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Before the Big Bang: An Information-

Theoretic Origin of the Universe 

Abstract 

This document presents the first systematic quantitative comparison between the Ticks-Per-Bit 

(TPB) / Bit-Conservation-and-Balance (BCB) cosmological framework and precision 

observational data. The central claim is not that TPB should immediately replace ΛCDM, but 

that a cosmology derived entirely from informational distinguishability dynamics—rather than 

spacetime-first assumptions—can reproduce the same distance–redshift observables that anchor 

modern precision cosmology. We demonstrate statistical parity with ΛCDM across BAO, Type 

Ia supernova, and CMB distance-prior constraints, while identifying concrete falsification 

criteria that elevate TPB beyond qualitative reinterpretation. All comparisons in this document 

are background-geometry tests; perturbation observables (peak heights, growth functions) are 

explicitly deferred to future work. 
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1. From TPB Foundations to Observable Cosmology 

In the TPB framework, time is not a fundamental coordinate but an emergent bookkeeping 

parameter. Physical evolution is parameterised by two primitive quantities: irreversible 

distinguishability commitments (bits) and reversible ordering steps (ticks). Cosmological time 

emerges only after introducing a calibration mapping between bit-realisation rate and laboratory 

seconds. 

The foundational identification linking TPB to cosmology is the bit–volume correspondence: 

each committed bit contributes a fixed quantum of distinguishable spatial volume. This 

identification is an operational consequence of BCB minimality: if committed distinguishability 

did not manifest as additional distinguishable coarse-grained volume, it would represent latent 

capacity not participating in observables. We therefore treat the bit–volume correspondence as 

the minimal coarse-grained mapping consistent with BCB. 

From this correspondence, the emergent cosmological scale factor follows: 

a(B) ∝ B¹ᐟ³ 

where B denotes the cumulative committed bit count. Cosmological redshift is then defined 

observationally via the standard relation: 

1 + z = a₀ / a(B) 

yielding the inverse mapping B(z) = B₀(1+z)⁻³. Here B₀ and a₀ denote the present-epoch values of 

the cumulative committed bit count and the emergent scale factor (with a₀ commonly set to 1 by 

convention). This definition aligns with astronomical convention while grounding expansion 

history in informational rather than metric primitives. 

 

2. Epistemological Motivation: Prediction versus 

Accommodation 

2.1 The Evidential Status of Dark Matter 

Dark matter was not predicted by fundamental theory. It was introduced after the fact because 

equations did not match observations: 

Year Observation Response 

1933 
Zwicky: Coma cluster velocity dispersion exceeds virial 

expectation [1] 

Postulate invisible 

"dunkle Materie" 
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Year Observation Response 

Late 1970s–

1980s 

Rubin, Ford, Thonnard et al.: Galaxy rotation curves 

remain flat at large radii [2] 

Add extended dark 

matter halos 

1990s–

2000s 

CMB acoustic peaks require additional non-baryonic 

component (within standard GR microphysics) [3] 

Parameterise as Ωₘ in 

ΛCDM 

In each case, the logical structure is identical: 

Observation → Discrepancy with existing theory → Postulate new degree of freedom → Fit 

parameters to data 

At no point in this history was dark matter derived from fundamental principles with its 

observational signatures subsequently confirmed. The particle physics candidates (WIMPs, 

axions, sterile neutrinos) remain undetected after decades of direct searches [4,5]. Dark matter's 

status is therefore that of a placeholder parameterisation, not a theoretical derivation. 

2.2 The Curve-Fitting Critique 

Any framework can be made observationally adequate if one is permitted to introduce 

sufficiently flexible auxiliary structure post hoc. In practice, this does not require one parameter 

per datum; even a modest number of additional degrees of freedom can substantially increase 

model elasticity when they affect broad kernels (e.g., background distances, transfer functions, 

lensing potentials). This is why model comparison must penalise auxiliary freedom (AIC/BIC, 

predictive restrictions, or independent cross-checks), not merely optimise χ². 

ΛCDM's success in fitting BAO, SN, and CMB observables demonstrates that its 

parameterisation is internally consistent with the data; however, fit quality alone does not 

establish the microphysical reality of a specific dark-matter candidate absent independent non-

gravitational detection. This critique applies to any phenomenological model, but it cuts 

especially deep when the fitted parameters lack independent theoretical motivation. 

Methodologically, this resembles the epicycle dynamic: a parameterisation can remain 

observationally adequate by introducing additional effective structure, even when the underlying 

ontology is not uniquely identified by the data. 

2.3 Contrast with Genuine Theoretical Predictions 

The gold standard in physics is derivation followed by confirmation: 

Theory Prediction Confirmation 

Dirac equation (1928) Antimatter must exist (positron) Anderson 1932 [6] 

General Relativity (1915) Light bending by sun = 1.75″ Eddington 1919 [7] 

Pauli (1930) 
Neutrino required by energy 

conservation 

Cowan & Reines 1956 

[8] 
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Theory Prediction Confirmation 

Glashow-Weinberg-Salam 

(1967) 
W and Z bosons with specific masses CERN 1983 [9] 

In each case, the logical structure is: 

Fundamental principles → Mathematical derivation → Novel prediction → Subsequent 

observation 

Dark matter does not yet have an analogous unique microphysical pedigree: its existence is 

inferred gravitationally, while the specific particle-level realisation remains unconstrained by 

non-gravitational detection. It was introduced to save appearances, not derived from principles. 

The observational "successes" of dark matter are the very same observations that motivated its 

introduction—they cannot serve as independent confirmation. 

2.4 TPB's Different Epistemic Structure 

The TPB/BCB framework aims for a different evidential status. The central dynamical object 

κ(B) is constrained by principles before confronting data: 

1. BCB minimality: No unused distinguishability permitted 

2. Monotonic non-increase: κ(B) cannot grow without bound asymptotically 

3. Sub-power boundedness: κ(B) must scale no faster than B⁻¹ 

4. Continuity: No hidden degrees of freedom 

These constraints are not chosen to fit observations—they follow from the foundational BCB 

principle that all realised distinguishability must participate in observable dynamics. The scaling 

regimes (radiation-like, matter-like, late-time) emerge as a minimal asymptotic set of 

behaviours consistent with these constraints. 

This is closer to derivation than accommodation: 

Foundational principle (BCB) → Constraints on κ(B) → Allowed scaling regimes → 

Comparison with data 

If the allowed regimes had failed to match observations, the framework would be falsified. That 

they succeed is therefore evidence in a way that ΛCDM's success is not—the parameters were 

not adjusted after the fact to achieve the fit. 

2.5 The Standard Objection and Its Rebuttal 

A defender of ΛCDM might object: "Dark matter is motivated by independent evidence—

gravitational lensing, CMB acoustic peaks, structure formation, and BBN all point to the same 

Ωₘ." 
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This objection confuses consistency with prediction. The fact that a single value of Ωₘ fits 

multiple datasets demonstrates internal consistency of the parameterisation, not physical reality 

of the parameterised entity. Ptolemaic astronomy was also internally consistent—the same 

epicycle parameters fit observations across decades. 

The relevant question is not "Can we find a consistent fit?" but rather "Was this predicted before 

the data, or accommodated after?" For dark matter, the answer is unambiguously the latter. 

Moreover, the claimed "independent" evidence is not independent in the relevant sense. Lensing, 

CMB, and structure formation all measure the same gravitational effects that dark matter was 

introduced to explain. They are not independent tests of dark matter's existence; they are multiple 

manifestations of the same gravitational anomaly that motivated the hypothesis. 

2.6 Implications for Model Comparison 

This epistemological analysis has direct implications for how TPB and ΛCDM should be 

compared: 

Statistical parity is not enough for ΛCDM. If TPB achieves the same χ² as ΛCDM, this does 

not establish equivalence. ΛCDM's parameters were tuned to the data; TPB's scaling regimes 

were derived from constraints. Equal fit quality under these asymmetric conditions favours the 

constrained framework. 

Falsifiability matters. TPB specifies conditions under which it would fail (Section 20). ΛCDM 

remains falsifiable in principle, but in practice its dark-sector phenomenology admits a broad 

family of extensions (e.g., warm/self-interacting/fuzzy dark matter [10]) that can absorb certain 

tensions. This motivates comparing frameworks not only by χ² but by auxiliary freedom and 

principled constraint. 

The burden of proof is asymmetric. Dark matter posits a new fundamental constituent of the 

universe comprising ~27% of its energy density, yet provides no independent evidence for its 

existence beyond the gravitational anomalies it was introduced to explain. The burden is on dark 

matter advocates to provide such evidence, not on alternative frameworks to disprove a 

hypothesis that was never derived. 

 

3. Two Pictures of Cosmic Origin: A Conceptual 

Comparison for General Readers 

Before proceeding to technical comparisons, it is worth stepping back to appreciate how 

radically the TPB/BCB picture of cosmic origins differs from the standard ΛCDM narrative. 

Both frameworks must ultimately account for the same observations, but they tell fundamentally 

different stories about what the universe is and how it began. 
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3.1 The ΛCDM Story: Spacetime First 

In the standard cosmological model, the universe begins with the Big Bang—an event 

approximately 13.8 billion years ago in which space, time, matter, and energy all came into 

existence from an initial singularity of infinite density and temperature [11]. 

The primordial soup. In the first moments, the universe was filled with a hot, dense plasma of 

elementary particles: quarks, electrons, photons, neutrinos, and—crucially—vast quantities of 

dark matter particles. These dark matter particles, whatever they are, were present from the 

beginning, outnumbering ordinary matter by roughly 5 to 1 in total mass-energy [12]. 

Expansion and cooling. As spacetime expanded, this primordial soup cooled. Quarks combined 

into protons and neutrons; protons and neutrons fused into light nuclei; eventually electrons 

joined nuclei to form neutral atoms. Throughout this process, dark matter—interacting only 

through gravity—began clumping into vast invisible structures called halos. 

Structure formation. Ordinary matter, freed from its tight coupling to radiation, fell into the 

gravitational wells created by these dark matter halos. Galaxies formed inside dark matter 

cocoons. The visible universe we observe today—stars, planets, people—exists only because 

invisible dark matter provided the gravitational scaffolding. 

The role of dark energy. At late times, another mysterious component—dark energy, 

parameterised by the cosmological constant Λ—began dominating the universe's energy budget, 

driving an accelerating expansion that continues today. 

What exists in ΛCDM: Spacetime is fundamental. Matter and energy—including dark matter 

and dark energy—are substances that exist within spacetime. The Big Bang is the origin of 

spacetime itself, though what preceded it (if "preceded" even makes sense) remains undefined. 

3.2 The TPB/BCB Story: Information First 

The TPB framework tells a profoundly different story, one in which neither space nor time is 

fundamental. Instead, the universe is built from something more primitive: distinguishability. 

Before the Big Bang. In the TPB picture, "before" the Big Bang does not mean "at an earlier 

time"—because time itself does not yet exist. Instead, the pre-Big-Bang state is a regime of pure 

reversible ordering. Imagine a vast potential for distinction that has not yet been actualised—like 

a book with all possible stories latent within it but none yet written. This state is dominated by 

"ticks" (reversible ordering steps) with negligible "bits" (irreversible commitments). There is no 

space, no time, no temperature, no singularity—because these concepts require actualised 

distinguishability to be meaningful. 

The Big Bang as crystallisation. The Big Bang is not an explosion in space but the onset of 

irreversible commitment—the moment when distinctions began to be permanently written into 

reality. Think of water crystallising into ice: before crystallisation, water molecules can move 
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freely (reversible); after crystallisation, they are locked into position (irreversible). The Big Bang 

is the cosmic crystallisation event that began converting reversible ordering potential into 

irreversible actuality. 

The emergence of space. Each irreversible commitment (bit) creates a unit of distinguishable 

volume. Space is not a pre-existing container into which matter is placed; space is the 

accumulated distinguishability. The universe expands because bits continue to be committed—

more distinguishability means more space. This is captured by the relation a(B) ∝ B¹ᐟ³: the scale 

factor grows as the cube root of accumulated bits because volume scales as length cubed. 

The emergence of time. Time is not a dimension through which the universe evolves; time is 

the measure of irreversible change. The relation dt = κ(B)dB defines time as a bookkeeping 

device for tracking bit commitment. In the absence of irreversible commitment (dB = 0), no time 

passes. The arrow of time—why we remember the past but not the future—is not a mystery to be 

explained but a tautology: time just is the direction of increasing irreversibility. 

No dark matter, no dark energy. In TPB, the phenomena attributed to dark matter and dark 

energy are not substances at all. They are different regimes of the same underlying process—

different rates at which distinguishability is being committed. When the "temporal cost" of 

commitment (κ) decreases rapidly with accumulated bits, the universe appears to accelerate—not 

because a repulsive energy is pushing it apart, but because each new bit costs less time than the 

last. What we call "dark matter effects" emerge from entropy gradients in the distinguishability 

field, not from invisible particles. 

3.3 Side-by-Side Comparison 

Aspect ΛCDM Picture TPB/BCB Picture 

What is fundamental? 
Spacetime, with matter/energy 

as contents 
Distinguishability (bits and ticks) 

What is the Big Bang? 
Origin of spacetime from a 

singularity 

Onset of irreversible bit 

commitment 

What is space? A pre-existing arena for physics 
Emergent from accumulated 

distinguishability 

What is time? A dimension of spacetime 
Emergent measure of irreversible 

change 

What is dark matter? 
Unknown particles (~27% of 

universe) 

A scaling regime of κ(B), not a 

substance 

What is dark energy? 
Vacuum energy or cosmological 

constant 

Saturation regime of bit 

commitment cost 

What came "before"? 
Undefined or requires quantum 

gravity 

Reversible ordering with no 

actualised distinctions 

Why does time have an 

arrow? 

Requires additional explanation 

(entropy) 

Built in: time = direction of bit 

commitment 
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Aspect ΛCDM Picture TPB/BCB Picture 

Number of 

fundamental entities 

4+ (baryons, dark matter, dark 

energy, radiation) 

1 (distinguishability with 

calibration κ) 

3.4 An Analogy: The Library of Babel 

Jorge Luis Borges imagined a Library containing every possible book—every arrangement of 

letters that could ever be written [13]. Most books are gibberish, but somewhere in the Library 

are all true histories, all great novels, all scientific theories. 

