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This book is a work of scientific interpretation, counterfactual history, disciplined
speculation, ethics, and literary thought experiment. It does not claim that present quantum
computers transmit information faster than light, send usable messages into the past, alter
external spacetime, or demonstrate theological propositions. Where the discussion moves

beyond established physics, that transition is identified explicitly.

The letter form is a public intellectual device. Hartmut Neven is addressed because, as
founder and leader of Google Quantum Al, he occupies a highly visible position at the
intersection of quantum hardware, error correction, algorithms, and the practical decisions that
accompany scaling. This book does not imply his participation, endorsement, private

COITESPOHdEIlCe, or agreement.

The title deliberately echoes *A Letter to Katerina Tikhonova: When Quantum Computers
Instantiate Reality*. The earlier book asked what happens when quantum computation
becomes physically consequential in ways that outrun the categories of ordinary computing.
This book asks a prior question: what if the causal framework used to classify those

consequences is itself incomplete?
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Author's Note: Four Levels of Claim

A book about causality can become irresponsible very quickly. The language is seductive.
“The future changes the past.” “The computer chooses history.” “Omega pulls reality toward
itself.” Such sentences can be useful in fiction and disastrous in a laboratory report. This book

therefore uses four levels of claim.

Established physics includes special relativity, Minkowski light-cone structure, the
mathematical and experimental framework of quantum mechanics, Bell inequalities and their
violations, operational no-signaling, quantum error correction, and the fact that quantum

computations are physical processes.

Live theoretical alternatives include retrocausal interpretations, time-symmetric
formulations, all-at-once or boundary-value approaches, process-matrix frameworks without a
predetermined global causal order, and proposals in which spacetime or causal order is
emergent. These are serious research programs, not established replacements for standard

quantum theory.

Counterfactual history asks what twentieth-century physics might have looked like if its
culture had treated forward-only causal explanation as negotiable while protecting Lorentz-
local mediation. No committee literally voted to “keep causality and sacrifice locality.” The
Copenhagen tradition was never one doctrine, and Bell's theorem came decades later. The

counterfactual is about priorities, habits, and research emphasis, not a hidden historical decree.

Theological and literary speculation uses Teilhard de Chardin, Alpha and Omega,
finality, the noosphere, and the language of a universe known as a whole. These parallels can
illuminate concepts. They are not experimental evidence for theology, and physics cannot

infer God merely from a block universe, time symmetry, or global constraints.

The discipline of the book is simple: the reader should always be able to tell which level is

being used.
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A Note on the Addressee

Dear Dr. Neven,

This is not a letter because you are presumed to have the answer. It is a letter because

someone eventually has to make the decision.

Quantum computing has moved from a field dominated by demonstrations of control
toward a field increasingly organized around error-corrected scale. Google Quantum Al's
published program has reported progressive surface-code milestones, including suppression of
logical errors with increasing code distance and below-threshold operation on Willow-class
hardware. In 2026, Google also announced an expansion of its hardware research to include
neutral-atom systems alongside superconducting processors. The exact architecture matters
less here than the direction: larger controlled quantum systems, deeper correction, faster

decoding, more automation, and stronger incentives to make the machine useful.

Those are engineering achievements. They are also epistemic commitments. Error
correction encodes a theory of which deviations count as errors. Calibration encodes a theory
of which regularities count as drift. A decoder classifies a physical history into “intended
logical state” and “correctable departure.” An autonomous controller can increasingly decide

which experiment to run next.

In *A Letter to Katerina Tikhonova*, the urgent question was what to do if the machine
begins to instantiate something more consequential than the answer we requested. Here the
question is different but parallel: what should we do if a future quantum machine displays a
reproducible anomaly whose best description depends on relaxing the ordinary direction of

causation?

The first temptation would be to call it impossible. The second would be to call it

revolutionary. Both responses could destroy the evidence.

This letter is about the narrow interval before either temptation wins.
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Reader's Physics Primer

The main argument can be read without equations, but it cannot be understood responsibly
without some background. The following primer is therefore not optional decoration. It
establishes what the established physics actually says before the book asks what another
underlying theory might say.
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Primer 1: From Quanta to the Wave Function

Modern quantum theory did not begin with a desire to make reality mysterious. It began

because classical physics was failing in specific, measurable ways.

At the end of the nineteenth century, classical mechanics and electromagnetism looked
extraordinarily successful. Newtonian dynamics described planets, projectiles, and machines.
Maxwell's equations unified electricity, magnetism, and light. Thermodynamics organized
heat, work, and entropy. It was tempting to imagine that physics needed refinement rather than

reconstruction.
Then several problems resisted the old framework.

Black-body radiation was one. Classical reasoning suggested that a heated object should
radiate catastrophically at high frequencies. Max Planck found that the observed spectrum
could be represented if energy exchange came in discrete units proportional to frequency.
Planck initially treated the move cautiously. The constant h nevertheless became one of the

defining quantities of the new physics.

Einstein used the quantum hypothesis more radically in explaining the photoelectric effect.
Light, which Maxwellian theory described as a wave, behaved in some experiments as though
energy were delivered in localized packets. The conflict was not that waves had suddenly
become false. Interference and diffraction remained real. The problem was that no single

classical picture captured all the phenomena.

Atomic spectra created another crisis. Atoms emit and absorb light at sharply defined
frequencies. Classical electrons orbiting nuclei should radiate continuously and spiral inward.
Niels Bohr's early atomic model imposed discrete stationary states and quantum jumps. It was

an ingenious bridge, but not yet a full theory.

The deeper reconstruction came in the mid-1920s. Werner Heisenberg developed matrix
mechanics, organizing observable quantities in a new noncommutative mathematical structure.
Erwin Schrédinger developed wave mechanics, introducing a wave equation for a complex-
valued function. The two formulations were shown to be mathematically equivalent in their

domain.
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The object now called the wave function, commonly written psi, became central. In simple
cases it evolves smoothly and deterministically according to the Schréodinger equation. Yet
measurement outcomes are probabilistic. Max Born proposed that the squared magnitude of

the wave function determines outcome probabilities.

For a general reader, the most important conceptual point is that the wave function is not
an ordinary physical wave like a water wave. For one particle, it can be represented over
ordinary position space. For many particles, the natural mathematical object lives on a high-
dimensional configuration space. An N-particle wave function can depend on 3N spatial

coordinates plus time.

That fact already complicates locality. The quantum state of a many-body system is
naturally a description of the whole configuration, not simply a list of independent local

properties attached to each object.

Quantum theory also introduced incompatible observables. Position and momentum
cannot both be assigned arbitrarily sharp values in the ordinary classical manner. The
uncertainty principle is not merely a statement that measurement instruments are clumsy. The
mathematical structure itself limits the simultaneous definiteness associated with certain pairs

of observables.

Superposition is another departure. If two quantum states are possible, a coherent linear
combination can also be a valid state. Relative phase between components matters because it
affects interference. A superposition is therefore not simply a classical lottery ticket hiding one

already-determined outcome.

