayanagi’s geometric intuition thus reaches its dynamic completion in the HCU, where 

pseudoentropy becomes temporal causality and entanglement becomes the engine of spacetime 

itself.  

The Holographic Computational Universe realizes Takayanagi’s conceptual approach at full 

dynamical depth: 

• Spacetime emerges through continuous entropy→information conversion. 

• Time arises from discrete, QIT-based updates of holographic boundaries. 

• Gravity is the thermodynamic response of boundary information to entropy gradients. 

• Geometry evolves through the HTC cycle, not static extremization. 

• Pseudoentropy becomes causality, quantifying the informational arrow of time. 

• Entanglement becomes the engine of spacetime and cosmic expansion. 

In this unified framework, each QIT updates the universe’s informational state, each RC-cell 

activation increases its structural capacity, and each HTC cycle recomputes the geometric 

fabric of existence.  

Takayanagi’s geometric intuition finds its full operational realization in HCU: a universe where 

entanglement does not merely describe spacetime, it computes it. 
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58. Comparative Table: Relation of HCU to Existing Theories 

 

Table 1, Comparative Table: Relation of HCU to Existing Theories. 

This table synthesizes the major conceptual frameworks underlying contemporary approaches 

to quantum gravity, identifying their core claims, canonical formulations, and principal 

limitations. The final column shows how the Holographic Computational Universe (HCU) 

generalizes each framework into a single dynamic, informational, and holographic law in 

which spacetime, gravity, and time emerge from boundary-driven entropy–information flow. 
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Foundation Core Claim (Original) Canonical Relation Main Limitations  HCU Generalization 

Sakharov (Induced Gravity) 

Gravity emerges as an induced 

elasticity of vacuum due to quantum 

fluctuations; Einstein–Hilbert action 

arises effectively 

Effective action from 

integrating out matter 

fields. 

Bulk-centric; quasi-equilibrium; 

relies on vacuum polarization. 

Boundary entropic induction: curvature emerges 

from restructuring of boundary-encoded 

information rather than bulk polarization. 

’t Hooft & Susskind 

(Holographic Principle) 

All bulk information encoded on 

boundary; ~1 bit per Planck area. 
(S ≤ A / 4 𝐺 ℏ). 

Static bound; passive screen; 

AdS/BH-centric. 

Dynamic holography: boundary acts as active 

thermodynamic substrate driving curvature 

through entropy gradients. 

Jacobson (Thermodynamics 

of Spacetime) 

Einstein eqs from Clausius relation 

(𝛿𝑄 =  𝑇 𝑑𝑆); Unruh (𝑘𝑇 = ℏ𝑎/2𝜋𝑐). 
Clausius heat balance; 

EFE as state equation. 

Local equilibrium near 

horizons; static Clausius form. 

Out-of-equilibrium entropic dynamics: geometry 

arises from time-dependent information flow 

across causal horizons. 

Ryu–Takayanagi / HRT / 

QES 

Entanglement entropy ↔ area of 

(quantum) extremal bulk surface. 

(𝑆RT = 𝐴𝑚𝑖𝑛/4𝐺ℏ);S 

extremization. 

Mostly AdS; near-equilibrium; 

minimal-area assumption. 

Extremal surfaces = minimal entropic-

acceleration configs; RT/QES are equilibrium 

realizations of HGE/HEAL. 

van Raamsdonk 

(Entanglement ↔ 

Geometry) 

Bulk connectivity sourced by 

boundary entanglement; less 

entanglement → spacetime 

disconnection. 

Qualitative entanglement 

deformations. 

AdS bias; conceptual “gluing” 

thought experiment. 

Entanglement as engine: dynamic thermodynamic 

driver of curvature and matter evolution. 

Padmanabhan (Holographic 

Equipartition & Surface 

Action) 

Dynamics from surface term; cosmic 

expansion from mismatch of surface / 

bulk DOF. 

Surface variational 

principle; equipartition 

balance. 

Near-equilibrium; DOF 

bookkeeping; bulk-surface 

count. 

Quantized entropic action: boundary 

extremization; DOF mismatch ↔ entropy-

gradient drive. 

Verlinde (Entropic Gravity) 
Gravity = entropic force from matter 

displacements. 
(FΔx = TΔS). 

