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Abstract

STLR is a thermodynamic cosmology that treats expansion as entropy-driven curvature flattening
in a closed, quantized universe. Curvature is carried by three conserved components, universal
background curvature E, radiation curvature E,,, and local curvature tension AE, and cosmic
history is the record of energy moving between them. What ACDM attributes to dark energy and
dark matter is reinterpreted as curvature-energy: late-time acceleration arises as entropy reclaims
curvature from structure, and the missing-mass problem is accounted for by AE, not by a new
particle species. Photon redshift does not destroy energy; STLR assigns the lost photon energy to
the curvature-tension field, enforcing global conservation over the active sector. Time dilation,
black holes, and large-scale structure remain consistent with General Relativity, while causal
microstructure and discrete universal clock provide a coexistence framework with quantum
theory rather than a single smooth unification. As photon curvature vanishes and AE relaxes
toward E, expansion must asymptotically slow, leading to a finite final size and a terminal state

of Perfect Stillness.
1. Introduction

Modern cosmology explains observations with adjustable parameters and unobserved
components, but it does not identify the physical cause of expansion or the thermodynamic fate
of the universe. ACDM describes the data but leaves fundamental questions unresolved: the
nature of dark energy, the origin of dark matter, the conservation of photon energy under redshift,
and the incompatibility between General Relativity and quantum theory. STLR approaches these
problems from first principles. It assumes only thermodynamic law, a closed universe, and
quantized curvature, and treats expansion as a consequence of entropy acting on the curvature
structure of spacetime. In this framework, dark energy is unnecessary, dark matter is not
particulate, and photon energy remains conserved through curvature reallocation. The universal

clock and discrete casual network define a coexistence model in which GR and quantum



constraints operate simultaneously without requiring smooth unification. STLR is built to be
minimal, physical, and falsifiable, offering a law-bound explanation for cosmic evolution and its

eventual thermodynamic end.

2. Pre-Framework Details

2.1 Assumptions

1. The Laws of Thermodynamics are unwavering.
All evolution must obey conservation and the increase of entropy.
2. The Universe is a closed system.
No energy, curvature, or information enters or leaves the universe.
3. Curvature is continuous and quantized.
Every causal event of the microstructure carries finite curvature-energy.
4. Time is governed by a universal clock.
The universe updates in discrete, universal ticks.
5. A universal compression limit exists.
No region of spacetime can exceed the maximum curvature-density permitted per causal

event.

2.2 Casual Microstructure

In STLR, the fundamental structure of spacetime is the causal and thermodynamic framework
through which information can lawfully propagate. It is not a geometric scaffold or spatial
discretization. Space remains continuous and differentiable at observable scales, preserving the
geometric requirements of General Relativity. The causal microstructure constrains how updates

occur, not the form of geometry itself.

The Planck length £p marks the smallest operational scale at which spatial measurement retains
physical meaning; below this scale, geometric distance is still mathematically divisible but no
longer independently measurable apart from causal structure. The Planck time tp is the shortest
allowable interval between causally related events. Time cannot advance in smaller increments

because sub-Planck intervals violate thermodynamic constraints, energy bounds, and causality.



Discrete time arises not from spatial pixelation but from the fact that a causal update cannot

occur more frequently.

Each causal event functions as a finite-capacity informational update subject to two strict limits:

1. A maximum curvature-energy assignment permitted by S7TLR § thermodynamic
compression limits; and
2. A maximum causal-propagation rate of one new event per tick along a null worldline,

corresponding to the observed speed of light.

These limits prevent divergences in curvature, energy density, and causal connectivity.
Mathematical pathologies such as singularities in continuum GR correspond to regions where no

further causal events can be added while respecting these constraints.

Although information is updated discretely, the curvature-energy carried through causal links
blends thermodynamically across many events. This produces an emergent spacetime that is
smooth at all observable scales, even as it is constructed from a discrete sequence of causal
updates. For any rest frame, geometry appears continuous. During each tick, curvature values,
real-number quantities, are propagated along causal relations and incorporated into the next layer

of events, “stitching” the causal network into a smooth effective manifold.

2.2.1 Formal Definition of the Microstructure

STLR defines the fundamental structure of spacetime as a discrete causal-thermodynamic
system,
Mstir = (E,<,C,U)
where each component specifies one aspect of the underlying microstructure[1].
E — the set of causal events
Each element e € Erepresents a fundamental informational update of curvature-energy.
Events are the discrete “ticks” of spacetime itself. They are not spatial points or geometric cells;
they are the irreducible transitions out of which emergent geometry is constructed.
< — the causal partial order

For events e;,e, € E,



e <ey

indicates that e; can causally influence e,.

The relation < satisfies:

Acyclicity: no loops exist; if e; < e,, then e, </e;
Transitivity: if e; < e, and e, < e3, then e; < e;

Local finiteness: only finitely many events exist between any two related events.

These conditions supply STLR s discrete arrow of time and ensure that the microstructure

respects causality and prohibits unphysical infinite densities.

C — the curvature-energy ledger

Each event carries a structured assignment of curvature components,

where:

C(e) = (Eo(e), Ep(e), Ey(e), AE(e))

E(e) — the universal background curvature.

This field is globally fixed at 50% of the total energy of the universe.

Its per-event value decreases as the number of events increases, but its global total
remains constant.

Ey(e) —the GR curvature induced by matter.

This curvature does not dilute under expansion and persists as long as bound matter
exists.

E, (e) —the GR curvature induced by radiation.

This curvature diminishes through cosmological redshift and serves as the source term for
AE.

AE (e) — the local curvature-tension field.

This field increases exactly by the amount of curvature lost by radiation, clumps around

matter, and behaves gravitationally like cold dark matter.

These assignments obey STLR s global conservation rule:

Ey = 50%, Ey, + E, + AE = 50%

Each event holds a finite share of these components subject to thermodynamic compression

limits and causal propagation constraints.

U — the universal tick operator

The update operator,



U.E - E'

governs the creation of new events and the propagation of curvature-energy across the causal
network.
At each Planck-scale tick:

e curvature-energy is redistributed across causal links,

o redshifting radiation transfers curvature to AE,

e new events are created where curvature gradients require geometric accommodation, and

o the global background field E|, is diluted across the enlarged event set while preserving

its total.