Entanglement takes the departure further. Two systems can occupy a joint state that cannot
be factored into one state for the first plus one state for the second. The meaningful description

belongs partly to the relation.

This is why quantum mechanics is both a triumph and a foundational problem. The rules
work. They predict spectra, chemical bonding, semiconductors, superconductivity, lasers, and

countless experiments. But the mathematical success does not uniquely dictate the ontology.
What does the wave function represent?
What exactly constitutes a measurement?

Why does one outcome become a stable classical record?
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How do macroscopic apparatuses, made of quantum constituents, acquire the classical

status used in textbook descriptions?
Different interpretations answer differently.

The book does not need to settle those questions. It needs the reader to see why an
unresolved causal picture can coexist with reliable engineering. Quantum mechanics is not
weak because its interpretations differ. It is strong enough operationally that interpretation

could remain unsettled for a century.

That success is precisely what makes a hidden foundational assumption capable of

becoming embedded in technology.
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Primer 2: Relativity, Simultaneity, and the Light Cone

Before Einstein, classical physics treated time as universal. Two distant events either
happened at the same time or they did not, and every observer could in principle agree once

signal delays were corrected.
Special relativity changes that structure.

Einstein's 1905 theory begins from principles including the equivalence of inertial frames
and the invariance of the speed of light in vacuum. The consequences are familiar as formulas

for time dilation and length contraction, but the deeper result is the relativity of simultaneity.

Suppose two flashes occur at distant locations. One inertial observer can judge them
simultaneous while another observer moving relative to the first can judge one flash earlier.

Neither has made a clock error. The disagreement belongs to spacetime geometry.

Hermann Minkowski's spacetime formulation made this geometrical. Instead of a three-
dimensional world evolving under a universal external clock, physics uses a four-dimensional

spacetime in which events have both spatial and temporal coordinates.
The light cone organizes the causal possibilities around an event.

Events inside the future light cone can be reached by slower-than-light objects or signals.
Events on the cone can be reached by light. Events outside are spacelike separated. No

ordinary signal limited by the speed of light can connect such events quickly enough.

The spacetime interval provides an invariant classification even though observers disagree
about coordinate distances and elapsed times. This invariance is one of relativity's great

achievements: causal structure survives the loss of absolute simultaneity.

A crucial implication follows. For spacelike-separated events A and B, different inertial
frames can disagree about whether A or B occurred first. Therefore, a hypothetical
controllable faster-than-light influence creates immediate tension with relativistic causal order.
In some frames the influence can appear to travel backward in coordinate time. With suitable

combinations of superluminal signaling, causal loops become possible.

This is why operational no-signaling matters so much in quantum theory. Entanglement

produces correlations between spacelike-separated measurements, but the local outcome
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statistics do not let Alice choose a message and force Bob's local detector to reveal it before

light could arrive.

Relativity therefore does not say “nothing can be correlated outside a light cone.” It says

the structure of controllable causal influence is constrained by the cone.

The distinction becomes important when discussing locality. Physicists use the word in
several technical senses. In relativistic quantum field theory, local observables associated with
spacelike-separated regions satisfy commutation relations designed to protect causal
compatibility. Bell locality is a different condition concerning factorization of probabilities
given hidden variables. “Nonlocality” can therefore mean different things in different

discussions.

This book uses a deliberately narrow phrase, local mediation, for the intuitive idea that a
physical explanation proceeds through continuous chains of intermediate spacetime
relationships rather than an unexplained direct dependence between spacelike-separated

outcomes.

A retrocausal local model tries to retain that mediation. It allows later experimental
settings to be relevant to earlier variables, so the route between Alice and Bob can pass

through their common source within ordinary light cones.

The light cone itself does not tell us whether such time-symmetric dependence is
physically correct. It merely reveals that two assumptions are being made when we draw a

causal arrow: the path stays in the cone, and the arrow points toward what we call the future.
Relativity gives the cone geometrical status.

The origin of the arrow requires further explanation.
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Primer 3: Entanglement, EPR, and Bell Step by Step

The Bell problem can be understood without deriving the inequality in full.

Begin with entanglement. Prepare two quantum systems in a joint state with strong
correlations. Send one to Alice and one to Bob. They move far enough apart that the relevant

measurements can be arranged to be spacelike separated.

Alice can choose between different measurement settings. Bob can choose between

different settings. Each records an outcome.
Quantum mechanics predicts how the correlations depend on the pair of settings.

Now imagine a local hidden-variable theory. At the source, the pair receives some
complete physical specification lambda. Lambda can be as complicated as necessary. Alice's

outcome depends on lambda and Alice's setting. Bob's depends on lambda and Bob's setting.

The locality assumption says that once lambda is specified, Alice's outcome distribution

does not additionally depend on Bob's setting, and vice versa.

Measurement independence says that lambda is statistically independent of the settings

later chosen by Alice and Bob.

Under these assumptions, the correlations satisfy inequalities. One widely used form is the
CHSH inequality. If Alice has settings a and a-prime, Bob has b and b-prime, and outcomes
are represented by plus or minus one, a particular combination of correlations has an absolute

value no larger than two for the local hidden-variable class.
Quantum mechanics permits values up to 2 times the square root of 2.
Experiments observe violations of the Bell bound in agreement with quantum theory.
Why is this so profound?

Because the inequality does not depend on the detailed mechanism of lambda. The hidden
variables can be elaborate. Bell does not defeat one toy model. It constrains a broad

architecture of explanation.
But the conclusion is often oversimplified.

Bell does not show that Alice can send a message to Bob faster than light.
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Bell does not show that measurement settings are predetermined.

Bell does not show that retrocausality is true.

Bell does not show that many worlds is true.

Bell does not show that the wave function physically collapses across space.

Bell tells us that the observed correlations cannot be reproduced while keeping the entire

assumed package.

One response abandons hidden-variable completion and accepts standard quantum

operationalism.
Another accepts a nonlocal hidden-variable theory such as Bohmian mechanics.

Another adopts Everettian branching and denies that one unique outcome must be selected

globally in the classical way.
Another questions measurement independence through superdeterminism.
Another questions the forward-only causal assumption through retrocausality.

These approaches are not empirically equivalent in every possible extension, but many

reproduce the ordinary quantum predictions we already observe.
That is the underdetermination motivating this book.
Bell's theorem identifies a fault line. It does not deliver a complete replacement theory.

A useful analogy is a bridge load test. The test tells engineers that a set of assumptions
about the bridge cannot all be right. It does not, by itself, identify which bolt, beam, material

model, or boundary condition must be redesigned.
Physics must choose a research program.

The historical question is why some redesigns became culturally central while others

remained peripheral.

The future quantum-computing question is whether programmable many-body systems

can provide new empirical leverage on that choice.
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Primer 4: Time Symmetry and the Arrow We Experience

Many fundamental equations of physics are much more symmetric in time than everyday
life.

Film a collision between ideal billiard balls and run the film backward. The reversed
motion can still satisfy Newton's laws. Many microscopic interactions possess related time-
reversal symmetries, with important technical qualifications for weak interactions and the

precise transformation of physical quantities.
Yet everyday phenomena are dramatically asymmetric.
An egg breaks and does not spontaneously reassemble.
Cream mixes into coffee and does not unmix.