Equilibrium; bulk-projected 

entropy; screen analogy. 

Field-level holographic law: ( 𝑎⃗ =  −
𝑐2

𝑘
𝛻𝑆) 

(HEAL); gravity from boundary entropy 

gradients. 

Vopson (Infodynamics) 

Gravity = bulk data-compression; 

system minimizes Shannon entropy; 

(𝐹𝑆 = 𝑇∇𝑆inf). 

(𝐹𝑆=T∇𝑆𝑖𝑛𝑓 ). 
Classical Shannon; bulk voxels; 

Newtonian limit. 

Boundary entanglement optimization: 

compression → holographic HGE; Vopson = 

Newtonian realization of SEAT. 

Takayanagi (2025) 

Spacetime emerges from quantum 

informational structure; entanglement, 

pseudoentropy, and mixed-state 

measures underlie geometry & time. 

RT / QES generalizations; 

pseudoentropy formalism. 

Conceptual; no dynamical or 

temporal formalism; AdS bias. 

Dynamic entanglement law: HCU turn 

entanglement into causal, time-resolved entropy 

flow. 
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59. Holographic Computer (HC) 

 

In the Holographic Computational Universe (HCU), the universe operates as a distributed, non-

algorithmic holographic computational system, whose functional organization admits a precise 

correspondence with the canonical elements of computer engineering. This correspondence is 

structural and thermodynamic, not a literal hardware identity, and is introduced to clarify how 

entropy, information, and geometry jointly implement physical law. 

At the core of this architecture lies the Holographic Thermodynamic Cycle (HTC), which 

functions as the universe’s central processing loop. Rather than executing symbolic 

instructions, HTC implements the fundamental operational cycle of reality: bulk entropy 

emission → boundary information encoding → geometric stabilization. This three-stage 

sequence, entropy → information → geometry, constitutes the universal instruction cycle 

governing all physical evolution. 

Temporal synchronization of this cosmic processor is provided by Quantum Informational 

Ticks (QITs). Each QIT represents a discrete holographic update during which one bit of 

boundary information is encoded at the Landauer cost kTl n 2. QITs form the universal timing 

grid of the universe and are causally synchronized across connected holographic domains by 

the Holographic Synchronization Law (HSL), ensuring coherent boundary updates across 

spacetime. Over successive ticks, information accumulates until one natural unit (one nat) is 

stabilized within a Rindler–Compton (RC) cell, producing a discrete geometric update. The 

Holographic Encoding Clock (HEC) orders these updates, playing a role analogous to a 

program counter by advancing the cosmic computation at the informational frequency, νT =
kT

h
, Eq. (31). 

The arithmetic and logical operations of classical processors emerge in HCU through the 

coupled action of Surface Gravity Dynamic Entropy (SGDE) and Holographic Information 

Flow (HIF). SGDE-I functions as the thermodynamic arithmetic unit, converting curvature-

induced temperature gradients into a directed entropy-production rate. SGDE-II executes this 

rate as an irreversible entropy flux. HIF performs the logical structuring of this executed flux, 

encoding it as organized boundary information. Together, SGDE-II and HIF form the 

holographic ALU, transforming raw entropic input into structured informational content. 

The classical Control Unit finds its holographic analogue in the combined action of 

Holographic Entropy Flow (HEF) and Holographic Informational Genesis (HIG). HEF 

regulates when and how entropy is emitted from the bulk, thereby initiating each computational 

step. HIG establishes the primordial informational gradients that determine how entropy is 

interpreted and processed, providing the universe’s foundational control conditions. 

Collectively, HIG + HEF fulfill the roles of instruction scheduling, control signal generation, 

and execution ordering. 

At the physical execution level, the holographic computation proceeds through an ordered 

thermodynamic sequence, HEAL → HEG → HTR → SGDE-I → HGE,  Eq. (135) which 

forms a cyclic execution loop rather than a linear pipeline. HEAL activates entropy gradients 

through acceleration; HEG translates these gradients into geometric response; HTR thermalizes 

curvature, implementing continuous thermodynamic relations; SGDE-I processes the resulting 

entropy flux at the boundary; and HGE performs geometric write-back by stabilizing 
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gravitational entropy on holographic surfaces. This loop converts informational disequilibrium 

into persistent geometric memory, providing the fundamental execution mechanism of 

spacetime.  

