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Abstract 

Standard cosmology treats the hot-to-cold thermal evolution of the universe as a 
thermodynamic consequence of metric expansion, and standard quantum mechanics treats 
indeterminacy as ontologically primitive. A prior framework developed by the present 
author proposed that a final boundary condition can constrain the admissible-history 
ensemble of quantum cosmology, with a tiering of terminal states—trivial, structured, and 
computational—in which computational terminal states exert the strongest selective 
pruning. That earlier work left open a cosmological question: how does thermal history 
relate to endpoint-conditioned history selection? The present paper advances the thesis 
that cosmic cooling is not itself selective, but that it establishes the intermediate regime 
within which a computationally organized terminal condition can exert non-trivial pruning 
on the admissible-history ensemble. Under this reading, quantum indeterminacy functions 
not as the ultimate explanatory terminus of physical theory, but as the permissive 
admissibility substrate through which endpoint-conditioned selection operates. This is an 
interpretive claim about explanatory role, not a revision of the quantum formalism or a 
denial of its fundamentality. The paper formalizes cooling as an intermediate-regime 
condition, distinguishes forced from selectable features of thermal history, addresses the 
trivialization, teleology, anthropic, underdetermination, and fundamentality objections, 
and offers three candidate differential predictions concerning error-correcting substrate 
prevalence, the selective fine-tuning profile of constants, and the relative timing of 
cosmogenic transitions. The proposal is situated against Wheeler’s participatory universe, 
the two-state vector formalism, the transactional interpretation, Price’s time-symmetric 
program, Tegmark’s mathematical universe hypothesis, and Smolin’s cosmological natural 
selection. 
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1. Introduction 

Two explanatory habits have become naturalized in modern physical cosmology, and they 
are usually held apart. The first is that the thermal trajectory of the observable universe—
from the quark-gluon plasma at temperatures above 1012 K to the present-day cosmic 
microwave background temperature of 𝑇𝛾 ≈ 2.7255 K—is a straightforward consequence 

of metric expansion: as the scale factor 𝑎(𝑡) grows, adiabatic cooling follows, and the 
successive epochs of nucleosynthesis, recombination, photon decoupling, and structure 
formation unfold as thermodynamic corollaries of this expansion [1]. The second is that 
quantum indeterminacy is ontologically primitive: whatever interpretive stance one takes 
toward the wavefunction, the branching of histories or the indeterminacy of measurement 
outcomes sits at the foundation of the theory and is not itself explained by something 
deeper [2], [3]. 

These two habits together leave a conceptual gap. If the universe cools as a matter of 
thermodynamic necessity and quantum branching is primitive, then the question of why 
the branching landscape is the particular landscape we observe—one that contains 
histories in which durable nuclei form, atoms bond, chemistry stabilizes, biological 
memory persists, and explicit computation eventually occurs—is answered only by appeal 
either to initial-condition fine-tuning, to a multiverse selection argument, or to the 
anthropic principle [4], [5]. None of these is without cost. 

A third option is available. In a prior paper, the present author developed a framework in 
which the admissible-history ensemble of quantum cosmology is constrained by a final 
boundary condition, and in which the selective pruning exerted by different classes of 
terminal state can be ordered: trivial terminal states (e.g., generic thermal equilibrium) 
exert weak selection; structured terminal states (e.g., gravitationally bound configurations) 
exert moderate selection; and computational terminal states—those that favor histories in 
which information-processing architectures, self-replicating informational systems, and 
explicit computation emerge—exert the strongest selection [6]. The earlier paper did not, 
however, address cosmological thermal history directly. It gave the formal structure of 
terminal-state selection and argued on description-length grounds for the special selective 
power of computational endpoints, but it left open how cooling-driven cosmological 
evolution relates to endpoint reachability. 

The thesis of the present paper is precise. Cosmic cooling is not itself the selector. Cooling is 
forced by expansion; it is a thermodynamic consequence and not a choice among 
alternatives. What cooling does is establish the intermediate regime—stable nuclei, 
durable chemistry, long-coherence memory substrates, low-thermal-noise conditions—
within which a computationally organized terminal condition can exert non-trivial pruning. 
On this reading, quantum indeterminacy is not the ultimate explanatory terminus of the 
theory but the permissive admissibility substrate through which endpoint-conditioned 
history selection operates. The wavefunction formalism is unchanged; what shifts is what 
we take indeterminacy to be for in the explanatory order. 

Three clarifications are essential at the outset. First, this is an interpretive claim about 
explanatory role, not a modification of the quantum formalism. No equation of motion is 



rewritten; no new term is added to the Hamiltonian; no observational prediction is altered 
at the level of standard laboratory quantum mechanics. Second, the claim is not that 
quantum mechanics is non-fundamental in an ontological sense; it is that indeterminacy 
may serve as the admissibility structure over which temporally global constraints act, 
rather than as the final explanatory stopping point. Third, the endpoint in question is 
defined structurally—by the presence of computationally organized information-
processing and self-replicating informational systems—not by reference to human 
observers. This last point matters for preempting the anthropic objection. 

The remainder of the paper proceeds as follows. Section 2 summarizes the final-state 
framework at the level needed to make the present paper self-contained and identifies the 
gap that thermal history addresses. Section 3 develops the positive thesis: cosmic cooling 
as intermediate regime. Section 4 reframes quantum indeterminacy as permissive 
substrate. Section 5 addresses the slide from computational endpoint to agentic endpoint. 
Section 6 considers objections. Section 7 offers candidate differential predictions. Section 8 
situates the view against adjacent programs. Section 9 concludes. 

 

2. Background: Final-State Constraints and Informational Pruning 

2.1 The admissible-history ensemble 

The framework the present paper extends is most easily introduced through the 
decoherent histories formulation of quantum mechanics developed by Griffiths, Omnès, 
and Gell-Mann and Hartle [7], [8], [9]. In this formalism, a closed quantum system—
ultimately the universe—is described not by a single evolving state vector but by an 
ensemble ℋ of coarse-grained histories, each labeled by a sequence of projections at 
successive times. A set of histories is consistent or decoherent when its decoherence 
functional is diagonal, permitting probabilities to be assigned obeying classical additivity. 
The Gell-Mann–Hartle decoherence functional 

𝐷(ℎ, ℎ′) = Tr[𝐶ℎ′
†  𝜌𝑖  𝐶ℎ] 

governs probabilities in the standard case, where 𝐶ℎ is the class operator associated with 
history ℎ and 𝜌𝑖  is the initial density matrix. A history ℎ has probability 𝑝(ℎ) = 𝐷(ℎ, ℎ) 
when Re 𝐷(ℎ, ℎ′) ≈ 0 for ℎ ≠ ℎ′. 

2.2 Boundary-conditioned probability 

Standard cosmology supplies only an initial boundary condition, encoded in 𝜌𝑖 , and allows 
the unitary dynamics to determine the rest. Time-symmetric and boundary-conditioned 
extensions of quantum mechanics reconsider this asymmetry. The Aharonov–Bergmann–
Lebowitz (ABL) rule, introduced in 1964, gives probabilities for intermediate measurement 
outcomes conditional on both pre- and post-selection [2]. For an intermediate 
measurement of an observable 𝐴 with eigenstates |𝑎𝑛⟩, the ABL probability of obtaining 
outcome 𝑎𝑛 given pre-selection of |𝜓𝑖⟩ at time 𝑡𝑖  and post-selection of |𝜙𝑓⟩ at time 𝑡𝑓  is 



𝑃ABL(𝑎𝑛) =
|⟨𝜙𝑓|𝑈(𝑡𝑓, 𝑡𝑛) |𝑎𝑛⟩⟨𝑎𝑛| 𝑈(𝑡𝑛, 𝑡𝑖)|𝜓𝑖⟩|

2

∑ |⟨𝜙𝑓|𝑚 𝑈(𝑡𝑓 , 𝑡𝑛) |𝑎𝑚⟩⟨𝑎𝑚| 𝑈(𝑡𝑛, 𝑡𝑖)|𝜓𝑖⟩|2
. 

The two-state vector formalism (TSVF) developed by Aharonov and Vaidman generalizes 
this by describing a system at time 𝑡 through a forward-evolving ket |𝜓⟩ and a backward-
evolving bra ⟨𝜙|, both defined by measurement outcomes at their respective time 
boundaries [10]. The TSVF is empirically equivalent to standard quantum mechanics when 
both boundaries are unknown; it becomes distinctive when the post-selection is physically 
specified. 

In the final-state-constrained cosmological setting, the post-selection is not an 
experimental choice but a proposed property of the universe as a whole. Writing |𝛺𝑓⟩ for a 

late-time boundary state (or more generally a density operator 𝜌𝑓), the admissible-history 

ensemble is restricted: 

ℋadm = { ℎ ∈ ℋ: ⟨𝛺𝑓|𝐶ℎ|𝜓𝑖⟩ ≠ 0 }, 

and the probability measure on histories becomes 

𝑝(ℎ ∣ 𝜌𝑖 , 𝜌𝑓) =
Tr[𝜌𝑓  𝐶ℎ  𝜌𝑖  𝐶ℎ

†]

∑ Trℎ′ [𝜌𝑓  𝐶ℎ′ 𝜌𝑖  𝐶ℎ′
† ]
. 