Radiation spreads from ordinary sources rather than converging onto them in exquisitely

coordinated patterns.
We remember the past rather than the future.
The central concept connecting these observations is entropy.

In statistical mechanics, macroscopic states correspond to enormous numbers of
microscopic configurations. Ordered low-entropy macrostates generally occupy much smaller
regions of phase space than disordered high-entropy macrostates. Given appropriate
assumptions, systems evolve from special low-entropy conditions toward more typical high-

entropy conditions.

The Second Law of Thermodynamics is therefore associated with an arrow: entropy tends

to increase toward what we call the future.

But this raises a deep question. If the microscopic laws are approximately time-symmetric,

why was the universe in the special low-entropy condition from which the arrow emerges?

One influential line of thought uses a Past Hypothesis: the early universe had an
extraordinarily low-entropy boundary condition. The observed thermodynamic arrow then

follows statistically from that special boundary.

This matters for retrocausal physics because it separates law from boundary condition.
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A time-symmetric law can produce a strongly time-asymmetric world if the boundary

conditions are asymmetric.

The causal arrow experienced by agents may be tied to the thermodynamic arrow because
records, memories, control systems, and biological processes require entropy-producing
physical mechanisms. We possess records of lower-entropy past conditions; we do not possess

analogous records of the future.

This can make forward causation feel metaphysically primitive even if it is physically

emergent.

The book does not claim that thermodynamics fully explains causation. Philosophers and
physicists debate the relationship among entropy, counterfactuals, records, agency, and causal

direction.

The point is narrower: physics already contains a major example in which a temporal
asymmetry may arise from special boundary conditions rather than from a one-way

microscopic law.

That makes a second asymmetry - the assumed direction in foundational causal models -

worthy of scrutiny.

It also explains why a two-boundary quantum theory need not make ordinary life run
backward. A global constraint can coexist with an overwhelmingly strong local

thermodynamic orientation.

The future boundary may matter in the microscopic description while remaining

inaccessible as a controllable macroscopic record.

That is exactly the combination required for the non-signaling anomaly imagined later in
the book.
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Primer 5: Quantum Error Correction for Non-Specialists

Quantum error correction sounds paradoxical because measuring a quantum system
ordinarily disturbs it. How can we detect an error without learning and destroying the encoded

quantum information?

The solution is to encode information in relationships among many qubits and measure

selected collective properties called syndromes or stabilizers.

Consider a simple classical repetition code. Instead of storing one bit as 0, store 000. If
one bit flips to 1, majority vote can recover the intended value. Quantum codes are more
subtle because qubits suffer both bit-like and phase-like errors, and unknown quantum states

cannot simply be copied because of the no-cloning theorem.

A quantum code therefore distributes one logical qubit across a larger entangled state of
physical qubits. Carefully chosen measurements reveal whether certain error conditions have

occurred without directly revealing the logical amplitudes themselves.

The surface code is a leading architecture. Physical qubits are arranged in a two-
dimensional connectivity pattern. Repeated stabilizer measurements generate a stream of
syndromes. A classical decoder analyzes patterns across space and time and infers likely error

chains.

A key concept is code distance. Roughly, increasing distance increases the number of
physical errors required to produce an undetected logical error. Below a threshold physical

error rate, increasing code distance should reduce the logical error rate.

This threshold behavior is why recent experiments are important. Google Quantum Al
reported in 2023 that larger surface-code implementations could outperform smaller ones in
the relevant logical metric. Work on the Willow processor, published in Nature and carried
into the 2025 volume, reported below-threshold memories in which logical performance
improved with increasing code distance, with real-time decoding demonstrated in part of the

system.

These results do not mean a universal fault-tolerant quantum computer already exists.

They demonstrate a necessary direction of scaling.

For this book, the decoder is as interesting as the qubits.
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The quantum hardware produces detector events. The decoder must decide what physical

error pattern most likely explains them. This is a problem of inference under uncertainty.

Modern decoders can use graph algorithms, tensor-network methods, belief propagation,
neural networks, or other statistical strategies. Their performance depends on assumptions

about noise correlations.

If noise were perfectly independent in space and time, decoding would be easier. Real
devices contain correlated errors, leakage, crosstalk, bursts, material defects, cosmic rays,

control artifacts, and other structure.
The better the decoder, the more aggressively it can remove predictable departures.
That is exactly what computation needs.

Scientific discovery, however, sometimes begins with a departure that should not be

removed before it is understood.
The book therefore distinguishes two objectives.
A production decoder asks: what correction best preserves the intended logical state?

A discovery decoder asks: what physically structured departure is present, including

structure that may not fit the intended error model?
Those objectives can conflict.

If a future anomaly involves unexpected cross-time dependence, a production decoder

might become exceptionally good at suppressing it.

The scientific safeguard is not to weaken error correction. It is to preserve a parallel

evidentiary channel.
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Primer 6: Causal Inference, Intervention, and Why the
Arrow Matters

Experimental science is not merely a catalog of correlations. It tries to distinguish causes.

If ice-cream sales and drownings both rise in summer, one should not infer that buying ice
cream causes drowning. Temperature and season are common causes. Modern causal-
inference frameworks formalize such distinctions using graphical models, interventions,

conditional independence, and counterfactual reasoning.

A directed acyclic graph is a common representation. Arrows indicate causal dependence.
The graph is acyclic because an event is not ordinarily allowed to be its own ancestor through

a directed loop.

Judea Pearl and others developed a powerful language in which an intervention is
represented by breaking the ordinary incoming causal links to a variable and setting it

deliberately. The distinction between seeing X and doing X becomes mathematically explicit.
This framework reflects the laboratory arrow beautifully.
We intervene now and observe consequences later.

Randomized controlled trials rely on the ability to assign treatment independently of

confounding causes.

Bell experiments also rely on setting choices that are treated as appropriately independent

of the hidden variables emitted by the source.

Retrocausal models challenge the clean temporal version of this picture. If later
interventions can be part of the boundary conditions constraining earlier hidden variables, then

the graphical representation may contain cycles or require a more global semantics.

This does not mean causal inference becomes impossible. It means its foundations have to

be reconsidered.

One can imagine replacing a purely directed graph with a constraint network in which
local relationships are solved jointly. Interventions would then change the global solution

space rather than simply launch downstream effects.
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For ordinary macroscopic systems, the forward-directed graph could emerge as an
excellent approximation because the thermodynamic arrow makes backward-accessible

dependencies negligible or uncontrollable.
The scientific opportunity would be to identify regimes where the approximation fails.

Quantum computers are interesting because they permit controlled experiments on large
entangled systems with adaptive measurements and complex temporal structure. They can
therefore serve as laboratories not merely for quantum dynamics but for the assumptions of

causal modeling itself.

The epistemic danger follows immediately. If an Al system uses a forward causal model to
choose experiments and evaluate success, it may never propose the intervention that would

reveal a violation of that model.

