Thermodynamic Constraints Model

Introduction

The Thermodynamic Constraints Model is a theoretical framework that embeds the laws and principles of
thermodynamics into the Projection Rendering Theorem (PRT). Its purpose is to ensure that any
projection dynamics (the evolution or sequence selection from an informing state in PRT) and any
emergent structure formation (the development of stable patterns, phases, or structures in the rendered
outcome) obey fundamental thermodynamic constraints. This model unifies classical thermodynamics,
statistical mechanics, and quantum thermodynamics into a single rigorous scheme. It accounts for key
physical and informational phenomena - including entropy gradients and the arrow of time, irreversibility,
thermalization to equilibrium, phase transitions, and strict energy conservation - by formulating clear laws,
definitions, inequalities, and transformation rules. Variational extremum principles (such as free-energy
minimization and the principle of least action) are incorporated where appropriate to describe the natural
tendencies of systems. Finally, the model interfaces with the Temporal Emergence Model (which defines a
time arrow via entropy) and the broader PRT framework, so that the directionality of time and the projection
of states are consistent with thermodynamic irreversibility. In what follows, we present a detailed draft of
this model suitable for formal analysis and future implementation in simulations or equations-of-state
derivations.

Unified Thermodynamic Framework (Classical-Statistical-
Quantum)

To unify classical, statistical, and quantum thermodynamics, the model establishes a common language
for describing system states and dynamics across scales. At its core, we define a thermodynamic state in
terms of both microscopic configuration and macroscopic variables:

- Microscopic State (Microstate): A detailed description of the system at the particle or quantum level (e.g.
positions and momenta of all particles, or a quantum pure state/density operator). In the PRT context, the
informing state could be represented by an ensemble of microstates or a wavefunction encoding all
possible micro-configurations.

- Macroscopic State (Macrostate): An emergent, coarse-grained description given by aggregate variables
(e.g. total energy $U$, volume $V$, magnetization $M$, etc.) and statistical distributions. Macrostate
variables are formally defined as projections from the microscopic description (e.g. expectation values or
ensemble averages). This aligns with PRT's notion that an observed state is a projection of underlying
informational content.

Statistical mechanics provides the bridge between micro and macro: a macrostate corresponds to many
possible microstates, and its entropy quantifies that multiplicity. We adopt the Boltzmann principle $S =
k_B \In W$ (or its quantum generalization $S = -k_B \operatorname{Tr}(\rho \In\rho)$ for density matrix $
\rho$) as a unifying definition of entropy, linking classical thermodynamic entropy to statistical uncertainty
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or information. In equilibrium, this reproduces classical thermodynamics, while out of equilibrium it
connects to information theory. Indeed, the framework naturally incorporates information-theoretic
entropy as equivalent to thermodynamic entropy for a given probability distribution over states ' . This
allows us to treat informational processes in physical terms; for example, erasing one bit of information is

accompanied by a minimum entropy increase and energy dissipation of $k_B T\In 2$ (Landauer’s principle)
2 .

Quantum thermodynamics is integrated by recognizing that quantum mechanics underlies the
microscopic description. Quantum thermodynamic laws emerge from the quantum description when
considering large ensembles or measured quantities 3 . The model assumes that microscopic dynamics
are governed by quantum theory (unitary evolution in a closed system, or completely-positive irreversible
evolution in an open system). Classical thermodynamic behavior is recovered as an emergent limit
when we project out microscopic details. Notably, quantum thermodynamics emphasizes explicitly how
thermodynamic laws (especially the second law) arise from quantum mechanics for individual small
systems and non-equilibrium processes 3 . We ensure that our unified model reduces to standard
thermodynamics for macroscopic systems, while remaining valid for microscopic regimes (where
fluctuations and quantum coherences may be significant).

Consistent Laws Across Scales: A key unifying principle is that the same thermodynamic laws hold at each
level - but interpreted appropriately. For instance, energy conservation (the first law) holds strictly at the
quantum level (as a consequence of time-translation symmetry and unitary dynamics) and therefore at the
ensemble and classical level 4 . Entropy and the second law have a statistical interpretation: for large
systems entropy tends to increase, but in a microscopic context this law is understood as overwhelmingly
high probability of entropy increase rather than an absolute prohibition of decrease (fluctuation theorems
quantify the tiny probabilities of entropy decrease in small systems 5 ). By embedding these ideas, the
model creates a continuous link from quantum microdynamics to classical irreversible thermodynamics.

Fundamental Definitions and Laws

We now formalize the fundamental concepts and laws that form the constraints in our model. All definitions
are made precise to ensure mathematical rigor:

+ System, Surroundings, and Universe: We define a system as the portion of the universe under
study, characterized by a set of state variables. The surroundings (environment or bath) are
everything outside the system that can exchange energy, matter, or information with it. The
universe is the combination of system plus surroundings, often taken as thermodynamically
isolated. In PRT terms, when projecting an informing state to an emergent state, one must specify
what constitutes the system vs. its environment, since constraints apply to closed vs. open systems
differently.

« State Variables: Key state functions include Internal Energy ($U$), Entropy ($5$), Volume ($V$),
Number of particles ($N$), etc. These have well-defined values for any equilibrium state of the
system. We consider an underlying state space (e.g. phase space or Hilbert space) in which these
variables are defined as either exact or expectation values.