The operator U enforces causal order, energy conservation, and the thermodynamic arrow of
time. It defines the discrete evolution of the microstructure from which smooth spacetime

emerges.
2.2.2 Curvature Assignment Rules

The curvature-energy ledger C(e) describes how each event stores the four curvature
components {Ey, Ej, E,, AE}. STLR requires not only a definition of these quantities but rules
governing how they behave between causal updates[2].

Background Curvature E

The universal background curvature is globally fixed:

ZEO (e) = 50%

e€EE
Its per-event value decreases as the number of events grows:
E(t)otal
| Ensq |

This dilution is geometric rather than energetic; no energy is lost, only redistributed across a

Eo(en+1) =

larger causal set.
Matter Curvature E

Matter-induced curvature follows the GR prescription:
(matter)
Ep < Ty
and remains constant along comoving worldlines until matter decays. Matter curvature does not

dilute with expansion.



Radiation Curvature E,
Radiation curvature decreases with redshift:

An
An+1

Ey(n+1) = E, (W) G—)

with 4,,,1 > 4,, for every tick.
This curvature loss must be transferred to AE.
Local Curvature Tension AE
AE evolves thermodynamically:

AE(n+1) = AE(n) + (E,(n) — E,(n+ 1))
representing redshift-induced curvature transfer.
AE responds to curvature gradients by clumping:

VAE < —V®

where @ is the emergent gravitational potential.
These rules ensure conservation of the active sector:

E, + E, + AE = 50%
2.2.3 The Universal Tick Operator

The universal tick operator U defines how the microstructure evolves one discrete interval at a
time,
U: (En, Cny <0) = (Bn+1 Cntt <n+1)
This operator enforces the causal ordering and thermodynamic laws of STLR.
Event Propagation
For any event e, its future events are:
Ule)={e'le<e, At =tp}
Null paths propagate exactly one event per tick. Timelike paths may skip events depending on
motion or curvature.
Curvature Redistribution
For each event e, curvature-energy flows to its causal descendants:
C(e’) = f(C(e),VC(e))

where f is a thermodynamic smoothing rule ensuring:



e local blending of curvature

e o superluminal propagation

o compliance with compression limits
Creation of New Events
New events appear where curvature gradients require additional causal depth:

If | VC(e) I> A, U inserts new events.
A is the maximum allowable curvature difference between neighboring events.
Redshift and AE Generation
Radiation curvature updates follow:
E,(n+1) = g(E, (n)
and the deficit feeds into AE:
AE(n+ 1) = AE(n) + AE cgshitt

Global Background Update
When new events are added:

E(t)otal

| By |

Eo(ens1) =

The universal field is redistributed but conserved.

Thermodynamic Arrow

The operator only performs updates that reduce curvature gradients:
U acts only if VC # 0

When all gradients vanish, U halts, yielding Perfect Stillness.

2.2.4 Emergent Geometry

The smooth geometry of General Relativity arises as an effective large-scale limit of the causal
microstructure[3].
Distance from Causal Depth
The number of causal steps between two events defines their emergent interval:
d(eq,e;) « length of longest chain between them.
Null chains define lightlike separation.

Timelike chains have more events; spacelike-separated events have none.



Metric Reconstruction
The metric is derived from the pattern of causal relations:
Juw =~ F(E,<,C)
where F is a reconstruction map based on:
e local causal density
e curvature assignments
o distribution of AE, E}, and E,,
Continuum Approximation
At event densities much larger than observational resolution,
(E,<) > M, g.u)
where M is a differentiable manifold obeying Einstein’s equations to high precision.
Gravity as Emergent Curvature
Curvature in the causal structure produces the same geodesic behavior as GR:
o timelike chains bend toward curvature gradients
o null chains shift in length (lensing)
e massive structures distort the local depth of the causal network
Smoothness from Thermodynamics
Thermodynamic blending ensures:
AC between adjacent events — 0

at macroscopic scales, yielding the illusion of a smooth spacetime.
2.3 Energy Composition

STLR partitions the total curvature-energy of the universe into two conserved sectors:
Universal background curvature:

Eo =50%
A smooth, homogeneous curvature-energy field present at the first causal update. It does not
clump, does not interact with matter or radiation, and determines the global expansion history by
setting the baseline curvature per causal event. As the number of events increases, the per-event

value of E, decreases while its global total remains constant.



Active curvature-energy pool:
Eactive(t) = 50%
Internally divided into:
Eactive(©) = Ey (D) + Ex () + AE(Y)

where:

e E,(t) —radiation curvature

e E,(t) — matter curvature

e AE(t) — the curvature-tension field (dark-matter—like behavior)
Only the distribution within the active pool evolves over time; its total remains fixed.
Early Universe Composition
At early times:

e E, (1) =50%

e Ep(t) = 0%

e AE(t) = 0%
Radiation dominates the active sector and produces curvature through the GR stress—energy
tensor. This radiation curvature is not AE; it is purely the GR curvature from a high-energy
radiation bath.
Redshift Compensation Mechanism
As the scale factor grows, photons experience cosmological redshift:

E,ca™l,p, ca™®
In ACDM, this lost energy leaves the energy budget.
In STLR, global curvature-energy is conserved.
Thus, redshift must transfer energy internally within the active sector:
E,(t) + Ep(t) + AE(t) = 50%
Whenever radiation loses curvature due to redshift:
AE(t) = 50% — E, (t) — Ep(b)

This ensures conservation of curvature-energy within the active pool.
Late-Time Behavior
Over cosmic time:

o E,(t) declines rapidly



e E,(t) declines slowly
e AE(t) grows monotonically
e AE clumps because it exists within the causal microstructure
Thus AE naturally becomes the dominant source of gravitational curvature, acting as the dark-
matter analogue.
Today:
o E,(t)) = 0%
e Ep(ty) = 5%
e AE(ty) = 45%
These values arise naturally from STLR s evolution rules and match observed matter/dark matter
fractions.
Summary of Curvature Components
STLR contains three independent curvature contributors:
1. Universal background curvature:
E, — fixed, smooth, non-clumping
2. GR curvature from matter and radiation:
Ep and E,
3. Local curvature tension:
AE(t) — the accumulated redshift losses of photons
The early universe is dominated by E, and radiation curvature.
The late universe is dominated by AE(t).
This framework provides a conserved-energy origin for dark-matter—like structure and late-time

cosmic acceleration.
2.4 Curvature-Energy Transition

The evolution of the universe in STLR is governed by the redistribution of curvature-energy
between three contributors:
1. The universal background curvature E|,