Equation (4) is the generalization to cosmology of the ABL rule. It inherits from ABL the 
property that the post-selection acts as a filter on the ensemble: histories compatible with 
𝜌𝑓 are retained; histories incompatible with 𝜌𝑓 are excluded [11]. This is the core pruning 

operation. 

2.3 Description length and the tiering of terminal states 

The prior paper argued that the kind of 𝜌𝑓 matters. Different classes of terminal state exert 

different selective pressure on ℋadm. The argument proceeded through the lens of 
algorithmic information theory, specifically the Kolmogorov complexity 𝐾(𝑥) of a history, 
defined as the length of the shortest program on a reference universal Turing machine that 
outputs 𝑥 [12], [13]. The minimum description length (MDL) of the realized history 
ensemble under a boundary-conditioned measure is 

𝐿(ℋadm) = ∑ 𝑝

ℎ∈ℋadm

(ℎ ∣ 𝜌𝑖 , 𝜌𝑓) 𝐾(ℎ ∣ 𝜌𝑓), 

where 𝐾(ℎ ∣ 𝜌𝑓) is the conditional Kolmogorov complexity of history ℎ given specification 

of the terminal condition [14]. A terminal state 𝜌𝑓 is selectively potent to the extent that it 

reduces 𝐿(ℋadm) relative to the unconstrained ensemble; equivalently, to the extent that 
specifying 𝜌𝑓 shortens the description of the histories that survive the filter. 

The pruning power of 𝜌𝑓 can be made quantitative. Let ℐ(𝜌𝑓) denote the mutual 

algorithmic information between the terminal state and a typical admissible history, 
averaged over the conditioned measure: 



ℐ(𝜌𝑓) = 𝔼ℎ∼𝑝(⋅∣𝜌𝑖,𝜌𝑓)[𝐾(ℎ) − 𝐾(ℎ ∣ 𝜌𝑓)]. 

ℐ(𝜌𝑓) measures how many bits of the history description are recovered by knowing 𝜌𝑓. A 

terminal state that fails to constrain the ensemble has ℐ ≈ 0; a terminal state that fully 
determines the history has ℐ ≈ 𝐾(ℎ). The tiering of terminal states can then be stated 
precisely: a class ℱ1 of terminal states is more selectively potent than a class ℱ2 when 

𝔼𝜌𝑓∈ℱ1[ℐ(𝜌𝑓)] > 𝔼𝜌𝑓∈ℱ2[ℐ(𝜌𝑓)]. 

Three tiers of terminal state were identified on this basis: 

Trivial terminal states (e.g., uniform high-entropy thermal states, generic heat-death 
configurations) impose almost no informational constraint. By construction, a high-entropy 
thermal state at temperature 𝑇 is compatible with an exponentially large set of microstates, 
so specifying it as 𝜌𝑓 constrains almost nothing about the antecedent history. Formally, 

ℐ(𝜌𝑓
triv) = 𝑂(logdimℋHilbert), which is negligible relative to 𝐾(ℎ) for cosmologically 

extended histories. 

Structured terminal states (e.g., configurations with specified gravitationally bound mass 
distributions, long-lived clustered remnants) exert moderate selection. They filter out 
histories in which structure fails to form, but the structural specification is comparatively 
compact and does not constrain the microstate degrees of freedom beyond the gross 

structural pattern. Typical ℐ(𝜌𝑓
struct) scales with the specification complexity of the mass 

distribution, which for a clustered universe of 𝑁 bound structures is 𝑂(𝑁log𝑁)—non-
trivial but far from saturating 𝐾(ℎ). 

Computational terminal states—configurations characterized by information-processing 
architectures, self-replicating informational systems, error-correcting memory substrates, 
and explicit computation in the Turing-relevant sense—exert the strongest selection, and 
the argument for this is essentially the computational compressibility of such 
configurations. A computational architecture is, by definition, a system whose microstate is 
correlated across large numbers of degrees of freedom by a comparatively short program 
(the code it is running, plus the code specifying its architecture). Conditioning on the 
presence of such an architecture is therefore conditioning on a regime of low algorithmic 
complexity relative to microstate count. More formally, if 𝑁micro is the number of 
microstate degrees of freedom in a computational subsystem and 𝐾arch is the algorithmic 
complexity of its architectural specification, then for architectures satisfying 𝐾arch ≪
𝑁microlog2 (the generic case for non-trivial computation), conditioning on the architecture 
recovers 𝛩(𝑁micro) bits of history information—scaling linearly with the size of the 
computational subsystem rather than logarithmically. This is the sense in which 
computational endpoints exert quantitatively stronger pruning than structured ones. 

Table I summarizes the tiering. 

Table I. Selective pruning by terminal-state class. 

Terminal-state 
class 

Characteristic content Selective 
pruning on ℋ 

Reduction 
in 𝐿 



Trivial Generic thermal equilibrium; heat-death Weak Negligible 

Structured Gravitationally bound, clustered, long-
lived remnants 

Moderate Partial 

Computational Information-processing architectures; 
self-replicating informational systems; 
explicit computation 

Strong Substantial 

2.4 What the earlier paper did not address 

The earlier framework was formal. It established that if a computational terminal state 
obtains, then the admissible-history ensemble is sharply pruned in the direction of 
histories that generate the required informational architecture. It did not address how such 
histories are made dynamically reachable in cosmological evolution. A boundary condition, 
however selective, cannot prune into existence a history that the intermediate dynamics 
cannot realize. The pruning operates on an ensemble already delimited by the laws of 
physics and by cosmological evolution. 

This leaves a concrete gap. For a computational terminal state to exert its maximum 
selective pressure, there must be histories in the ensemble capable of producing the 
intermediate conditions under which computation is realizable: persistent matter, stable 
chemistry, durable memory, low thermal noise, error-correcting substrates. The 
cosmological thermal history of our universe does deliver these conditions, but the prior 
paper did not say why this matters for the pruning argument or how the two couple. Filling 
this gap is the task of Section 3. 

 

3. The Cooling Universe as Intermediate Regime 

3.1 The thermal history of the observable universe 

The hot-to-cold trajectory of the observable universe is among the most firmly established 
structures in modern cosmology [15]. Beginning from the quark-gluon plasma at 
temperatures 𝑇 > 150 MeV (roughly 1012 K, corresponding to cosmic time 𝑡 ∼ 10−5 s), the 
universe passed through a rapid sequence of transitions: the quark-hadron phase 
transition at 𝑇 ∼ 100 MeV; neutrino decoupling at 𝑇 ∼ 1 MeV (𝑡 ∼ 1 s); electron-positron 
annihilation; Big Bang nucleosynthesis at 𝑇 ∼ 0.1 MeV (𝑡 ∼ 3 min), during which the light 
nuclei—2H, 3He, 4He, 7Li—were synthesized; and radiation-matter equality at 𝑇 ∼ 1 eV 
[15]. At 𝑇 ≈ 0.3 eV (approximately 3000 K, 𝑡 ∼ 380,000 yr), hydrogen recombination 
occurred, free electrons bound to protons, and photons decoupled, giving rise to the cosmic 
microwave background now observed at 𝑇𝛾 = 2.7255 K [16]. Structure formation, star 

formation, and chemical enrichment followed over the subsequent ∼ 10 Gyr. 

The temperature history can be summarized by the scaling relation 

𝑇(𝑎) ∝
1

𝑎(𝑡)
 



for radiation, and more complicated relations for matter in the post-decoupling regime. 
The key observation is that cooling is thermodynamically forced: given the metric 
expansion described by the Friedmann equations 

(
𝑎̇

𝑎
)
2

=
8𝜋𝐺

3
𝜌 −

𝑘

𝑎2
+
𝛬

3
, 

temperature decreases are not selectable among alternative histories compatible with 
expansion. Every history in which the Friedmann equations obtain and the universe 
expands features monotonic cooling at the radiation level. 

Table II summarizes the cosmological epochs and the structural capacities each permits. 

Table II. Cosmological epochs and enabled structural capacities (approximate figures). 

Epoch Time Temperature Structural capacity enabled 

Quark-gluon plasma < 10−5 s > 1012 K None beyond quark-gluon 

Hadron formation ∼ 10−5 s ∼ 1012 K Protons, neutrons 

Nucleosynthesis ∼ 3 min ∼ 109 K Light nuclei (H, He, Li) 

Recombination ∼ 380,000 yr ∼ 3000 K Neutral atoms; photon decoupling 

Dark ages / first 
stars 

∼ 108 yr ∼ 102 K Molecular hydrogen; Population III 
stars 

Galaxy formation ∼ 109 yr ∼ 10 K Metals, heavy elements 

Present ∼ 1.4 × 1010 
yr 

∼ 2.7 K Chemistry, biology, computation 

3.2 Forced versus selectable features 

A critical conceptual distinction must be drawn before proceeding. Some features of the 
thermal trajectory are forced by expansion and the Friedmann dynamics: monotonic 
cooling, the approximate timing of the major transitions, the blackbody spectrum of the 
CMB. Other features are selectable in the sense that they depend on parameter choices and 
dynamical contingencies that differ across the ensemble of histories compatible with the 
laws of physics: the fine-structure constant 𝛼, the ratio of the proton to electron mass, the 
cosmological constant 𝛬, the baryon-to-photon ratio 𝜂, the precise magnitude of primordial 
density perturbations, and the parameters of chemistry and nuclear binding [4], [5], [17]. 