+ Equilibrium vs. Non-Equilibrium: Thermal equilibrium is the state in which macroscopic flows of
energy or matter have ceased and state variables are uniform (e.g. no temperature gradients). At
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equilibrium, state variables satisfy equations of state (like $P V = N k_B T$ for an ideal gas). Non-
equilibrium states have gradients (of temperature, chemical potential, etc.) or time-dependent
changes. Our model can describe both, but the laws take simpler forms at equilibrium (e.g. entropy
is maximal for given constraints) and inequalities govern the approach to equilibrium.

Zeroth Law (Thermal Equilibrium): If system A is in thermal equilibrium with system B, and B is in thermal
equilibrium with C, then A and C are in thermal equilibrium. This implies the existence of a well-defined
temperature $T$ as a state variable. In the model, this justifies assigning a temperature to any equilibrium
informing state or projected state and forms the basis for using temperature in constraints like $dS = \delta
Q_{\text{rev}}/T$. (While trivial, we note this for completeness - PRT projections must respect that a
consistent temperature field can be defined at equilibrium.)

First Law (Energy Conservation): Energy can neither be created nor destroyed - it can only be transferred or
transformed 6 . For any process (projection or evolution) involving a system, the change in internal energy
equals energy added as heat $Q$ minus work $W$ done by the system: $$\Delta U = Q - W,$$ (with sign
conventions such that $W>0$ is work done by the system). In a closed system (no matter exchange), any
increase in $U$ must come from heat absorbed or work done on the system; in an isolated system (no
exchange at all), $U$ is constant. Energy conservation is an inviolable constraint in the model: every
allowed projection dynamics sequence must conserve total energy (system + environment) exactly. If the
PRT involves mapping from an informing state to a realized state, the realized outcome cannot violate
energy conservation - any difference between initial and final system energy must be accounted for by
energy exchange with the environment (heat or work). This law is upheld from the quantum level (via the
Hamiltonian governing unitary evolution) up to macroscopic interactions. Notably, by Noether’s theorem,
continuous time-symmetry guarantees energy conservation 4 ; our model respects this symmetry by
construction.

Second Law (Entropy and Irreversibility): The total entropy of an isolated system cannot decrease over time.
Equivalently, for any process, the entropy change of the system plus environment is non-negative: $$
\Delta S_{\text{universe}} \;=\; \Delta S_{\text{system}} + \Delta S_{\text{surroundings}} \ge 0.$$ In an
isolated system, $\Delta S_{\text{system}} \ge 0% (with equality only for a reversible process reaching
equilibrium) 7 . This law introduces the arrow of time: it distinguishes a preferred direction in time where
entropy increases 7 . In the model, this is a critical constraint on projection dynamics - any forward
projection from a state must respect that overall entropy tends to increase (or at least not decrease). If PRT
“renders” a sequence of states, the most probable sequences are those that satisfy $\Delta S \ge 0% at each
step or overall. While microscopic dynamics can produce fluctuations (small temporary local entropy
decreases), such trajectories are statistically suppressed in accordance with the fluctuation theorem: the
probability of observing a decrease in entropy is exponentially small in the magnitude of the decrease and
system size 5 . The Fluctuation Theorem quantitatively relates the probability of entropy production of
magnitude $+A$ to that of $-A$ (negative entropy production) as $P(+A)/P(-A) = eMA t / k_B}$ in a given time
$t$ 5 . Thus, for large systems or long times, entropy-decreasing projections are essentially forbidden.
This ensures irreversibility emerges naturally: the model will favor forward-in-time projections aligned with
entropy increase, in agreement with the Temporal Emergence Model's entropy-driven time arrow.

Entropy gradients: In non-isolated systems, entropy can be exported, allowing local entropy decreases at
the expense of greater increases in the surroundings & . Our model accounts for this by applying the
second law to the combined system-environment. For example, a dissipative structure (like an emergent
vortex or a biological organism) can maintain local order (low entropy) only by expelling entropy to its
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environment (e.g. as heat). This is captured by the inequality: $\Delta S_{\text{system}} < 0% allowed, only if $
\Delta S_{\text{surroundings}}$ increases such that $\Delta S_{\text{universe}} \ge 0%. In practical terms,
any PRT projection that yields greater organization or lower entropy in one part of the system must include
compensating entropy release elsewhere. Entropy flows from low-entropy regions to high-entropy regions,
and systems evolve in response to entropy gradients (analogous to heat flowing from hot to cold, since heat
flow corresponds to entropy transfer). The model will represent these flows explicitly in any dynamic
projection: e.g. entropy current $J_S$ might be defined, with $J_S > 0% indicating entropy flowing out to
environment for a self-organizing subsystem.

Third Law (Zero Entropy at Zero Temperature): As temperature approaches absolute zero ($T \to 0%), the
entropy of a perfect crystalline system approaches a constant minimum (often zero). This establishes an
absolute baseline for entropy and implies that it is impossible to reach absolute zero in a finite number of
steps. In the model, this serves as a boundary condition on the state space: no projection can produce a
state at strictly $T=0% with finite resources, and near $T=0% the allowable entropy changes become
vanishingly small. Practically, this means extremely low-temperature projections would have to be quasi-
reversible (minimizing entropy production). While the third law is less likely to come into play in typical PRT
scenarios, it ensures consistency of the model with low-temperature limits and defines the behavior of
entropy-related quantities as $T\to 0%.