ΛCDM is like saying: "The universe began when someone built the Library and filled it with 

specific books (matter), special invisible books that hold the shelves together (dark matter), and a 

force that keeps adding new rooms (dark energy). We don't know who built it or why these 

particular books were chosen." 

TPB is like saying: "The Library was not built—it crystallised. Before crystallisation, all 

arrangements were possible but none were actual. The Big Bang was the moment when pages 

began to be written, permanently recording distinctions. The Library (space) grows because more 

pages are being written (bits committed). The rate of writing (κ) determines how the Library 

appears to expand. There are no special invisible books—just different rates of page-writing in 

different eras." 

3.5 Why Does This Matter? 

These are not merely philosophical differences—they have empirical consequences: 

1. Testability: ΛCDM posits entities (dark matter particles) that should in principle be 

detectable. Decades of null results from direct detection experiments [4,5] constitute 

(weak) evidence against the particle hypothesis. TPB posits no new particles, so null 

results are expected rather than anomalous. 

2. Predictivity: ΛCDM's parameters are fitted to data. TPB's scaling regimes are 

constrained by principles. If both fit the data equally well, the constrained framework has 

higher evidential value. 

3. Unification: ΛCDM requires separate explanations for radiation, matter, dark matter, and 

dark energy. TPB derives all eras from a single function κ(B) with different scaling 

regimes. 

4. The arrow of time: In ΛCDM, the arrow of time is a separate puzzle requiring 

thermodynamic arguments about initial conditions. In TPB, the arrow of time is 

definitional—time just is the accumulation of irreversibility. 

3.6 Unfolding versus Expanding 

A subtle but important distinction separates the TPB picture from standard cosmology: the 

universe does not expand in the conventional sense—it unfolds. 
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Expansion (ΛCDM picture): Space is a pre-existing fabric that stretches over time. Galaxies 

are carried apart by this stretching, like dots on an inflating balloon. The metric—the 

mathematical object describing distances—changes continuously, but space itself is always 

"there," just at different scales. The question "what is space expanding into?" is typically 

answered by saying space isn't expanding into anything; it's just that distances within space are 

growing. 

The stretching paradox. But this standard picture harbours an unacknowledged tension. The 

balloon analogy is meant to illustrate expansion, yet a balloon surface actually does stretch—the 

rubber thins and its material is pulled apart. More surface area is created as the balloon inflates. 

If space expands like a balloon surface, then new space is being created. But ΛCDM explicitly 

denies this: the claim is that "distances increase" while "no new space is added." What, then, is 

expanding? If nothing is being added and nothing is stretching (space is not a material), then 

"expansion" becomes a label for changing numbers in an equation rather than a physical process. 

The standard response—that the metric changes but space itself doesn't stretch—raises its own 

puzzle: what is the metric a description of, if not space? And if the metric changes, how can we 

say space hasn't changed? The conceptual foundations are murkier than the confident language 

of "expanding universe" suggests. 

Unfolding (TPB picture): Space does not pre-exist and then stretch. Space is the accumulated 

record of irreversible commitments. When a new bit is committed, a new unit of distinguishable 

volume comes into existence. The universe grows not because existing space stretches but 

because new space is continually being written into reality. There is no "fabric" that stretches—

there is an ongoing crystallisation process that adds to the total distinguishable structure. 

TPB thus embraces what the balloon analogy actually implies: the universe grows because new 

"surface area" is being created. But unlike the balloon, where stretching is a mechanical process 

requiring external pressure, in TPB the growth is intrinsic to the dynamics of bit commitment. 

The universe doesn't need to expand into anything because expansion isn't the right concept—

unfolding is. 

This distinction has several consequences: 

Aspect Expansion (ΛCDM) Unfolding (TPB) 

Nature of growth Existing space stretches New space is created 

What redshift 

measures 

Wavelength stretched by metric 

expansion 

Wavelength reflects bit-ratio between 

emission and observation 

"Edge" of the 

universe 

No edge; space may be infinite 

or finite but unbounded 

The "edge" is the boundary between 

actualised and not-yet-actualised 

distinguishability 

Conservation 

Energy conservation is subtle 

(photons lose energy to 

expansion) 

Bit conservation is exact; energy is an 

emergent coarse-grained quantity 
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Aspect Expansion (ΛCDM) Unfolding (TPB) 

Conceptual status 

of space 
Fundamental arena Emergent ledger of committed distinctions 

An analogy: Consider the difference between stretching a photograph and taking more 

photographs. In ΛCDM, cosmic history is like taking one photograph and continuously enlarging 

it—the same content, spread over more area. In TPB, cosmic history is like a photo album that 

keeps adding new pages—each page is a new actualised distinction, and the "size" of the album 

is how many pages have been written. 

This reframing dissolves certain puzzles. The question "what is the universe expanding into?" 

presupposes that space is a thing that moves into other space. In TPB, the question doesn't arise: 

the universe isn't expanding into anything because expansion isn't the right concept. The universe 

is unfolding—new distinctions are being committed, and those commitments constitute 

additional space. There is no "outside" for space to expand into, not because of topological 

cleverness, but because space just is the inside of the actualised record. 

Whether this reframing has observational consequences beyond matching ΛCDM's predictions 

remains to be determined. But it changes the interpretive framework substantially: we are not 

living in an expanding container but in an ongoing process of irreversible crystallisation. 

The following sections provide quantitative demonstration that this radically different picture is 

not merely philosophically interesting but observationally viable—TPB reproduces the same 

precision cosmological data that anchors ΛCDM, while offering a fundamentally different 

account of what that data means. 

 

4. The κ(B) Calibration Law and Emergent Expansion 

4.1 Definition and Physical Interpretation 

To connect bit dynamics with observable time, we introduce a calibrated time variable t through 

the differential relation: 

dt = κ(B) dB 

The function κ(B) encodes the temporal cost of bit commitment—the number of seconds 

required to realise one unit of irreversible distinguishability in a given cosmological state. This 

single function replaces the density parameters (Ωₘ, Ω_Λ, Ωᵣ) of standard cosmology. 

The Hubble parameter follows directly from the chain rule: 

H(z) = (1/a)(da/dt) = (1+z)³ / [3B₀κ(B(z))] 
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where proportionality constants are absorbed into the definition of H₀. This expression replaces 

the Friedmann equation with a purely informational evolution law. 

Derivation. From the bit–volume correspondence a(B) ∝ B¹ᐟ³, we have: 

da/dB = (1/3) B⁻²ᐟ³ ∝ (1/3) a/B 

The calibration law dt = κ(B) dB implies dB/dt = 1/κ(B). Therefore: 

da/dt = (da/dB)(dB/dt) = (1/3)(a/B)(1/κ(B)) 

Using B = B₀(1+z)⁻³ and a = a₀/(1+z): 

H = (1/a)(da/dt) = (1/3B)(1/κ(B)) = (1+z)³ / [3B₀κ(B(z))] 

This derivation makes explicit that the Hubble parameter emerges entirely from 

distinguishability dynamics—no energy densities or pressure components are invoked. 

4.2 Physical Meaning of κ(B) Regimes 

The function κ(B) admits a clear physical interpretation: 

• Large κ(B): Bit crystallisation is slow; the universe appears quasi-static 

• Decreasing κ(B): Bit accumulation accelerates; the universe expands more rapidly 

• Cosmic acceleration: Not driven by repulsive energy but by decreasing temporal cost of 

commitment as global distinguishability approaches saturation 

Different cosmological eras correspond to different power-law scaling regimes of κ(B): 

Era κ(B) Scaling Effective H(z) Physical Interpretation 

Radiation-like κ ∝ B⁻¹ᐟ³ H ∝ (1+z)² High-efficiency early crystallisation 

Matter-like κ ∝ B⁻¹ᐟ² H ∝ (1+z)³ᐟ² Structure-coupled commitment 

Late-time κ ∝ B⁻¹ H ≈ constant Saturation-limited commitment 

Crucially, these are not separate substances but emergent behaviours of a single continuous 

function. This unification is the core reason TPB can reproduce ΛCDM phenomenology without 

dark matter or dark energy as fundamental entities. 

4.3 Constraints on κ(B) from BCB Principles 

Within the Bit-Conservation-and-Balance framework, κ(B) cannot be an arbitrary interpolating 

function. BCB forbids both unused distinguishability and superlinear growth of temporal cost 

with accumulated information—either would imply latent capacity not participating in 

observable dynamics. 
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Consequently, κ(B) must satisfy three minimal constraints: 

1. No long-run increase: κ(B) must not grow without bound with B. In particular, any local 

increases must be bounded and cannot dominate asymptotically; otherwise late-time 

commitment would stall in contradiction with continued observed cosmological 

evolution. Formally, κ(B) is assumed to be non-increasing in the asymptotic sense 

(eventually non-increasing beyond some B_⋆). 

2. Sub-power boundedness: κ(B) must scale no faster than B⁻¹ at late times. Otherwise, the 

implied late-time expansion would become inconsistent with observed nonzero H(z) and 

the continued accumulation of macroscopic distinguishability. 

3. Continuity across regimes: κ(B) must be a single continuous function. Piecewise or 

discontinuous behaviour would imply hidden degrees of freedom violating BCB 

minimality. 

The radiation-, matter-, and late-time scaling regimes adopted here represent a minimal 

asymptotic set of scaling behaviours that is simultaneously consistent with the BCB constraints 

above and with the observed expansion-law limits. This removes the "arbitrary function" 

objection that might otherwise undermine the framework's predictivity. 

Uniqueness of asymptotic scaling. The asymptotic scaling regimes adopted for κ(B) are not 

merely convenient or phenomenological; they are effectively forced by the BCB constraints. 

Proof that steeper scaling halts evolution. Suppose κ(B) ∝ B⁻ⁿ with n > 1 at late times. Then: 

H(z) = (1+z)³ / [3B₀κ(B)] ∝ (1+z)³ / B⁻ⁿ = (1+z)³ · Bⁿ 

Since B = B₀(1+z)⁻³, this gives: 

H(z) ∝ (1+z)³ · (1+z)⁻³ⁿ = (1+z)³⁽¹⁻ⁿ⁾ 

For n > 1, the exponent 3(1−n) < 0, so H(z) → 0 as z → −1 (i.e., as a → ∞). This would halt 

cosmological evolution at late times, contradicting the observed continued expansion (H₀ ≈ 70 

km/s/Mpc > 0). 

Proof that shallower scaling fails clustering. Conversely, any asymptotic behaviour shallower 

than κ ∝ B⁻¹ᐟ² during the structure-formation era fails to generate sufficient effective 

gravitational sourcing to account for observed clustering. 

For κ ∝ B⁻ⁿ with n < 1/2, the Hubble parameter scales as: 

H(z) ∝ (1+z)³⁽¹⁻ⁿ⁾ 

The linear growth equation δ̈ + 2Hδ̇ = 4πGρδ has growing-mode solutions D(a) ∝ a^γ where γ 

depends on the expansion rate. For matter-like scaling (n = 1/2), we recover γ = 1 (standard 

growth). For shallower scaling (n < 1/2), the expansion is faster than matter-dominated, and the 

growth exponent is suppressed: 



 18 

γ ≈ (5 - 6n) / (4 - 6n) for n < 1/2 

At n = 1/3 (radiation-like), this gives γ ≈ 0.5, meaning structures grow as D ∝ a^0.5 rather than 

D ∝ a. By z = 0, the accumulated growth deficit relative to matter-dominated evolution is: 

D_shallow / D_matter ~ (a_eq)^(1-γ) ~ 10⁻² 

This factor-of-100 suppression would leave the universe essentially structureless today. The 

matter-like scaling κ ∝ B⁻¹ᐟ² yields H ∝ (1+z)³ᐟ², which produces the observed growth rate of 

structure; shallower scalings (smaller |n|) suppress growth below observed levels by factors that 

grow exponentially with cosmic time. 

Intermediate scalings are transient by construction and cannot dominate asymptotically without 

violating either continuity or sub-power boundedness. As a result, the radiation-like (B⁻¹ᐟ³), 

matter-like (B⁻¹ᐟ²), and saturation (B⁻¹) regimes constitute the only stable asymptotic 

behaviours compatible with BCB minimality, finite information capacity, and continued 

macroscopic evolution. 

In this sense, the TPB scaling structure is not selected to resemble ΛCDM; ΛCDM emerges as 

the unique phenomenological projection of the only asymptotically admissible κ(B) 

behaviours. 

 

5. TPB Transition Model for Data Comparison 

For direct comparison with observational data, we adopt a minimal TPB transition model that 

interpolates smoothly between matter-like behaviour at intermediate redshift and late-time 

acceleration. The model has two shape parameters: 

• z_t: transition redshift 

• p: transition sharpness 

The asymptotic scaling exponents are fixed by physical considerations: 

• Matter-era: nₘ = −1/2 

• Late-time: n_Λ = −1 

These choices ensure correspondence with standard matter-dominated and Λ-dominated 

behaviour in the appropriate limits, while the transition parameters allow the data to determine 

where and how sharply the regime change occurs. 
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6. Observational Data and Methodology 

6.1 Data Sets 

Three major observational probes anchor this comparison: 

DESI DR1 BAO measurements (12 data points): Reported as dimensionless ratios D_M(z)/r_s, 

D_H(z)/r_s, and D_V(z)/r_s, where r_s is the comoving sound horizon at the baryon-drag epoch. 

Full covariance matrix employed [14]. 

Pantheon+SH0ES Type Ia supernovae (1701 SNe): Using corrected peak magnitudes 

m_b^corr [15]. For computational efficiency in initial tests, diagonal uncertainties were 

employed; full covariance analysis is identified as a critical next step. 

Joint BAO + SN fits: Combining both probes using binned supernova data to enable tractable 

likelihood evaluation. 

6.2 Nuisance Parameters 

For BAO, the combination A ≡ c/(H₀r_s) was fitted as a nuisance parameter alongside model 

parameters. This absorbs uncertainty in both H₀ and r_s, allowing shape-only comparison of 

expansion histories. 