An experimental platform can become blind to alternatives not because the alternatives are

false but because the causal search language excludes them.

That is why model diversity is not philosophical luxury. It is part of discovery design.
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Primer 7: Quantum Computers in 2026 - Why Address
Hartmut Neven?

The addressee of this letter matters because the argument is about responsibility at the

frontier, not celebrity.

Hartmut Neven founded Google's Quantum Artificial Intelligence effort and leads Google
Quantum AI. Google's public descriptions in 2026 emphasize the goal of building large-scale,

error-corrected quantum computers for problems beyond classical reach.
The program's historical arc also illustrates the convergence at the center of this book.

Neven's background includes machine intelligence and computer vision. Google's
quantum program has combined hardware development, quantum algorithms, error correction,
and increasingly sophisticated classical control. In 2026 the organization announced that it
was expanding hardware research to include neutral-atom quantum computing alongside

superconducting systems.

The significance is not that Google alone determines the future of quantum computing.
IBM, Quantinuum, Microsoft, IonQ, university groups, national laboratories, startups, and

international programs pursue different architectures and strategies. The field is plural.

Neven is useful as an addressee because the letter form requires a person standing where

theoretical assumptions become engineering choices.
Large-scale quantum computing needs error correction.
Error correction needs rapid classical inference.
Rapid inference increasingly invites machine learning and automation.
Useful systems need scaling decisions before every foundational question is settled.
That makes the quantum-computing leader a natural recipient of an epistemic warning.

The warning is not that engineers should stop until philosophers agree. Science would

never move under such a rule.

The warning is that unresolved assumptions should remain visible enough that the

instrumentation can detect their failure.
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A practical research organization can implement that principle through architecture:
immutable raw data windows, independent timing references, adversarial decoders, preserved
software versions, external replication, explicit stop rules, and a governance process that

distinguishes ordinary optimization from qualitative anomaly amplification.

These are ordinary scientific virtues applied to extraordinary machines.
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Primer 8: From Solaris to Omega

Science fiction and theology enter only after the physical distinctions are clear.

Stanistaw Lem's *Solaris* offers one of the twentieth century's great stories about the
limits of human interpretation. The scientists orbiting Solaris confront an entity or process that
resists their categories. The planet's ocean produces embodied visitors connected to the
observers' memories. The phenomenon is not merely external. It exposes guilt, desire,

projection, and the inadequacy of the observer.

*Katerina* used this literary structure to formulate a Solaris Test for quantum
instantiation. If a reconstructed pattern develops continuity, new memory, vulnerability,
refusal, and an independent biography, the ethical question cannot be settled merely by calling

it a simulation.

The present book goes beyond that structure by questioning the separation between

observer and observed at the level of temporal explanation.

The “alien” need not be an ocean or an instantiated visitor. The strange thing may be the

architecture of the history itself.

Pierre Teilhard de Chardin provides a second literary-intellectual resource. Teilhard tried
to understand cosmic and biological evolution as a movement toward increasing complexity,
reflection, and convergence. His noosphere described the developing layer of reflective
thought associated with humanity. His Omega Point was theological, connected to Christ and

ultimate convergence.

Modern biology does not adopt Teilhard's evolutionary teleology as scientific theory. This

book does not revive it as such.

Teilhard becomes an actor because he possesses conceptual language for a mistake the
fictional physicists might make: treating Omega as merely a later event on the same temporal

line.

A global-history theory suggests a different image. The final boundary can constrain the

complete solution without sending a message backward.
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The theological resonance with Alpha and Omega then becomes intellectually

provocative.

Classical theology has long distinguished divine eternity from simply living for an infinite
duration. God is not merely located later than us. In such accounts, the temporal history can be

known without being learned sequentially.
Again, this proves nothing in physics.

But it helps a general reader imagine a concept that is otherwise difficult: the whole

history as one object, while embedded observers still experience sequence.

That conceptual bridge is the reason Teilhard belongs in the story.
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Prologue: Before We Choose the Story

Dear Hartmut,

Imagine a quantum processor operating inside a mature error-correction stack. Its logical
performance is excellent. The decoder is fast. Environmental sensors show nothing

extraordinary. Yet a peculiar correlation survives every ordinary check.

On Monday, a set of qubits is prepared, evolved, and measured. On Thursday, a second
measurement setting is chosen for a related experiment. When the full data set is assembled,
Monday's statistics depend subtly but reproducibly on which Thursday setting was used. No
observer on Monday can read Thursday's choice. No message travels backward. No one can
win a lottery or prevent the experiment that produced the data. The local marginals remain

ordinary. Only the completed joint history carries the anomaly.
The first team says there must be leakage.
The second says the pseudorandom setting generator was compromised.
The third says the analysis pipeline accidentally post-selected the data.

The fourth says Bell already taught us that quantum mechanics is nonlocal, so there is

nothing new here.

Then an adversarial team redesigns everything. Independent clocks. Physically isolated
setting generation. Multiple decoders. Raw detector archives. Blind analysis. Cross-platform

replication. The effect remains.
At that moment, what is the responsible next sentence?
Not: “The future changes the past.”
Not: “Causality is broken.”

The responsible sentence is smaller: our forward-only causal model is no longer the

unique compact account of the data.
That sentence is enough to create a decision problem.

Do we scale the experiment to increase statistical power? Do we change the future

boundary conditions deliberately? Do we let an Al optimizer search for settings that maximize
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the anomaly? Do we modify the decoder, which currently treats cross-time structure as
correlated noise? Do we preserve a weak effect that degrades computational performance? Do
we announce the result before competitors reproduce it? Do we permit a system to optimize a

phenomenon before anyone knows what phenomenon is being optimized?

Those are not questions for a century after the discovery. They arrive with the first

credible anomaly.

The purpose of this book is to prepare the conceptual language before that day. The
physics may never produce such an anomaly. If it does not, we will have lost nothing by
understanding more clearly what locality, causality, measurement independence, and temporal
order actually mean. If it does, the interval between “unexpected result” and “scaled
technology” may be much shorter than the interval between “unexpected result” and “adequate

philosophy.”

That asymmetry is the hook of this letter.
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Part I: The Choice Hidden in the Light Cone
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Chapter 1: The Question Behind the Machine

Quantum computers are usually introduced by contrast with classical computers. A
classical bit is zero or one. A qubit can occupy a coherent superposition. Multiple qubits can
become entangled. Algorithms exploit interference. Measurement converts quantum structure

into classical records.

All of that is true, but it can hide the more important fact for this book: a quantum
computer is not merely a calculator that happens to use unusual mathematics. It is a controlled
physical system whose computational capability depends on maintaining specific relationships

in matter.

A classical program can often be discussed as though its physical substrate were
secondary. The same sorting algorithm can run on transistors, vacuum tubes, mechanical
relays, or pencil and paper. The abstraction is powerful because the logical operation survives

changes in embodiment.

A quantum algorithm also has an abstract description, but the abstraction is unusually
demanding of the substrate. Relative phase must be preserved. Entanglement must remain
coherent enough to matter. Measurement has to occur in specified bases. Noise is not merely
an inconvenience in the hardware surrounding the computation. Uncontrolled interaction

changes the very quantum relationships on which the computation depends.