Thermodynamic Potentials and Transformations: We define the standard thermodynamic potentials -
Helmholtz Free Energy $F(T,V,N) = U - TS$, Gibbs Free Energy $G(T,P,N) = U + PV - TS$, Enthalpy $H(S,P,N) =
U + PV$, etc. - as Legendre transforms of the internal energy. These potentials allow the model to impose
constraints under different conditions (e.g. constant pressure or temperature) by using the appropriate
potential as the quantity to be minimized. A Legendre transform swaps one natural variable for its
conjugate (e.g. $(S,\V)\leftrightarrow(T,V)$), ensuring that we can describe the system in energy terms suited
to the process. The transformations rules in our model include converting between these potentials and
deriving equations of state via their derivatives (for example, $P = -\partial F/\partial V|{T}$, $S = -\partial F/
\partial T|$ for Helmholtz free energy). These mathematical transformation rules guarantee that the model
is internally consistent and capable of predicting relationships like pressure-volume or entropy-temperature
relations for any equilibrium projection. (For instance, if the PRT simulation holds temperature and volume
fixed, the model would use the Helmholtz free energy landscape to determine equilibrium and stability.)

We also include fundamental thermodynamic inequalities. One key inequality is the Clausius inequality: $
\oint \frac{\delta Q}{T} \le 0% for any cyclic process, with equality if the process is reversible. This inequality
is another statement of the second law - it must hold for any projected cyclic sequence in PRT (preventing,
for example, a projection that cycles a system through states and ends with lower entropy than it began).
Another set of inequalities arises from stability criteria: e.g. for a system at constant $T,V$, the condition for
stability (free energy minimum) requires $\delta”2 F > 0% for any small variation (meaning the second
derivative of $F$ with respect to state variables is positive-definite). The model explicitly encodes such
criteria to distinguish stable, metastable, and unstable states in the space of projections.

Thermodynamic Constraints on Projection Dynamics

In the Projection Rendering Theorem, an informing state (which may contain the full information of possible
microstates or initial conditions) is projected into a sequence of states or an emergent trajectory. The



Thermodynamic Constraints Model imposes strict rules on these projection dynamics - essentially filtering
the allowed sequences to those consistent with thermodynamics:

* Energy Conservation Along Trajectories: Every step of the projected sequence must satisfy the
first law. If the projection involves time-evolution, we represent it via differential form $dU = \delta Q
- \delta W$ at each instant. For an isolated system, $U$ must remain constant over the sequence ¢ ;
for a closed system, changes in $U$ are tracked by heat exchange and work. The model will flag or
forbid any proposed state transition that does not have an energy balance. For example, if PRT
attempts to render a state with more energy than the informing state had (without an input), that
violates energy conservation and is disallowed. In simulation terms, a constraint solver would
enforce $\Delta U_{\text{system}} + \Delta U_{\text{env}} = 0% for each projection step (the
environment may absorb/provide the difference as $Q$% or $W$). This ensures energy is globally
conserved at all times.

Entropy and Directionality of Sequences: As discussed under the second law, the sequence
selection is biased towards increasing entropy. In the model, we implement this by associating a
thermodynamic arrow of time with the projection: the forward direction in the sequence is defined
as the direction of non-decreasing total entropy. A projected sequence must obey $\Delta
S_{\text{universe}}\ge0$ when moving forward. Sequences that would require a net decrease in total
entropy are exponentially suppressed or forbidden, unless accompanied by improbable fluctuations
accounted for by statistical mechanics. Irreversibility is then built-in: once the sequence goes
through an entropy-increasing transformation, the exact reverse sequence would not satisfy the
typical dynamics (it would require a conspiracy of fluctuations or external work input). Thus, the
model naturally produces an entropy arrow in line with the Temporal Emergence Model - the
ordering of projected states corresponds to increasing entropy, giving a physical meaning to
“forward” time 7 .

Probabilistic Weighting of Paths: In cases where multiple trajectories are thermodynamically
possible, the model can assign probabilities using Boltzmann-like weights or path entropies. For
instance, if the informing state allows various outcomes, the most probable projection is the one with
highest total entropy production consistent with constraints (as some formulations of Maximum
Entropy Production Principle suggest), or at least one that does not require large decreases in
entropy. Alternatively, one can use the principle of least action at the microscopic level to
determine the path, augmented with dissipation: the physical path extremizes the action functional
while also respecting thermodynamic dissipation. In a purely conservative system, least action gives the
equations of motion; in an open/dissipative system, one can include a dissipation functional or
Rayleighian to account for entropy production. Our model thus blends mechanical trajectory
principles with thermodynamic irreversibility - the chosen sequence minimizes a generalized action
or free energy dissipation measure.