Memory hierarchy in HCU mirrors classical architectures in a holographic form. Local 

entanglement densities ρ(x) function as fast, volatile microstate registers. Short-range 

entanglement structures act as multi-level cache, storing correlations that accelerate local 

processing. The QIT-stream serves as working memory, holding the transient state of ongoing 

computation. Stabilized geometry (HGE) corresponds to non-volatile memory, persisting 

across cycles. Slowly evolving curvature imprints generated by cumulative SGDE-I–HGE 

dynamics align with rewritable non-volatile memory. The RC-cell lattice constitutes the 

universe’s fundamental mass storage, encoding one nat per cell as the irreducible data blocks 

of spacetime. Unencoded bulk entropy functions as virtual memory, a reservoir of degrees of 

freedom awaiting holographic projection. 

Data movement and control pathways also admit clear holographic counterparts. The 

instruction stream is the ordered sequence of entropy quanta regulated by HEF. Entropy 

activation is mediated by SGDE-I, while curvature fluctuations act as instruction queues 

awaiting processing. HIF enforces causal ordering and coherence, analogous to a reorder 

buffer. Entanglement channels serve as the data bus, transmitting information nonlocally across 

holographic boundaries, while the geodesic network functions as the address bus, directing 

informational flow through spacetime. Horizons, black-hole, Rindler, and cosmological, act as 

irreversible I/O interfaces, with horizon–SGDE-II coupling regulating information transfer. 

Peripheral and system-level functions follow naturally. Sudden entropy gradients generate 

interrupts through HEAL, triggering immediate recomputation. Direct entropy-to-information 

conversion without intermediate mediation corresponds to HIF-driven DMA, when geometric 

context is already stabilized and no new HEG step is required. Parallel geometric encoding 

arises from the combined action of HCR + HGE, yielding GPU-like behavior because 

holographic surfaces encode entropy locally and independently across their area, enabling 

intrinsically parallel geometric write-back. Surface gravity itself functions as a perfect thermal 

sensor, directly measuring the curvature–temperature state. Matter fields act as localized 

peripheral controllers, mediating information flow through local curvature interactions. Energy 

and update-rate regulation are governed by the dual-temperature architecture (TExt, TEnt), 
which sets the amplitude and cadence of holographic computation. 

At the highest level, the firmware and software stack of classical systems finds a complete 

holographic analogue. HIG serves as the cosmological initialization layer, establishing 

primordial informational gradients. The first HTC cycle acts as the bootloader, activating the 

initial RC-cell and initiating computation. The Holographic Conservation Law (HCL) 

functions as the Instruction Set Architecture of reality, enforcing the universal constraint, 

Δ𝑆bulk + 𝑘ln 2 Δ𝐼boundary = 0, Eq. (39).  

The Holographic Equilibrium Principle (HEP) plays the role of the operating-system kernel, 

maintaining global balance, resource distribution, and causal consistency. Deeper physical 

processes are accessed through HEAL–HTR couplings, while HEAL also supplies the 

interrupt-handling mechanism. 
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Through this structured correspondence, the universe emerges as a complete holographic 

computer: the HTC as its processing loop; SGDE-II + HIF as its computational core; QITs as 

its clock; HEC as its sequencing mechanism; RC-cells as its memory blocks; HGE as its write-

back operation; entanglement as its data bus; geodesics as its addressing scheme; and horizons 

as its I/O boundaries.  

Time is the ordered sequence of informational updates, space is stabilized holographic 

memory, and physical reality is the ongoing execution of a self-updating, entropic–

informational computation encoded on the holographic boundary. 

 

60. Complete Correspondence Between HC and Classical Computer 
 

Classical 

Computer 

Component 

Role in a 

Computer 
HCU Equivalent 

Role in the HCU (Cosmic 

Function) 

CPU (Central 

Processing 

Unit) 

Executes 

instructions, 

central processor 

HTC (Holographic 

Thermodynamic 

Cycle) 

Central holographic processing 

loop: entropy emission → 

information encoding → 

geometric stabilization 

ALU 

(Arithmetic 

Logic Unit) 

Performs 

arithmetic and 

logical operations 

SGDE-II + HIF 

SGDE-II converts entropy 

gradients into boundary 

encoding; HIF structures 

encoded information 

Control Unit 

(CU) 

Directs 

operations, 

manages 

instruction flow 

HEF + HIG 

HEF regulates ordered entropy 

emission; HIG sets initial 

informational gradients 

(cosmogenetic conditions) 

Instruction 

Decoder 

Interprets 

instructions 

HEAL + HEG, with 

SGDE-II as 

execution. 