2. The GR curvature of matter and radiation (Ep + E),)

3. The local curvature-tension field AE



All three appear as curvature contributions at each causal event, but only E, and AE behave as
curvature-energy fields. The GR curvature of matter and radiation is a geometric response to
their stress—energy content and is not itself a stored curvature-energy reservoir.
Early-Time Behavior
At the earliest stages of cosmic evolution, the active sector is dominated by radiation:

e E,(t) =50%

e Ey(t) = 0%

o AE(t) = 0%
Matter curvature does not dilute with expansion, but radiation curvature decreases rapidly due to
cosmological redshift. Because STLR enforces conservation of curvature-energy within the active
sector, all curvature lost by radiation must reappear as AE':

E,(t) = AE(t) T
with the constraint:
E,(t) + Ep(t) + AE(t) = 50%

Radiation curvature flattens toward the universal baseline E, and the lost curvature-energy is
transferred to AE.
Nature of the Local Curvature Tension AE
AE is:

e pressureless

e nonrelativistic

e capable of clumping in response to curvature gradients

o stored within spacetime (unlike Ej)

o increasing monotonically through the entire history of the universe
Over cosmic time, AE becomes the dominant contributor to gravitational curvature in bound
structures, reproducing the phenomena attributed to dark matter.
Matter — Radiation — AE Flow
Matter curvature remains stable as long as matter exists. But the thermodynamic arrow of time
ensures that matter is eventually erased through:

o stellar evolution

e nuclear decay

e proton decay



o Hawking evaporation of black holes

Once matter becomes radiation, it enters the same redshift-driven channel:
E, » E, - AE
Thus, the curvature flow of the universe proceeds universally:
Matter curvature — radiation curvature — local curvature tension.
Radiation curvature is never lost; it is flattened into the background geometry. Matter curvature
is relinquished only when matter ceases to exist.
Role of the Background Curvature E
The universal background curvature remains fixed at half the total energy of the universe:
Ey = 50%

As the microstructure expands, the per-event contribution of E, decreases, but the global total
remains immutable.
Ey:

e never clumps

e never gains or loses energy

e never contributes to structure formation

o defines the baseline curvature against which the active sector evolves
This separation ensures that the active sector behaves thermodynamically while the background
field remains invariant.
Asymptotic Fate of the Universe
The thermodynamic evolution of the active sector drives the universe toward an asymptotic state
where:

Ey =50%,AE - 50%,E, - 0,E, - 0

In the limit of maximum entropy, the universe becomes a geometry composed of half universal
background curvature and half accumulated local curvature tension. Matter and radiation vanish
as distinct contributors, leaving only:

e the immutable background geometry E,, and

o the curvature-energy field AE generated by the complete redshift of the universe’s

contents.

This state defines the thermodynamic endpoint preceding Perfect Stillness.



2.5 Lawful Beginning

To explain the beginning of the universe, you must define a reason for its parameters. In this
framework, the universe is not cyclical out or preference or elegance, but out of necessity. STLR
interprets ACDM s dark energy and dark matter as the quantized curvature-energy fields required
to maintain spacetime’s gravitational structure. Therefore, Perfect Stillness; a thermodynamically
inert state, is the only lawful solution for co-locating all forms of energy, into a small enough

region to allow for the observed expansion of the universe.
3. STLR Framework
3.1 Perfect Stillness

STLR defines Perfect Stillness as the terminal equilibrium state of the universe, the moment at
which the causal microstructure has no remaining curvature updates to perform and entropy has
reached its absolute maximum. In this state, every form of curvature-energy capable of

producing gradients or structure has completed its thermodynamic evolution.

Matter has fully decayed into radiation, Radiation has fully redshifted, transferring its curvature-
energy into the local tension field AE, And AE has fully diffused until its event-level value
becomes indistinguishable from the universal background curvature E|.
At Perfect Stillness:

e every causal event carries the same total curvature-energy value,

o all local gradients vanish,

e no curvature tension remains clumped,

e no radiation can lose further energy,

e 1o matter exists to decay,

e and no asymmetries remain to drive the evolution of the microstructure.
Time in STLR is defined as the sequence of lawful causal updates performed by curvature
imbalances. When every event carries exactly the same curvature-energy vector,

C(e) = (En, 0,0, Eo)

there are no remaining gradients to redistribute. With no thermodynamic work left to perform

and no lower-entropy configuration available, the universal tick halts. The next causal update



does not occur. The universe is not empty; it is a uniform curvature-energy field, a
thermodynamic fixed point in which the active sector has fully relaxed into the background
sector. Without gradients, there is no direction for entropy to increase, no mechanism for
structure or information to persist, and no causal process capable of advancing the
microstructure. Perfect Stillness is the only configuration in which the curvature-energy ledger is

completely flat. Because no additional updates are possible, time ceases.

3.1 Entropy Reset

At the end of the universe’s entropy curve, the final temporal update occurs and every causal
event of the microstructure carries the exact same curvature-energy value. With no remaining
gradients, no usable energy differentials, and no entropy arrow, causal expansion ends, not
through force, but through thermodynamic exhaustion. Entropy has no path forward. This
parallels Penrose’s Conformal Cyclic Cosmology in its use of a maximally uniform endpoint, but
diverges in one essential way: while curvature becomes uniform, space itself does not become
scale-free. The total number of realizable events remains correlated with the universe’s emergent

geometric size at maximum entropy.

Maximum entropy is a perfectly symmetrical state, and perfect symmetry is unstable. The only
lawful way for symmetry to break without reintroducing gradients is through a reduction in the
number of events the microstructure is permitted to instantiate. As the allowable event-capacity
decreases, the universe remains thermodynamically inert: no gradients emerge, no structure
forms, and no directional evolution exists to drive physical processes. Because all causal events
carry the same curvature-energy value, emergent geometry remains unchanged throughout this
reduction. Any geometric deviation would constitute information, and information requires an

entropy arrow that no longer exists.