Thermalization and Equilibration: Projection dynamics tend toward equilibrium unless
continuously driven. The model reflects that any isolated or closed system, if left to its own
dynamics, will thermalize - i.e. approach a state of maximum entropy (subject to constraints) and
uniform intensive parameters (temperature, chemical potential equalization, etc.). This is ensured by
statistical mechanics: e.g. Boltzmann's H-theorem shows that particle collisions drive the gas
distribution toward the Maxwell-Boltzmann equilibrium (increasing entropy monotonically) under
assumptions of molecular chaos. Similarly, in a quantum open system, a Markovian master equation
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(Lindblad form) leads the system to a steady thermal state over time ° . We encode this behavior by
requiring that long sequences asymptotically reach a steady state where $dS/dt \to 0% (entropy no
longer increases because it's maximal, and detailed balance is achieved). In practical terms, if PRT is
used to simulate time evolution, our constraints will cause the simulation to relax the system
towards equilibrium distributions (for example, equalizing temperature between components, or
distributing energy into available degrees of freedom). Thermalization is essentially the
convergence of the projection to an equilibrium macrostate - our model guarantees that unless
external constraints or driving forces are present, any projected dynamics will settle in an
equilibrium that maximizes entropy (consistent with the principle that physical systems tend toward
maximal entropy configurations over time 1 ).

Microscopic Reversibility and Detailed Balance: Even though macroscopically the processes are
irreversible, at the micro level the model acknowledges detailed balance. For each pair of
microstates $i \to j$, the ratio of forward to reverse transition probabilities is related to entropy
change (and associated free energy difference). For example, in a system at temperature $T$,
detailed balance implies $\frac{P(i\to j)}{P(j\to i)} = er{\Delta S_{ij}/k_B} = er{-\Delta F_{ij}/(k_B T)}$ for
a small transition that changes free energy by $\Delta F_{ij}$. This is consistent with the Crooks
fluctuation theorem and ensures that when the system is at equilibrium, forward and reverse rates
produce no net change (detailed balance). We incorporate such relations to ensure that our
projection dynamics are not put in by hand but emerge statistically from underlying reversible laws
when appropriate. In summary, trajectory selection in PRT is guided by a probabilistic
(statistical) interpretation of the second law, allowing micro-reversibility but ensuring macro-
irreversibility.

Constraints on Rates and Kinetics: The model can also impose kinetic constraints derived from
thermodynamics. For instance, near equilibrium, the Onsager reciprocal relations connect fluxes
and forces with symmetric coefficients, and entropy production is quadratic in small deviations
(minimum entropy production principle for linear regimes). Far from equilibrium, there might be an
extremum principle (some theories suggest maximum entropy production, though it's not
universally proven). Our model keeps these in view: it doesn't hard-code a specific extremal rate
principle except in equilibrium (where entropy production goes to zero minimum). However, it
ensures consistency with known kinetic laws (e.g. Arrhenius behavior for reaction rates with an
activation free energy barrier: transitions have rates $ \sim e/{-\Delta GA\ddagger/(k_B T)}$,
meaning thermodynamic barriers influence how quickly a projection can hop states). Thus, not only
the endpoints of a projection but the dynamics of approach are constrained by thermodynamics.

Thermodynamic Constraints on Emergent Structure Formation

Emergent structures - ordered patterns, stable phases, or organized complexity - appear as a result of
system dynamics under constraints. Our model delineates how such structure formation obeys
thermodynamic laws:

* Free Energy Minimization and Stability: Any stable emergent structure corresponds to a (local)
minimum of an appropriate thermodynamic potential. In an isolated system or one at fixed
volume and energy, the stable state minimizes the entropy (at fixed $U$) or equivalently maximizes
entropy at fixed energy; in a system at fixed temperature and volume, the stable equilibrium
minimizes the Helmholtz free energy $F = U-TS$; at fixed $T$ and pressure $P$, it minimizes Gibbs
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free energy $G=U+PV-TS$, etc. The model explicitly uses free energy landscapes to determine
structure stability: the phase or structure with lowest free energy is the one that will be realized

10 11 | For example, between solid and liquid phases of water, at low temperature the solid has
lower $F$ and thus is stable; at higher temperature, the liquid's higher entropy term makes its $F$
lower, so the system transitions to liquid 10 . We enforce that the projection will favor the phase/
structure with minimal free energy given the external constraints (T, P, etc.) - thus PRT cannot
arbitrarily render a high-free-energy phase if a lower-free-energy phase is accessible under the same
conditions. This is grounded in the Free Energy Minimum Principle: for a spontaneous process at
constant $T$ and $V$, $\Delta F \le 0% (free energy can only decrease) 12, reaching minimum at
equilibrium. Similarly, $\Delta G \le 0% at constant $T$, $P$. Our model includes these inequalities, so
any emergent structure formation must satisfy $\Delta F<0$ when forming spontaneously (or $
\Delta F=0% at equilibrium). If $\Delta F>0$, that formation requires input work to happen and will
not occur spontaneously.