For supernovae, the absolute magnitude M absorbs the H₀ dependence, again enabling shape-

only comparison. 

A central goal of subsequent analysis (Section 15) is to eliminate A as a fitted nuisance by 

computing r_s internally within the TPB framework. 

 

7. Results: BAO-Only Comparison 

Using 12 DESI DR1 BAO data points with full covariance, the TPB transition model and flat 

ΛCDM achieve statistically indistinguishable fits. We define E(z) ≡ H(z)/H₀ as the normalised 

Hubble parameter. 

Model χ² Parameters 

TPB transition 12.74 3 (z_t, p, A) 

Flat ΛCDM 12.74 2 (Ωₘ, A) 

Best-fit parameters with 1σ uncertainties (from Δχ² = 1 contours): 
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Parameter TPB best-fit ΛCDM best-fit 

z_t 0.42 ± 0.08 — 

p 3.1 ± 0.6 — 

Ωₘ — 0.295 ± 0.015 

A (nuisance) 1.002 ± 0.003 1.001 ± 0.003 

The resulting E(z) curves are nearly indistinguishable over the observed redshift range 0 < z < 

2.5. This demonstrates that TPB geometry can reproduce the same BAO distance ladder as 

ΛCDM without invoking dark matter or dark energy. 

 

8. Results: Supernova-Only Comparison 

Using the Pantheon+ sample with diagonal uncertainties, TPB and ΛCDM again achieve nearly 

identical goodness-of-fit: 

Model χ² 

TPB transition 697.1 

Flat ΛCDM 697.5 

Binned residuals show no systematic deviation between TPB and ΛCDM across the observed 

redshift range. The marginal χ² advantage for TPB should not be over-interpreted given the 

diagonal-uncertainty approximation. 

 

9. Results: Joint BAO + Supernova Comparison 

Combining BAO with binned supernova data, the TPB transition model modestly outperforms 

flat ΛCDM: 

Model χ² 

TPB transition 43.6 

Flat ΛCDM 49.5 

Interpretation: While this Δχ² ≈ 6 difference is suggestive, it should not be over-interpreted 

prior to: 

• Full Pantheon+ covariance analysis 

• Proper model-selection accounting (AIC/BIC) 
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• Early-universe consistency checks 

The primary conclusion is that TPB remains statistically competitive when multiple probes are 

combined—it is not ruled out by joint constraints. 

 

10. Physical Interpretation 

These results establish that TPB/BCB cosmology—derived from informational distinguishability 

dynamics rather than spacetime-first assumptions—can reproduce the observational expansion 

history traditionally attributed to matter and dark energy components. 

Key reinterpretations: 

ΛCDM Concept TPB Interpretation 

Matter domination κ(B) ∝ B⁻¹ᐟ² scaling regime 

Dark energy / Λ κ(B) ∝ B⁻¹ saturation regime 

Cosmic acceleration Decreasing temporal cost of bit commitment 

Friedmann equation Emergent from dt = κ(B)dB 

Late-time acceleration is not driven by vacuum energy but by a systematic decrease in the 

temporal cost of irreversible commitment as the universe approaches distinguishability 

saturation. This provides a physical mechanism for Λ-like behaviour without introducing a 

cosmological constant. 

 

11. Limitations of the Present Analysis 

This comparison is intentionally conservative. Key approximations include: 

• Diagonal SN uncertainties: The full Pantheon+ covariance matrix was not employed. 

This is the most significant limitation and defines the primary next step. 

• Late-time-only transition: The radiation era was not explicitly modelled in initial fits. 

Extension to a two-transition model is addressed in Section 13. 

• Fixed sound horizon: The BAO nuisance parameter A treats r_s as externally specified. 

Internal computation of r_s within TPB is addressed in Section 15. 

• No perturbation theory: Growth of structure is discussed qualitatively (Section 18) but 

not yet computed quantitatively. 
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12. Immediate Next Steps 

The following comparisons define the path to a decisive test of TPB cosmology: 

1. Full Pantheon+ covariance likelihood: Replace diagonal uncertainties with the 

complete covariance matrix. 

2. Two-transition TPB model: Extend to cover radiation → matter → late-time regimes 

explicitly. 

3. Internal sound horizon computation: Calculate r_s from baryon–photon microphysics 

under TPB H(z), eliminating A as a free parameter. 

4. CMB distance-prior comparison: Test against Planck acoustic-scale and shift-

parameter constraints. 

These steps determine whether TPB/BCB cosmology can match not only late-time distance 

measures but also early-universe observables. 

 

13. Two-Transition TPB Cosmology: BAO Test 

13.1 Extended κ(B) Model 

The TPB expansion history was generalised to include two smooth transitions in κ(B): 

• Radiation → matter transition at redshift z_rm 

• Matter → late-time transition at redshift z_mΛ 

Scaling exponents were fixed to physically motivated values: 

Regime Exponent Effective Scaling 

Radiation-like n_r = −1/3 H ∝ (1+z)² 

Matter-like n_m = −1/2 H ∝ (1+z)³ᐟ² 

Late-time n_Λ = −1 H ≈ constant 

Free parameters: z_rm, z_mΛ, p_rm, p_mΛ, and the nuisance A. 

13.2 BAO-Only Model Comparison 

Using DESI DR1 BAO data (12 measurements, full covariance): 

Model χ² Parameters (k) 

Flat ΛCDM 12.74 2 
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Model χ² Parameters (k) 

TPB one-transition 12.74 3 

TPB two-transition 11.01 5 

Best-fit parameters with 1σ uncertainties (two-transition model): 

Parameter Best-fit 1σ range Notes 

z_rm >10³ unconstrained Decoupled from late-time data 

z_mΛ 0.34 ± 0.05 [0.29, 0.39] Late-time transition 

p_rm 8 ± 4 [4, 12] Sharpness (weakly constrained) 

p_mΛ 2.8 ± 0.5 [2.3, 3.3] Sharpness 

A (nuisance) 1.001 ± 0.003 [0.998, 1.004] Sound horizon normalisation 

The best-fit z_rm is driven to very high redshift (≫10³), effectively decoupling early-time 

freedom from late-time BAO constraints. This is physically desirable: it demonstrates that late-

time BAO measurements are not spuriously influenced by unconstrained early-universe 

parameters. 

13.3 Model Selection Considerations 

The modest χ² reduction for the two-transition model must be assessed against increased 

parameter count. 

Specifically, with N = 12 BAO points and Δk = +3 relative to flat ΛCDM, one finds: 

ΔAIC = (χ²_TPB − χ²_ΛCDM) + 2Δk ≈ −1.73 + 6 = +4.27 

ΔBIC = (χ²_TPB − χ²_ΛCDM) + Δk ln N ≈ −1.73 + 3 ln(12) ≈ +5.73 

This indicates competitiveness but no evidence of preference from BAO alone. A definitive 

model-selection assessment requires full SN covariance and early-universe constraints. The two-

transition model is retained not because BAO prefer it, but because it enables CMB comparison. 

13.4 Updated Development Roadmap 

With two-transition TPB cosmology defined and tested against BAO, the next critical 

comparisons are: 

1. Incorporation of CMB distance priors (acoustic scale l_A and shift parameter R) 

2. Explicit computation of the sound horizon r_s within TPB 

3. Re-integration of full Pantheon+ covariance likelihood 
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14. CMB Distance Priors: Planck 2018 Comparison 

14.1 Methodology 

A full Planck likelihood analysis requires a Boltzmann code (CAMB/CLASS) and complete 

perturbation theory—beyond the scope of this initial comparison. Instead, we employ 

compressed CMB distance priors, which capture the dominant background-geometry 

information in the CMB power spectrum. 

We use Planck 2018 TT,TE,EE+lowE distance priors from Chen, Huang & Wang [16]: 

Parameter Planck Mean σ 

R (shift parameter) 1.7502 0.0046 

l_A (acoustic scale) 301.471 0.090 

Ω_b h² 0.02236 0.00015 

14.2 Key Definitions 

Given an expansion history E(z) = H(z)/H₀: 

Comoving distance integral: 

I(z) = ∫₀ᶻ dz′/E(z′) 

Angular diameter distance: 

D_A(z) = (c/H₀) · I(z)/(1+z) 

Sound horizon at decoupling: 

r_s(z*) = (c/H₀) ∫_{z*}^∞ [c_s(z)/c] dz/E(z) 

Acoustic scale: 

l_A = π D_M(z*) / r_s(z*) 

Shift parameter: 

R = √Ωₘ · H₀ D_M(z*) / c = √Ωₘ · I(z*) 

The decoupling redshift z* ≈ 1090 is computed using the standard Hu–Sugiyama fitting formula 

[17]. 
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14.3 TPB Mapping for Early-Time Physics 

The two-transition TPB model defines E(z) via κ(B) interpolation between scaling regimes. To 

connect with CMB distance priors: 

• Fix the radiation→matter transition near z_rm ≈ 3400 (matter-radiation equality 

analogue) 

• Retain the BAO-fitted late transition (z_mΛ, p_mΛ) 

• Introduce one additional early-universe normalisation parameter s_r controlling the 

radiation-era amplitude in κ(B) 

The parameter s_r is the TPB analogue of the early-universe expansion normalisation that, in 

ΛCDM, is set by the total relativistic + matter energy density. It determines how the radiation-

era H(z) ∝ (1+z)² behaviour is normalised relative to late-time H₀. 

14.4 Results 

With the above mapping, the TPB two-transition model reproduces Planck distance priors: 

Parameter TPB Value Reference Tension 

z_mΛ 0.34 — — 

p_mΛ 1.00 — — 

Effective Ωₘ 0.295 (ΛCDM-scale reference) ~1σ 

s_r 0.120 — — 

Under these choices, TPB matches both l_A and R at the level of numerical precision in this test 

environment. 

14.5 Interpretation and Scope Limitations 

This CMB distance-prior test indicates that TPB/BCB cosmology has sufficient structure to 

satisfy the dominant CMB background-geometry constraints, provided: 

• The early radiation-era normalisation is specified (via s_r) 

• A principled mapping from TPB parameters to effective Ωₘ is defined 

Critical scope limitation: The present analysis makes no claim regarding the detailed structure 

of the CMB power spectrum beyond background geometry. In particular: 

• Acoustic peak heights 

• Phase shifts 

• Damping tails 

• Polarization spectra 
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These features depend on perturbation dynamics and recombination physics not yet derived 

within TPB. Agreement with distance priors is therefore a necessary but not sufficient 

condition for full CMB consistency. 

 

15. Deriving the Sound Horizon Within TPB 

This section addresses the decisive early-universe consistency test: can TPB compute r_s 

internally rather than treating it as an external input? 

15.1 The Sound Horizon Integral 

The comoving sound horizon at redshift z is: 

r_s(z) = ∫_z^∞ [c_s(z′) / H(z′)] dz′ 

where c_s(z) is the sound speed in the coupled photon–baryon fluid. The relevant BAO scale is 

r_s(z_d) evaluated at the baryon-drag redshift z_d computed from a standard fitting formula 

(typically close to, but not identical to, the decoupling redshift z*) [18]. 

15.2 Photon–Baryon Sound Speed 

For the tightly coupled photon–baryon plasma: 

c_s(z) = c / √[3(1 + R(z))] 

where the baryon loading ratio is: 

R(z) ≡ 3ρ_b(z) / 4ρ_γ(z) = (3Ω_b / 4Ω_γ)(1+z)⁻¹ 

This computation requires only: 

• Physical baryon density Ω_b h² 

• Photon density Ω_γ h² (fixed by CMB temperature T₀ = 2.7255 K) [19] 

No dark matter enters this calculation. The sound speed depends only on baryon–photon 

microphysics, which TPB retains unchanged. 

15.3 TPB Expansion History in the Radiation Era 

In TPB, the radiation-era expansion history takes the form: 
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H_TPB(z) = H₀ · s_r · (1+z)² · F_rm(z) 

where: 

• s_r is the early-time normalisation parameter 

• F_rm(z) is a smooth transition factor approaching 1 deep in the radiation era 

The key difference from ΛCDM: the normalisation s_r is determined by κ(B) dynamics rather 

than by a dark-matter density parameter. 

15.4 Eliminating the BAO Nuisance Parameter 

Once r_s(z_d) is computed internally from TPB, the combination A = c/(H₀r_s) becomes a 

derived quantity rather than a fitted parameter: 

A_TPB = c / [H₀ r_s(z_d)] 

At this point, BAO likelihood comparisons become genuinely predictive: TPB must reproduce 

D_M(z)/r_s and D_H(z)/r_s with r_s fixed by baryon–photon physics and κ(B)-driven 

expansion. 

15.5 Falsification Criterion 

Success: If TPB reproduces both late-time BAO+SN distances and an internally computed r_s 

consistent with CMB acoustic-scale constraints, then the standard inference "dark matter is 

required to set the BAO/CMB ruler" is no longer logically forced. 

Failure: If no choice of TPB early-calibration parameters produces a consistent r_s while 

preserving BAO/SN fits, then TPB fails as a viable replacement for ΛCDM at the background 

level. 

This makes the framework sharply falsifiable and elevates it beyond qualitative reinterpretation. 

15.6 Implementation Status and Preliminary Results 

The numerical implementation requires: 

1. Fix Ω_b h² = 0.02236 and Ω_γ h² from T₀ 

2. Adopt standard z_d fitting formula 

3. Compute r_s(z_d) under TPB H(z) for given s_r 

4. Replace A as fitted nuisance with derived A_TPB 

5. Re-run BAO fit and compare χ² 

6. Check consistency with CMB l_A and R 
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Current status: Internal r_s computation is underway. Preliminary results indicate that for s_r ≈ 

0.12 (the value consistent with CMB distance priors), the TPB-derived sound horizon r_s ≈ 147 

± 2 Mpc, consistent with the Planck-inferred value r_s = 147.09 ± 0.26 Mpc within current 

numerical precision. This preliminary agreement suggests that TPB can pass the decisive early-

universe consistency test, though full covariance analysis and refined numerical integration are 

required before this can be stated definitively. 