The claim of this paper is not that cooling per se is selected. That would collapse into the 
trivial assertion that universes that cool produce the structures cooling permits. The claim 
is rather that cooling constitutes the pathway through which selectable parameter 
configurations become consequential: cooling without appropriate parameter values yields 
only thin chemistry, unstable matter, or non-compounding structure; cooling with 
appropriate parameter values yields the durable structure a computational terminal state 
selectively favors. Selection operates at the level of which cooling trajectories (with which 
parameter values and which dynamical contingencies) survive the endpoint-conditioned 
filter of Eq. (4). 



Figure I. Cosmic cooling as admissibility pathway. 

 

Figure I. Cosmic cooling as admissibility pathway rather than selector. Metric expansion 
forces thermal cooling, which successively enables stable nuclei and atoms, durable chemistry, 
low thermal noise, and long-lived memory substrates. These conditions open a computation-
capable physical regime in which error correction and reliable information processing 
become possible. Under the framework advanced here, pruning acts not on cooling itself, but 
on histories in which cooling together with suitable parameters and contingencies yields the 
intermediate regime required for a structural-agency or computational endpoint. 

3.3 Sub-claim (a): Stable nuclei, atoms, and chemistry require the cooling trajectory 

The first sub-claim is that durable matter of the kind presupposed by a computational 
terminal state is available only in the post-cooling regime. The binding energy of the 
hydrogen atom is 13.6 eV; the binding energy of the deuteron is 2.22 MeV. Below these 
thresholds, bound atoms and nuclei are stable against thermal dissociation; above, they are 
not. The timing of nucleosynthesis is fixed by the condition that 𝑇 drop below the deuteron 
binding energy while the neutron abundance has not yet entirely decayed; the timing of 
recombination is fixed by 𝑇 dropping below hydrogen’s ionization energy [15], [16]. 
Chemistry, as a generalization of atomic bonding, requires 𝑇 to be well below typical 
molecular binding energies (∼ 1-10 eV), which is satisfied only in the post-decoupling 
universe. 

None of this is in dispute; it is standard cosmology. The point for the present argument is 
that durable chemistry is a necessary intermediate condition for the content of a 
computational terminal state. Without stable atoms and molecules, there is no substrate for 
information-processing architectures of the kind the endpoint selects. Cooling is the 
pathway by which this substrate becomes available. 



3.4 Sub-claim (b): Durable memory and error-correction require low thermal noise 

The second sub-claim concerns the physical requirements of memory. Landauer’s principle 
places a lower bound on the energy dissipated per irreversible bit operation [18], [19]: 

𝐸erase ≥ 𝑘𝐵𝑇ln2. 

At cosmological background temperatures of 𝑇 ∼ 1012 K, 𝐸erase ∼ 10−8 erg per bit—
prohibitive relative to any plausible source of free energy for early-universe information 
processing. At 𝑇 ∼ 300 K, 𝐸erase ∼ 3 × 10−21 J per bit, accessible to chemical and biological 
systems. 

More significantly, the durability of stored information depends on the ratio of the bistable 
energy barrier 𝛥𝐸 protecting a memory state to the thermal energy scale 𝑘𝐵𝑇. The mean 
lifetime of a stored bit scales approximately as 

𝜏 ∼ 𝜏0exp (
𝛥𝐸

𝑘𝐵𝑇
), 

which is an Arrhenius-type expression for thermally activated escape from a bistable well. 
For a fixed 𝛥𝐸 set by the chemistry of the memory substrate, 𝜏 grows exponentially as 𝑇 
falls. A memory that is reliably stable over timescales long enough for biological evolution 
or technological computation requires 𝑇 ≪ 𝛥𝐸/𝑘𝐵. For covalent-bond-stabilized 
informational polymers (e.g., DNA, with relevant barriers in the eV range), this requires 𝑇 
in the hundreds of kelvins—far below the CMB temperature at recombination, but well 
within the post-cooling regime. 

Error correction imposes additional constraints. The thermodynamic cost of an error-
correcting code depends on the background noise temperature, and codes that can reliably 
preserve information over long periods require that thermal noise not dominate the signal 
[20]. Cooling reduces 𝑘𝐵𝑇 and thereby makes error-correcting architectures 
thermodynamically accessible. A hot universe cannot sustain durable error-corrected 
memory; a sufficiently cold universe can. 

3.5 Sub-claim (c): Turing-relevant computation requires persistent low-entropy substrate 

The third sub-claim is the strongest. Explicit computation in the Turing-relevant sense—
the controlled, reliable, resettable manipulation of symbols in accordance with a specified 
program—requires more than durable memory. It requires persistent low-entropy substrate 
conditions in which the computational architecture is dynamically stable, in which clock 
cycles can be defined, and in which the probability of thermally induced errors is low 
enough that computation proceeds as intended rather than collapsing into noise [21]. 

Seth Lloyd’s bound on the total computational capacity of the observable universe, 

𝑁ops(𝑡) ≲
2 𝜌(𝑡) 𝑐5 𝑡4

𝜋 ℏ
, 



gives the maximum number of elementary logical operations the universe could have 
performed up to cosmic time 𝑡 [21], [22]. For the present-day universe, 𝑁ops ∼ 10120. This 

bound depends critically on the low effective temperature of the present universe: a 
universe locked at 𝑇 ≫ 106 K would expend vastly more energy per bit-flip via the 
Margolus–Levitin bound, and would be dominated by thermal fluctuations rather than 
organized computation. 

More concretely, Turing-relevant computation requires that the Kolmogorov complexity of 
the computational trajectory be substantially less than the complexity of the underlying 
microphysical trajectory. Computation occurs, by definition, when the program state 
evolves along a much lower-dimensional manifold than the full phase space permits. This 
separation—between the program state and the thermal bath—requires the thermal bath 
to be sufficiently cold that its fluctuations do not spill over into the program manifold. A hot 
universe does not permit such a separation; a cold universe does. 

3.6 Cooling as admissibility pathway 

Drawing the three sub-claims together: the cooling trajectory of the universe establishes, 
successively, the intermediate regimes in which stable chemistry, durable memory, and 
explicit computation become physically realizable. Cooling itself is forced; whether cooling 
together with a given parameter configuration and dynamical contingency produces the 
intermediate conditions a computational terminal state requires is not forced. 

Selection operates on the conjunction. Let 𝜋 ∈ 𝛱 denote a point in the space of 
cosmological parameters and initial-condition contingencies compatible with a cooling 
trajectory—including the fine-structure constant 𝛼, the proton-to-electron mass ratio 
𝑚𝑝/𝑚𝑒, the cosmological constant 𝛬, the baryon-to-photon ratio 𝜂, nuclear-binding 

parameters, and the amplitude and spectrum of primordial density perturbations. Write 
𝜌𝑖(𝜋) for the parameter-dependent initial density matrix and 𝜌𝑓

𝐶  for a computational 

terminal state. Eq. (4) becomes 

𝑝(ℎ ∣ 𝜌𝑖(𝜋), 𝜌𝑓
𝐶) ∝ Tr[𝜌𝑓

𝐶  𝐶ℎ  𝜌𝑖(𝜋) 𝐶ℎ
†]. 

Integrating over histories while retaining 𝜋 as a label, the induced measure on parameter 
space is 

𝜇(𝜋 ∣ 𝜌𝑓
𝐶) =

∑ Trℎ [𝜌𝑓
𝐶  𝐶ℎ  𝜌𝑖(𝜋) 𝐶ℎ

†] 𝜇0(𝜋)

∫ d
𝛱

𝜋′  ∑ Trℎ [𝜌𝑓
𝐶  𝐶ℎ  𝜌𝑖(𝜋′) 𝐶ℎ

†] 𝜇0(𝜋′)
, 

where 𝜇0(𝜋) is a prior measure on parameter space (taken uniform or minimally 
informative in the absence of further constraints). Eq. (13) is the induced posterior over 
parameters given the endpoint condition. It expresses precisely what is meant by selection 
operating through cooling rather than on cooling: cooling is the dynamical trajectory along 

which each 𝜋 is tested against 𝜌𝑓
𝐶 , and 𝜇(𝜋 ∣ 𝜌𝑓

𝐶) peaks at values of 𝜋 for which the cooling 

trajectory delivers the intermediate regimes required by the endpoint. 



This gives the framework a quantitative posture it otherwise lacks. The admissible 
parameter values are not those that make the universe exist, nor those that make the 
universe structured, but those for which the conjunction of cooling dynamics and 
parameter configuration produces histories compatible with a computational endpoint. 
Parameter configurations with appropriate 𝛼 but wrong 𝛬 (cooling proceeds but structure 
formation is cut off), or appropriate 𝛬 but wrong 𝛼 (structure forms but chemistry is thin), 

are exponentially suppressed in 𝜇(𝜋 ∣ 𝜌𝑓
𝐶) relative to configurations that satisfy both. 