Throughout this contraction of event-capacity, the curvature-energy ledger remains conserved.
Because no gradients exist, energy density has no physical meaning; the reduction of permissible
events does not imply compression, heating, or pressure. The microstructure simply decreases

the number of allowed events in lawful steps as symmetry breaks. This process continues until



the minimal homogeneous causal configuration is reached, the smallest event structure consistent

with the conserved curvature-energy field.

At that point, the curvature ledger returns to its lowest-entropy form: a compact, uniform causal
configuration indistinguishable from the thermodynamic starting point of a universe. Entropy is
reset to its absolute minimum, even though the system remained thermodynamically inert

throughout the process.
3.2 The Thermodynamic Expansion Curve

In STLR, expansion is not an explosion, not motion through space, and not a force. It is a
thermodynamically lawful process that follows directly from the curvature state inherited at
entropy reset. Once distinctions in curvature reappear, and once gradients meaningfully exist,
entropy again has a direction, and time resumes. Expansion proceeds only because curvature is
no longer uniform. The rate of expansion is determined entirely by how much curvature entropy
can flatten at each lawful causal update.
Expansion as Curvature-Flattening
Curvature flattening defines the equilibrium between:

e entropy’s work on reducing gradients, and

o the microstructure’s capacity to incorporate that reduction.
The universe does not grow due to stored momentum or pressure. Instead, the universe grows
exactly as fast as curvature can be flattened. As gradients diminish, new future causal events
become possible. Galaxies recede along comoving coordinates not because preexisting space
stretches, but because more causal events exist between them after each update. Each new causal
event is instantiated at the universal baseline curvature value E,, forming the scaffold of usable
spacetime.
Energy Bookkeeping During Expansion
The curvature ledger of the universe is fixed:

Ey = 50%, Epeiive (t) = 50% = E, (t) + E, (t) + AE(2)

Neither sector can gain or lose energy globally. As entropy performs work flattening curvature

within the active sector, the universe must instantiate new causal events to represent the



geometric consequences of that flattening. Because the global total of E, remains fixed, each

new event necessarily reduces the per-event value of Ej:

1
number of causal events

Ey(e) x

The decrease in the event-level value of E|, is not energy loss. It is the thermodynamic signature
of expansion.
Expansion as a Thermodynamic Process
In this framework, expansion is the thermodynamic relaxation of curvature-energy, not a
mechanical process. The event-level value of the background curvature field E, represents the
lawful work entropy has yet to perform. The fixed global total of E,, ensures that every quantum
of curvature-energy remains accounted for.
Thus:

o When curvature gradients exist, entropy must act, and expansion proceeds.

e When no gradients remain, no further causal events are required, and expansion ceases.
STLR therefore frames the expansion curve as a direct, unavoidable expression of the First Law

of Thermodynamics applied to curvature-energy itself.
3.3 Lawful Primacy

ACDM deserves recognition for its extraordinary achievement: it unified cosmic observations
into a precise mathematical curve that passes through every major checkpoint: BBN, CMB, the
sound horizon, the present Hubble scale, and the final feat of strength, the angular scale of the
sound horizon. Without this descriptive success, there would be no lawful curve to explain.
These checkpoints are not just a product of ACDM; they are a requirement. They all must be met
by any model wishing to step into the arena. And ACDM holds the only equation capable of
standing in that arena.

H?(a) = H3[Qa ™ + Qa3 + Q4 + Qra?]
Yet ACDM s triumph is also its limit. To mathematically match all cosmic observations, it
introduces a cosmological constant that drives eternal acceleration. Although General Relativity
does not define a globally conserved energy for the universe, STLR views this behavior as

incompatible with the First Law of Thermodynamics. Eternal acceleration implies unlimited



expansion without a corresponding energy source, violating global conservation and preventing

thermodynamic exhaustion.

STLR honors both the precision ACDM revealed and the law it neglected. To uphold
thermodynamics, the universe must slow down. To obey the law is to deviate from ACDM s path,
not out of preference, but out of necessity. STLR accepts the observed curve as real and its
checkpoints as non-negotiable. STLR only attempts to interpret them as a thermodynamic

consequence rather than a mathematical artifact. The universe follows law, not equations.
3.4 Universal Formalization of Thermodynamic Expansion

STLR does not propose a new expansion curve. It accepts the ACDM expansion history as the
unique observationally validated solution and treats it as a boundary condition on any lawful
microphysical model. The role of STLR is not to replace the Friedmann equation, but to explain
why the universe followed that curve in thermodynamic terms while preserving global curvature-

energy conservation.

Let a(t) denote the observed scale-factor evolution from ACDM, and let
Hyc (t) be the corresponding Hubble parameter.
STLR introduces a microstructural quantity N(t):
e N(t) = the total number of causal events instantiated up to cosmic time t.
N(t) plays the role of an emergent spacetime volume. As N(t) increases, the universe "grows"
because the causal network contains more events.

STLR defines its effective Hubble parameter:

1 d
Hgrir(t) = 3 Eln N(t)

This measures the fractional growth rate of the causal network.

STLR requires that over all epochs where cosmological observations validate ACDM:
HsLr(t) = Hpcpm(t)

This ensures that the microstructure produces the same large-scale expansion history without

invoking a cosmological constant, scalar fields, or any new particle species.