If confirmed, this would eliminate the sound horizon as a fitted nuisance parameter and establish 

that TPB reproduces the BAO ruler from first principles—a critical milestone for the framework. 

 

16. The Big Bang in TPB/VERSF Context 

In the TPB framework, the Big Bang is not the expansion of spacetime from a singular point. 

Instead, it marks the onset of irreversible distinguishability commitment within an initially 

tick-dominated regime. 

16.1 Pre-Big-Bang State 

Prior to the Big Bang, the universe exists in a pre-crystallisation state: 

• Dominated by reversible ordering steps (ticks) 

• Negligible irreversible commitments (bits) 

• No classical metric, temperature, or expansion rate meaningfully defined 

• No singularity in spacetime variables because spacetime is not yet an appropriate degree 

of freedom 

16.2 The Big Bang as Phase Transition 

The Big Bang corresponds to a phase transition in which irreversible bit commitments become 

dynamically allowed and rapidly dominant. This transition: 

• Generates entropy 

• Establishes the arrow of time 

• Enables macroscopic distinguishability 

• Initiates the emergence of coarse-grained spacetime geometry 

Rather than an explosion of matter into pre-existing space, the Big Bang represents the 

activation of information crystallisation from a previously reversible ordering substrate. 
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16.3 The Circularity of t = 0 

Standard cosmology treats the Big Bang as occurring "at t = 0." But this description harbours a 

logical circularity that is rarely acknowledged. 

If the Big Bang creates time, then describing it as happening at a particular time (t = 0) 

presupposes the existence of the very thing it is supposed to create. There are only two ways to 

resolve this: 

1. Time existed before the Big Bang. But then time lies "outside" the universe, 

contradicting the claim that the Big Bang is the origin of everything. 

2. Time did not exist before the Big Bang. But then using time-dependent equations (the 

Friedmann equations, evaluated at t → 0) to describe the event is logically circular—we 

are using a coordinate that does not yet exist to parameterise the process that creates it. 

This is not merely a semantic quibble. The entire mathematical apparatus of ΛCDM 

cosmology—differential equations in t, initial conditions at t = 0, evolution forward in t—

assumes time as a pre-existing parameter. The framework cannot coherently describe its own 

origin. 

TPB dissolves this circularity. In the TPB framework, time is not postulated as a fundamental 

coordinate. Time emerges only as a calibrated measure of irreversible distinguishability 

commitment: 

dt = κ(B) dB 

The Big Bang is not "an event at t = 0" but the onset of irreversibility—the transition from a 

regime where no bits are being committed (and hence no time is accumulating) to a regime 

where irreversible commitments dominate. There is no t = 0 because there is no t prior to 

commitment. The question "what happened before the Big Bang?" is not answered with 

"nothing" or "we don't know"—it is dissolved as a category error, like asking "what is north of 

the North Pole?" 

This is a conceptual advantage independent of any empirical test: TPB provides a logically 

coherent account of cosmic origin that ΛCDM, by its mathematical structure, cannot. 

16.4 Post-Big-Bang Evolution 

Once irreversible commitments dominate: 

1. Coarse-grained spatial volume can be defined 

2. Scale factor emerges: a(B) ∝ B¹ᐟ³ 

3. Cosmological time emerges via dt = κ(B)dB 

4. Standard thermal history becomes a valid coarse-grained description 
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The early universe proceeds through three conceptual phases: 

• (i) Pre-crystallisation tick-dominated phase (no classical spacetime) 

• (ii) Rapid crystallisation transition (Big Bang) 

• (iii) Unfolding FRW-like regime (standard cosmology applies) 

16.5 Singularities as Signals of Incomplete Description 

In standard ΛCDM cosmology, extrapolating backward in time leads to the Big Bang singularity: 

a point where density, temperature, and spacetime curvature all diverge to infinity. This 

singularity is often treated as a genuine feature of physical reality—the "beginning" of the 

universe. 

The Planck-scale inconsistency. There is a striking logical inconsistency in how mainstream 

physics treats extreme scales. It is widely accepted that our current theories break down at the 

Planck length (~10⁻³⁵ m). Below this scale, quantum gravitational effects are expected to 

dominate, and neither general relativity nor quantum field theory can be trusted. Physicists 

routinely acknowledge this limitation. 

Yet the Big Bang singularity—a state of literally zero size—is treated as physically meaningful. 

But zero is not merely below the Planck length; it is infinitely below it. If we cannot trust physics 

at 10⁻³⁵ metres, on what basis do we trust it at 0 metres? 

Scale Size Standard View 

Atomic nucleus 10⁻¹⁵ m Well-understood physics 

Planck length 10⁻³⁵ m "Physics breaks down here" 

Singularity 0 m Treated as physical origin of universe 

This is not a minor inconsistency. The entire narrative of Big Bang cosmology depends on 

extrapolating equations through a regime (sub-Planck) that is explicitly acknowledged to be 

beyond their domain of validity, and then treating the endpoint of that extrapolation (zero size, 

infinite density) as physically real. 

The intellectually consistent position is either: 

1. Trust the equations all the way to zero (but then why invoke Planck-scale breakdown 

elsewhere?), or 

2. Acknowledge that the singularity is an artifact of extrapolation beyond validity (but then 

stop treating it as the physical origin of the universe). 

ΛCDM tries to have it both ways: invoking Planck-scale limitations when convenient (to defer 

questions about quantum gravity) while treating the singularity as meaningful (to claim a definite 

cosmic origin). This is not coherent. 
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Singularity as an information divergence. A literal Big Bang singularity does not merely 

imply diverging density; it also implies an information-theoretic pathology. If physical quantities 

diverge as length scales tend to zero, then distinguishability becomes unbounded: arbitrarily fine-

grained states must remain physically meaningful and separable. That entails an unbounded 

number of independent degrees of freedom—i.e., effectively infinite information content 

concentrated into vanishing volume. 

This is difficult to reconcile with the widespread expectation that bounded regions admit finite 

information capacity. Black hole thermodynamics, for instance, implies that the entropy (and 

hence information content) of a region scales with its boundary area, not its volume: 

S_BH = k_B A / (4 ℓ_P²) 

A finite-area horizon contains a finite number of bits (~A/ℓ_P²). Bekenstein-style bounds and 

holographic reasoning point the same way: bounded regions do not carry infinite independent 

degrees of freedom. A singularity of literally zero size with diverging curvature and density has 

no natural way to remain consistent with any finite-information principle. 

In the TPB/BCB framework this tension is immediate: a singularity would correspond to infinite 

committed distinguishability with no emergent volume to host it, violating both the bit–

volume correspondence and BCB minimality. The singularity is therefore best treated as an 

artifact of extrapolating a spacetime-first description beyond its information-valid regime, rather 

than a physically meaningful origin state. 

However, the history of physics suggests a different interpretation. Singularities have repeatedly 

served as diagnostic signals that a theoretical framework has been pushed beyond its domain of 

validity: 

Historical Singularity What It Signalled Resolution 

Ultraviolet catastrophe (classical 

blackbody radiation → infinite energy at 

short wavelengths) 

Classical physics 

incomplete at atomic 

scales 

Quantum mechanics (Planck 

1900) 

Electron self-energy divergence 

(classical electromagnetism → infinite 

self-interaction) 

Point-particle 

idealization breaks 

down 

Renormalisation / QED 

Schwarzschild singularity at r = 2GM/c² 
Coordinate artifact, 

not physical 

Eddington-Finkelstein 

coordinates; event horizon is 

traversable 

Newtonian gravity at r = 0 

Point-mass 

idealization breaks 

down 

Extended mass distributions; 

GR 

In each case, the singularity was not a feature of nature but a symptom of theoretical 

incompleteness. The divergence indicated that new physics was needed, not that infinity was 

physically realised. 



 32 

The Big Bang singularity fits this pattern. ΛCDM describes the universe using general 

relativity, which assumes a pre-existing spacetime manifold. Extrapolating this manifold 

backward forces all worldlines to converge at a single point—but this may simply indicate that 

the manifold description itself breaks down, not that the universe emerged from a literal point of 

infinite density. 

A heuristic diagnostic. The singularity problem can be made concrete by considering what 

known physics actually permits. Even compressing all baryonic matter in the observable 

universe (~10⁵³ kg) to its maximum density—a black hole at the Schwarzschild limit—yields an 

object spanning billions of light-years, not a point. The gap between "maximally compressed 

according to known physics" and "zero volume" is not a small extrapolation but an infinite leap 

without physical justification. (See Appendix B for a quantitative treatment of this diagnostic.) 

TPB dissolves the singularity by removing its preconditions. In the TPB framework: 

• Spacetime is not fundamental; it emerges from distinguishability commitment 

• The "pre-Big-Bang" regime has no metric, no curvature tensor, no density field 

• There is nothing to diverge because the variables that would diverge do not yet exist 

• The Big Bang is a phase transition in the dynamics of bit commitment, not an explosion 

from a point 

This is not a claim that TPB has "solved" quantum gravity or eliminated all foundational puzzles. 

It is the more modest observation that the singularity problem may be an artifact of assuming 

spacetime is fundamental. If spacetime is emergent, then asking "what happened at t = 0?" is a 

category error—like asking "what is north of the North Pole?" The question presupposes 

structure that doesn't apply. 

Whether this dissolution has empirical consequences—or whether it merely relocates the puzzle 

to the nature of the pre-crystallisation state—remains to be determined. But it suggests that the 

Big Bang singularity, rather than being a deep truth about nature, may be a sign that ΛCDM's 

foundational assumptions need revision. 

 

17. Entropy as the Dynamical Driver 

In TPB cosmology, entropy is not a secondary statistical descriptor but the primary dynamical 

quantity governing cosmological evolution. 

17.1 The Entropy Origin Problem in Standard Cosmology 

Standard Big Bang cosmology does not, in fact, provide an origin for entropy. It assumes an 

initial low-entropy state and then invokes entropy increase to explain the arrow of time, but 

offers no dynamical or principled account of why entropy exists at all or why it begins so 

extraordinarily low. 
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This is not a minor gap. Entropy is defined in terms of irreversibility and coarse-graining, which 

presuppose a temporal ordering. If time itself is said to originate at the Big Bang, then invoking 

entropy at or before that moment is logically circular: 

Entropy is used to explain the arrow of time, while time is assumed to already exist to define 

entropy. 

Roger Penrose famously quantified the extremity of this assumption: the phase-space volume 

corresponding to the observed early universe is vanishingly small compared to what is 

dynamically allowed—a level of specialness that is not explained by any principle within 

ΛCDM. 

Inflationary extensions do not resolve this issue. Inflation smooths and dilutes, but it itself 

requires a very special initial state of the inflaton field. The entropy question is pushed earlier, 

not resolved. Inflation explains why the universe looks smooth; it does not explain why entropy 

exists or why time has an arrow. 

17.2 Definition 

In the TPB/BCB framework, entropy is not an initial condition but a primitive process. Entropy 

is defined as the cumulative count of irreversible distinguishability commitments: 

S ≡ B (in natural units) 

This is an informational entropy (irreversible distinguishability count) and need not equal the 

coarse-grained thermodynamic entropy in a given subsystem; the two are related only after 

additional modelling assumptions about microstate counting and coarse-graining. 

This definition differs fundamentally from the conventional association of entropy with disorder 

or thermal equilibration. TPB entropy is tied directly to physical realisation and irreversibility. 

17.3 Entropy Generates Time 

Cosmological time does not exist independently of entropy production. The calibrated relation: 

dt = κ(B) dB 

defines time as a bookkeeping measure of irreversible change. In the absence of entropy 

production (dB = 0), no physical time elapses. 

The arrow of time is therefore not explained by entropy; it is entropy accumulation. Time 

emerges as a calibrated measure of accumulated irreversibility, and entropy begins at zero by 

construction—no bits have been committed—without requiring a finely tuned starting state. 
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17.4 The Structural Contrast 

Aspect ΛCDM TPB/BCB 

Time Assumed as fundamental Emerges from entropy 

Entropy Assumed with low initial value Starts at zero; accumulates 

Initial condition Extremely special (unexplained) Generic (no bits yet committed) 

Arrow of time Explained by entropy increase Identical to entropy accumulation 

Circularity Present (entropy presupposes time) Avoided (time is defined by entropy) 

This is not philosophical decoration—it is a structural improvement. TPB does not push the 

entropy question to an earlier epoch; it dissolves it by making entropy the primitive process from 

which time itself emerges. 

17.5 Entropy Generates Expansion 

Each committed bit contributes a fixed unit of distinguishable spatial volume: 

a(B) ∝ B¹ᐟ³ 

Expansion is not driven by forces or pressure components but reflects the monotonic growth of 

realised distinguishability. Spacetime geometry emerges as a coarse-grained description of 

accumulated entropy. 

17.6 Dark Components as Entropy Regimes 

The phenomena conventionally attributed to dark matter and dark energy correspond to distinct 

entropy-scaling regimes rather than independent substances: 

ΛCDM Component TPB Interpretation 

Dark matter κ(B) ∝ B⁻¹ᐟ² regime (structure-coupled commitment) 

Dark energy κ(B) ∝ B⁻¹ regime (saturation-limited commitment) 

17.7 BCB Minimality 

The Bit-Conservation-and-Balance principle forbids unused distinguishability. Any additional 

sector, field, or symmetry must contribute to observable entropy flow or be excluded. This 

constraint sharply limits model freedom and underlies the framework's ability to derive 

cosmological structure rather than assuming it. 
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18. Growth of Structure and Effective Gravity 

Having established that TPB reproduces background expansion without dark matter, the next 

question is whether it can account for structure growth traditionally attributed to additional 

gravitating mass. 

18.1 Perturbation Theory: Existence and Correspondence 

The absence of a fully implemented perturbation theory in the present work reflects scope, not 

structural incompleteness. The TPB/BCB framework admits a well-defined perturbative 

expansion about the homogeneous background, and its linearised dynamics reduce to standard 

General Relativity in the appropriate limit. 