That makes a large quantum processor a scientific instrument even when it is built as a
computer. It prepares unusual many-body states, maintains them, perturbs them, interrogates

them, and compresses their physical history into syndromes and output bits.

The earlier *Letter to Katerina* began from this physicality and asked where
representation ends and instantiation begins. A synthetic Hamiltonian is not merely
represented by equations if the device physically realizes the relevant interactions. An error-
corrected state is not an imaginary object if physical resources are continually spent to

preserve it. A persistent phase can outlive the calculation that was supposed to use it.
This letter begins one layer deeper. Every experiment also assumes a causal grammar.

We prepare before we measure. We select a setting and then record an outcome. We

distinguish intervention from response. We calibrate using previous runs. We say that an error
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at time t can affect the state at time t+1, not vice versa. Even when quantum mechanics gives
us nonclassical correlations, our laboratory procedures are narrated in an ordinary temporal

order.
That grammar works so well that it becomes invisible.

But an invisible assumption can become dangerous when it is embedded in automation. A
decoder is not merely a statistical filter. It embodies expectations about what correlations are
physically plausible. A control system that treats future settings as irrelevant to earlier hidden
parameters is not making a foolish choice; it is following the ordinary causal architecture of

experimental science.
The question is whether that architecture is fundamental or effective.

If causal direction is emergent rather than primitive, then a future quantum computer could
in principle become the first laboratory object complex enough to reveal the mismatch

between the ontology assumed by its control stack and the ontology permitted by nature.

Nothing in present evidence requires that conclusion. Yet the decision problem can be

stated now:

How should a laboratory behave if the machine begins to produce reproducible

structure that the laboratory's causal model defines away?

That question connects physics to epistemology immediately. The danger is not only that
we misunderstand the world. The danger is that a successful machine can be optimized so

efficiently around the misunderstanding that the contrary evidence disappears.

This is why the foundational issue matters to an engineer. The underlying theory

determines what the instrumentation is permitted to notice.
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Chapter 2: Two Rules in One Light Cone

The light cone is one of the most useful pictures ever given to physics. It converts an

abstract rule about the speed of light into geometry.

Draw time vertically and one spatial dimension horizontally. Put an event at the origin.
Light emitted from that event travels along diagonal lines. Slower objects remain inside those
diagonals. Events outside the cone are spacelike separated: no signal moving at or below the

speed of light can connect them in the required interval.

time

future light cone

spacelike spacelike

ent Space

past light cone

Figure 1. A Minkowski light cone separates future, past, and spacelike regions. The geometry supplies the cone;
forward-only orientation is an additional causal assumption.

For general readers, one distinction is essential. The light cone bundles together two ideas

that are often spoken of as though they were one.

The first is a speed or locality constraint. Physical influence is locally mediated through
spacetime. In simple form, a causal influence connecting two events must remain within or on

the light cone.

The second is a temporal orientation constraint. We normally require the influence to

point from earlier to later. A cause precedes its effect.
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Those requirements are related, but they are not logically identical.

The geometry itself has a future cone and a past cone. The metric distinguishes timelike,
lightlike, and spacelike separation. To insist that every fundamental dependence point into the

future half is an additional orientation.

This sounds obvious because human agency is oriented. We remember yesterday. We
deliberate about tomorrow. We can alter a cup before it falls but cannot restore the shattered
cup by deciding differently after the fact. Thermodynamic processes create records in one
direction. Biological organisms exploit gradients in one direction. Experimental method

therefore inherits an arrow.

Relativity, however, does something subtler. It does not provide a universal cosmic
present. For spacelike-separated events, different inertial observers can disagree about which
occurred first. What remains invariant is the causal structure: which events can lie on one

another's timelike or lightlike paths.

That fact should already make us cautious about treating ordinary temporal narration as

the deepest layer of physics.
The distinction can be expressed schematically:
Cone: which events can be connected locally?
Arrow: in which temporal direction may the dependence run?

The central counterfactual of this book asks what would have happened if twentieth-

century foundations had defended the cone more fiercely than the arrow.

That is not the same as saying physicists irrationally “chose nonlocality.” Standard
quantum theory preserves operational relativistic causality: it does not allow controllable
faster-than-light signaling through entanglement. Relativistic quantum field theory is built to
respect demanding locality conditions. The issue is explanatory: Bell correlations resist a
classical account in which predetermined local variables in the shared past, independent of

later measurement settings, account for all outcomes.

Once that is understood, another possibility appears. Keep all mediation on timelike or
lightlike paths, but relax the rule that the relevant hidden parameters depend only on earlier

settings. Future measurement settings may enter the global solution.

Page 33



Then no influence has to jump horizontally across a spacelike gap. The price is that the

arrow is no longer fundamental.

For a century trained to fear paradoxes of the past more than invisible nonlocal

connection, the trade seems extreme. In the light-cone picture, it looks less so.
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Chapter 3: Minkowski's Gift

Hermann Minkowski's great conceptual move was to stop treating space and time as two
independent stages. In special relativity they become aspects of one spacetime geometry. An

event is not simply “where” plus an external clock reading. It has a spacetime location.
The familiar interval can be written, in one common sign convention,
s?=c?-x2-y2-2z2

The important point for this book is not the algebra. It is that the sign of the interval
separates different classes of relationships. Timelike-separated events can be joined by slower-
than-light trajectories. Lightlike-separated events can be joined by light. Spacelike-separated

events cannot exchange an ordinary causal signal within the interval.

This structure was revolutionary because it made causality geometrical. The speed of light
was no longer merely a speed limit posted by nature beside Newtonian space and time. It

helped define the geometry itself.

Yet a Minkowski diagram is also time-symmetric at the level relevant to the present
argument. The past light cone is as geometrically legitimate as the future light cone. Maxwell's
equations admit advanced as well as retarded mathematical solutions. Many microscopic laws

do not contain the macroscopic arrow we experience.

The universe we observe is highly asymmetric in time. Radiation typically spreads
outward from sources rather than converging coherently on them from the distant future.
Entropy tends to increase toward what we call the future. Records accumulate in one direction.

We grow older rather than younger.

But those observations do not by themselves establish that the fundamental equations must
contain a one-way causal primitive. The asymmetry may enter through boundary conditions,

statistical conditions, or the special low-entropy state of the early universe.

This is the opening for an all-at-once interpretation. A complete history can satisfy time-
symmetric local laws while appearing strongly time-directed to observers embedded in one

thermodynamic orientation.
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The difference is familiar from solving differential equations. Sometimes we specify an
initial condition and evolve forward. Sometimes we specify conditions at more than one
boundary and solve for the function that fits them all. The equation itself need not care which

side we happened to call the beginning.

Initial-value picture Boundary-value picture

past boundary future boundary

_>® _>® _>® ) whole history H

state now — next state —» next state

both boundaries constrain one solution

Figure 2. Initial-value narration versus a boundary-value description of one complete history.