The Driver of Expansion: Curvature Gradients
Let C(e) denote the curvature-energy vector at event e.
Define a coarse-grained curvature-gradient functional:
goy=(nvel )
This represents the average curvature difference between neighboring causal events at time .
e Early universe — huge gradients
e Matter era — moderate gradients
o Late-time acceleration — gradients temporarily rebound as structure decays
e Near Perfect Stillness — gradients go to zero

STLR formalizes the expansion law:

dN ©
— =
dt 9
where a is a proportionality constant describing how efficiently curvature flattening creates new

causal events. This single equation governs every cosmic era:

Inflation (maximum gradients):

: an .
G(t) is large = f s large

— rapid event creation

— ultra-fast expansion

— inflation ends naturally as gradients flatten

Plasma Era (radiation-dominated):
G(t) decreases

— fewer events per tick

— expansion slows

Matter Era:

Gravity rebuilds local curvature faster than radiation can flatten it:
G(t) stabilizes

— expansion slows further

— structure formation dominates dynamics

Late-Time Accelerating Phase:

Structure formation declines; curvature is released back into the active sector:

G(t) increases slightly



— entropy regains leverage

— event creation rate rises

— observed late-time acceleration emerges
Thermodynamic Exhaustion / Perfect Stillness:

All gradients erased:
t 0= an 0
- —_
5 —

— expansion halts
— no causal updates
— time ceases
Interpretation
This universal formalization states: The universe expands exactly as fast as curvature can be
flattened.
ACDM's expansion curve is not overwritten, it is explained:
o Inflation corresponds to maximum curvature gradients.
e Deceleration corresponds to emerging structure.
o Late-time acceleration corresponds to declining structure.
o Heat death corresponds to zero gradients.
Thus, the observed 4CDM expansion history becomes the macro-level imprint of the

microstructural law:

dN
T aG(t)

Expansion, deceleration, acceleration, and exhaustion are all the same process under different

curvature conditions.
3.5 Thermodynamic Inflation Phase

An initial inflationary phase is not optional but observationally required. The sound horizon, a
precisely measured feature imprinted in the CMB, demands an early period of ultra-rapid
expansion to generate the observed large-scale uniformity, causal contact, and horizon
correlations. The observational constraints are clear: the universe must begin extremely small,

expand extraordinarily quickly, heat up, and then slow dramatically, long before recombination.



STLR interprets this early acceleration as the thermodynamic response of a universe beginning in
a compact, maximum-curvature configuration. At the first moment gradients exist, entropy gains
a direction and must act. According to General Relativity, the stretching of space is not
constrained by the speed of light, and STLR assumes the same: expansion is not motion but the
lawful increase in the number of causal events required to accommodate curvature redistribution.
As curvature begins to flatten, the microstructure generates new possible events in equilibrium

with their neighbors, a process analogous to iterative branching in a causal network.

At t = 0, all curvature-energy is concentrated within the same causal configuration; none is yet
expressed as extended gravitational fields. With the first lawful update of the causal
microstructure, spacetime expands to support the emergence of those fields, allowing curvature-
energy to diffuse freely with zero resistance. Even curvature and baryonic energy that exist
within spacetime are carried apart faster than c, not through motion but through the creation of
additional causal events that increase emergent spatial separation. This rapid growth in usable
spacetime reproduces all essential features attributed to inflation in ACDM: scalar-field—like
behavior, vacuum-like equation of state, rapid early acceleration, and the emergence of near-

perfect flatness.

As structure forms and curvature becomes increasingly complex, the ability of entropy to flatten
curvature decreases, leading the universe naturally out of this inflationary phase and into the

radiation-dominated plasma epoch where familiar physical laws begin to take shape.

3.6 Plasma-Dominated Phase

Following thermodynamic inflation, the universe enters the plasma-dominated phase, where
expansion becomes governed by the interplay between entropy’s work on curvature and the
growing stability of emerging structures. As energy cools enough to permit the formation of
fundamental particles and radiation takes on its familiar role, curvature and interaction processes
begin to constrain entropy’s ability to flatten gradients. The universe, now filled with a hot,
ionized plasma, expands more slowly than during inflation, yet remains in a state of intense

thermodynamic activity.



This epoch marks the first stage at which entropy encounters structural limits: photons scatter
repeatedly, matter remains tightly coupled to radiation, sound waves propagate through the
plasma, and spacetime geometry becomes increasingly textured. STLR interprets this phase as the
natural deceleration following thermodynamic inflation. Once the earliest stable curvature
patterns form, entropy can no longer generate new causal events freely; expansion continues, but

no longer instantaneously.

The plasma-dominated period includes the tail end of Big Bang Nucleosynthesis and continues
until recombination. It sets the thermodynamic initial conditions for matter formation, acoustic

oscillations, and ultimately the imprinting of the cosmic microwave background.

3.7 Matter-Dominated Phase

As the universe continues to cool and radiation decouples from matter, a new epoch emerges: the
matter-dominated phase. During this stage, mass-energy becomes the primary contributor to
local GR curvature, and the growing presence of AE within forming structures further enhances
gravitational behavior. In STLR, this marks the point at which thermodynamic expansion slows
again, as the formation of stable structures, atoms, stars, galaxies, clusters, and filaments,
introduces increasingly complex curvature configurations that constrain the rate at which new

causal events can be instantiated.

Entropy continues to rise, but now at a more modest pace, as energy becomes bound within
organized systems rather than freely redistributed by radiation. The matter-dominated epoch
spans billions of years, encompassing the development of stars, galactic architecture, and the
cosmic web, forming the cosmological landscape we observe today. The universe remains open
and expanding, but its growth rate is progressively tempered by the accumulating stability of

structure.

3.8 Late-Time Accelerating Phase

As the universe matures, a pivotal transition occurs near the epoch of peak star formation,
roughly 3—4 billion years after the Big Bang. At this stage, the cosmic balance shifts: the rate of

new structure formation declines, while stellar death, supernovae, and radiation release



increasing amounts of curvature-energy back into the active sector where entropy can act on it.
In ACDM, this turning point is interpreted as the onset of dark-energy—driven acceleration. In
STLR, the same observational signature arises without invoking a cosmological constant or

exotic fields.

STLR explains late-time acceleration as a thermodynamic consequence of curvature relaxation.
As stars exhaust their fuel and structure formation slows, entropy gains a growing advantage
over gravitational organization. Curvature becomes easier to flatten than to rebuild, and each tick
removes more curvature from structure than gravity can restore. This reclaimed curvature does
not act as an external force; it simply reduces the structural resistance that once limited
expansion. With less stable curvature remaining to preserve, entropy must instantiate more causal
events per tick to accommodate the continuing relaxation of curvature, naturally producing a

period of apparent acceleration.

Because this effect is driven by the diminishing availability of stable curvature, not by a constant
vacuum pressure, STLR predicts that late-time acceleration is finite and self-limiting. As entropy
asymptotically approaches its maximum and structured curvature approaches zero, the
thermodynamic leverage enabling acceleration fades. The universe will gradually transition from
acceleration to deceleration as it approaches the final flattening of curvature and the onset of

Perfect Stillness.