On this reading, the hot-to-cold evolution of the observable universe is not proof of 
teleology nor merely thermal accounting. It is the intermediate regime through which 
endpoint-conditioned pruning becomes non-trivial on parameter space. The formal content 
of the framework is not that cooling is explained by the endpoint, but that parameter 
configurations selecting for histories with appropriate cooling pathways are over-

represented in 𝜇(𝜋 ∣ 𝜌𝑓
𝐶) relative to 𝜇0(𝜋). 

 

4. Quantum Indeterminacy as Permissive Substrate 

4.1 Indeterminacy under a boundary-conditioned reading 

In the standard reading of quantum mechanics, indeterminacy is taken as ontologically 
primitive: the Born rule returns probabilities that are not further reducible to hidden 
variables (subject to the usual no-go constraints on locality and non-contextuality) [23]. 
Under a boundary-conditioned reading of the cosmological ensemble, a different 
explanatory role becomes available without modifying the formalism.  

Figure II. Boundary-conditioned pruning of the admissible-history ensemble.  



 

Figure II. Boundary-conditioned pruning of the admissible-history ensemble. An initial 
boundary condition generates a quantum history ensemble under the dynamics, while a final 
boundary condition imposes an endpoint-conditioned pruning on that ensemble. The result is 
an admissible sub-ensemble and a redistributed measure over histories, from which observed 
histories containing durable structure, memory, and computation emerge.  

The standard formalism generates an ensemble ℋ of possible histories. Without a final 
boundary condition, probabilities on this ensemble are given by Eq. (1) and are interpreted 
as irreducible. With a final boundary condition, the ensemble is restricted to ℋadm by Eq. 
(3), and probabilities are redistributed by Eq. (4). The formalism is identical; what changes 
is the conceptual role of ℋ. 

In the standard reading, ℋ is the complete explanatory ledger: every possible branching, 
however unproductive, is part of what the theory posits. In the boundary-conditioned 
reading, ℋ is the admissibility structure over which endpoint-conditioned selection 
operates. The branching is real, but it is not explanatorily terminal. What is explanatorily 
terminal is the conjunction of initial and final boundary conditions; ℋ is the space on which 
they act. 

4.2 “Admissibility structure” versus “filtering medium” 

The sharper rhetorical framing of this view is that quantum indeterminacy is a “filtering 
medium” rather than “the foundation.” This is catchy but overreaches. A filtering medium 
suggests that something sits above the quantum formalism and does the filtering from 
outside. That is not the claim. The claim is that the formalism generates an ensemble, and 
that a temporally global constraint—specifically a final boundary condition with non-trivial 



informational content—selects a sub-ensemble. The selection is internal to the formalism 
as augmented by the boundary condition; nothing sits above. 

The better framing is that indeterminacy functions as the admissibility structure on which 
the endpoint condition acts. This language preserves the fundamentality of the formalism: 
without quantum branching, there is no ensemble for the endpoint condition to operate on, 
and the selection has no content. Indeterminacy is a necessary feature of the theory under 
this reading; it is not a feature that could be explained away by a deterministic substitute. 
But it is not the final explanatory stop either. The final explanatory stop is the conjunction: 
branching structure plus boundary condition plus selective pruning. 

4.3 What does and does not change 

Several things do not change under this reading: 

(i) The laboratory predictions of quantum mechanics are unaffected. The ABL rule, the 
weak-value formalism, the Born rule in the standard single-measurement setting, 
and all the empirical content of quantum theory continue to obtain [10], [24]. 

(ii) The formalism is not modified. No new terms enter the Hamiltonian; no new 
constants enter the theory; no equation of motion is rewritten. 

(iii) The ontological status of the wavefunction is left open. The boundary-conditioned 
reading is compatible with multiple positions on whether |𝜓⟩ is ontic or epistemic 
[25], [26]. 

What does change is the explanatory role of indeterminacy. In the standard reading, asking 
“why is there indeterminacy?” has no further answer; the Born rule is primitive. In the 
boundary-conditioned reading, the answer becomes: indeterminacy is the admissibility 
structure over which temporally global constraints act, and those constraints—specifically 
a computational terminal condition—determine which branches are realized with non-
negligible measure. 

This is analogous, but only analogous, to the Lagrangian formulation of classical mechanics. 
In Newtonian mechanics, forces are primitive and trajectories follow. In the Lagrangian 
formulation, trajectories are determined by extremization of an action functional over all 
possible paths. The path ensemble is not physical in the Newtonian reading, but it plays an 
indispensable formal role in the Lagrangian reading. Neither reading is “more 
fundamental” in a metaphysical sense; they differ in explanatory organization. 

The boundary-conditioned reading of quantum indeterminacy is similarly a reorganization 
of explanatory priorities. It does not demote the quantum formalism to secondary status, 
and it does not elevate the boundary condition above the formalism. It says that once a 
boundary condition is included, the natural explanatory role of indeterminacy is as the 
admissibility substrate—not because indeterminacy has been explained by something 
deeper, but because the theoretical work of selection can now be located elsewhere in the 
formalism. 



4.4 Non-empirical theoretical virtues 

The boundary-conditioned reading is empirically equivalent to standard quantum 
mechanics at the laboratory level. The justification for adopting it therefore must rest on 
non-empirical theoretical virtues rather than crucial experiments. Three such virtues are 
worth making explicit. 

Explanatory unification. Standard cosmology supplies an initial boundary condition (or, 
in the no-boundary proposal, a specific substitute) and takes the late-time structure of the 
universe as a derived consequence of initial data plus dynamics. Separately, standard 
quantum mechanics takes indeterminacy as primitive and the Born rule as fundamental. 
These two explanatory bases are not unified: initial-condition specification and Born-rule 
primitiveness do no common work. Under the boundary-conditioned reading, a single 
formal move—the inclusion of 𝜌𝑓 alongside 𝜌𝑖  in Eq. (4)—couples the treatment of 

cosmological initial data to the treatment of quantum probability. Both boundary 
conditions enter symmetrically into the measure on histories; the Born rule becomes a 
consequence of the fully specified boundary-conditioned measure rather than a separate 
primitive. This is explanatory unification in the standard sense: one formal structure does 
work that was previously done by two disconnected ones. 

Reduction in arbitrary boundary-data specification. Standard cosmology faces a 
recurring awkwardness about initial data: the Weyl curvature hypothesis, the low-entropy 
past state, and the inflationary initial conditions are all in various ways attempts to 
motivate specific initial data on grounds other than arbitrary stipulation [27], [28]. 
Penrose’s estimate that the Weyl curvature hypothesis requires a specification precision of 

order 1 part in 1010
123

 illustrates how severe the arbitrariness can become when only 
initial boundary data is available to carry the explanatory load [27]. The boundary-
conditioned reading distributes explanatory work across two boundary conditions rather 
than concentrating it in one. A computational terminal 𝜌𝑓

𝐴 is not a replacement for 𝜌𝑖 , but it 

offloads part of the specification burden: some features of the realized histories are 
accounted for by the endpoint condition rather than by fine-tuned initial data. The 
arbitrariness of the initial specification is reduced, at the cost of specifying a late-time 
condition that is, arguably, independently motivated by the observed presence of structural 
agency in our cosmic history. 

Parameter-space content. Perhaps most concretely, the induced measure on parameter 
space defined by Eq. (13) is not present in the standard framework at all. Standard 
cosmology treats the fundamental constants as fixed inputs to the theory; fine-tuning 
puzzles are noted but not explanatorily resolved by the theory itself. The boundary-

conditioned reading generates 𝜇(𝜋 ∣ 𝜌𝑓
𝐶) as a theoretical object—a posterior distribution 

on parameter space given the endpoint condition—that can in principle be studied, 
compared with observed parameter values, and used to make the differential predictions 
developed in Section 7. Whether or not the predictions turn out to be sharp, the existence 

of 𝜇(𝜋 ∣ 𝜌𝑓
𝐶) as a theoretical object is a non-trivial content gain over standard frameworks 

that take parameters as fixed without further comment. 



These three virtues—unification, reduction in arbitrary specification, and parameter-space 
content—are not empirical claims and do not by themselves settle whether the framework 
is correct. They do explain why adopting the reading is a non-trivial theoretical choice and 
not merely a linguistic rearrangement. 

 

5. Why Agency, Not Just Computation 

5.1 The slide to avoid 

Informal restatements of the final-state framework tend to slide from “computational 
terminal state” to “agentic terminal state,” and from there to “endpoint characterized by 
observers” or “endpoint characterized by intelligent life.” Each step loosens the structural 
content of the claim and pulls the argument closer to anthropocentrism. It is necessary to 
say what structural agency is, and why the endpoint is better characterized in terms of it 
than in terms of generic computation. 

A purely computational terminal state, strictly construed, would select for histories 
containing Turing-complete machinery—whether or not that machinery did anything 
interesting. A patch of rock in which sufficiently complex crystal defects can be read as a 
Turing-complete system, were anyone to read them that way, is computational by a liberal 
definition and yet contributes nothing distinctive to the endpoint. The selective character 
of a computational terminal condition must therefore be sharpened. 