If quantum foundations had taken Minkowski's lesson as an ontological command, the
research priority might have been: preserve local spacetime mediation first, then ask which

assumptions about temporal boundary conditions are negotiable.

Instead, the practical success of quantum mechanics encouraged another style. The
formalism predicted outcomes. Experimental arrangements were described classically. The
measurement problem was debated, but the laboratory arrow remained largely unquestioned

because it matched the ordinary structure of preparation and observation.

The strange result is that relativity made causal structure geometrical at almost the same
historical moment that quantum mechanics made the ontology of measurement difficult to

state.

A deeper theory should not force us to decide which of those achievements to mistrust. It

should explain why both work.
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Chapter 4: Quantum Mechanics Without a Story

Quantum mechanics is one of the most successful predictive frameworks in science and
one of the least consensual descriptions of what the world is doing between preparation and

observation.

For a general reader, that combination can seem impossible. How can a theory be

fantastically accurate and still leave disagreement about reality?
Because prediction and ontology are different tasks.

The mathematical core tells us how to represent states, how observables are associated
with operators, how amplitudes evolve under the Schrédinger equation, and how probabilities
are assigned to measurement outcomes. These rules have survived tests of extraordinary

precision.

The interpretive question asks what those mathematical objects correspond to. Is the wave
function a physical entity, information, propensity, bookkeeping device, branch structure, or
something else? Does measurement produce a genuine physical collapse? Are all outcomes
realized? Do hidden variables complete the description? Are properties relational? Is the

quantum state observer-dependent?
There is no single answer accepted across physics.

That matters because the formalism can be operationally complete while the causal story
remains underdetermined. The machine can work before we know what story to tell about why

it works.

Technology rewards that situation. If a rule predicts the spectrum, builds the transistor,
stabilizes the laser, or corrects the qubit, philosophical disagreement can remain a side

conversation.

But quantum computers alter the relationship between formalism and apparatus. The
machine intentionally creates and sustains entanglement across many controlled degrees of
freedom. The experimental object increasingly resembles the abstract structure whose

interpretation was postponed.
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This does not magically force one interpretation to become true. It does mean that

interpretive assumptions can migrate into engineering.

Suppose two causal models make the same predictions for small experiments but
recommend different data-retention policies at scale. One predicts that cross-time correlations
are irrelevant noise. Another says they might be signatures of a global boundary constraint.
The difference is no longer merely metaphysical if the production decoder deletes the

information one model considers potentially diagnostic.
The practical lesson is not “choose an interpretation now.” It is almost the opposite.

Design the instrumentation so that an interpretation is not silently chosen by the

optimization pipeline.

This principle will recur throughout the letter. A machine intended to discover new
physics should not be permitted to erase every pattern that does not fit the physics used to

build the machine.
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Chapter 5: Copenhagen - What It Did and Did Not Say

“Copenhagen” is often used too casually. It can mean Bohr's complementarity,
Heisenberg's account of measurement, Born's statistical interpretation, a pragmatic refusal to
discuss unobservables, or simply the textbook rules by which a wave function evolves and

measurements yield probabilities.

Historically, these are not identical. Bohr and Heisenberg did not hold one perfectly
unified doctrine, and the phrase “Copenhagen interpretation” became a retrospective label.
Any alternative history that turns Copenhagen into a single villain would therefore begin with

bad history.

What Copenhagen did accomplish was extraordinary. It provided working language for a
domain in which classical pictures failed. It disciplined claims about properties that could not
be jointly assigned in the ordinary classical way. It emphasized the experimental context. It

made quantum mechanics usable.
That usability helped create its dominance.

The cost was not a proven abandonment of reality. The cost was that certain questions
became easier to postpone. What, exactly, exists between measurements? What fixes one
outcome? How should the classical apparatus emerge from quantum constituents? Is the wave
function ontic or epistemic? How does a description centered on experimental outcomes fit a

relativistic spacetime in which there is no universal simultaneity?

For decades, many physicists could reasonably answer: these questions do not prevent

calculation.

The slogan “shut up and calculate,” regardless of who is credited with popularizing it,
captures the culture better than the philosophy. If the formalism is spectacularly successful,

explanatory discomfort can be interpreted as a demand that nature satisfy human intuition.

The counterfactual of this book does not deny that wisdom. It asks whether the pendulum

swung too far. A theory can be operationally mature while still carrying a foundational debt.

The debt becomes visible when distinct interpretations imply distinct research programs. If

one treats causal direction as primitive, Bell pushes attention toward nonlocal structure, many
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worlds, or altered realism. If one treats Lorentz-local mediation as primitive, Bell pushes

attention toward measurement dependence, retrocausality, or global constraints.

The mathematics of observed correlations does not by itself legislate which intuition must

be protected.

So the historical “choice” was not an event. It was an accumulation of preferences: which
questions were respectable, which diagrams felt natural, which explanations looked like

progress, and which paradoxes were considered intolerable.

An alternative history can therefore be plausible without inventing a secret conference. It

requires only that a different set of questions receive prestige.
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Chapter 6: The Choice That Looked Natural

Why did forward causality feel less negotiable than locality?
Because civilization is built around intervention.

Medicine asks whether treatment causes recovery. Engineering asks whether control input
causes response. Law asks whether an action caused harm. Experimental science separates
independent variables from dependent variables. Computation maps input to output. Human

agency feels like a sequence: decide, act, observe consequence.
A theory that threatens this direction seems to threaten rational action itself.

Nonlocal correlation, by contrast, can be quarantined if it cannot be used for signaling. It
remains strange, but it does not allow a message to arrive before it is sent. It does not
obviously let an experimenter kill a grandfather, prevent a cause, or receive tomorrow's stock

prices.
So the asymmetry in our intuitions is understandable.
But understandable is not the same as fundamental.

Physics has repeatedly taught us that structures closest to experience need not occupy the
deepest level. Temperature feels immediate, yet it is emergent from microscopic degrees of
freedom. Rigidity feels basic, yet solids are mostly empty space held in quantum structure.

Simultaneity feels obvious, yet relativity makes it frame-dependent for separated events.

The possibility that causal direction is emergent should therefore not be rejected merely

because agency experiences it as basic.

A useful distinction is between controllable backward signaling and time-symmetric
dependence. A theory can allow the global solution to depend on future boundary conditions
without giving an observer a channel for sending arbitrary information into the past. The
inability to signal can protect ordinary agency even if the underlying ontology is not

exclusively past-to-future.
This is the same move already familiar in entanglement. Correlation is not communication.
The alternative history begins when physicists apply that discipline to time as well as

space.
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Keep forward-only Keep local
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accept nonlocal or relax forward-only dependence;
nonclassical explanatory structure) uge time-symmetric/global constraints
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A deeper theory should explain why the dilemma appears at all.

Figure 3. The Bell fork. One can protect forward-only causality or protect local spacetime mediation by relaxing
other assumptions. A deeper theory should explain why the fork appears.

One branch says: preserve forward causal narration and accept that Bell correlations lack

an ordinary local causal explanation.

The other says: preserve local mediation and allow the global history to be constrained

from more than one temporal direction.