Determines how entropy quanta 

are thermodynamically 

processed and activated 

Execution 

Pipeline 

IF → ID → EX 

→ MEM → WB 

HEAL → HEG → 

HTR → SGDE-I → 

HGE 

Cyclic holographic execution 

loop linking entropy gradients, 

curvature response, and 

geometric encoding 

Program 

Counter (PC) 

Points to next 

instruction 

HEC (Holographic 

Encoding Clock) 

Orders successive holographic 

updates (QIF/QIT sequencing) 

Clock 
Synchronizes 

operations 

QITs (Quantum 

Informational Ticks) 

Universal temporal quantum: 

one entropy–information update 

per tick 



O. Denis 

157 
 

Classical 

Computer 

Component 

Role in a 

Computer 
HCU Equivalent 

Role in the HCU (Cosmic 

Function) 

Clock 

Distribution 

Network 

Distributes clock 

signals 

HSL (Holographic 

Synchronization 

Law) 

Enforces coherent, global 

boundary updates 

FPU (Floating 

Point Unit) 

High-precision 

continuous 

operations 

HTR (Holographic 

Thermodynamic 

Relation) 

Continuous thermodynamic–

geometric relations between 

curvature and temperature 

Registers (L0) 
Fastest, smallest 

memory 

Local entanglement 

densities (ρ(x)) 

Instantaneous microstate 

storage at the boundary 

L1 / L2 / L3 

Cache 

Tiered fast 

memory 

Short-range 

entanglement 

structure 

Stores local geometric–

informational correlations 

RAM 
Volatile working 

memory 

QIT-stream 

(temporal memory) 

Dynamic, transient holographic 

computation state 

VRAM 
Stores 

frame/image data 

HCR (Holographic 

Complementarity 

Relation) 

Boundary projection of 

geometric information 

(encoding, not visualization) 

ROM / 

Firmware 

Permanent system 

instructions 

Stabilized geometry 

(HGE) 

Non-volatile holographic 

memory encoded as curvature 

EEPROM / 

Flash 

Rewritable non-

volatile memory 

HGE + SGDE-II 

history 

Slowly evolving, persistent 

geometric imprint 

Virtual 

Memory 

Swap space for 

overflow 

Bulk entropy 

reservoir (S₍bulk₎) 

Unencoded or temporarily 

unprojected entropy degrees of 

freedom 

Mass Storage 

(HDD/SSD) 

Long-term data 

storage 
RC-cell lattice (nats) 

Fundamental non-volatile 

informational substrate (1 nat ≈ 

1.44 bits) 

Instruction 

Stream 

Sequence of 

machine 

instructions 

HEF (Holographic 

Entropy Flow) 

Ordered sequence of emitted 

entropy quanta driving 

evolution 

Instruction 

Fetch Unit 

(IFU) 

Retrieves next 

instruction 

SGDE-I (entropy 

activation) 

Activates entropy quanta for 

holographic processing 
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Classical 

Computer 

Component 

Role in a 

Computer 
HCU Equivalent 

Role in the HCU (Cosmic 

Function) 

Instruction 

Queue 

Holds pending 

instructions 

Curvature 

fluctuations 

Pre-geometric entropic inputs 

awaiting encoding 

Reorder 

Buffer 

Reorders 

instructions 

HIF (information 

structuring) 

Enforces causal and 

informational consistency 

Data Bus Transfers data 
Entanglement 

channels 

Information transmission across 

holographic boundaries 

Address Bus 
Specifies memory 

locations 
Geodesic network 

Determines spatial–causal 

routing of information 

I/O Bus 
Interface with 

external devices 
Horizon interfaces 

Black-hole, Rindler, and 

cosmological horizons as 

informational boundaries 

I/O Controller 

Hub 
Manages I/O Horizons + SGDE-II 

Regulates entropy–information 

exchange across boundaries 

Interrupt 

Controller 

(IRQ) 