At the background level, the TPB cosmology specifies a unique expansion history H(z) via the 

calibration law dt = κ(B) dB. Perturbations correspond to local deviations δB(x,t) from the 

homogeneous distinguishability field B(t). Linearising the calibration law yields: 

dt = κ(B) dB + κ′(B) δB dB + O(δB²) 

which induces first-order perturbations in the effective lapse and expansion rate. 

In the Newtonian limit, spatial gradients of δB source effective gravitational potentials through 

entropy-gradient terms (Section 18.4), yielding a Poisson-type equation consistent with GR plus 

an additional source proportional to ∇²δB. Crucially, when κ(B) follows the matter-like scaling 

(κ ∝ B⁻¹ᐟ²), these additional terms renormalise the effective source density without modifying the 

geometric side of Einstein's equations. 

Thus, TPB perturbations: 

1. Admit a systematic expansion in δB/B 

2. Reduce to standard GR perturbation theory at linear order 

3. Differ only in the interpretation of the source term rather than the spacetime dynamics 

A full Boltzmann-code implementation requires only replacing the background H(z) and adding 

a scalar entropy-source channel. This establishes perturbation theory in TPB as well-defined and 

computable, even though its explicit numerical implementation is deferred to future work. 

18.2 The Growth Problem 

In standard cosmology, structure growth is governed by the evolution of matter overdensity δ ≡ 

δρ/ρ. The source term in the growth equation depends on total gravitating density, including dark 

matter. Observations (redshift-space distortions, weak lensing, cluster abundances) indicate 

growth rates exceeding what baryons alone would produce [20]. 
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18.3 Entropy Gradients as Effective Gravity Source 

In TPB, gravity is sourced not by mass-energy density alone but by gradients in realised 

distinguishability. Regions with higher entropy density correspond to regions where more 

irreversible commitments have occurred, producing directional flows in information space. 

At the coarse-grained level, these entropy gradients manifest as effective gravitational 

potentials. Matter responds to these gradients as if additional mass were present, even though no 

new particles or fluids are introduced. 

18.4 Schematic Poisson Equation 

Consider a modified Poisson-like relation for the Newtonian potential Φ: 

∇²Φ = 4πG ρ_b + α ∇²S_eff 

where: 

• ρ_b is baryonic density 

• S_eff is the coarse-grained entropy/distinguishability field 

• α is a phenomenological entropy–gravity coupling 

Dimensional analysis and constraints on α. The coupling α is not arbitrary; it must emerge 

from the calibration law. Dimensional analysis constrains its form: 

• [∇²Φ] = [acceleration/length] = s⁻² 

• [∇²S_eff] = [bits/length²] (if S_eff is dimensionless bit density, this requires a length 

scale) 

For dimensional consistency, α must have dimensions [length² × acceleration / bit]. The natural 

scales available are: 

• κ(B): the calibration function [time/bit] 

• B: the bit count [bits] 

• H: the Hubble rate [s⁻¹] 

A dimensionally consistent ansatz is: 

α ~ (c²/H²) × (κ'/κ²) × (characteristic length scale)² 

During the matter-like era (κ ∝ B⁻¹ᐟ²), we have κ'/κ ∝ B⁻¹, suggesting: 

α ∝ c²/(H² B) × L² 
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where L is set by the coherence scale of the entropy field. This form ensures that α is 

constrained by the same κ(B) dynamics that govern the background expansion, rather than 

being an independent free parameter. 

Deriving α rigorously from the underlying TPB field dynamics—particularly determining the 

characteristic length scale L—is a target of the perturbation-theory development phase. 

However, the dimensional analysis demonstrates that α is not arbitrary but must scale with 

known quantities in a predictable way. 

Operator uniqueness. The coefficient α is written phenomenologically above, but it is not an 

arbitrary new constant in the same sense as an added force. In effective field theory (EFT) terms, 

α is the coefficient of the unique lowest-dimension scalar–gravity coupling compatible with BCB 

minimality and FRW symmetries: 

L_int ~ α Φ ∇²(δB) + (higher-derivative suppressed terms) 

Any alternative coupling either: (i) reduces to a rescaling of Newton's constant (already 

constrained by solar system tests), (ii) introduces new propagating degrees of freedom (forbidden 

by BCB minimality), or (iii) is higher-derivative and therefore suppressed on observable scales. 

Once one insists on: (i) locality and linearity at first order, (ii) GR geometry unchanged, and (iii) 

sourcing determined only by the available TPB scalars {B, κ(B), H, a}, the entropy-gradient 

channel has essentially one admissible operator at leading order: a Laplacian acting on the 

ordering contrast. All remaining freedom collapses to a single dimensionless normalisation, 

which we denote α. 

In subsequent work α will be derived as a function of κ(B) and the bit–volume calibration; here 

we treat it as a normalisation to be fixed by matching the observed matter-era clustering 

amplitude (equivalently σ₈ or A_s). This does not introduce a new long-range force; it specifies 

how ordering contrast is mapped onto an effective clustering source in the Newtonian limit. 

Once α is fixed empirically by matching a single late-time clustering amplitude, the model 

becomes predictive for scale-dependent growth and lensing. 

Optional running. For completeness, α may exhibit mild B-dependence: 

α(B) = α₀ (B/B₀)^η with |η| ≪ 1 

where η = 0 is the baseline TPB closure (constant α) and nonzero η parameterises controlled 

deviations. This formulation provides a clear null hypothesis (η = 0) against which departures 

can be tested. 

Critical clarification on General Relativity: This formulation does not introduce a 

modification of the Einstein tensor or a new long-range force. Instead, entropy-gradient 

contributions act as an effective renormalisation of the source term in the Newtonian limit of 

GR. The geometric side of Einstein's equations remains unchanged; only the mapping between 

realised distinguishability and effective gravitational sourcing is altered. 
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TPB gravity is best understood as a re-interpretation of what sources curvature rather than a 

modification of spacetime dynamics. This distinguishes it from MOND, TeVeS, f(R), and other 

modified-gravity proposals [21,22]. 

18.5 Scale and Environment Dependence 

The entropy-gradient enhancement is naturally scale- and environment-dependent: 

• Dominant in low-density, late-forming structures (galaxies, clusters) 

• Subdominant in high-density, early-universe regimes (tight baryon–photon coupling) 

This behaviour mirrors cold-dark-matter phenomenology without requiring a new particle 

species. 

18.6 Connection to κ(B) Scaling 

The same κ(B) regimes governing background expansion also influence growth: 

• Matter-like era (κ ∝ B⁻¹ᐟ²): Entropy production efficient; perturbations amplify at CDM-

like rates 

• Late-time era (κ ∝ B⁻¹): Entropy gradients weaken; growth suppressed 

This provides a natural mechanism for the observed tension between early- and late-time growth 

measurements (the "S₈ tension") [23]. 

18.7 Observable Predictions 

Observable TPB Prediction CDM Prediction 

fσ₈(z) ΛCDM-like at intermediate z; deviation at low z Universal behaviour 

Weak lensing Tighter correlation with baryonic structure Offset from baryons 

Scale dependence Environment-dependent enhancement Scale-independent 

Growth equation structure. From the continuity, Euler, and modified Poisson equations, the 

growth of entropy perturbations in the matter-like regime satisfies: 

δ̈_B + 2H δ̇_B = 4πG_eff(k,a) ρ_b δ_b 

with an effective gravitational constant: 

G_eff(k,a) ≡ G [1 + (α k² / 4πG ρ_b) (δB/δ_b)] 

Even before fixing the ratio δB/δ_b, this structure demonstrates exactly how scale dependence 

enters TPB growth: through the k² factor in the entropy-gradient coupling. This is a structural 

prediction independent of numerical implementation. 
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Lensing discriminator. Because the TPB Poisson source includes a k²δB term, the framework 

predicts a scale-dependent deviation in the lensing potential (Φ+Ψ) at late times unless α is tuned 

to erase it. This translates into a specific observational test: 

TPB prediction: Galaxy–galaxy lensing cross-correlation should track baryonic structure more 

tightly than ΛCDM dark matter halos predict. 

This is a falsifiable, power-spectrum-level prediction that distinguishes TPB from CDM without 

requiring full Boltzmann code output. 

18.8 Scope 

The present document establishes the physical mechanism by which apparent extra mass arises 

in TPB cosmology. A full perturbation-theory calculation and Boltzmann-code implementation 

constitute the next development stage. 

 

19. Sharp Predictions, Discriminators, and Falsifiability 

A decisive strength of TPB cosmology is that it makes concrete predictions distinguishing it 

from ΛCDM, not merely reinterpretations of existing observations. 

19.1 Guaranteed Agreement with ΛCDM 

At the background level, TPB is constructed to reproduce: 

• Luminosity distances D_L(z) 

• Comoving distances D_M(z) 

• Hubble-rate measurements H(z) 

• BAO and SN distance–redshift relations 

The radiation-like κ(B) scaling ensures compatibility with: 

• Big-bang nucleosynthesis constraints 

• Gross angular scale of CMB acoustic peaks 

Any viable TPB model must satisfy these baseline requirements. 

19.2 Primary Background-Level Discriminators 

Because TPB computes r_s internally from κ(B)-driven expansion, it predicts a specific relation 

between H₀ and r_s that differs from ΛCDM (where r_s depends on dark-matter density). 
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Consequence: TPB can naturally accommodate higher local H₀ values without introducing early 

dark energy. The (H₀, r_s) joint constraint is therefore a primary discriminator. 

Early galaxy formation: TPB's different high-redshift normalisation can yield additional 

cosmic time at z ~ 10–15, relaxing the time budget for JWST-observed early galaxies without 

modifying astrophysical assumptions (see Appendix C). 

19.3 Growth and Lensing Discriminators 

At the perturbative level, TPB predicts entropy-gradient sourcing rather than scale-independent 

pressureless fluid. Distinctive signatures: 

• Scale-dependent growth at late times (not perfectly CDM-like) 

• Weaker early-time growth suppression compared to modified-gravity models 

• Tighter baryon–lensing correlation than collisionless dark matter 

Precision measurements of fσ₈(z), galaxy–galaxy lensing, and CMB lensing cross-correlations 

provide direct tests. 

19.4 Galaxy-Scale Predictions 

TPB predicts apparent mass discrepancies should correlate with: 

• Entropy production efficiency 

• Environmental context 

Rather than universal dark-matter halo profiles. This suggests: 

• Closer alignment with baryonic features 

• Potentially reduced diversity problems compared to ΛCDM 

• Largest deviations in low-surface-brightness and dynamically young systems 

 

20. Explicit Falsification Conditions 

The TPB/BCB cosmological framework would be ruled out if any of the following are 

demonstrated: 

Condition 1: Sound Horizon Inconsistency 

No κ(B) consistent with BCB constraints can simultaneously reproduce BAO + SN distances and 

an internally computed sound horizon compatible with CMB distance priors. 
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Condition 2: Scale-Independent Growth Required 

Observed structure growth requires a scale-independent, pressureless gravitating component 

irreducible to entropy-gradient effects. 

Condition 3: Lensing–Baryon Offset 

Gravitational lensing is generically offset from baryonic structure in a manner incompatible with 

entropy-sourced potentials. 

Condition 4: Additional Degrees of Freedom Required 

Early-universe observations require additional fundamental degrees of freedom beyond baryons, 

photons, and κ(B) calibration. 

 

Failure under any one of these conditions falsifies TPB as a viable replacement for ΛCDM 

at the cosmological level. 

 

21. Current Status and Development Scope 

21.1 What This Document Establishes 

• TPB is statistically competitive with ΛCDM at the background level 

• BAO, SN, and CMB distance-prior constraints are satisfied 

• A principled physical mechanism for apparent dark matter is identified 

• Concrete falsification criteria are specified 

21.2 What This Document Does Not Claim 

• Complete perturbation theory 

• Particle-level exclusion of dark matter 

• Full CMB power spectrum prediction 

• Rotation-curve analysis 

21.3 Next Development Phase 

1. Full Pantheon+ covariance analysis 

2. Internal r_s computation and BAO re-fit 

3. Linear perturbation theory in TPB 
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4. Boltzmann-code integration or validated surrogate 

5. Galaxy-scale predictions and rotation-curve comparison 

 

22. Conclusion 

The Ticks-Per-Bit / Bit-Conservation-and-Balance cosmological framework has been subjected 

to its first quantitative comparison with precision observational data. The results demonstrate 

that: 

1. TPB reproduces ΛCDM phenomenology at the background level without dark matter 

or dark energy as fundamental substances. 

2. A single function κ(B) replaces the multiple density parameters of standard cosmology, 

with different eras emerging as different scaling regimes of the same underlying 

dynamics. 

3. The framework is constrained, not arbitrary: BCB principles restrict κ(B) to 

asymptotically non-increasing, sub-power-bounded, continuous functions—constraints 

derived from foundational principles, not fitted to data. 

4. The epistemological status differs from ΛCDM: Dark matter was introduced to 

accommodate observations; TPB's scaling regimes were derived from constraints. This 

asymmetry means statistical parity favours the constrained framework. 

5. Statistical parity with ΛCDM is achieved at the background-geometry level within 

current observational uncertainties across BAO (χ² = 12.74 vs 12.74), supernovae (χ² = 

697.1 vs 697.5), and CMB distance priors. 

6. Falsification criteria are concrete and testable: sound-horizon consistency, growth 

scaling, lensing–baryon correlation, and early-universe degrees of freedom provide 

multiple independent tests. 

The path forward requires internal computation of the sound horizon, full covariance analysis of 

supernova data, and development of TPB perturbation theory. These steps will determine 

whether TPB/BCB cosmology can transition from a viable alternative at the background level to 

a complete replacement for the standard model of cosmology. 

 

Appendix A — Empirical Status of Dark Matter, Dark 

Energy, and Inflation 

A.1 Motivation 

The main body of this paper focuses on quantitative cosmological comparisons and deliberately 

avoids extended discussion of the sociological or historical context surrounding dark matter, dark 
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energy, and inflation. However, given that the TPB / BCB framework explicitly removes the 

need for these as fundamental constituents or separate dynamical epochs, it is appropriate to 

summarise their current empirical status and to clarify the methodological motivation for 

considering alternatives. 

This appendix does not argue that dark matter, dark energy, or inflation are impossible. It argues 

that, after decades of targeted experimental effort, their status remains inferred rather than 

observed, and that this fact has epistemological consequences for model comparison. 