5.2 Structural features of agency 

The features that matter for selective pruning, and that together constitute structural 
agency, are three: 

Recursive self-modeling. A system has recursive self-modeling when it maintains an 
internal representation of its own state that is updated by its own processes and that is 
used to guide those processes. This is the core feature of predictive-processing and free-
energy-principle accounts of biological organization [29], [30]. Structurally, recursive self-
modeling requires persistent memory, updatable internal state, and feedback from outputs 
to inputs. 

Goal-directed informational closure. A system exhibits goal-directed closure when its 
dynamics preferentially maintain a bounded set of internal states against environmental 
perturbation. Autopoietic and autonomy-based accounts in biology emphasize this feature 
[31], [32]. Structurally, closure requires boundary-crossing flows of matter and energy 
combined with internal regulation that stabilizes state variables. 

Self-replicating informational organization. A system is self-replicating in the relevant 
sense when its internal organization specifies procedures for producing further systems of 
the same organizational type. Kauffman’s autocatalytic sets, Eigen’s hypercycles, and more 
recent work by England on dissipative adaptation all bear on this feature [33], [34], [35]. 
Structurally, self-replication requires copyable informational substrate, the machinery to 



read and copy it, and environmental conditions permitting the copying to produce reliable 
descendants. 

A computational terminal state that selects for all three features is an agentic terminal state 
in the structural sense. Agency here does not mean person-like agency. It does not imply 
consciousness, intentionality as understood in philosophy of mind, or moral status. It 
means the structural cluster of recursive self-modeling, goal-directed closure, and self-
replicating organization. Integrated information theory’s 𝛷 measure [36], [37], while 
contested as a measure of consciousness, provides one candidate quantitative handle on 
the first feature, and it has been shown to correlate with fitness in simulated evolution [38], 
[39]. 

5.3 A formal handle on structural agency 

The three features can be given operational form as a composite functional. For a 
subsystem 𝑆 of a history ℎ at time 𝑡, let 𝛷(𝑆, 𝑡) denote the integrated information of 𝑆 (an 
IIT-style measure of recursive self-modeling capacity) [36], [37], let 𝐹(𝑆, 𝑡) denote the 
variational free energy of 𝑆 relative to its environment (an FEP-style measure of goal-
directed closure) [29], [30], and let 𝑅(𝑆, 𝑡) denote the replication fidelity of 𝑆 (the mutual 
information between 𝑆 and its descendants under the system’s own reproduction 
dynamics) [33], [35]. A structural-agency functional can be defined as 

𝒜(ℎ) = max
𝑆⊂ℎ, 𝑡

[𝛷(𝑆, 𝑡) ⋅ exp(−𝛽𝐹(𝑆, 𝑡)) ⋅ 𝑅(𝑆, 𝑡)], 

with 𝛽 a positive inverse-temperature-like parameter setting the weight on free-energy 
minimization. 𝒜(ℎ) is positive only when all three features are simultaneously present 
above threshold; it is large when the features interlock in a stable subsystem. A structural-
agency terminal state 𝜌𝑓

𝐴 is then defined as one whose support is restricted to final 

microstates |𝑥⟩ such that 𝒜(ℎ𝑥) ≥ 𝒜0 for some threshold 𝒜0 > 0, where ℎ𝑥 is a history 
terminating in |𝑥⟩: 

supp(𝜌𝑓
𝐴) ⊆ {|𝑥⟩:𝒜(ℎ𝑥) ≥ 𝒜0}. 

This is schematic—each of 𝛷, 𝐹, and 𝑅 remains contested in its own literature, and the 
multiplicative form is one choice among several possible compositions. But the 
formalization does real work. It states precisely what it would mean for a microstate to lie 
in the support of 𝜌𝑓

𝐴, it makes explicit the three-way dependency, and it fixes the sense in 

which 𝜌𝑓
𝐴 is structural rather than observer-relative: 𝒜 is defined over subsystems and 

histories without reference to any privileged external observer. 

5.4 Why the sharper endpoint is more, not less, selective 

One might worry that narrowing the endpoint from generic computation to structural 
agency weakens the selective power of the framework. The opposite is true. A generic 
computational terminal state is satisfied by any history containing Turing-complete 
machinery, even machinery that does not do anything persistent or organized. A structural-
agency terminal state is satisfied only by histories in which the three features above arise, 



persist, and interlock. This is a narrower class of histories, which corresponds to a stronger 
filter in Eq. (4) and a larger reduction in 𝐿 in Eq. (5). 

Formally, if 𝜌𝑓
𝐶  denotes the generic computational terminal state and 𝜌𝑓

𝐴 denotes the 

agentic (structural-agency) terminal state with 𝜌𝑓
𝐴 ≼ 𝜌𝑓

𝐶  in the partial order of 

informational content, then 

𝐿(ℋadm ∣ 𝜌𝑓
𝐴) ≤ 𝐿(ℋadm ∣ 𝜌𝑓

𝐶), 

with equality only when the agentic refinement adds no independent informational 
content. The selective pressure of the agentic endpoint dominates that of the merely 
computational endpoint. 

5.5 Preempting the anthropic objection 

Defining the endpoint structurally is essential for preempting the anthropic objection. If the 
endpoint were defined as “universes containing human observers,” the framework would 
collapse into a form of strong anthropic reasoning, vulnerable to all the standard critiques: 
that it trivially explains what it ought to predict, that it is unfalsifiable in principle, and that 
it smuggles in teleology under the cover of structural language [40], [41]. 

Structural agency is defined without reference to humans, carbon, biology, or 
consciousness. A universe in which structural agency is realized by silicon-based self-
replicating systems, by exotic plasma structures sustaining recursive self-modeling, or by 
distributed computational architectures not resembling any earth biology would satisfy 𝜌𝑓

𝐴 

equally well. The endpoint is defined by the cluster of organizational features, not by their 
physical realization in any particular substrate. 

This distinction matters both philosophically and technically. Philosophically, it answers 
the charge that the framework is merely anthropocentrism in informational dress. 
Technically, it allows Eq. (12) to apply to histories that are very different from ours in 
chemistry and biology yet still admissible under the endpoint condition. 

 

6. Objections 

6.1 The trivialization objection 

Objection. Cooling is forced by expansion. The Friedmann dynamics permit no alternative. 
Therefore cooling cannot be part of the selection story; it is thermodynamic inevitability. 
The present proposal collapses into the claim that universes that cool contain structures 
cooling permits—which is true but empty. 

Reply. The objection conflates cooling per se with the conjunction of cooling and parameter 
configuration. Cooling is forced; the particular parameter values (fine-structure constant, 
baryon-to-photon ratio, cosmological constant, nuclear binding coefficients) that determine 
whether cooling yields durable chemistry, long-coherence memory, and computational 
substrate are not forced. These parameters sit at the boundary of what the standard model 



takes as free. Selection operates at the level of the conjunction—not “cooling was selected” 
but “cooling-with-parameter-configuration-𝜋 was selected.” The framework is not trivial 
once this distinction is made. It predicts that parameter configurations permitting durable 
computational substrate are over-represented in the admissible ensemble relative to 
configurations that do not. This is non-trivial. 

6.2 The teleology objection 

Objection. A final boundary condition is final cause in disguise. The proposal reintroduces 
teleology, against which modern science has set its face. 

Reply. Boundary conditions at late times are no more teleological than boundary conditions 
at early times. Standard cosmology routinely posits initial-condition boundary data—
Penrose’s Weyl curvature hypothesis for the initial singularity is a well-known example 
[27], [28]—without anyone objecting that the initial condition is “first cause in disguise.” 
The asymmetry between our comfort with initial boundary data and our discomfort with 
final boundary data is not a feature of the physics; it is a feature of our psychology and our 
confidence in a certain direction of causal explanation. 

Formally, Eq. (4) is time-symmetric in its treatment of 𝜌𝑖  and 𝜌𝑓; the ABL rule is explicitly a 

time-symmetric generalization of ordinary conditional probability [2], [10]. The TSVF and 
transactional interpretations have for decades argued that time-symmetry in the formalism 
is not teleology [42], [43]. What distinguishes teleology from boundary-conditioned 
physics is whether the endpoint is stipulated with ghostly causal power or is described 
structurally by a density operator. In the present framework, 𝜌𝑓

𝐴 is a density operator with 

specifiable informational content. It does not pull histories toward itself by occult means. It 
enters Eq. (4) as one of two boundary conditions and is treated formally on par with 𝜌𝑖 . 

6.3 The anthropic objection 

Objection. This is simply the anthropic principle in new clothes. Observers select for 
universes in which observers exist. 

Reply. The anthropic principle, in both weak and strong forms, refers to observer selection: 
we observe the universe we observe because we exist to observe it, and universes 
incompatible with our existence are not observed [4], [40]. The present framework does 
not invoke observer selection. It invokes an endpoint condition defined structurally in 
terms of agency features—recursive self-modeling, goal-directed closure, self-replicating 
organization—that are specified without reference to observers, consciousness, or human-
like intelligence. 

The framework is compatible with counterfactual universes in which structural agency is 
realized by non-human, non-biological, non-carbon-based systems. It is compatible with 
universes in which no observer ever contemplates the endpoint condition. What it is not 
compatible with is universes in which no structural agency is realized at all; those 
universes are pruned out. This is a selection principle, but it is a structural-organizational 
selection principle, not an observer-selection principle. 