Handles 

asynchronous 

events 

HEAL (Entropy–

Acceleration Law) 

Entropy gradients trigger 

acceleration and new updates 

DMA 

Controller 

Direct memory 

access 
HIF 

Direct entropy-to-information 

transfer without intermediate 

mediation 

GPU 
Parallel 

processing 
HCR + HGE 

Parallel geometric encoding of 

gravitational entropy 

Peripheral 

Controllers 

Manage 

interfaces 

Local curvature 

interactions 

Matter fields as localized 

informational interfaces 

Power System 

/ VRMs 

Regulate energy 

supply 

Dual temperatures 

(Tₑₓₜ, Tₑₙₜ) 

Set encoding amplitude (Tₑₓₜ) 

and update rate (Tₑₙₜ) 

Thermal 

Sensors 
Detect heat 

SGDE-I (surface 

gravity) 

Surface gravity as local 

thermodynamic indicator 

BIOS / UEFI Boot firmware 

HIG (Holographic 

Informational 

Genesis) 

Cosmological initialization of 

informational gradients 
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Classical 

Computer 

Component 

Role in a 

Computer 
HCU Equivalent 

Role in the HCU (Cosmic 

Function) 

Bootloader Starts execution First HTC cycle 
Initial RC-cell activation; onset 

of computation 

ISA 
Defines 

operations 

HCL (Holographic 

Conservation Law) 

Universal rule:  

𝛥𝑆bulk + 𝑘𝑙𝑛2 𝛥𝐼boundary
(bits)

= 0 

Operating 

System Kernel 

Manages 

processes 

HEP (Holographic 

Equilibrium 

Principle) 

Maintains global 

thermodynamic–informational 

balance 

System Calls 
Controlled 

hardware access 
HEAL + HTR 

Curvature and acceleration 

trigger deeper holographic 

processes 

Interrupt 

Handlers 

Respond to 

events 
HEAL 

Entropy gradients initiate new 

computational cycles 

 

Table 2, Functional correspondence between classical computer architecture and the 

Holographic Computational Universe (HCU): 

The following table presents a functional correspondence between classical computer 

architecture and the Holographic Computational Universe, intended as a thermodynamic–

informational analogy rather than a literal hardware equivalence. The Holographic 

Thermodynamic Cycle (HTC) acts as the cosmic processing loop, Quantum Informational 

Ticks (QITs) define the universal clock, SGDE-II and HIF perform entropy–information 

transduction, Rindler–Compton (RC) cells serve as non-volatile informational memory, and 

geometry (HGE) records the evolving holographic computational state of spacetime.  

 

61. HC and non-algorithmic Computation  
 

The structural correspondence established in previous Sections clarifies how the Holographic 

Computer (HC) mirrors the functional organization of classical computation without sharing 

its algorithmic nature. While the HC admits analogues of processors, memory, and clocks, 

these similarities remain thermodynamic and informational rather than procedural. Unlike 

classical or quantum computers, the HC does not operate on a fixed state space governed by 

executable rules. Each Quantum Informational Tick (QIT) irreversibly generates new 

informational degrees of freedom, expanding the system’s phase space beyond recursive 

specification. This section therefore formalizes why holographic computation is intrinsically 

non-algorithmic, despite possessing coherent and well-defined physical architecture. 
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HCU reconceives computation as a physical, thermodynamic, and entanglement-driven 

process, irreducible to symbolic manipulation. The universe computes itself, but it does so 

physically, not propositionally or recursively. 

Within HCU, each Holographic Thermodynamic Cycle (HTC) converts bulk entropy into 

boundary-encoded information. Each Quantum Informational Tick (QIT) produces one bit of 

physical information at the Landauer limit, advancing physical time. Each Rindler–Compton 

(RC) cell stabilizes one natural unit (one nat) of geometric information. Entanglement 

activation follows the sequence HEAL → HEG → HTR; Surface Gravity Dynamic Entropy 

(SGDE) converts curvature into directed informational flux; and Holographic Gravitational 

Entropy (HGE) stores this flux as stabilized geometric memory. This is computation in a 

precise physical sense, but computation realized through irreversible thermodynamic processes 

rather than symbolic rule execution. 