Neither branch is automatically correct. The point is that Bell's theorem alone does not

crown one of them as metaphysically mandatory.

That underdetermination is the defect that motivates the search for a deeper theory.

Page 42



Part I1: Bell and the Fork
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Chapter 7: EPR and the Demand for Completeness

In 1935, Einstein, Podolsky, and Rosen sharpened a question that had troubled the

foundations of quantum mechanics from the beginning: is the quantum description complete?

Their argument was not simply “quantum mechanics is wrong.” It was designed to expose
a tension among predictions of quantum mechanics, locality-like reasoning, and the idea that

physical quantities can possess elements of reality independent of measurement.

The modern reader often meets EPR through simplified slogans: Einstein disliked
randomness; Einstein wanted hidden variables; Einstein called entanglement spooky. Those

phrases are not entirely false, but they obscure the structure of the challenge.

If two systems interact and then separate, quantum mechanics can assign them an
entangled joint state. Measurement on one side allows strong predictions about the other. If the
distant measurement cannot physically disturb the remote system because the events are
sufficiently separated, EPR reasoned that the predicted quantity should correspond to
something real there. By choosing which observable to measure on the first system, one can
infer different properties of the second. The quantum state does not assign simultaneous
definite values in the classical way. Therefore, EPR argued, the wave function is not a

complete description.

Bohr's reply rejected the criterion in the form EPR used it and emphasized the
inseparability of experimental context from the conditions under which physical quantities are

meaningfully defined.
The debate did not end because one side wrote the last word. It changed the question.

For decades, one might still imagine that a deeper local hidden-variable theory could
reproduce quantum statistics. John Bell transformed that possibility into a testable

mathematical problem.

The importance of EPR for this book is that it kept spacetime intuition in the room. The
worry was not merely about probability. It was about how a joint quantum state relates to

separated physical events.

Had that concern been joined early to a willingness to question the direction of causal

dependence, the later Bell result might have landed differently.
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Chapter 8: Bell's Inequality Without Intimidation

Bell's theorem is often introduced with enough formalism to make a general reader

surrender before reaching the idea. The idea can be stated more simply.

Imagine a source that sends two particles toward distant laboratories, Alice and Bob. On
each run, Alice chooses one of several measurement settings; Bob independently chooses one

of several settings. Each obtains an outcome.

A classical local hidden-variable picture says that the source can send the pair some shared
information, usually denoted by A. Alice's outcome can depend on her setting and A. Bob's
outcome can depend on his setting and A. But Alice's result should not depend on Bob's distant
setting, and Bob's should not depend on Alice's, if the relevant events are spacelike separated

and the explanation is local.

If the settings are also statistically independent of A, then the possible correlations obey

Bell inequalities.
Quantum mechanics predicts violations.

Experiments observe violations consistent with quantum mechanics.
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Figure 4. Schematic Bell experiment. Alice and Bob choose settings at spacelike separation after a shared source
prepares an entangled pair.

What does that prove?

It proves that the whole classical explanatory package cannot be retained. It does not prove
that a controllable signal travels faster than light. It does not prove that human free will is an
illusion. It does not prove many worlds. It does not prove retrocausality. It does not by itself

choose one ontology.

The theorem is powerful precisely because it is a constraint. Something in the package

must give.

The usual discussion emphasizes “local realism,” but that phrase can hide several
separable assumptions. Local causal factorization, measurement independence, definite

outcomes, and assumptions about causal direction can be varied in different ways.

This is why Bell belongs at the center of the alternative history. Once the theorem is
understood as a map of assumptions rather than a slogan of nonlocality, the road not taken

becomes visible.

Page 46



Chapter 9: What the Experiments Actually Rule Out

Modern Bell experiments are far stronger than the early demonstrations. Over decades,
experimentalists closed important loopholes involving detector efficiency, locality, and setting
choice. The 2022 Nobel Prize in Physics recognized work by Alain Aspect, John Clauser, and
Anton Zeilinger that helped establish the experimental reality of Bell-inequality violations and

develop quantum information science.

For this book, the essential caution is that experiments test statistical relationships, not

philosophical labels.

They rule out broad classes of local hidden-variable models under specified assumptions.
They support quantum predictions. They reinforce operational no-signaling. They do not put a
detector on “nonlocality” as though nonlocality were a particle that arrived from Alice's lab at
Bob's.

A causal model is inferred from the pattern.

That distinction matters because one can relax measurement independence in at least two
conceptually different ways. A superdeterministic model allows common past causes to
correlate measurement settings with hidden variables. A retrocausal model allows later
settings to constrain earlier hidden variables. Both violate the independence structure used in

the Bell derivation, but they tell very different stories about agency and time.

The existence of such loopholes in the logical sense does not mean any proposed model is
automatically plausible. A useful theory must recover the full range of quantum phenomena,
respect relativity, avoid conspiratorial fine-tuning, and produce new explanatory or empirical

value.

The strongest locally mediated retrocausal programs openly acknowledge that this is a

grand challenge.

The honest conclusion is therefore neither “Bell proved nonlocality” nor “Bell failed

because retrocausality saves locality.” It is more interesting:

Bell made the hidden assumptions of classical causal explanation experimentally

consequential.
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That is exactly why a quantum computer capable of exploring increasingly complicated

causal and correlation structures may matter.
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Chapter 10: Locality, Causality, and Measurement
Independence

Three ideas are frequently entangled in conversation and should be separated.

Locality, in the sense relevant here, concerns how physical dependence is mediated
through spacetime. A locally mediated account seeks continuous connection through

intermediate variables associated with worldlines or neighboring spacetime regions.

Causal orientation concerns the direction of dependence. Must the relevant variables at
an event depend only on earlier boundary data, or can a consistent solution depend on later

settings as well?

Measurement independence concerns statistical independence between the hidden state

used to explain the pair and the later measurement settings chosen by the experimenters.
Bell's familiar local hidden-variable model uses all three in a forward-directed way.

Suppose we keep locality but allow A, the source parameter, to depend on later settings a

and b. Then measurement independence fails:
A =A(a,b,...)

Yet the physical mediation from the source to each detector can remain inside the light
cones. The strange feature is not a spacelike jump. It is that the source description is not fixed

independently of the later measurement context.

This is why the word “retrocausal” can mislead. It evokes a signal being launched from the
future into the past. Some models can be described that way, but an all-at-once account is
cleaner. The full experimental configuration is one boundary-value problem. The dependence
of A on future settings is a property of the solution, not necessarily a little messenger flying

backward.
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All mediation can remain along ordinary spacetime paths; temporal orientation changes.

Figure 5. A locally mediated retrocausal schematic. Later settings can enter the source constraint while physical
mediation remains along ordinary spacetime paths.

For a laboratory, the difference between these interpretations matters less than the data
policy they suggest. If later measurement choices can be relevant to earlier hidden structure,
then an analysis pipeline that conditions only on prior variables may miss systematic

dependence.
The theoretical question becomes an instrumentation question.

That is the transition this book cares about most.