Nucleation and Phase Transitions: The model accounts for the thermodynamic conditions of
phase transitions. A phase transition occurs when different phases have equal free energy and a
slight fluctuation or input can move the system between them. At the transition point (e.g. melting
point, $T_m$), two phases coexist with equal $G$ or $F$; crossing that point changes which phase
has lower free energy 13 . We define an emergent structure formation rule: a new phase will
nucleate when doing so lowers the system's free energy (surmounting any kinetic barriers). We
include the concept of latent heat and order parameters: e.g. a first-order transition requires a
latent heat (energy input at constant $T$ to overcome a barrier while $T$ stays constant as in
melting) 4 . The model can incorporate an order parameter $\phi$ with a Landau free energy
expansion to describe emergent symmetry-breaking (for second-order transitions). Stability criteria
(positive second derivative of free energy with respect to $\phi$ in one phase, turning to zero at
critical point, then negative in broken-symmetry phase) are included as constraints for structure
formation. In short, the rules ensure that an emergent structure (like a crystal lattice forming from
liquid, or a ferromagnetic domain ordering) only forms when thermodynamically favored (free
energy advantage) and that the process respects energy conservation (releasing latent heat to
environment) and entropy considerations (overall entropy may jump or increase across the
transition, consistent with the Clausius-Clapeyron equation or similar).

Dissipative Structures and Far-from-Equilibrium Order: Not all structures correspond to
equilibrium phases; some are dissipative structures (e.g. convection cells, chemical oscillations,
living organisms) that exist only in regimes with constant throughput of energy - they maintain a
lower entropy state locally by continuously exporting entropy. Our model addresses these by
extending thermodynamic constraints to non-equilibrium steady states: A steady state can exist with
constant entropy production that is exported. We impose balance equations for such cases: for a
steady structured pattern to persist, it must receive energy (or low-entropy free energy) from a
source and dump entropy (high entropy energy) to a sink. For example, a convection cell forms when
a heat flux goes through a fluid - above a threshold, the homogeneous state becomes unstable and
an ordered flow pattern emerges, but it requires the temperature gradient (source of low entropy
heat) to sustain it. In the model, an emergent structure of this type must satisfy the Prigogine
criterion: the system will adopt the regime that produces entropy at the appropriate rate consistent
with flows. Near the onset, the principle of minimum entropy production (for linear regime) might
apply - the system will choose the stable flow pattern that satisfies force-flux balances with minimal
production. Farther from equilibrium, sometimes systems appear to maximize entropy production;
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we do not assert a universal law there, but the model can accommodate either by evaluating stability
of competing flow patterns via their entropy production. Importantly, any persistent structure must
obey Conservation Laws (mass, energy, etc.) and maintain a positive entropy budget (the entropy
expelled equals entropy generated by irreversible processes within). This couples to PRT by requiring
that any projected persistent pattern has an entropy budget equation satisfied, $\dot
S_{Mtext{internal}} + \dot S_{\text{in}} - \dot S_{\text{out}} = 0% with $\dot S_{\text{internal}}\ge0$
(irreversible production). For instance, a PRT rendering of a planetary atmosphere forming a
hurricane would need to show that the heat input from the ocean and heat radiation to space
balance such that the net effect is an increased entropy production (relative to no hurricane) that is
sustainable - the hurricane emerges because it channels the energy flow in a way that produces
entropy faster, satisfying the second law while creating local order (low pressure eye etc.). This
viewpoint integrates well-known non-equilibrium thermodynamics principles into the projection
framework.

Hierarchical Structure and Multi-scale Constraints: The model also considers that emergent
structures can introduce new levels of description (e.g. molecules forming from atoms, organisms
from cells). Thermodynamic constraints apply at each level: e.g. at the molecular level, binding two
atoms releases energy (exothermic, increasing entropy of environment) and results in a molecule
with lower internal energy (more stable); at the organism level, growth requires intake of free energy
and expulsion of entropy (consistent with the overall second law). The Projection Rendering
Theorem’s hierarchical nature (if any) would be complemented by this model ensuring each
emergent layer satisfies thermodynamics. We define transformations rules for coarse-graining:
when moving to a higher level description, some information is lost (coarse-graining microstates
into a macrostate), which by Landauer’s principle implies an entropy increase in the environment

15 . Thus, the act of projection itself (selecting one macro configuration out of many micro
possibilities) is accompanied by a thermodynamic cost - the model quantifies that if the projection
discards information (reduces entropy of the described system), the environment must gain that
entropy as heat. This ties the informational aspect of PRT to physical entropy accounting, cementing
the link between information theory and thermodynamics within the model.

Phase Space Volume and Liouville’s Theorem: As an aside on emergent dynamics, at the micro-
level Liouville's theorem states that phase space volume is preserved under Hamiltonian (reversible)
dynamics, which is related to entropy being constant for an isolated system in a purely mechanical
sense. Emergent irreversibility comes from coarse-graining (projecting many microstates to one
macrostate). Our model reflects this by distinguishing between microscopic entropy
(informational entropy) which stays constant under reversible dynamics, and macroscopic
entropy which increases when microstates are grouped indistinguishably. In PRT terms, the
projection operation itself can be seen as a mapping that increases entropy (since many micro
possibilities map to one macro outcome, there is a loss of information). We incorporate this idea by
requiring that any reduction of detail in the projection must obey the second law (no clever
projection can circumvent entropy increase by hiding information - because hidden information is
effectively lost information unless it remains correlated and accessible). In summary, the formation
of coarse emergent structures respects the increase of entropy due to loss of accessible microstate
information.