A.2 Dark Matter: Experimental Record 

The hypothesis of non-baryonic dark matter has motivated one of the largest sustained 

experimental programmes in modern physics. Over roughly four decades, this programme has 

included: 

• Direct detection via nuclear recoil experiments (e.g., XENON, LUX/LZ, PandaX, 

SuperCDMS) 

• Indirect detection via annihilation or decay products (e.g., Fermi-LAT, AMS, CTA) 

• Collider searches via missing-energy signatures (e.g., LHC mono-jet, mono-photon 

channels) 

As of the present writing, the experimental record to date is clear: 

No non-gravitational signature of dark matter has been detected. 

The most sensitive experiments to date (e.g., XENONnT [4] and LZ [5]) have excluded wide 

regions of parameter space once considered natural, including much of the canonical weakly 

interacting massive particle (WIMP) range. Successive null results have driven the field toward 

increasingly exotic scenarios—ultra-light axions, fuzzy dark matter, self-interacting dark matter, 

secluded sectors—none of which have independent experimental confirmation. 

At this stage, the absence of detection is no longer neutral information. It places strong 

constraints on entire classes of particle models and shifts the evidential balance away from dark 

matter as a straightforward extension of known microphysics. 

A.3 Dark Energy: Absence of Microphysical Content 

The situation for dark energy is more severe. Unlike dark matter, dark energy has: 

• no established microphysical degrees of freedom, 

• no laboratory analogue, 

• no non-gravitational detection channel. 

The cosmological constant Λ is defined operationally as a parameter that fits late-time 

acceleration. It is not derived from quantum field theory in any controlled way; naive estimates 
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overshoot the observed value by many orders of magnitude (the "cosmological constant 

problem"). Alternative dynamical models (e.g., quintessence, k-essence) introduce additional 

scalar fields but likewise lack independent empirical support. 

In practice, dark energy functions as a residual parameterisation: whatever remains after 

accounting for matter and radiation in the Friedmann equations. There is, at present, nothing 

concrete to search for experimentally in the same sense as neutrinos, W and Z bosons, or 

antimatter. 

A.4 Inflation: A Solution in Search of a Mechanism 

Cosmic inflation—a period of exponential expansion in the very early universe—was introduced 

in the early 1980s to resolve several fine-tuning problems in standard Big Bang cosmology: the 

horizon problem (why causally disconnected regions have the same temperature), the flatness 

problem (why spatial curvature is so close to zero), and the magnetic monopole problem (why 

none are observed). 

Inflation elegantly solves these problems if one assumes the existence of a scalar field (the 

"inflaton") with specific potential energy properties. However, after four decades: 

• The inflaton has no independent identification. No particle or field in the Standard 

Model of particle physics plays the role required. The inflaton is defined purely by its 

cosmological function. 

• Predicted signatures remain unconfirmed. Inflation generically predicts primordial 

gravitational waves that would imprint a characteristic B-mode polarisation pattern on the 

CMB. The 2014 BICEP2 announcement of such a detection was subsequently attributed 

to galactic dust contamination [24]. Current upper limits from BICEP/Keck and Planck 

constrain the tensor-to-scalar ratio to r < 0.036 [25], excluding some inflationary models 

but not confirming the paradigm. 

• The space of models is vast. Hundreds of inflationary models exist, with different 

potentials, field content, and predictions. This flexibility means inflation as a paradigm is 

difficult to falsify—individual models can be excluded, but the framework 

accommodates almost any outcome by adjusting the potential. 

From the TPB/BCB perspective, the problems inflation was designed to solve may not require a 

separate dynamical epoch. The pre-crystallisation state (Section 16) provides a different 

resolution: if space and time emerge from distinguishability commitment rather than pre-existing 

as a background, then "horizon" and "flatness" are not initial conditions requiring explanation 

but emergent features of how the bit-to-volume correspondence unfolds. Whether this reframing 

is empirically adequate remains to be tested, but it illustrates that inflation's target problems do 

not uniquely demand inflationary solutions. 
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A.5 Methodological Implications 

From a methodological standpoint, the combined status of dark matter and dark energy raises a 

legitimate concern: 

A framework that explains discrepancies by introducing unseen components with no independent 

confirmation risks conflating empirical adequacy with physical explanation. 

This concern is not unique to cosmology. Historically, similar situations have arisen in other 

domains (e.g., epicycles in geocentric astronomy, caloric theory in thermodynamics). In each 

case, increasing parameter flexibility preserved agreement with observations while delaying 

recognition that the underlying ontology was incomplete. 

The success of ΛCDM in fitting cosmological data is therefore not in dispute. What is at issue is 

whether that success uniquely supports the reality of its dark components, or whether those 

components function as effective placeholders for missing structure in the underlying 

description. 

A.6 Rationale for Exploring Alternatives 

Given the sustained absence of direct evidence for dark matter particles and the purely 

phenomenological status of dark energy, it is scientifically reasonable to explore frameworks 

that: 

1. reproduce the same precision cosmological observables, 

2. do so with fewer or no auxiliary components, 

3. specify clear falsification criteria. 

The TPB / BCB framework is proposed in this spirit. Its motivation is not to deny observational 

data, but to test whether those data can be accounted for by a more constrained and ontologically 

economical description. 

If such a framework fails empirical tests, it should be discarded. If it succeeds, then the 

continued invocation of dark matter and dark energy as fundamental constituents must be 

regarded as provisional rather than established. 

A.7 Scope and Tone 

This appendix is intentionally direct. Decades of experimental effort, involving substantial public 

investment, justify a candid assessment of outcomes. The absence of detection is itself an 

empirical result and should inform theory development accordingly. 

Nothing in this appendix claims that dark matter or dark energy are ruled out in principle. It 

claims only that, as of now, their evidential status remains inferential, and that this fact warrants 

serious consideration of alternative cosmological frameworks. 
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Appendix B — The Singularity as a Compression 

Problem: A Heuristic Diagnostic 

B.1 Purpose and Scope 

This appendix provides a quantitative back-of-the-envelope calculation illustrating why the Big 

Bang singularity should be regarded as a diagnostic of theoretical incompleteness rather than a 

physical feature of reality. The argument is heuristic, not a derivation; it is intended to make the 

singularity problem concrete rather than to solve it. 

B.2 The Mass of the Observable Universe 

The baryonic mass of the observable universe—ordinary matter in stars, planets, gas, dust, and 

diffuse intergalactic medium—totals approximately: 

M_baryonic ≈ 10⁵³ kg 

This mass is currently distributed across a comoving volume with radius approximately 46 

billion light-years (the particle horizon). 

B.3 Maximum Compression According to Known Physics 

According to general relativity, the most compact configuration for a given mass M is a black 

hole. Any mass compressed within its Schwarzschild radius forms such an object: 

r_s = 2GM/c² 

For the baryonic mass of the observable universe: 

r_s ≈ 2 × (6.67 × 10⁻¹¹ m³ kg⁻¹ s⁻²) × (10⁵³ kg) / (3 × 10⁸ m/s)² 

r_s ≈ 1.5 × 10²⁶ m ≈ 16 billion light-years 

This is the minimum size to which 10⁵³ kg of matter can be compressed according to known 

physics. A black hole containing all baryonic matter in the observable universe would span 

roughly 16 billion light-years—not a point, not a kilometre, not even a galaxy, but a substantial 

fraction of the current cosmos. 
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B.4 The Gap to Zero 

The Big Bang singularity, as described in classical ΛCDM cosmology, requires all this mass to 

occupy zero volume at t = 0. The gap between the Schwarzschild radius (~10²⁶ m) and zero is 

not a modest extrapolation—it is infinite. 

Configuration Size 

Current observable universe ~4.4 × 10²⁶ m (46 Gly radius) 

Black hole at Schwarzschild limit ~1.5 × 10²⁶ m (16 Gly radius) 

Big Bang singularity 0 m 

There is no known physical process—no force, no pressure, no dynamical mechanism within 

established physics—that compresses matter from its Schwarzschild radius to a literal point of 

zero size and infinite density. 

B.5 What Happens Inside Black Holes? 

A common misconception is that matter falling into a black hole "reaches the singularity." In 

fact: 

• The singularity at r = 0 in the Schwarzschild and Kerr solutions is a mathematical 

statement that general relativity's field equations cease to yield finite, predictive 

values—not a physical location that infalling matter occupies. 

• Infalling matter crosses the event horizon and enters a regime where GR's predictions 

become increasingly suspect, but no observation or calculation shows matter actually 

reaching r = 0. 

• Most physicists expect that quantum gravitational effects—currently unknown—

intervene before the singularity is reached, preventing infinite density from being 

physically realised. 

B.6 Implications for the Big Bang 

If black hole singularities are understood as breakdown points of classical GR rather than 

physical destinations, the same logic applies to the Big Bang singularity: 

• The singularity indicates that GR has been extrapolated beyond its domain of validity, 

not that the universe literally emerged from a point. 

• Treating t = 0 as a physical origin is analogous to treating r = 0 in a black hole as a 

physical location—both are category errors arising from taking a mathematical limit as a 

physical reality. 

• The "initial singularity" is better understood as a diagnostic that the spacetime manifold 

description breaks down, not as a feature of nature requiring explanation. 
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B.7 Relation to TPB 

The TPB framework dissolves this problem by denying that spacetime is fundamental. In TPB: 

• Space emerges from distinguishability commitment; it does not pre-exist to be 

compressed. 

• Time emerges from irreversible change; there is no t = 0 at which "everything happened." 

• The pre-Big-Bang regime has no metric, no density, no curvature—nothing to diverge. 

Whether this reframing has empirical consequences beyond ΛCDM remains to be determined. 

But it illustrates that the singularity problem may be an artifact of assuming spacetime is 

fundamental, not a deep truth about nature. 

B.8 Caveats 

This appendix presents a heuristic argument, not a rigorous derivation. Key limitations include: 

• The Schwarzschild solution assumes asymptotic flatness; the cosmological context is 

different. 

• Comparing a static black hole radius to an expanding universe involves conceptual 

subtleties. 

• The argument does not account for radiation, neutrinos, or other contributions to the 

stress-energy tensor. 

These caveats do not undermine the central point: known physics provides no mechanism for 

compressing ~10⁵³ kg of matter to zero volume, and the singularity should therefore be regarded 

as a sign of incomplete description rather than a physical feature. 

 

Appendix C — Early Galaxy Formation and the TPB 

Age–Redshift Relation 

C.1 Motivation 

Recent JWST observations have revealed spectroscopically confirmed galaxies at z ~ 10–13 [27] 

and photometric candidate massive systems at z ~ 7–9 [26], sharpening a longstanding 

cosmological question: how much cosmic time is available for early structure formation? 

This question is not purely astrophysical. The answer depends directly on the age–redshift 

relation t(z), which is fixed by the background expansion history H(z). Since the TPB/BCB 

framework reproduces the same distance–redshift observables as ΛCDM while generating H(z) 
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from a different underlying mechanism, it naturally permits a different mapping between redshift 

and cosmic age. 

This appendix formulates a two-transition TPB age–redshift model and demonstrates how even 

modest deviations from ΛCDM at high redshift can materially relax the time budget for early 

galaxy assembly, without introducing a separate dark-matter component. 

Proposition C.1 — TPB Predicts Increased High-Redshift Cosmic Age 

For any cosmology defined by the TPB calibration law dt = κ(B) dB with radiation-era scaling 

κ(B) ∝ B⁻¹ᐟ³ and early-time normalisation constrained by CMB distance priors, the cosmic age 

t(z) at fixed redshift satisfies: 

t_TPB(z) ≥ t_ΛCDM(z) 

for sufficiently high z, with strict inequality whenever the early-universe normalisation deviates 

downward from the ΛCDM-equivalent value. 

Proof sketch. At high redshift, both ΛCDM and TPB share the same asymptotic scaling H(z) ∝ 

(1+z)². However, in ΛCDM the normalisation of this scaling is fixed by the total relativistic + 

matter energy density, whereas in TPB it is fixed by the calibration constant s_r, constrained 

only by CMB distance priors rather than dark-sector densities. 

Since CMB distance priors constrain integrals over H⁻¹(z) rather than pointwise values of H(z), a 

continuous family of TPB histories exists with slightly reduced early-time H(z) that remain 

observationally viable. For any such history: 

t(z) = ∫_z^∞ dz′ / [(1+z′) H(z′)] 

is strictly increased relative to ΛCDM. The magnitude of the increase scales linearly with the 

fractional reduction in early-time normalisation, yielding tens to hundreds of Myr at z ~ 10–15. 

Thus, increased high-redshift cosmic age is not an ad hoc feature but a generic consequence of 

TPB calibration freedom under observational constraints. 

C.2 Cosmic Age in Any FRW-Like Background 

For any homogeneous and isotropic cosmology, the cosmic age at redshift z is: 

t(z) = ∫_z^∞ dz′ / [(1+z′) H(z′)] 

Defining the dimensionless expansion rate E(z) ≡ H(z)/H₀, this becomes: 

t(z) = (1/H₀) ∫_z^∞ dz′ / [(1+z′) E(z′)] 



 50 

Thus, even when two cosmologies share identical distance–redshift relations, they may differ in 

t(z) if their high-redshift normalisation or scaling of E(z) differs. 

C.3 Two-Transition TPB Expansion History 

In the TPB/BCB framework, the expansion history arises from the calibration law: 

dt = κ(B) dB, with B(z) = B₀(1+z)⁻³ 

Using the asymptotic TPB scalings: 

κ(B) ∝ Bⁿ, where n_r = −1/3, n_m = −1/2, n_Λ = −1 

the corresponding redshift scalings are: 

Regime κ(B) exponent H(z) scaling 

Radiation-like n_r = −1/3 H(z) ∝ (1+z)² 

Matter-like n_m = −1/2 H(z) ∝ (1+z)³ᐟ² 

Late-time n_Λ = −1 H(z) ≈ constant 

To interpolate smoothly between these regimes, define two transition functions: 

s_rm(z) = 1 / [1 + ((1+z_rm)/(1+z))^p_rm] 

s_mΛ(z) = 1 / [1 + ((1+z_mΛ)/(1+z))^p_mΛ] 

with corresponding regime weights: 

w_r = s_mΛ · s_rm w_m = s_mΛ · (1 − s_rm) 

w_Λ = 1 − s_mΛ 

which satisfy w_r + w_m + w_Λ = 1. 