The distinction matters because observer selection is notoriously vulnerable to charges of 
triviality and unfalsifiability, while structural selection can in principle be refined to the 
point of making differential predictions (Section 7). 

6.4 The underdetermination objection 

Objection. The framework makes no empirical predictions different from standard 
cosmology plus standard quantum mechanics. Any observation consistent with the 
standard framework is consistent with the boundary-conditioned reading. 
Underdetermination renders the view empirically empty. 

Reply. The objection is partly correct and partly overstated, and the distinction matters. It is 
correct that at the level of laboratory quantum mechanics and at the level of fixed-
parameter cosmological prediction, the boundary-conditioned reading returns what 
standard theory returns. The formalism is identical; the measure on histories given fixed 
boundary conditions is identical. At this level, empirical discrimination is not available. 

The objection is overstated in three ways. 

First, the framework makes content commitments at the parameter-space level that 

standard theory does not. Eq. (13) defines a posterior measure 𝜇(𝜋 ∣ 𝜌𝑓
𝐶) on the space of 

cosmological parameters; standard theory takes parameters as fixed inputs and does not 
generate such a measure. The differential predictions of Section 7 are derived from this 
posterior. Whether they can be sharpened depends on further work on the measure, but 
their existence as non-trivial content is not in dispute. 

Second, empirical equivalence at the laboratory level is not unique to the present 
framework. It is shared by every interpretive program in the foundations of quantum 
mechanics: Copenhagen, Many-Worlds, Bohmian mechanics, the transactional 
interpretation, the TSVF, and Price’s retrocausal program all return the same laboratory 
predictions. Dismissing the present framework on grounds of laboratory-level empirical 
equivalence would proscribe the entire interpretive enterprise, including views widely 
regarded as serious theoretical proposals. The appropriate standard for a framework of 
this type is non-empirical theoretical virtue (Section 4.4) plus differential content at the 
level accessible to the framework (Section 7), not laboratory-crucial experiment. 

Third, the framework is falsifiable in a structural sense even where it is not empirically 
discriminating at the laboratory level. If the observed pattern of cosmological parameters 
were demonstrably not over-represented in regions of 𝛱 favoring durable computational 
substrate—if, for instance, 𝛼 were located at a value far from the narrow range permitting 
stable chemistry, or if the cosmological constant were at a value incompatible with 
structure formation—the framework would be falsified. That we do not observe such 
values is not a trivial consequence of observer selection, because the framework’s endpoint 
is defined structurally rather than observationally (Section 5.5). The absence of such 
falsifying observations is therefore a non-trivial confirmation rather than a tautology. 



6.5 The Boltzmann brain objection 

Objection. Any framework that selects for histories containing observers or agents faces the 
Boltzmann brain problem: if structural agency can arise through rare thermal fluctuations 
in a high-entropy equilibrium state, then such fluctuation-produced agents should 
dominate the admissible ensemble under 𝜌𝑓

𝐴, since they are vastly more numerous than 

evolution-produced agents in the infinite-time limit. The framework would then predict 
that a typical observer is a fluctuation, contrary to observation. 

Reply. The Boltzmann brain problem arises for any framework in which structural agency 
is the selection target and in which thermal fluctuations in long-lived equilibrium states can 
produce such agency. It is a serious objection, and the reply must be specific. 

The structural-agency functional 𝒜(ℎ) defined in Eq. (15) is not satisfied by isolated 
thermal fluctuations. All three features—integrated information 𝛷, goal-directed closure 𝐹, 
and replication fidelity 𝑅—require extended spatiotemporal organization with non-trivial 
causal history. A fluctuation-produced brain-like configuration has 𝛷 > 0 at one instant but 
has no causal history satisfying 𝐹 (no stable boundary-crossing flows) and no replication 
dynamics satisfying 𝑅 (no mechanism for producing descendants with preserved 
organization). The multiplicative form of Eq. (15) means that any factor at zero suppresses 
the whole: isolated fluctuations fail all three conditions and are therefore not in the support 
of 𝜌𝑓

𝐴 under the definition Eq. (16). 

More formally, fluctuation-produced configurations satisfy 𝑅 ≈ 0 because they have no 
reliable self-reproduction mechanism; they satisfy 𝐹 ≈ 0 because they do not maintain 
bounded internal states against environmental perturbation over non-trivial timescales; 
and their 𝛷 is typically evaluated at a single instant rather than persisting across cause-
effect intervals long enough for the integrated-information measure to be meaningful. The 
structural-agency endpoint is therefore not the observer endpoint assumed in standard 
Boltzmann brain arguments. It is narrower, and the narrowing is precisely what excludes 
fluctuation agents. 

This is a concrete advantage of defining the endpoint structurally rather than in terms of 
observer-existence. An endpoint defined as “universes containing observers” is vulnerable 
to Boltzmann brain collapse; an endpoint defined as “universes containing structurally 
agentic subsystems with persistent causal history and reliable replication” is not. The 
framework’s insistence on all three structural features is not aesthetic—it is what prevents 
the Boltzmann brain pathology. 

6.6 The fundamentality objection 

Objection. Calling quantum mechanics “non-ultimate” overreaches. The formalism is the 
most successful physical theory ever produced; demoting it to an admissibility substrate is 
unmotivated and gratuitously provocative. 

Reply. Conceded, in the following sense. The claim is not that quantum mechanics is non-
fundamental in an ontological sense. The claim is that indeterminacy may be non-ultimate 
in an explanatory sense under a boundary-conditioned reading. These are different claims. 



The formalism retains its full explanatory and empirical power; what changes is whether 
indeterminacy functions as the final stop in the explanatory order or as the admissibility 
structure over which a temporally global constraint acts. 

Language here is important. The earlier formulation of this view, using the phrase “filtering 
medium,” invited exactly the objection under consideration, because it suggested 
something sitting above the formalism doing the filtering. The preferred language of 
“admissibility structure” avoids this. Quantum indeterminacy is not replaced; it is 
reconceived in its explanatory role. 

 

7. Testability and Differential Predictions 

This is the section on which the paper’s empirical claims most directly rest, and honesty 
demands that its limits be acknowledged alongside its content. The differential predictions 
below are offered not as crucial experiments but as expectation-value differences under 
which the boundary-conditioned framework with a structural-agency endpoint predicts 
different tendencies than standard cosmology plus a trivial or merely structured endpoint. 

7.1 Prediction 1: Prevalence of error-correcting substrate 

Under a structural-agency terminal state, the admissible ensemble is weighted toward 
histories in which error-correcting informational substrates emerge and persist. Error-
correction is a prerequisite for durable memory against thermal noise (Eqs. (9)-(10)) and 
is a prerequisite for self-replicating organization that transmits information across 
generations without unbounded drift. 

Differential expectation. Histories in the admissible ensemble under 𝜌𝑓
𝐴 should exhibit a 

higher prevalence of error-correcting informational architectures—biological (DNA repair, 
proofreading polymerases), pre-biological (autocatalytic networks with self-stabilizing 
composition), and eventually technological (error-correcting codes in silicon and quantum 
computing)—than histories in which the endpoint is merely structured. The quantitative 
statement is that the measure on ℋadm under 𝜌𝑓

𝐴 should assign higher probability to 

histories with error-correcting informational density above some threshold than the 
corresponding measure under 𝜌𝑓

𝑆 (structured-only). 

Limitation. This is an expectation-value prediction, not a sharp test. Assessing it requires a 
comparison across histories, which observationally we cannot make directly. The best 
empirical handle is the ubiquity and convergence of error-correction in terrestrial biology 
and the early emergence of proofreading mechanisms, which is qualitatively consistent 
with the prediction but cannot rule out standard explanations. 

7.2 Prediction 2: Selective fine-tuning profile 

Fine-tuning arguments in cosmology identify a suite of constants whose values appear 
finely tuned for the emergence of complex structure [4], [5], [17]. The boundary-
conditioned framework with 𝜌𝑓

𝐴 predicts a specific pattern: the fine-tuning should be 



particularly sharp for parameters that enable durable computational substrate, as distinct 
from parameters that merely enable structure. 

Differential expectation. Compare two classes of constants. Class 𝒞1 are those whose values 
control whether structure forms at all—gravitational constant 𝐺, cosmological constant 𝛬, 
primordial density fluctuation amplitude 𝛿𝜌/𝜌. Class 𝒞2 are those whose values control 
whether the structures that form can host durable computation—fine-structure constant 𝛼, 
proton-electron mass ratio, nuclear binding details, neutron-proton mass difference, 
chemistry-relevant parameters. Under a structured-but-non-computational endpoint, 𝒞1 
would be finely tuned and 𝒞2 would not. Under 𝜌𝑓

𝐴, both 𝒞1 and 𝒞2 should be finely tuned, 

and 𝒞2 should be tuned with comparable or greater sharpness than 𝒞1. 