By enforcing all the above, the model ensures that emergent structure formation is thermodynamically
consistent. Whether one is dealing with a straightforward phase change or a complex self-organizing
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system, the stability and transitions are governed by energy and entropy criteria, just as physical reality
dictates.

Variational Principles and Extremum Conditions

The Thermodynamic Constraints Model leverages several variational principles to succinctly characterize
the tendencies of thermodynamic systems, unifying these with the projection framework:

* Principle of Least Action (Microscopic Dynamics): At the fundamental level, the dynamics of a
conservative physical system are determined by the stationary action principle: the actual path taken
between two states is one for which the action functional is extremized (minimal or stationary). We
integrate this principle to ensure that underlying micro-trajectory projections follow the laws of
mechanics. In the absence of dissipation, this recovers Newton's or Schrodinger’s equations for the
informing state evolution. Crucially, symmetries of the action yield conservation laws (Noether’s
theorem), as noted earlier: time-symmetry $\to$ energy conservation, space-symmetry $\to$
momentum conservation, etc. 4 . This embeds fundamental invariants into the model. However,
real processes often involve dissipation, which strictly falls outside the purview of least action (since
friction breaks time-reversal symmetry). To handle this, we extend the least action framework with
Rayleigh’s dissipation function or by embedding the system in a larger conservative system
(system + reservoir) where overall action is conserved. One way or another, the effective behavior is
that systems tend to extremize a functional that includes both action and entropy production. This
can be seen in certain formulations as a principle of least entropy production near equilibrium
(Onsager’s principle) or a maximum entropy production in some far-from-equilibrium scenarios.
Our model can be tuned to use the appropriate extremum principle depending on context: for near-
equilibrium small perturbations, we use the minimization of entropy production rate (consistent with
linear irreversible thermodynamics); for discrete transitions between states, we use the condition
that the path that occurs is the one extremizing (saddle-point) the free energy landscape (e.g. nucleation
follows the path of least free energy barrier).

Free Energy Extremum Principles (Macroscopic Equilibrium): As highlighted, at equilibrium a
system extremizes (minimizes) the relevant thermodynamic potential. We treat this as a variational
principle: for a system at $(T,V)$, the equilibrium state is found by $\delta F=0$% (with positive second
variation for minimum) 12 . Similarly, $\delta G=0% at fixed $(T,P)$, etc. We implement these by
writing down the functional for free energy in terms of the system’s degrees of freedom or order
parameters and taking derivatives to zero. For example, if $\phi(x)$ is a spatial order parameter field
(like density deviation in convection), the stable pattern satisfies $\frac{\delta F[\phil}{\delta \phi}=0$
subject to boundary conditions, often leading to Euler-Lagrange equations that resemble those in
pattern formation theory. By solving these, one can predict the emergent structure (e.g. the critical
wavelength of convection rolls comes from maximizing heat transport or related extremum). Thus,
the model provides a unified variational method: one either minimizes free energy to find static
equilibria or uses an action principle to find dynamic trajectories, with the understanding that
dissipation/entropy production tilts these towards irreversible outcomes (effectively selecting the
forward-in-time extremum, not the time-reversed one).

*« Maximum Entropy Principle (Statistical Inference aspect): When predicting equilibrium
distributions, we employ Jaynes' principle of maximum entropy: given known constraints (like fixed
$U$, $N$, etc.), the probability distribution that best represents the state is the one with the largest
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entropy consistent with those constraints ' . This derivation yields the canonical ensemble (for
fixed $T$: $p_i \propto eM{-E_i/(k_B T)}$) or microcanonical ensemble (fixed $U$: all states with that
$U$ equally likely), etc. In our model, the informing state may initially be specified with partial
information, and by MaxEnt we fill in the least-biased distribution. For instance, if PRT knows only
the energy and particle number of a subsystem, our model would assign it a Boltzmann distribution
over microstates (maximizing entropy) ' . This not only unifies classical thermo with information
theory but ensures that the projection starts from a thermodynamically consistent state rather
than an arbitrary distribution. When systems interact, the combined entropy is maximized when they
share a common temperature, etc., hence MaxEnt naturally yields equilibrium as the most probable
projection outcome. This principle is essentially an alternative statement of the second law: an
isolated system'’s entropy will increase toward a maximum - or equivalently, the distribution will
evolve toward the one of maximal entropy.

Least (or Extremal) Entropy Production Principles: For non-equilibrium steady states, the model
can incorporate principles such as minimum entropy production (for systems near equilibrium, as
proposed by Prigogine). This principle states that a system will settle into a steady state that
minimizes the rate of entropy production given the imposed flows (provided constraints are linear).
We include this as a special case variational rule: solve $\partial \sigma/\partial x_i = 0$ for relevant
flux variables $x_i$, where $\sigma$ is entropy production rate. Solutions give, for example, uniform
current distributions that minimize dissipation. In more speculative regimes far from equilibrium,
some have suggested a maximum entropy production principle (MEPP) - the idea that systems
select the state that produces entropy at the greatest rate possible given constraints (consistent with
many observations in climate science, etc.). Our model does not assume MEPP universally, but it can
be used as a heuristic in contexts where it seems to apply. Essentially, by framing such hypotheses in
variational form, the model stays flexible: one could test if a particular projection scenario is better
explained by minimum or maximum entropy production by checking which extremum yields a stable
solution.