HCU does not encode truth in propositions; it realizes truth physically. It does not attempt to 

derive the universe from axioms; it is not a formal axiomatic system; it embodies the universe’s 

operational dynamics.  

Time is the accumulated sequence of QITs, space is the growing lattice of activated RC cells, 

and gravity is the thermodynamic response to entropy gradients.  

In HCU, each holographic update expands the informational phase space; each RC-cell 

activation increases the dimensionality of possible microstates; entanglement networks deepen 

irreversibly. No finite algorithm can pre-compress or pre-enumerate this growth.  

A physically adequate ontology must be non-algorithmic (since truth exceeds computation), 

self-referential (since the universe encodes itself via bulk–boundary reciprocity), 

thermodynamic (since new information arises irreversibly), holographic (since truth is encoded 

nonlocally on surfaces), and generative (since new high-complexity truths must continually 

emerge).  

HCU‘s architecture is intrinsically non-algorithmic, entropic, holographic, and self-updating. 

The HCU universe is physically deterministic but computationally non-algorithmic.  

The governing laws, HTC, and the entanglement-activation sequence, are fixed and well-

defined. What is non-algorithmic is not the evolution itself, but the informational growth 

produced by that evolution. Each QIT obeys deterministic physical law yet generates new 

information that no finite algorithm could have predicted in advance.  

HCU succeeds by rejecting the premise that reality is a formal axiomatic structure. Instead, 

HCU identifies physics with the universe’s own self-executing informational dynamics. 

Universality arises from the unified treatment of quantum behavior, gravitation, 

thermodynamics, and spacetime geometry within the holographic cycle.  

Consistency is ensured by the Holographic Conservation Law, which preserves informational 

balance through entropy flow 

The universe is not the output of a program; the universe is the ongoing computation of itself. 

Its laws are fixed, but its informational output is endlessly non-recursive. Its structure is 

holographic, but not finitely axiomatizable. Its evolution is deterministic, but not algorithmic. 
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62. HC and beyond 

 

The Holographic Computational Universe (HCU) reframes physics, computation, and 

existence by asserting that the universe does not merely contain information; it is information 

in continuous thermodynamic computation. 

 

Within this framework, spacetime, matter, geometry, and physical law emerge from the 

irreversible conversion of bulk entropy into boundary information through the Holographic 

Thermodynamic Cycle (HTC), encoded discretely, one Quantum Informational Tick (QIT) at 

a time. This perspective fundamentally repositions conventional computation within physical 

reality. A classical computer manipulates bit states of matter within spacetime; a quantum 

computer manipulates qubits within Hilbert space, yet still operates against a fixed geometric 

and thermodynamic background. Both remain forms of sub-structural computation: they 

execute processes inside the universe’s informational substrate and have no access to, nor 

influence over, the holographic mechanisms that generate spacetime itself.  

 

Holographic Computing (HC) marks the conceptual transition from sub-structural to structural 

computation. HC does not operate on matter, fields, or qubits. Instead, it couples directly to the 

informational degrees of freedom that generate matter, geometry, curvature, and physical law, 

the degrees of freedom encoded on holographic boundary surfaces. In this sense, HC interacts 

with the same substrate through which the universe itself computes: the lattice of Rindler–

Compton (RC) cells updated via QIT-driven informational renewal. 

 

Crucially, HC requires no new physics. It operates at the universe’s natural computational 

scale, set by the Quantum Informational Frequency QIF = kT/h, Eq. (31), and engages the 

same holographic degrees of freedom that govern cosmic evolution. Any realizable form of 

HC would therefore function as an embedded, participatory system, locally coupling to the RC-

cell lattice, the fundamental informational units that instantiate spacetime, each encoding one 

nat of information per HTC cycle. 

 

A civilization capable of HC does not step outside the universe, nor does it gain absolute control 

over spacetime. Rather, it becomes capable of intentional intervention within the holographic 

dynamics that shape reality. Instead of computing solely within spacetime, it can influence how 

spacetime itself is computed by modulating boundary conditions, entropy gradients, and 

entanglement structure in accordance with the Generalized Holographic Principle (GHP). 