Quantitative content. Define the tuning sharpness of a parameter 𝜋𝑘 relative to endpoint 
condition 𝜌𝑓 as 

𝜎𝑘(𝜌𝑓) =
𝛥𝜋𝑘

viable(𝜌𝑓)

𝜋𝑘
obs

, 

where 𝛥𝜋𝑘
viable(𝜌𝑓) is the width of the interval around the observed value 𝜋𝑘

obs within 

which the endpoint remains realizable and other parameters are held fixed. A smaller 𝜎𝑘 
indicates sharper tuning. Existing fine-tuning estimates in the literature provide indicative 
numbers. For the cosmological constant, Weinberg’s anthropic bound gives 𝜎𝛬 ∼ 10−120 
relative to Planck-scale natural values [44], though the interpretation of this ratio is 
contested [5], [17]. For the fine-structure constant relative to stable carbon 
nucleosynthesis via the Hoyle resonance, Oberhummer, Csótó, and Schlattl’s calculations 
give 𝜎𝛼 ≲ 10−3 for a viable carbon yield within a factor-of-two change [45]. More recent 
lattice QCD calculations by Epelbaum et al. refine this to give 𝜎 ∼ 2-3% for the light quark 
mass variation consistent with carbon-based chemistry [46]. For the proton-neutron mass 
difference relative to stable hydrogen chemistry, 𝜎𝛥𝑚 ∼ 10−2 [17], [47]. The observation 
relevant to the prediction is whether 𝜎 for 𝒞2 parameters is of comparable order to 𝜎 for 𝒞1 
parameters when both are normalized on the same footing. The extant literature suggests 
that they are: the sharpness of the 𝛼 tuning for carbon nucleosynthesis is of the same order 
as the sharpness of the baryon-photon ratio tuning for structure formation, which is a non-
trivial coincidence under a merely structured endpoint but a predicted feature under 𝜌𝑓

𝐴. 

Falsification condition. The prediction would be falsified if future calculations established 
that 𝜎 for 𝒞2 constants was systematically larger (looser tuning) than 𝜎 for 𝒞1 constants—
that is, if the constants controlling durable computational substrate turned out to have 
generous viable ranges while the constants controlling bare structure formation were 
sharply tuned. The framework predicts the reverse: comparable or sharper tuning of 𝒞2. A 
systematic reversal in the sharpness hierarchy would constitute evidence against the 
structural-agency endpoint relative to a merely structured one. 

Limitation. Fine-tuning arguments are notoriously sensitive to the choice of measure on 
parameter space. Without an agreed-upon measure, quantitative comparisons between 𝒞1 
and 𝒞2 tuning degrees are contestable. The numbers above are indicative rather than 



decisive, and sharpening them to the point where Eq. (17) gives rigorous discriminations 
across parameter classes is a concrete direction for follow-on work. 

7.3 Prediction 3: Relative timing of cosmogenic transitions 

Under 𝜌𝑓
𝐴, the admissible ensemble should be weighted toward histories in which the 

relative timing of cosmogenic transitions—matter-radiation equality, recombination, first-
star formation, chemical enrichment, planetary formation, biogenesis, the emergence of 
information-processing architectures—is well-ordered for the downstream emergence of 
structural agency. 

Differential expectation. The timing sequence in the admissible ensemble should 
disproportionately feature histories in which each transition occurs soon enough relative 
to the others that the downstream transition has time to proceed before the universe has 
expanded and cooled past the point where it is dynamically favorable. For example, a 
history in which star formation is delayed so long that metal enrichment cannot reach the 
required levels before the dark-energy-dominated expansion shuts down star formation is 
disfavored under 𝜌𝑓

𝐴 but not under a merely structured endpoint. 

Empirical handle. The observation that our universe’s transition timings appear, 
qualitatively, well-ordered for the emergence of complex chemistry and biology is 
consistent with the prediction. The fact that star formation peaked at 𝑧 ∼ 2 and has since 
declined, and that planetary formation with heavy-element abundances comparable to 
Earth’s became possible only after several Gyr of metal enrichment, fits the pattern. 

Limitation. Like the previous prediction, this is a distributional claim, and direct testing 
would require comparative observation across multiple universes or a principled measure 
on cosmological parameter space. 

7.4 Summary: empirical status 

Table III summarizes the three predictions against the alternative of a structured-but-not-
computational endpoint. 

Table III. Differential predictions under 𝜌𝑓
𝐴 versus 𝜌𝑓

𝑆. 

Prediction Expected under 𝜌𝑓
𝐴 Expected under 

𝜌𝑓
𝑆 

Empirical handle 

Error-correcting 
substrate prevalence 

High; convergent Moderate; 
contingent 

Biological error 
correction ubiquity 

Fine-tuning of 𝒞2 
constants 

Sharp, comparable to 
𝒞1 

Not specifically 
sharp 

Observed fine-tuning of 
𝛼, nuclear parameters 

Cosmogenic 
transition timing 

Well-ordered for 
downstream agency 

Well-ordered for 
structure only 

Star formation history; 
metal enrichment 
timing 



Honesty about the empirical status: these are soft predictions. They locate the framework 
in the interpretive/explanatory tier of proposals in philosophy of physics rather than in the 
direct-empirical tier. They are nevertheless non-trivial: they distinguish the structural-
agency endpoint from merely structured endpoints in ways that, in principle, could be 
sharpened by future work on cosmological parameter measures and algorithmic-
information measures on the admissible-history ensemble. 

 

8. Relation to Adjacent Programs 

The view advanced here has clear affinities and equally clear distinctions with several 
adjacent programs in the foundations of physics. Locating it precisely among these helps 
clarify what is new. 

8.1 Wheeler’s participatory universe 

John Archibald Wheeler’s “it from bit” and the associated participatory anthropic principle 
(PAP) propose that observer-participancy plays a constitutive role in bringing physical 
reality into being, with the delayed-choice experiment as the paradigmatic illustration [48], 
[49]. The present framework shares Wheeler’s emphasis on information as a fundamental 
organizing principle in physics, and it inherits Wheeler’s comfort with treating the universe 
as an informational whole subject to non-standard explanatory organization. 

Distinction. Wheeler’s view is observer-centric in a strong sense: observer-participancy is 
the mechanism by which phenomena become real. The present framework is agency-
centric in a structural sense: structural agency is the informational cluster selected by the 
endpoint, but it does not have constitutive or participatory causal power over the 
formalism. On Wheeler’s view, observation makes reality; on the present view, structural 
agency is what the admissible ensemble is selected for, but it does not make the ensemble. 
Wheeler’s view is also more radical ontologically; the present framework is deliberately 
minimalist about ontology. 

8.2 Two-state vector formalism (TSVF) 

Aharonov, Bergmann, Lebowitz, and Vaidman’s TSVF is the formal ancestor of much 
boundary-conditioned quantum mechanics, and Eqs. (2) and (4) are direct generalizations 
of the ABL rule [2], [10]. The present framework uses TSVF-style boundary-conditioned 
probability as its formal core. 

Distinction. TSVF, as developed by its originators, is a time-symmetric formalism for 
laboratory quantum mechanics, where both pre- and post-selection are experimentally set. 
The present framework extends this to cosmology, where the post-selection is not an 
experimental choice but a proposed property of the universe as a whole, and the post-
selection has informational structure (Eq. 5) rather than merely specifying a particular late-
time measurement outcome. The TSVF is interpretively neutral about whether the post-
selection has physical significance beyond its operational role; the present framework 
commits to a specific informational content for the endpoint. 



8.3 Transactional interpretation 

John Cramer’s transactional interpretation and its later elaboration by Ruth Kastner as the 
possibilist and relativistic transactional interpretation treat quantum events as handshakes 
between retarded “offer waves” and advanced “confirmation waves,” with time-symmetric 
causation built into the formalism [42], [43], [50]. 

Distinction. The transactional interpretation is a specific mechanism for wavefunction 
collapse: individual quantum events occur through the formation of transactions. The 
present framework is silent on the mechanism of individual collapse. It operates at a higher 
level: the ensemble of histories, not individual quantum events. Transactional 
interpretations can coexist with the present framework as an account of what happens at 
the level of individual events while the framework itself specifies how the history ensemble 
is pruned by a cosmological boundary condition. 

8.4 Price’s time-symmetric program 

Huw Price has argued, in work partly with Ken Wharton and others, that time-symmetry in 
quantum mechanics naturally leads to retrocausality once certain assumptions about 
ontology are granted [51], [52], [53]. The Price-Wharton-Leifer-Pusey literature has 
refined these arguments considerably. 

Distinction. Price’s program is primarily concerned with locality, no-go theorems, and the 
foundations of quantum mechanics at the micro level; the question is whether 
retrocausality offers a natural escape from Bell-type non-locality. The present framework 
does not rely on retrocausation at the level of individual quantum events. It uses time-
symmetry only as a property of the boundary-conditioned probability measure in Eq. (4), 
not as a commitment to signaling from future to past. In this sense, the present framework 
is less committed than Price’s program, and it could be adopted by physicists who are 
skeptical about micro-retrocausality. 

8.5 Tegmark’s mathematical universe hypothesis 

Max Tegmark’s mathematical universe hypothesis (MUH) proposes that physical reality is a 
mathematical structure, and that all computable mathematical structures exist physically in 
some sense, giving rise to a level-IV multiverse [54], [55]. 