3.9 Decelerating Asymptotic Phase (STLR Deviation from ACDM)

ACDM predicts eternal acceleration driven by a constant dark-energy density. STLR instead
predicts that expansion must decelerate once the universe nears thermodynamic exhaustion. As
structure formation ends and usable curvature becomes scarce, entropy has less curvature to

flatten, and expansion slows accordingly.

In the late universe, radiation is the only remaining source of curvature reclamation. As photons
redshift, their wavelengths increase and their curvature contribution decreases. Each increase in
scale therefore removes less curvature than the one before. Because expansion is proportional to

the curvature still available for thermodynamic flattening, the expansion rate declines naturally:



H(t) o curvature remaining for entropy to flatten

Short wavelengths once enabled rapid curvature reduction and faster expansion; extremely long
wavelengths contribute almost none, forcing expansion to slow in step with redshift’s
diminishing effect. The universe continues to expand, but each increment of scale requires more

time than the last.

Eventually, radiation wavelengths become effectively infinite, curvature approaches the universal
baseline, and redshift produces no meaningful change. With no curvature left for entropy to
flatten, expansion asymptotically approaches zero. The universe enters its final equilibrium:

Perfect Stillness.

3.9 Energy, Curvature, Entropy Synchronization

In STLR, the flattening of curvature is a thermodynamic process synchronized with entropy: each
new causal event corresponds to a lawful amount of curvature reduction. Because the universe’s
total curvature-energy budget is finite, there is a fixed amount of work entropy can perform, and
therefore a finite number of causal events at which expansion must end. Maximum entropy and

complete curvature flattening occur simultaneously; neither can be achieved without the other.

Current Planck and Baryon Acoustic Oscillation measurements show a universe that is nearly
flat,

Q, = —0.0007 £ 0.0019,
consistent with, but not requiring, a small residual curvature. STLR interprets this residual as
evidence that the universe has not yet exhausted its gradients and continues expanding toward
equilibrium. When the final trace of curvature is erased, no further thermodynamic work is

possible. Expansion ceases, time halts, and the universe reaches Perfect Stillness.

The universe’s final size is therefore not arbitrary but determined entirely by its initial curvature-
energy content. The total expansion required to eliminate the last gradients depends on the total
number of causal events needed to achieve complete flattening, an emergent quantity that
corresponds to, but does not presuppose, the universe’s true spatial volume, which remains

observationally uncertain.



3.10 Bound by Law

The STLR expansion curve is not built from equations but from thermodynamic reason. ACDM
demonstrated that there is only one expansion curve that matches observations [4], but achieving
it required adjustable parameters and an invented dark-energy term [5]. STLR accepts the same
curve, yet explains it through law: energy, entropy, and curvature determine each phase of

cosmic history without speculative fields. The laws already exist, and STLR simply applies them.
3.11 Standard-Model Asymmetry (Baryogenesis)

STLR does not attempt to explain the particle—antiparticle asymmetry observed after the
annihilation epoch. That asymmetry is assumed to arise from Standard Model (or beyond-
Standard-Model) baryogenesis mechanisms such as CP violation, leptogenesis, or electroweak
processes. STLR only requires that a small net baryon excess exists after annihilation, consistent
with observations. The thermodynamic curvature-flow dynamics of STLR do not depend on the

specific microphysical origin of this asymmetry.
4. STLR Microdynamic Update Rules
4.1 Radiation—Tension Exchange

At each universal tick n = n + 1, the scale factor increases from a,, to a,,,, reflecting the
growth in the number of causal events. Because radiation stretches with expansion, the
curvature-energy assigned to radiation obeys the update rule

E,(n+1) = E,(n) —=

Ap+1

The reduction in radiation curvature at that tick is
AE,(n) = E,(n) —E,(n+ 1)

and this curvature difference is reassigned to the curvature-tension field to preserve the fixed

50% active-sector partition:



AE(n+ 1) = AE(n) + AE,(n)

Matter curvature-energy E;, and the background field E; remain unchanged during the tick. The

active-sector conservation rule

E, + E, + AE = 50%
is therefore satisfied identically at every update.
4.2 Event-Expansion Relation

Expansion in STLR is the macroscopic expression of the microstructure’s growth in event count.
Let N(t) denote the number of active causal events at universal time t. The large-scale geometry

produced by these events is homogeneous and isotropic, and the effective scale factor is defined

by
a(t) < N(t)/3

This expresses that spacetime volume grows with the number of events, and that the metric
expansion observed in GR corresponds to the uniform creation and redistribution of causal
events within the microstructure. During a numerical simulation, the evolution of the scale factor
may be implemented by specifying an explicit update rule for N(t), or equivalently by
prescribing a(t) directly. Once a(n) is known at each tick, all curvature-energy components

update deterministically via the radiation—tension exchange rules defined above.
4.3 Curvature-Tension as Effective Mass Density

In regions where the microstructure evolves slowly compared to dynamical timescales, such as
galaxies, clusters, or quasi-static environments, the accumulated curvature-tension field AE
contributes to the local curvature in the same way that conventional mass-energy does. In the

Newtonian limit, the effective gravitational potential obeys

V2d = 4mG (pp + par)



where p,, is the baryonic matter density and p,g is the mass-equivalent density associated with
AE. This rule allows AE to be incorporated into gravitational observables, including rotation
curves, lensing profiles, and dynamical masses, while remaining fully consistent with the global
curvature-energy conservation of STLR. This treatment provides the minimal necessary bridge
between the discrete curvature-tension dynamics of the microstructure and the effective

gravitational fields measured in astrophysical systems.
5. Additional Framework Details
5.1 Time Dilation

In STLR, the passage of time is the accumulation of causal updates. Each universal tick
represents one complete redistribution of curvature-energy across the microstructure, and every
worldline receives the same global tick. What differs between observers is how much of each

tick becomes internal progression, the quantity that manifests as proper time.
5.1.1 Kinematic Time Dilation from Causal Allocation

Every universal tick provides a finite causal-update capacity. For any physical system, this
capacity must be divided between two lawful requirements:
1. Internal evolution along its worldline (proper time),

2. Propagation through the causal network (spatial displacement).

Because null propagation advances exactly one causal step per tick, a system moving at speed v
must allocate part of the tick to that propagation. The remainder is available for internal

evolution. STLR expresses this as an invariant causal-budget relation:

(52) +(2) =1

Where:
An is one universal tick and,
At is the proper time accumulated during that tick.