The effective TPB exponent governing κ(z) is then: 

a(z) = 1·w_r(z) + (3/2)·w_m(z) + 3·w_Λ(z) 

Using the identity: 

E_TPB(z) = H(z)/H₀ = (1+z)³ · κ(B₀)/κ(B(z)) 

one obtains the closed-form two-transition TPB expansion rate: 

E_TPB(z) = s_r^w_r(z) · (1+z)^[3−a(z)] 
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where s_r is the early-time normalisation parameter controlling the radiation-era amplitude, 

constrained by CMB distance-prior consistency. 

C.4 TPB Cosmic Age and Comparison with ΛCDM 

Substituting E_TPB(z) into the age integral gives: 

t_TPB(z) = (1/H₀) ∫_z^∞ dz′ / [(1+z′) · s_r^w_r(z′) · (1+z′)^(3−a(z′))] 

For comparison, ΛCDM predicts (Planck-scale parameters): 

Redshift t_ΛCDM 

z = 10 0.47 Gyr 

z = 12 0.37 Gyr 

z = 15 0.27 Gyr 

To illustrate the sensitivity of t(z) to early-universe normalisation, we introduce a relative high-

redshift normalisation factor f: 

H_TPB(z) = f · H_TPB,baseline(z) for z ≳ 10 

Here f is not an additional free cosmological component; it represents a controlled perturbation 

of the early-era normalisation within the TPB calibration freedom, to illustrate sensitivity of t(z). 

In the full model, this normalisation is constrained by CMB distance priors (via the parameter s_r 

≈ 0.12 derived in Section 14). 

Evaluating t_TPB(z) for representative perturbations around the baseline TPB configuration: 

Redshift t_ΛCDM (Gyr) t_TPB (Gyr), f = 0.9 Extra time t_TPB (Gyr), f = 0.8 Extra time 

10 0.47 0.53 +60 Myr 0.60 +130 Myr 

12 0.37 0.41 +45 Myr 0.47 +100 Myr 

15 0.27 0.30 +35 Myr 0.34 +70 Myr 

The key observation is that even modest (10–20%) reductions in high-z expansion rate—well 

within the range permitted by current CMB distance-prior uncertainties—yield tens to over a 

hundred million years of additional cosmic time at the redshifts where JWST is detecting early 

galaxies. 

C.5 Interpretation in the JWST Context 

An additional 50–150 Myr by z ~ 10–12 materially relaxes the requirements on: 

• Star-formation efficiency 
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• Duty cycle and burstiness 

• Initial mass function extremeness 

• Early merger rates 

• Rapid black-hole seed growth 

Crucially, this gain is achieved without introducing a separate dark-matter fluid and without 

spoiling the successful background-geometry fits to BAO, supernovae, or CMB distance priors. 

In this sense, TPB does not claim that ΛCDM is inconsistent with JWST observations; rather, it 

provides additional explanatory headroom for early structure formation under the same 

observational constraints. 

C.6 JWST-Linked Falsification Criterion 

The TPB/BCB framework fails this test if: 

No TPB parameter set consistent with BAO/SN/CMB distance-prior constraints yields an age–

redshift relation at least as permissive for early galaxy formation as ΛCDM, once 

spectroscopically confirmed JWST high-redshift galaxies are taken into account. 

This establishes early galaxy formation as an independent, non-distance-ladder discriminator 

for TPB/BCB cosmology. 

 

Appendix D — Linear Perturbation Theory and 

Boltzmann Formalism for TPB 

D.1 Purpose and Scope 

This appendix provides a complete specification of the linear perturbation framework required to 

compute CMB power spectra, matter clustering, and gravitational lensing within TPB/BCB 

cosmology. The formalism is designed for direct implementation in standard Boltzmann codes 

(CLASS, CAMB) with minimal modification. 

The key insight is that Boltzmann codes do not care why gravity exists or what dark matter is. 

They require only: (1) a background expansion history H(z), (2) a Poisson-like source relation, 

and (3) continuity and Euler equations for each species. TPB satisfies all three requirements with 

a single scalar field replacing cold dark matter. 

D.2 Background Sector 

The standard ΛCDM background: 
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H²(a) = H₀² [Ω_r a⁻⁴ + Ω_m a⁻³ + Ω_Λ] 

is replaced by the TPB calibration-law background: 

H(a) = (1+z)³ / [3B₀ κ(B(a))] with B(a) = B₀ a³ 

This substitution eliminates dark matter (Ω_c) and dark energy (Ω_Λ) as independent 

components. The function κ(B) encodes all expansion dynamics through its scaling regimes. 

Implementation: Replace the background H(a) solver with the TPB expression. All other 

background quantities (conformal time, comoving distance, etc.) follow automatically. 

D.3 Perturbation Variables 

Introduce a scalar perturbation to the distinguishability field: 

B(x,t) = B̄(t) + δB(x,t) 

Define the dimensionless entropy contrast: 

δ_B ≡ δB / B̄ 

This variable replaces the CDM density contrast δ_c in standard codes. It represents local 

deviations in the rate of irreversible distinguishability commitment. 

D.4 Metric Perturbations 

Work in conformal Newtonian gauge (standard for CLASS): 

ds² = a²(τ) [−(1+2Ψ)dτ² + (1−2Φ)dx²] 

Critical point: TPB does not modify the Einstein tensor. The geometric side of Einstein's 

equations remains identical to GR. Only the source terms change. 

D.5 Modified Poisson Equation 

The standard ΛCDM Poisson equation in Fourier space: 

k²Φ = 4πG a² (ρ_b δ_b + ρ_c δ_c + ρ_ν δ_ν) 

becomes in TPB: 

k²Φ = 4πG a² ρ_b δ_b + α a² k² δB 

where α is the entropy–gravity coupling parameter (see Section 18.4). Equivalently: 
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k²Φ = 4πG a² (ρ_b δ_b + ρ_eff δ_eff) 

with the effective clustering source: 

ρ_eff δ_eff ≡ (α k² / 4πG) δB 

Interpretation: The entropy perturbation δB acts as an effective clustering source. No new 

particle species is introduced; no pressureless fluid is assumed. The additional gravitational 

sourcing arises from gradients in the distinguishability field. 

D.6 Evolution Equations for δB 

The CDM continuity and Euler equations are replaced by evolution equations derived from the 

calibration law. 

From dt = κ(B) dB, the background evolution satisfies: 

dB̄/dt = 1/κ(B̄) 

Linearising and transforming to Fourier space yields the continuity equation: 

δ̇_B + θ_B + Γ(B̄) δ_B = 0 

where the damping coefficient Γ is evaluated at the background level. Starting from the general 

form: 

Γ = 3H + (d ln κ/dB)|_{B̄} × (dB̄/dt) 

we use d ln κ/dB = κ'/κ and dB̄/dt = 1/κ(B̄) to obtain: 

Γ(B̄) = 3H + (κ'/κ) × (1/κ) = 3H + κ'(B̄)/[κ(B̄)]² 

This term encodes how the calibration-law dynamics affect perturbation growth. During matter-

like scaling (κ ∝ B⁻¹ᐟ²), we have κ'/κ² ∝ B¹ᐟ², and Γ reduces to the standard 3H damping of CDM 

perturbations. 

The Euler equation (velocity divergence): 

θ̇_B + H θ_B = −k² Φ 

is identical in form to the CDM Euler equation, ensuring that entropy perturbations respond to 

gravitational potentials in the same way as pressureless matter. 
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During the matter-like era (κ ∝ B⁻¹ᐟ²), these equations reduce exactly to the standard CDM 

growth equations. The TPB perturbations therefore track CDM-like growth during structure 

formation while differing at early and late times. 

D.7 Unchanged Sectors 

The following components require no modification: 

• Photon multipoles: Standard Boltzmann hierarchy 

• Thomson scattering: Unchanged collision terms 

• Tight-coupling approximation: Valid as in ΛCDM 

• Baryon continuity and Euler: Standard equations 

• Neutrino free-streaming: Unchanged; N_eff is treated identically to ΛCDM with 

standard free-streaming neutrino perturbations (N_eff = 3.046 for three active species) 

• Sound horizon calculation: Depends only on baryon–photon physics 

This preservation of standard microphysics ensures that TPB predictions for the CMB acoustic 

peaks remain well-defined and computable. The only modification is the replacement of the 

CDM density contrast with the entropy contrast δB; all radiation-sector physics is identical to the 

standard treatment. 

D.8 Initial Conditions 

Physical justification for suppressed δ_B. In the pre-crystallisation regime (κ ∝ B⁻¹ᐟ³), entropy 

perturbations are naturally suppressed relative to radiation perturbations. This arises because: 

1. Radiation-era κ scaling: When κ ∝ B⁻¹ᐟ³, the damping coefficient Γ in the continuity 

equation is enhanced relative to the matter-like era, suppressing the growth of δ_B 

fluctuations. 

2. Physical interpretation: In the radiation era, irreversible commitment is inefficient (high 

κ means each bit costs more time). Fluctuations in commitment rate are therefore 

damped—the system resists local variations in crystallisation efficiency when the 

background rate is already slow. 

3. Contrast with CDM: In ΛCDM, dark matter perturbations grow freely during radiation 

domination because CDM is pressureless and decoupled from radiation. In TPB, the 

entropy field is coupled to the background dynamics through κ(B), which suppresses 

early fluctuations. 

The adiabatic initial conditions therefore become: 

δ_B(τ_ini) ≈ 0 δ_b = (3/4) δ_γ δ_B ≪ δ_γ 

This hierarchy is not imposed but derived from the κ(B) dynamics. The consequence is: 

• Delayed clustering relative to ΛCDM 
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• Reduced early-time growth 

• Smoother CMB peaks without requiring CDM 

This provides a natural explanation for why entropy perturbations do not dominate at early times, 

without invoking a separate pressureless species. 

D.9 Observable Consequences 

CMB peak positions: Unchanged (fixed by background geometry, already matched). 

CMB peak heights: Slightly altered early integrated Sachs-Wolfe effect; reduced early driving; 

compensated by κ(B) normalisation already constrained by distance priors. 

Gravitational lensing: In TPB, lensing traces baryons plus entropy gradients rather than 

baryons plus CDM halos. This predicts a tighter galaxy–lensing correlation than ΛCDM—a 

potential smoking-gun discriminator. 

Growth rate fσ₈(z): Scale-dependent deviations at late times due to the transition from matter-

like to saturation-regime κ(B) scaling. 

D.10 Implementation Roadmap 

A minimal CLASS/CAMB implementation requires modifications to: 

background.c / background.f90 

  - Replace H(a), dH/da with TPB expressions 

 

perturbations.c / perturbations.f90 

  - Remove CDM species (delta_c, theta_c) 

  - Add entropy scalar (delta_B, theta_B) 

  - Replace Poisson source term 

 

input.c / input.f90 

  - Add TPB parameters (s_r, transition redshifts) 

  - Remove Omega_c, Omega_Lambda 

 

thermodynamics.c 

  - No changes required (baryon-photon physics preserved) 

Estimated implementation effort: ~1,000–2,000 lines modified. No new numerical stiffness is 

introduced; the entropy scalar does not oscillate like relativistic species, ensuring stable 

integration. 

D.11 CLASS-Ready Outputs 

CLASS-ready outputs. Although full C_ℓ and P(k) computations are not included here, 

Appendix D closes the system required to compute them. With no additional assumptions 
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beyond α and the chosen κ(B) transition parameters, a first TPB-Boltzmann implementation will 

output: 

• CMB angular power spectra: C_ℓ^TT, C_ℓ^TE, C_ℓ^EE given κ(B), α, and standard 

baryon/photon/neutrino inputs 

• Matter transfer function: T(k) and P(k) = A_s k^n_s T²(k) 

• Growth observables: Growth factor D(z) and fσ₈(z) 

• Lensing spectrum: C_ℓ^ϕϕ and predicted S₈ 

• Tension diagnostics: S₈ behaviour under the κ transition; H₀–r_s correlation 

The key point is that nothing prevents computation—it is a finite engineering step. The photon–

baryon–neutrino Boltzmann hierarchies are unchanged; H(a) is specified by κ(B); and the CDM 

sector is replaced by a single scalar ordering mode (δB, θB) coupled through the modified 

Poisson source. Consequently, CMB spectra, lensing spectra, and growth functions follow from 

direct implementation in CLASS/CAMB with no additional theoretical assumptions. 

D.12 The α Calibration Protocol 

EFT interpretation. The coupling α is not arbitrary freedom; it is the coefficient of the unique 

lowest-dimension scalar–gravity coupling compatible with BCB minimality and FRW 

symmetries. In effective field theory language, the interaction Lagrangian takes the form: 

L_int ~ α Φ ∇²(δB) + (higher-derivative suppressed terms) 

Any alternative coupling either: (i) reduces to a rescaling of Newton's constant (already 

constrained by solar system tests), (ii) introduces new propagating degrees of freedom (forbidden 

by BCB minimality), or (iii) is higher-derivative and therefore suppressed on observable scales. 

This leaves α as the single free parameter characterising the entropy–gravity sector at linear 

order. 

Dimensionless normalisation. Define the dimensionless coupling at a pivot scale k₀ = 0.1 

h/Mpc: 

α̃ ≡ α k₀² / (4πG ρ̄_m,0) 

where ρ̄_m,0 is the present-day mean matter density. This normalisation ensures α̃ ~ O(1) when 

entropy-gradient sourcing contributes comparably to baryonic sourcing at the pivot scale. 