 

To engage HC is to engage the mechanism by which spacetime is instantiated. Such capability 

does not close the causal loop of cosmogenesis in the sense of total mastery, but it does permit 

localized, thermodynamically constrained participation in the universe’s generative process, 

adjusting informational gradients, influencing boundary encoding, and biasing RC-cell 

activation patterns from which geometry and temporal evolution emerge. 

At this threshold, an intelligent civilization ceases to be merely a passive product of cosmic 

evolution. It becomes an active participant in the universe’s self-computing dynamics. 

 

A civilization that attains holographic computation does not rewrite reality arbitrarily; it co-

evolves with it, acting within the same conservation laws and informational constraints that 

govern all physical existence. In doing so, it transitions from observing the universe’s 

holographic code to interacting with it, contributing, locally and irreversibly, to the unfolding 

informational architecture of a Holographic Computational Universe (HCU) in which 

boundaries, entropy, and computation jointly shape reality. 
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63. Conclusion 

  

This work has introduced the Holographic Computational Universe (HCU) as a unified, 

mathematically and physically grounded framework in which spacetime, gravity, matter, and 

time emerge from quantized entropy–information transduction on holographic boundaries. 

Information is identified not as an auxiliary descriptor but as the operational substrate of 

physical reality, generated and reorganized through irreversible thermodynamic processes 

governed by universal holographic conservation laws. The universe is therefore an 

autonomous, non-algorithmic holographic self-learning computational system. 

 

Building on de Broglie’s hidden thermodynamics, Landauer’s principle, and Vopson’s mass–

energy–information equivalence, HCU reformulates entropy as a time-resolved informational 

cost, rather than a static ensemble measure. In this formulation, entropy no longer quantifies 

disorder or ignorance but measures the irreversible cost of encoding physical information on 

holographic boundaries. The Second Law of Thermodynamics is thereby resolved and 

sharpened: entropy increases not because microscopic dynamics are probabilistic, but because 

each irreversible holographic encoding event necessarily generates new informational records 

that cannot be erased without additional cost. Entropy growth thus reflects the monotonic 

expansion of accessible informational phase space, not a loss of information.  

This definition enables a consistent hierarchy of entropic formulations, DE, BHDE, SGDE, 

and HGE, which continuously connect microscopic quantum processes to macroscopic 

gravitational dynamics and reduce exactly to the Bekenstein–Hawking entropy in the 

appropriate limits. The entropy–area relation is thereby generalized beyond equilibrium, 

horizons, and AdS settings to arbitrary gravitating systems. 

A central result is the identification of quantized holographic time, defined by the Quantum 

Informational Frequency (QIF) and Quantum Informational Tick (QIT). Time emerges as a 

computational variable counting discrete entropy-to-information conversions executed through 

the Holographic Thermodynamic Cycle (HTC). Each 1.44 or (1/ln 2) QITs activates exactly 

one Rindler–Compton (RC) cell, the fundamental unit of spacetime, with each RC cell 

encoding one natural unit of information (1 nat). Spacetime is therefore intrinsically quantized, 

with continuum geometry arising only as a coarse-grained limit of this RC-cell structure. 

As a direct consequence, spacetime evolves through Holographic Quantized Expansion (HQE): 

the discrete growth of geometry via sequential RC-cell activations. The Holographic 

Conservation Law (HCL) enforces exact complementarity between bulk entropy loss and 

boundary information gain, ensuring global informational consistency while boundary 

information accumulates monotonically. The arrow of time thus emerges as a direct 

consequence of irreversible holographic encoding, rather than statistical coarse-graining or 

subjective ordering. 

Within this framework, gravity arises as thermodynamic feedback to informational 

disequilibrium, with curvature generated by entropic gradients and updated through discrete 

holographic steps.  
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Importantly, HCU is empirically falsifiable, predicting laboratory-accessible signatures such 

as a Landauer dissipation knee and a universal entropy-rate ceiling.   

In summary, HCU provides a unified, non-perturbative, and testable framework in which 

gravity, spacetime, time, thermodynamics, and quantum information emerge from a single 

conserved holographic computational process. Within this framework, the emergent gravity 

problem is resolved dynamically, while the Second Law of thermodynamics is reinterpreted as 

a fundamental principle of irreversible holographic information encoding. Information is 

thereby elevated from a passive descriptor to the generative and structurally conserved 

substrate of physical reality, governing the emergence of geometry, dynamics, and temporal 

order.  
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