Solving,



recovering the standard Lorentz time-dilation formula. A null particle (v = c) devotes the entire
tick to propagation and experiences no proper time. Thus special-relativistic time dilation arises

directly from how worldlines spend their share of each universal tick.
5.1.2 Gravitational Time Dilation from Curvature Maintenance

Curvature-energy stored in the ledger (Ey, Ep,, E,,, AE)) must be lawfully maintained at every tick.

Regions of stronger curvature require more of the causal-update budget to preserve local
structure, leaving less capacity for internal evolution of clocks embedded there. A worldline in a

gravitational well therefore acquires fewer internal updates per tick:

At At
(5).y < (32)
An deep An far

When the causal network is coarse-grained into an effective continuum geometry, this manifests

as the familiar GR expression:
dT = _gOO dt

The reduced internal-update rate is equivalent to the reduced value of /—g,, near mass-energy.

STLR therefore reproduces gravitational time dilation as an emergent consequence of the

curvature-maintenance cost imposed on the microstructure.
5.1.3 Lorentz Invariance

The universal tick is not a preferred frame but a scalar count of updates applied identically across
the microstructure. Proper time is the number of internal updates along a worldline, which
remains invariant under Lorentz transformations of the reconstructed metric. Different observers
slice the causal network differently, but the null structure, causal order, and event counts along

worldlines are unchanged. Thus, both kinematic and gravitational time dilation emerge from the



same underlying rule: every worldline receives the same universal tick, but not the same share of

it.
5.2 Photons

In relativity, a photon has no proper time: its world-line has zero duration, and it never occupies
a rest frame. In STLR, this geometric timelessness is interpreted thermodynamically. A photon
traverses spacetime at one causal event per universal tick, the defining property of massless
motion. Because it has no rest frame, a photon does not perform internal work and does not pay a
local entropic cost; its energy is entirely directional. However, the photon still participates in the

microstructure’s global evolution.

As the universe expands and the total number of causal events N (t) increases, the curvature-
energy assigned to radiation, E,, is redistributed across a larger causal network. This enforces the

formal scaling
E,(t) xa(t)™*

so that the wavelength associated with any photon grows directly with the expansion of the

microstructure,
A(t) < a(t)

This stretching is not interpreted as energy disappearing [6]. Instead, STLR assigns the lost
curvature-energy to the local curvature-tension field AE, preserving the fixed total curvature-

energy of the active sector,
Ey(t) + E,(t) + AE(t) = 50%

Every incremental increase in wavelength corresponds to a lawful reduction in E,, (t),
compensated by an equal increase in AE (t). The photon itself remains a massless excitation, but
its curvature contribution becomes progressively weaker as it is spread across a growing number

of causal events.



Over cosmic time, this process gradually flattens the curvature associated with radiation.
Because the photon has no proper time, it passively follows the microstructure’s global
relaxation; its wavelength simply tracks the expansion. From within spacetime, this appears as
cosmological redshift. From the STLR perspective, it is a continuous thermodynamic reallocation
of energy from radiation to the curvature-tension field, increasing AE (t) while maintaining
global conservation. As the photon’s curvature signature diminishes, it asymptotically

approaches the uniform baseline set by the universal background curvature-energy Ej.
5.3 Event Horizon

In the STLR framework, a black hole’s event horizon marks the point where curvature-energy
transfer reaches its lawful speed limit. Each causal event can forward information to only one
successor per universal tick—the microstructural definition of the speed of light. When an
outward curvature update would require more than one successor per tick, it can no longer

complete, and the transfer is redirected inward.

The horizon is not a material surface but a geometric boundary: a region where curvature-energy
cannot escape without violating the causal-update limit. At this scale, the horizon consists of a
shifting mosaic of events whose curvature assignments (Ey, E}, E,,, AE') continuously re-balance

across the inside—outside interface.

Hawking radiation fits naturally into this picture. A fluctuation near the horizon produces a pair
of events: one just outside, one just inside. The outside partner receives a positive increment in

radiation curvature, increasing E, by a small amount §E. Its inside partner receives the

corresponding deficit —&E, reducing the black hole’s stored curvature Egy. The escaping update
increases the external radiation term E,, ; the trapped update decreases Egy. At every tick, the

active-sector balance
E, + E, + AE = 50%

is preserved exactly.



Because the microstructure is spacetime, it participates in the universe’s global relaxation toward
the homogeneous background field E,. As the number of causal events N(t) increases, even
causally isolated black holes must gradually release curvature-energy into the curvature-tension

field AE. This additional leakage is tiny compared to Hawking radiation,
6Erelax < 5EHawking

but it is continuous and thermodynamically required.

Over cosmic timescales, this slow, lawful transfer ensures that black holes remain in equilibrium
with the expanding universe and the fixed 50/50 division between the universal background E|,

and the active sector (Ep + E,, + AE).
5.4 Dark Matter & Dark Energy

In the STLR framework, the gravitational behavior attributed to “dark energy” and “dark matter”
arises from the structure of curvature energy, not from new particles or forces. Spacetime is
represented as a quantized microstructure, and each causal event carries curvature-energy
assignments that contribute to the universe’s total curvature field. STLR contains three curvature

contributors, but only two curvature-energy fields.

The first curvature-energy field is the universal curvature energy E,, a smooth, homogeneous
background that constitutes exactly 50% of the total energy of the universe. E, is not produced
by matter or radiation; it is a structural property of spacetime itself. As the universe expands and
the number of causal events increases, the per-event value of E, decreases proportionally, but its
global total remains fixed. This background curvature determines the large-scale expansion
history and corresponds observationally to what ACDM labels “dark energy,” but without

requiring a repulsive force or a separate field.

The second curvature-energy field is the local curvature tension AE, which belongs to the active
energy sector. AE is not generated directly by photon energy, but by the energy photons lose to

cosmological redshift. STLR enforces conservation within the active sector:



Eactive(t) = Ey(t) + E, (t) + AE(t) = 50%.