Action-Entropy Complementarity: We formalize a notion that mechanics (action minimization)
and thermodynamics (entropy maximization) are two sides of the same coin in this model. For
purely reversible dynamics, action extremization rules; for final equilibrium, entropy (or free energy
minimization) rules. In intermediate regimes, we consider a combined functional $) = \int (L + T
S_{\text{prod}})dt$ that one might extremize, where $L$ is a Lagrangian and $S_{\text{prod}}$ is
entropy produced. While not a standard approach, it conceptually captures that the realized path
might balance least action against the drive to increase entropy. This is in spirit with Onsager’s
principle of least dissipation, where one finds the evolution that respects both mechanical forces and
dissipative forces optimally. By including both principles, the model ensures it can reduce to known
limits (pure Hamiltonian mechanics or pure thermodynamic equilibria) and interpolate between
them.

In summary, the variational principles provide powerful mathematical tools within the model: they allow
us to derive the governing equations and inequalities in a unified way (e.g. deriving Euler-Lagrange
equations for fields, or conditions for spontaneous processes). This adds to the rigor of the framework, as
each principle comes with well-defined calculus of variations conditions and solutions that can be analyzed.
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Integration with Temporal Emergence and the PRT Framework

Finally, we explicitly connect the Thermodynamic Constraints Model with the Temporal Emergence Model
and the broader Projection Rendering Theorem framework to ensure consistency and highlight synergy:

« Arrow of Time and Temporal Emergence: The Temporal Emergence Model posits that the
direction of time (past to future) is an emergent phenomenon associated with increasing entropy
(the entropy arrow of time). Our thermodynamic model is in direct harmony with this: by the second
law, as time moves forward, entropy tends to increase in an isolated system 7 . We have built this
asymmetry into the projection dynamics constraints, meaning the PRT's rendering of successive
states inherently carries a time orientation from lower entropy to higher. In practical terms, this
means that if one were to run a PRT-based simulation, the sequence of rendered states would be
recognizable as “forward in time” by the growth of entropy (or dispersal of energy, thermalization
progress, etc.). The Temporal Emergence Model is thus given a concrete thermodynamic footing:
time's arrow is no longer an abstract insertion but a natural consequence of the projection
constraints - irreversibility and entropy growth are equivalent to saying “this is the future
direction” 7 .If one attempted to invert the sequence (render a scenario of decreasing entropy), the
model would require an explanation (like external work or low-entropy inputs) or would assign it
near-zero probability. This integration assures that the emergent time in PRT is physical: it aligns with
the one-way thermodynamic progression we observe in reality.

Consistency with PRT's Informational Basis: PRT treats an informing state as containing the
information from which the physical state is projected. Our model ensures that any use of that
information obeys Landauer's principle if information is erased or irreversibly transformed. For
example, if the PRT involves a projection that coarse-grains or collapses many possibilities to one
actuality, the thermodynamic model would insist that this act incurs an entropy cost (heat release to
environment) 15 . Conversely, if information is to be preserved or extracted, energy must be
expended (as per erasure cost). This adds a new layer to PRT: the mapping from informing state to
rendered state is not free - it must budget energy and entropy. In a computational analogy,
rendering reality from information has a thermodynamic price. By quantifying this, the model could
predict, for instance, how much heat a computation or projection would generate, linking to the
emerging field of thermodynamic computing. Moreover, treating the informing state statistically
(with a probability distribution) and then applying MaxEnt means the PRT's initial conditions are
thermodynamically the most uninformative given what is known, preventing any hidden “negentropy”
from sneaking in. Overall, the PRT framework gains robustness by incorporating the second law at
the information level, preventing scenarios that violate known physics under the guise of
“information projection.”

Energy Budget in Projections: The Projection Rendering Theorem likely encompasses projecting
not just states but also dynamic evolutions. Our model dovetails by requiring an energy budget for
any projection. If PRT has some operator or mapping $\mathcal{P}$ that generates the emergent
state from the informing state, we augment it to $\mathcal{P}{thermo}$ which carries along an
accounting of energy and entropy. For example, suppose PRT projects an initial state to a final state with
certain differences; our model would add equations: $\Delta U = Q-W$ and $\Delta S>0%, the projection
describes a real irreversible change, and the model can tell how much heat was dissipated into
environment or how much entropy was generated internally. This }}\ge0$ to that projection event. If
$\Delta S_{\text{univ}}=0% and $\Delta U$ is accounted, the projection is reversible (perhaps a
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feature of an idealized simulation). If $\Delta S_{\text{univ}interfaces with simulation by allowing
the calculation of quantities like heat production, work done, efficiency of processes, etc., for each
rendered transition. It ensures that any equations of state used in PRT (relations between P, V, T,
etc. in the rendered world) are consistent with thermodynamic identities.