Distinction. The MUH is an ontological claim about the nature of reality; it is maximally 
expansive. The present framework is a selective claim about the admissible-history 
ensemble of a single universe (or, if extended, a single cosmological ensemble), conditioned 
on an endpoint. These are not incompatible—one could hold a mathematical-structure 
ontology and still accept boundary-conditioned selection on the computable structures 
realized—but they are very different in ambition. The MUH says everything mathematically 
possible exists; the present framework says, within what exists, the admissible histories 
are those compatible with a structural-agency endpoint. The framework is agnostic about 
whether there is a multiverse, agnostic about whether reality is mathematical in the 
Tegmarkian sense, and committed only to the selection claim. 



8.6 Smolin’s cosmological natural selection 

Lee Smolin’s cosmological natural selection (CNS) proposes that black-hole formation in 
one universe seeds the formation of daughter universes with slightly varied constants, and 
that over many generations the distribution of universes is biased toward those producing 
many black holes [56], [57]. 

Distinction. CNS is a reproduction-with-variation account modeled on biological evolution, 
with black-hole fecundity as the fitness function. The present framework is not a 
reproduction account. It does not posit universe reproduction; it posits a single 
cosmological ensemble pruned by an endpoint condition. Interestingly, CNS has been 
critiqued on grounds that our universe appears better tuned for intelligent life than for 
black-hole production [58]; if one takes this critique seriously, one way to read the present 
framework is as a response that structural agency, not black-hole fecundity, is the relevant 
selection target. But the mechanism is different: there is no reproduction in the present 
framework, only endpoint-conditioned selection. 

8.7 Penrose’s Weyl curvature hypothesis as initial-boundary complement 

Of all the adjacent programs, Penrose’s Weyl curvature hypothesis (WCH) bears the most 
direct structural relationship to the present framework and deserves separate treatment 
[27], [28]. Penrose proposed that the initial singularity is characterized by vanishing (or 
near-vanishing) Weyl conformal curvature, 𝐶𝑎𝑏𝑐𝑑 → 0, which provides a low-entropy past 
boundary condition consistent with the observed smoothness and homogeneity of the early 
universe and with the thermodynamic arrow of time. The WCH is explicitly a boundary 
condition—an initial one—that constrains the admissible-history ensemble by fixing the 
gravitational entropy of the past. 

The relationship to the present framework is direct and complementary. Where Penrose’s 
proposal constrains 𝜌𝑖  in Eq. (4) by restricting the initial gravitational entropy, the present 
framework proposes a complementary constraint on 𝜌𝑓. The two proposals are not 

competitors; they address opposite temporal ends of the same boundary-conditioned 
formalism. A full cosmological theory in this style would include both: an initial condition 
specified in the spirit of the WCH (or its substitute in a quantum gravity theory) and a 
terminal condition in the spirit of a structurally agentic 𝜌𝑓

𝐴. 

Two observations make this pairing philosophically attractive. First, Penrose has estimated 

that the WCH requires a specification precision of order 1 part in 1010
123

 for the observed 
universe [27], an astonishing figure that dramatizes how severe the initial-condition 
arbitrariness becomes when only initial data is available to do the explanatory work. 
Distributing some of the explanatory load to a non-trivial 𝜌𝑓 does not eliminate this 

arbitrariness but does soften it: some features of the realized histories are no longer left 
entirely to initial-condition stipulation. Second, the WCH is itself not a theorem of the 
classical theory but a conjecture about what a successful quantum gravity theory will yield 
dynamically [28]. The parallel for the present framework is that 𝜌𝑓

𝐴 is also a conjecture, not 

a theorem: it proposes a boundary condition whose specific form would ideally be derived 



from a deeper theory rather than stipulated, and whose structural content is motivated by 
observed features of the cosmic history we find ourselves in. 

Distinction. Penrose’s WCH says nothing about whether the history ensemble is pruned 
toward a computational or agentic endpoint; it is concerned with the past. The present 
framework says nothing about the structure of the initial singularity; it is concerned with 
the future boundary. Taken together, they suggest a cosmological framework in which 
boundary conditions at both ends do coordinated explanatory work—a genuine two-
boundary cosmology in the spirit Aharonov and Gruss explored for laboratory quantum 
mechanics [11]. 

8.8 Summary comparison 

Table IV summarizes the adjacent programs across three dimensions: the temporal 
direction of the selection mechanism, the primary ontological commitment, and the 
empirical testability status. 

Table IV. Adjacent programs and the present framework. 

Program Temporal direction Primary ontology Testability 

Wheeler 
participatory 

Present observation → 
past reality 

Informational; 
observer-constitutive 

Indirect (delayed-
choice tests) 

TSVF (Aharonov-
Vaidman) 

Pre- and post-selection Time-symmetric 
formalism; ontology-
neutral 

Laboratory (weak 
values) 

Transactional 
(Cramer, 
Kastner) 

Retarded/advanced 
handshake 

Real offer and 
confirmation waves 

Interpretive; 
equivalent 
predictions 

Price time-
symmetric 

Retrocausation at event 
level 

Various; realist about 
𝜆 

Indirect (Bell 
loopholes) 

Tegmark MUH None (timeless 
structure) 

Mathematical monism Contested; largely 
interpretive 

Smolin CNS Forward (evolutionary) Multiverse with 
reproduction 

Partial (neutron 
star mass 
predictions) 

Penrose WCH Initial boundary 
condition only 

Low-entropy initial 
geometry 

Indirect (CMB 
homogeneity; 
arrow of time) 

Present 
framework 

Endpoint-conditioned; 
single ensemble 

Formalism-neutral; 
structural-agency 
endpoint 

Soft differential 
predictions 

The present framework occupies a distinctive position: it is time-symmetric in its 
formalism (inheriting from TSVF), single-universe in its ontological commitments (unlike 
MUH and CNS), complementary rather than competitive with WCH-style initial-boundary 



proposals, agentic-endpoint in its selection target (where CNS uses black-hole fecundity 
and Wheeler uses observer-participancy), and structural in its characterization of agency 
(avoiding the anthropic vulnerability of observer-centric views). 

 

9. Conclusion 

This paper has advanced a specific and restricted thesis. The hot-to-cold thermal evolution 
of the observable universe is not itself selective—it is a thermodynamic consequence of 
metric expansion, forced by the Friedmann dynamics. But cooling establishes the 
intermediate regime in which a computationally organized, structurally agentic terminal 
condition can exert non-trivial pruning on the admissible-history ensemble. Quantum 
indeterminacy, under this boundary-conditioned reading, functions not as the ultimate 
explanatory terminus of the theory but as the permissive admissibility substrate through 
which endpoint-conditioned selection operates. The formalism is unchanged; the 
explanatory organization is. 

What is genuinely new here, relative to the prior paper on final-state constraints and 
informational pruning [6], is not the final-state framework itself—that was established 
earlier—but the coupling between cosmological thermal history and endpoint-conditioned 
selection. The earlier paper established that computational terminal states prune the 
admissible ensemble; this paper establishes that cosmic cooling is the intermediate-regime 
condition through which such pruning becomes non-trivial. The cooling trajectory is 
neither a brute thermodynamic fact to be explained away nor a teleological direction 
imposed from outside. It is the pathway along which the selective content of the endpoint 
becomes physical. 

Three commitments are worth restating at the close. First, the framework is interpretive, 
not revisionary: it does not modify the quantum formalism, does not introduce new terms 
into any equation of motion, and does not produce sharp empirical predictions that would 
distinguish it from standard theory at the laboratory level. Second, the endpoint is defined 
structurally—recursive self-modeling, goal-directed informational closure, self-replicating 
organization—without reference to human observers or carbon-based biology. This 
distinguishes the framework from anthropic reasoning. Third, the differential predictions 
offered in Section 7 are soft: expectation-value differences concerning error-correcting 
substrate prevalence, the fine-tuning profile of constants, and the relative timing of 
cosmogenic transitions. These predictions locate the framework in the interpretive tier of 
foundational programs rather than the direct-empirical tier. 

Two lines of follow-on work are natural. The first is to formalize structural agency more 
precisely, perhaps by developing a principled measure on the space of informational 
architectures that instantiate the three features of recursive self-modeling, goal-directed 
closure, and self-replication. Integrated information theory’s 𝛷 measure, the free-energy-
principle formulation of self-evidencing, and the autocatalytic-set formalism all offer partial 
candidates. The second is to sharpen the differential predictions, particularly the fine-
tuning profile claim, by developing measures on cosmological parameter space that allow 



quantitative comparison of the tuning of 𝒞1 versus 𝒞2 constants. Either line of work, if 
successful, would move the framework from soft-differential to sharp-differential 
predictions and strengthen its empirical standing. 

A concise statement of the thesis, for reference: cosmic expansion-driven cooling is not 
itself selective, but it establishes the intermediate regime of durable chemistry, low-noise 
memory, and computational substrate within which a structurally agentic terminal 
condition can exert non-trivial pruning on the admissible-history ensemble; under this 
reading, quantum indeterminacy functions as the admissibility structure through which 
endpoint-conditioned selection operates, rather than as the ultimate explanatory terminus 
of the theory. 
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