Thus, every decrease in radiation energy E,, (t) must be offset by a corresponding increase in

AE(t). Over cosmic time, this produces a pressureless, non-relativistic curvature-tension field
that can clump around matter. AE functions gravitationally like cold dark matter, but in STLR it is

structural, not particulate.

The third curvature contributor, distinct from E, and AE, is the standard GR curvature generated
by the energy and momentum of matter and radiation (E,, + Ej). This curvature behaves exactly
as described by the Einstein field equations, but it is not a curvature-energy reservoir in the STLR
ledger. Instead, it is the immediate geometric response of spacetime to the contents of the active

sector.

In bound structures such as galaxies and clusters, AE becomes the dominant component of the
active sector, supplying the additional curvature attributed to dark matter. In cosmic voids, where
matter and radiation are dilute, AE approaches negligible values and curvature is dominated by
the uniform background field E,. The two curvature-energy fields, E, and AE, coexist
everywhere with different roles: E, sets the universal baseline, while AE represents local

departures from that baseline generated by cosmic evolution.

Thus, STLR requires no missing mass and no separate accelerating-force “dark energy.” The
universe contains two curvature-energy fields, E (universal) and AE (local), and three total
curvature contributors (Ey, E, + E},, AE). Together they reproduce the gravitational phenomena

attributed to dark energy and dark matter using curvature alone.
5.5 Coexistence Theory

The STLR framework reinterprets the relationship between General Relativity and Quantum
Mechanics not as an incompatibility, but as a natural coexistence between two complementary
regimes of the same thermodynamic system. Both theories describe lawful behavior within
spacetime, yet each operates at a different level of the universe’s energetic hierarchy. GR governs
the macroscopic organization of curvature energy, the smooth, large-scale structure of spacetime,

while QM describes the discrete behavior of energy transfer within that structure. They are not



rival frameworks, but two perspectives on the same underlying microstructure viewed from

different scales.

In STLR, spacetime is neither a backdrop nor a passive geometry; it is an energetic
microstructure that updates in discrete universal intervals. Curvature appears continuous but is
updated in quantized increments: each tick redistributes energy between causal events,
preserving conservation at both local and universal scales. GR emerges as the large-scale,
continuous limit of this process, where countless updates blend into smooth trajectories and well-
defined curvature. QM, by contrast, captures the statistical fluctuations inherent to each discrete
update window, where uncertainty reflects finite temporal resolution rather than fundamental

randomness.

By defining the microstructure as the common substrate, STLR removes the conceptual divide
between smooth geometry and discrete probability. The universal clock governs every update;
curvature determines how much of that clock each observer experiences. GR describes how
curvature shapes the flow of time and information; QM describes the statistical behavior of that
information across discrete intervals. Their coexistence follows naturally because both describe
lawful behavior of the same system, one continuous, one discrete, both complete within their
domain. STLR assumes that quantum mechanics is fundamental and that general relativity

emerges from the thermodynamic behavior of the microstructure itself.
6. Falsifiability

Singularity Test
If black holes are shown to collapse into a true geometric singularity or to compress
beyond a quantized structural limit, S7LR is false.

Redshift-Drift Test
If future observations show the universe halting expansion, reversing, or accelerating
eternally rather than asymptotically relaxing, STLR is false.

Residual Curvature Test
If cosmological measurements show the universe reaching exact flatness (; = 0) in

finite time, STLR is false.



Black Hole Decay Test
If long-term observations confirm that black holes lose energy only at the Hawking rate,
with no additional curvature-coupled decay, STLR is false.
Dark Matter Test
If a discrete particle or field is discovered that fully accounts for all gravitational
anomalies and eliminates the need for curvature-energy per causal event, STLR is false.
Unified Continuum Test
If a complete, self-consistent continuum theory is derived that unites general relativity

and quantum mechanics without quantized spacetime structure, STLR is false.
7. Observational Outlook

STLR s predictions align with several near-future observational programs capable of
distinguishing law-driven expansion from ACDM s parameter-driven curve. Redshift-drift
measurements from the Extremely Large Telescope (ELT) provide the most direct test: STLR
allows early acceleration and late deceleration but forbids a perfectly constant acceleration,
which would require infinite work in a closed system. Any detected long-term drift consistent

with eternal acceleration would falsify the model.

Spatial-curvature constraints from Euclid (AQx = 1072) directly probe STLR § requirement of a
small, negative residual curvature. A confirmed result of exact flatness (Qx = 0) would contradict
the model. JWST’s observations of thermal and structural evolution at high redshift further
constrain the timing and magnitude of the thermodynamic assist phase, distinguishing it from a

cosmological constant.

Black-hole horizon imaging (EHT and ngEHT) offers an independent test of STLR § hard interior
limit; evidence of collapse toward a true singularity would falsify the framework. Meanwhile,
deep-field lensing surveys from LSST and Euclid will evaluate whether gravitational structure
can be fully attributed to curvature-energy rather than particulate dark matter. STLR predicts
lensing morphologies consistent with smooth, non-collisional curvature distributions rather than

discrete mass clumps.



Collectively, these missions will determine whether cosmic expansion is the result of adjustable

parameters or a thermodynamic law.

8. Conclusion

The universe does not evolve by chance or by the equations we invent, but by the quiet discipline
of its own laws. STLR treats cosmic history not as a curve to be fitted, but as the unavoidable
consequence of energy, entropy, and curvature acting in perfect balance. Expansion, structure,
and time itself arise from this balance, requiring no hidden fields or adjustable parameters. If the
universe is lawful, then its story must be lawful from beginning to end: gradients form, flatten,
and fade until no further work is possible. In this view, cosmology is not a search for new
ingredients, but for the principles that govern how the ingredients we already know must behave.
STLR offers one such path, simple, falsifiable, and rooted in the idea that the universe is exactly

as large, as structured, and as temporary as its laws allow.

If this model fails, it will not be for lack of law. If the Laws of Thermodynamics fall, all of
physics falls with them. How might we explain the universe, if we refused to break the law?
STLR is offered in that spirit: not as revelation, but as obedience to the rules that have never

wavered, and govern everything. The Laws of Thermodynamics.
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