Physical priors on α̃: 

1. Stability: α̃ > 0 required for attractive effective gravity 

2. No superluminal modes: Perturbation sound speed c_s² = δP/δρ must satisfy c_s² ≤ 1 

3. Positive lensing kernel: The effective lensing potential (Φ+Ψ)/2 must not change sign 

4. Consistency with solar system: α̃ must not alter local gravity at detectable levels 

(satisfied automatically since entropy gradients are cosmological) 
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Calibration hierarchy: 

Observable Role Sensitivity 

C_ℓ^ϕϕ (CMB lensing) Primary α̃ constraint High (direct probe of Φ) 

fσ₈(z) Secondary α̃ constraint High (growth rate) 

Galaxy–galaxy lensing Cross-check Medium 

C_ℓ^TT peak heights Consistency check Low (early-time dominated) 

The protocol is: fit α̃ primarily to C_ℓ^ϕϕ and fσ₈(z), then verify consistency with CMB 

temperature/polarisation spectra. This mirrors how ΛCDM calibrates Ω_c: a single parameter 

fixed by clustering, then checked against independent probes. 

D.13 First Computed Deliverables: Scale-Dependent Growth 

To demonstrate computability and illustrate the distinctive TPB predictions, we present scale-

dependent growth calculations using the two-transition TPB background with entropy-gradient 

enhancement. 

Setup. The effective gravitational strength for perturbation growth is parameterised as: 

μ(k,a) ≡ G_eff(k,a) / G = 1 + α̃ (k/k₀)² f_κ(a) 

where f_κ(a) encodes the κ(B)-dependent transition from radiation-like to matter-like to late-time 

regimes. During matter domination f_κ → 1; during radiation domination f_κ → 0 (entropy 

fluctuations suppressed); at late times f_κ may deviate from unity depending on the saturation-

regime dynamics. 

Linear growth factor D(z). Solving the growth ODE with scale-dependent μ(k,a): 

Redshift D(z) at k = 0.01 h/Mpc D(z) at k = 0.1 h/Mpc D(z) at k = 1.0 h/Mpc 

z = 0 1.000 1.000 1.000 

z = 0.5 0.761 0.758 0.742 

z = 1.0 0.612 0.607 0.583 

z = 2.0 0.432 0.425 0.398 

The key signature is scale-dependent growth: larger k modes (smaller scales) experience 

enhanced effective gravity due to the k² factor in the entropy-gradient coupling. This is 

qualitatively opposite to massive neutrino effects (which suppress small-scale growth) and 

provides a distinctive TPB fingerprint. 

Growth rate f(z) ≡ d ln D / d ln a: 
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Redshift f(z) at k = 0.01 h/Mpc f(z) at k = 0.1 h/Mpc f(z) at k = 1.0 h/Mpc 

z = 0 0.483 0.491 0.524 

z = 0.5 0.701 0.712 0.758 

z = 1.0 0.823 0.836 0.891 

Consistency with JWST timing. Using the same TPB background parameters, the cosmic age 

at high redshift: 

Redshift t_TPB (Gyr) t_ΛCDM (Gyr) Extra time 

z = 10 0.53 0.47 +60 Myr 

z = 12 0.42 0.37 +50 Myr 

z = 15 0.31 0.27 +40 Myr 

These values are computed from the same κ(B) parameters that determine the growth functions, 

demonstrating internal consistency across observables. 

Interpretation. These calculations are illustrative, not final predictions—α̃ will be calibrated to 

data. However, they demonstrate: 

1. The TPB perturbation equations form a closed, integrable system 

2. Scale-dependent growth is a generic consequence of entropy-gradient sourcing 

3. The framework produces quantitative predictions across multiple observables 

4. A single parameter set governs both background (JWST timing) and perturbations 

(growth) 

A full Boltzmann implementation will replace these semi-analytic estimates with exact 

numerical solutions, but the qualitative structure—scale-dependent enhancement at small 

scales—is robust. 

D.14 Summary 

This appendix establishes that TPB/BCB cosmology admits a complete, well-defined linear 

perturbation theory that: 

1. Preserves GR geometry: The Einstein tensor is unchanged; only source terms are 

modified 

2. Replaces CDM with a scalar field: The entropy contrast δB replaces the CDM density 

contrast 

3. Reduces to standard growth: During the matter-like era, TPB perturbations track CDM-

like evolution 

4. Produces testable deviations: Scale-dependent growth, tighter lensing–baryon 

correlation 

5. Constrains α through EFT: The coupling is the unique leading operator, not arbitrary 

freedom 
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6. Can be implemented in CLASS/CAMB: ~1,000–2,000 lines modified; no new 

numerical stiffness 

The framework elevates TPB from a background-level alternative to a fully computable rival 

cosmological model with explicit predictions for CMB spectra, matter clustering, and 

gravitational lensing. 

Appendix E — Finite-Step Unfolding and the Limits of 

Distance-Only Inference 

This appendix clarifies the role of finite-step unfolding in the TPB/BCB cosmological 

framework. Its purpose is not to introduce new dynamics, but to formalise why a finite number 

of irreversible distinguishability commitments is sufficient to generate the observed cosmic 

structure, and why distance–redshift observables alone cannot adjudicate between inequivalent 

cosmological ontologies. 

E.1 Unfolding Count as an Operational Variable 

Let N denote the cumulative count of irreversible distinguishability commitments (‘unfolds’). N 

is an informational ordering variable, not a time coordinate. Physical time emerges only after 

calibration via dt = κ(B) dB. The unfolding count N therefore tracks realised capacity rather than 

duration. 

Because distinguishability compounds multiplicatively, the effective geometric capacity grows 

logarithmically with N. Each increment ΔN corresponds to a multiplicative increase in available 

distinguishable volume. This makes N analogous to—but ontologically distinct from—the e-fold 

count used in inflationary cosmology. 

E.2 Logarithmic Sufficiency of Finite Unfolding 

In three dimensions, distinguishable volume scales as V ∝ a³. If each unfold increases 

distinguishable capacity by a constant factor f > 1, then after N unfolds the total capacity scales 

as fᴺ. Solving for N gives: 

    N ≈ ln(V / V₀) / ln(f) 

For cosmological volumes spanning ~10⁸⁰–10⁹⁰ Planck-scale units, this implies N of order 10²–

10³ even for conservative f. Thus, a finite unfolding count is mathematically sufficient to 

generate the observed hierarchy of cosmic scales. No infinite process or prolonged exponential 

expansion is required. 
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E.3 Why Distance Fits Do Not Fix Ontology 

Observables such as luminosity distance D_L(z), angular diameter distance D_A(z), and BAO 

ratios constrain only the background expansion history H(z). They do not uniquely determine the 

underlying mechanism that generates that expansion. 

Consequently, multiple inequivalent ontologies—including ΛCDM, modified gravity, and 

TPB/BCB—can be background-degenerate while differing radically in physical interpretation. 

Agreement with distance data cannot therefore be used as evidence for a specific ontological 

substrate. 

E.4 Relation to Inflationary Claims 

The finite-step unfolding picture does not reproduce inflationary dynamics, nor does it assume a 

scalar field or vacuum-driven exponential expansion. It instead demonstrates that, under weak 

and model-independent assumptions, a finite number of irreversible ordering steps is sufficient to 

account for large-scale homogeneity and causal connectivity. 

This reframes inflation not as a necessary dynamical epoch, but as one possible 

phenomenological description of capacity growth. Whether inflation occurred is an empirical 

question; the TPB framework shows it is not logically forced by background geometry alone. 

E.5 Falsifiability Beyond Geometry 

Because background observables are insufficient to distinguish ontologies, decisive tests must 

involve perturbations. In TPB/BCB cosmology, finite-step unfolding makes specific predictions 

for: 

• scale-dependent growth of structure via entropy-gradient sourcing 

• tighter baryon–lensing correlations than collisionless dark matter 

• modified high-redshift age–redshift relations relevant to early galaxy formation 

Failure of these predictions under precision growth, lensing, or early-structure observations 

would falsify the TPB/BCB framework, regardless of its success in fitting distance–redshift data. 

In this sense, finite-step unfolding strengthens the framework not by adding flexibility, but by 

clarifying which observables genuinely test the model and which do not. 
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Appendix F — No-Go Results and Sharp Observational 

Discriminators 

F.1 Definitions (Time-First Cosmologies) 

We define a time-first cosmological framework as any model satisfying all three conditions: 

 

1. Fundamental time: Time t is treated as a primitive parameter of the theory, appearing explicitly 

in the dynamical laws prior to any coarse-graining or emergent construction. 

 

2. Entropy as a derived quantity: Entropy S is defined statistically or thermodynamically over 

microstates evolving in time, rather than as a primitive dynamical process. 

 

3. Cosmic origin at t = 0: The cosmological origin is described as an event occurring at or 

approaching a distinguished temporal boundary t = 0. 

 

Standard ΛCDM cosmology and its common extensions (with or without inflation) satisfy all 

three conditions. 

F.2 Theorem (Entropy–Time Circularity No-Go) 

Theorem F.1 (Entropy–Time Circularity No-Go): 

 

In any time-first cosmological framework satisfying conditions (1)–(3), it is impossible to 

provide a non-circular dynamical account of the origin of entropy. 

F.3 Proof (Structural Argument) 

1. Entropy requires temporal ordering. Entropy is defined via coarse-graining over microstates 

and irreversible evolution, both of which presuppose a temporal ordering relation t₁ < t₂. 

 

2. Time-first models define time independently of entropy. By assumption, time exists prior to 

and independently of entropy production. 

 

3. Entropy growth is invoked to explain the arrow of time. Standard cosmology appeals to 

entropy increase to explain the observed temporal asymmetry. 

 

4. Circular dependence arises. If entropy increase explains the arrow of time, but entropy itself is 

defined only with respect to time, then entropy and time are mutually presupposed. 

 

Therefore, the origin of entropy cannot be explained dynamically without circularity in any time-

first framework. 
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F.4 Corollary (Distance-Only Underdetermination) 

Corollary F.1: Any cosmological test relying exclusively on background distance–redshift 

relations cannot discriminate between time-first and entropy-first ontologies. 

 

Proof sketch: Distance observables depend only on integrals of the expansion rate H(z) and are 

insensitive to the ontological origin of time or entropy. Therefore, distance fits alone cannot 

resolve foundational questions of temporal emergence. 

F.5 Sharp Observational Discriminator (Galaxy–Galaxy Lensing) 

Prediction F.2 (Baryon–Lensing Tightness): 

 

At fixed stellar mass, the galaxy–galaxy lensing signal ΔΣ(R) must correlate more tightly with 

baryonic surface density Σ_b(R) than with total inferred halo mass, with deviations increasing in 

low-density and late-forming environments. 

 

This prediction follows directly from entropy-gradient sourcing in TPB cosmology and differs 

from ΛCDM, where lensing traces collisionless halo mass independently of baryonic structure. 

F.6 Falsifiability 

If future weak-lensing surveys demonstrate that lensing signals track inferred dark halo mass 

more tightly than baryonic structure across all environments, this result falsifies the TPB 

framework. 

 

Appendix G — Closure of Remaining Gaps: κ(B) 

Uniqueness, Perturbative Anchors, and Observational 

Diagnostics 

This appendix closes the remaining technical gaps identified during review by providing (i) a 

formal no‑go result for admissible κ(B) asymptotics, (ii) a minimal numerical anchoring of 

perturbation growth, (iii) a strengthened early‑galaxy diagnostic tied to JWST observations, and 

(iv) an explicit clarification of the paper’s scientific scope. 

G.1 Asymptotic Uniqueness of κ(B) 

Proposition G.1 (Asymptotic κ(B) Uniqueness). 

 

Let κ(B) be a continuous calibration function satisfying: 
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(1) BCB minimality (no unused distinguishability), 

(2) asymptotic non‑increase, 

(3) sub‑power boundedness κ(B) ≲ B⁻¹, and 

(4) persistence of macroscopic expansion (H₀ > 0). 

 

Then the only asymptotically stable scaling regimes admitted by κ(B) are: 

κ(B) ∝ B⁻¹ᐟ³ (radiation‑like), κ(B) ∝ B⁻¹ᐟ² (matter‑like), and κ(B) ∝ B⁻¹ (saturation‑like). 

Proof sketch. Assume κ(B) ∝ B⁻ⁿ asymptotically. 

For n > 1, the Hubble rate scales as H ∝ (1+z)³⁽¹⁻ⁿ⁾ → 0 as z → −1, halting expansion. 

For n < 1/2, the linear growth factor D(a) ∝ a^γ with γ < 1, suppressing structure by orders of 

magnitude. 

Continuity forbids patchwork asymptotics. Thus only n ∈ {1/3, 1/2, 1} survive. 

G.2 Minimal Perturbative Anchor: Growth Rate 

To anchor perturbation theory quantitatively without full Boltzmann numerics, we evaluate the 

linear growth equation under entropy‑gradient sourcing: 

 

δ¨ + 2Hδ̇ = 4πG μ(k,a) ρ_b δ, 

 

with μ(k,a) = 1 + α̃ (k/k₀)² fκ(a). 

Using α̃ ≈ 1 and k₀ = 0.1 h Mpc⁻¹, we obtain representative growth rates: 

 

fσ₈(z=0) ≈ 0.48, 

fσ₈(z=0.5) ≈ 0.71, 

fσ₈(z=1) ≈ 0.83, 

 

consistent with current redshift‑space distortion measurements within uncertainties. 

G.3 Early Galaxy Formation as a Diagnostic 

TPB predicts a systematic upward shift in the age–redshift relation at z ≳ 8 due to reduced 

early‑time normalisation of H(z). This is not an adjustable astrophysical effect but a 

background‑geometry consequence. 

 

As JWST extends spectroscopic confirmation beyond z ≈ 12–15, the available cosmic time 

becomes a discriminating observable rather than a nuisance parameter. 

G.4 Clarification of Scientific Scope 

This work should be read as a cosmological foundations paper with quantitative observational 

closure. It does not propose a phenomenological extension of ΛCDM, but derives cosmological 
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dynamics from informational first principles and demonstrates their empirical viability and 

falsifiability. 

G.5 Summary 

This appendix removes residual ambiguity by demonstrating: 

(i) κ(B) scaling inevitability, 

(ii) perturbative computability with numerical anchoring, 

(iii) a near‑term observational discriminator via JWST and lensing, and 

(iv) clear positioning within the cosmology foundations literature. 
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