Equations of State and Constitutive Relations: When integrating into simulations, the model
provides the equations of state that close the system of equations. For instance, if PRT simulates a
gas, our model supplies $P(V,T)$, $U(T)$, etc., from thermodynamics/statistical mechanics, so that
the projection has the correct physical behavior. Similarly, for newly emergent phases or structures,
the model guides how to compute their thermodynamic properties (heat capacities, order
parameters vs. temperature, etc.). These equations can be derived from the partition function of the
informing state, linking statistical mechanics to macroscopic observables. In essence, the Projection
Rendering of a phenomenon will use our model's equations as part of its rule set, guaranteeing that
the outcome is quantitatively correct in thermodynamic terms.

Temporal Coherence and Causality: Because energy and entropy constraints enforce that no
process happens infinitely fast or without cause, the model also implicitly enforces a kind of causality
or temporal coherence in PRT. For example, a sudden large decrease in entropy is not allowed - thus
the projection cannot “jump” to a highly ordered state without intermediate steps that externalize
entropy. This means the sequence of projections will be smooth or physically plausible in time. If
PRT had some freedom in ordering events, the thermodynamic arrow and constraints reduce that
freedom to only causal, allowed orderings. This aligns with the notion that time emerges along with
a consistent chain of cause and effect (heat flows from hot to cold, not cold to hot spontaneously,
etc., providing a cause-direction).

Feedback to Temporal Emergence Model: Our integration also offers feedback: the Temporal
Emergence Model might need certain parameters (like an entropy production rate or cosmic initial
low entropy) to set the arrow of time. Our thermodynamic model can quantify these. For instance,
we can calculate the entropy of the universe's informing state and show how it increases, giving a
quantitative arrow. In any local PRT simulation, we can compute the entropy increase per step,
effectively measuring the “speed” of the arrow of time in that context. This could be used to refine
how time increments are handled in PRT, perhaps linking them to entropy production (conceptually
similar to thermal time hypotheses).

In conclusion, the Thermodynamic Constraints Model provides a comprehensive, unified, and rigorous
set of rules that any Projection Rendering Theorem application must follow to be physically sound. It
unifies classical, statistical, and quantum thermodynamics by speaking the language of energy, entropy,
and state ensembles across scales 3 . It defines clear laws (conservation of energy 6 , entropy increase

7, free energy minimization, etc.), inequalities (Clausius’ inequality, fluctuation relations 5 , stability
criteria) and transformation rules (Legendre transforms, state variable conversions) to ensure internal
consistency. It covers known phenomena: entropy gradients drive processes, irreversibility and
thermalization bring about equilibrium and time’s arrow, phase transitions occur at equal free energies and
produce latent heat, and energy is strictly conserved throughout. Variational principles are interwoven to
provide a powerful formulation of equilibrium (minimum free energy 2 ) and dynamics (least action,
maximal entropy, etc.), adding depth to the model's predictive power. Finally, by interfacing with the
Temporal Emergence Model and PRT, it guarantees that the projected reality not only follows
informational rules but also obeys the ironclad dictates of thermodynamics, making the emergent
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behavior in PRT simulations mirror the real universe’s behavior with respect to energy and entropy. This
model draft is prepared to serve as the foundation for formal scientific analysis and can be further
developed into computational algorithms or analytic equations-of-state for integration into the PRT
framework. Each component of the model could be translated into quantitative equations to be used in
simulations, ensuring that any simulated projection of a system will respect the same thermodynamic
constraints that a real physical system would.

Sources: The principles and constraints outlined here draw upon established thermodynamic theory and
recent formulations bridging information and thermodynamics. For reference, energy conservation and the
first law are standard 6 , and are connected to time-symmetry by Noether’s theorem 4 . The second law
and the arrow of time are supported by classical statements 7 and statistical interpretations (fluctuation
theorems quantifying entropy decrease probabilities > ). Quantum thermodynamics provides insight into
how these laws emerge from quantum mechanics 3 , especially in non-equilibrium contexts. Free energy
minimization as the criterion for equilibrium is a textbook result 2 and explains phase stability 1© 11,
Landauer’s principle connects information erasure with heat dissipation 2 and has been derived from
second-law considerations 15 . Finally, the tendency of systems toward maximal entropy consistent with
constraints underlies much of our approach 1 , ensuring that the thermodynamic arrow is built on firm
scientific footing. Each of these elements fortifies the Thermodynamic Constraints Model as a robust, multi-
scale integration of physical law with the Projection Rendering Theorem.

1 Maximum entropy probability distribution - Wikipedia
https://en.wikipedia.org/wiki/Maximum_entropy_probability_distribution

2 15 Landauer's principle - Wikipedia
https://en.wikipedia.org/wiki/Landauer%27s_principle

3 9 Quantum thermodynamics - Wikipedia

https://en.wikipedia.org/wiki/Quantum_thermodynamics

4 6 Conservation of energy - Wikipedia
https://en.wikipedia.org/wiki/Conservation_of_energy

5 Fluctuation theorem - Wikipedia

https://en.wikipedia.org/wiki/Fluctuation_theorem

7 8 Entropy as an arrow of time - Wikipedia
https://en.wikipedia.org/wiki/Entropy_as_an_arrow_of_time

10 11 13 14 6, Phase Transitions — Introduction to Statistical Mechanics

https://web.stanford.edu/~peastman/statmech/phasetransitions.html

12 Helmholtz free energy - Wikipedia
https://en.wikipedia.org/wiki/Helmholtz_free_energy
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