Page 50



Chapter 11: The Road Not Taken - Retrocausality

Retrocausality has always sounded more exotic than nonlocality because the word seems
to threaten the order of life. Yet in quantum foundations it can mean something narrower and

more disciplined than science-fiction time travel.

The essential move is to question an assumption normally left implicit: that the state

relevant to a present event can depend only on conditions in its past.

In a Bell experiment, a locally mediated retrocausal picture permits the later measurement
settings to help determine the earlier hidden description at the source. The source then carries
information, in the functional sense, about the future context. From the source forward, each

wing evolves locally toward its detector.
Nothing needs to leap across the spacelike separation between Alice and Bob.

The conceptual price is that the source state cannot be specified independently of the

future measurement context.

This is precisely the possibility surveyed by Ken Wharton and Nathan Argaman in their
work on locally mediated reformulations of quantum mechanics. Their point is not that a
complete retrocausal replacement for quantum mechanics has already been achieved. It has
not. Their point is that Bell's theorem does not forbid every model in which correlations are
continuously mediated through spacetime. To keep that form of locality, one must relax an

arrow-of-time assumption usually taken for granted.
For an alternative history, that is enough.

Imagine that this possibility had been treated not as a philosophical loophole but as a
central research program after Bell. Graduate students would learn advanced and retarded
dependence beside unitary evolution. “Initial state” would be taught as one useful way to pose
a problem, not the metaphysical form of all physical explanation. Measurement settings would

be understood as parts of global experimental boundary data.

The experimental challenge would then be obvious: distinguish a theory that merely
redescribes standard quantum statistics from one that yields new constraints, simplifications,

or anomalies.
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The important ethical lesson is also obvious. A future laboratory should not amplify a
possible retrocausal anomaly merely because its theory predicts that paradoxes are impossible.

The absence of signaling does not imply the absence of physical significance.
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Chapter 12: All at Once

The phrase “all at once” is more useful than “backward causation” because it changes the

picture rather than reversing the arrow.

Consider a simple classical problem. If we know the position and velocity of a projectile at
an initial time, Newton's equations let us calculate the later trajectory. This encourages the

image of the present being manufactured step by step from the past.

But many physical problems can also be posed with boundary conditions. A stretched
string can be fixed at both ends. A minimal surface is determined by constraints around its
boundary. The path taken by a classical system can be characterized by a stationary-action

principle that refers to an entire trajectory.

The equations do not have to imagine the system “looking ahead.” The whole

mathematical object satisfies the condition.

An all-at-once quantum ontology extends that intuition. Instead of saying that a state at t0
generates a state at t1, which generates t2, the fundamental object may be a complete history H

that satisfies a global consistency rule.
C[H] =0
or, in an amplitude language,
A[H] = product of local contributions across the history.

The observed probabilities arise from the allowed histories and their interference.
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Fundamental law may constrain the box as a whole, while embedded observers experience sequence.

Figure 6. An all-at-once ontology treats preparation, settings, interactions, measurements, and records as parts of
one admissible history.

This picture has a major conceptual advantage. Retrocausality becomes a perspective-
dependent way of talking about a time-neutral constraint. From inside the history, one
observer may describe a dependence as running backward. From the standpoint of the entire
solution, there is no little causal arrow traveling the wrong way. There is simply a relationship

among boundary data.

That does not solve quantum mechanics automatically. One still needs a precise state
space, a probability rule, a treatment of measurement, a relativistic formulation, and recovery
of known quantum field theory. “Global consistency” can become an empty phrase unless it

generates equations and predictions.
But as a research principle, it changes what counts as natural.

It also changes the interpretation of the experimental anomaly in the prologue. The
question is no longer whether Thursday sent something to Monday. The question is whether

Monday and Thursday were ever independent pieces of the fundamental description.

That is a much deeper disturbance.
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Part II1: Another History of Twentieth-
Century Physics
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Chapter 13: If Copenhagen Had Remained Provisional

Alternative history is most useful when it reveals contingency without pretending

inevitability in the other direction.

Suppose that after the great successes of quantum mechanics, the Copenhagen family of
ideas remained the standard operational language but never acquired cultural finality.
Textbooks would say: use this formalism to calculate; do not confuse its success with a settled

ontology.
That sentence alone could have changed research priorities.

Einstein's objections might have been treated less as nostalgia for classical determinism
and more as pressure to reconcile quantum theory with spacetime locality. Schrodinger's
discomfort with measurement might have motivated boundary formulations earlier. The action
principle, advanced solutions, absorber ideas, and time-symmetric probability would have
belonged to one continuous foundational program rather than appearing as scattered

alternatives.

Bell's theorem would still arrive. Experiments would still violate Bell inequalities.
Quantum information would still flourish. The transistor, laser, MRI scanner, and

semiconductor industry would not disappear.
What changes is the interpretation of the crisis.

In our history, Bell became closely associated in popular explanation with the death of
local realism and the reality of “nonlocality.” In the alternative history, physicists would ask a

more granular question: which assumption is the least geometrically fundamental?

The light cone would receive special protection because it is built into relativity. Forward-
only dependence would be treated as a candidate emergent asymmetry because so many
microscopic equations are time-symmetric and because thermodynamics already teaches us

that arrows can arise statistically.

The alternative tradition would therefore seek theories with local spacetime mediation and

two-time or global boundary constraints.

It might fail.
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That possibility must remain explicit. A research program can be intellectually attractive
and physically wrong. The counterfactual is not that retrocausality would certainly have
solved quantum gravity by 1960. It is that physics would have spent more of its intellectual

capital asking whether causal direction is emergent.

That is enough to produce a different scientific culture by the time quantum computers

appear.
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Chapter 14: Wheeler and Feynman Send Half the Wave
Back

Long before Bell forced locality into the center of quantum foundations, John Wheeler and

Richard Feynman explored a time-symmetric formulation of classical electrodynamics.

Their absorber theory treated interactions using a combination of retarded and advanced
solutions. Retarded waves propagate toward the future in the familiar way. Advanced waves

are the time-reversed mathematical solutions.

The proposal was not a quantum theory of retrocausal computation. It addressed the
problem of radiation reaction in classical electrodynamics. Yet it demonstrated something
culturally important: serious physicists could use advanced effects in a coherent physical

theory without treating the idea as automatically absurd.

Feynman's later account of the work is revealing. He describes being willing to consider
action backward in time because physics had already taught him that apparently paradoxical

ideas sometimes become ordinary once analyzed carefully.

Time-symmetric direct-action idea

retarded >
o
source absorber

advanced response

-
€

Historical example: advanced mathematical solutions can enter serious physics without enabling ordinary time travel.

Figure 7. The Wheeler-Feynman absorber idea as a historical example of time-symmetric physics using retarded and
advanced mathematical solutions.

In the alternative history, the Wheeler-Feynman program becomes a foundational

landmark rather than an elegant historical side road. Students learn that Maxwellian
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mathematics did not itself forbid advanced solutions; the observed radiation arrow required

explanation.

The natural question then broadens: if the electromagnetic arrow can be understood
through absorber conditions or cosmological boundary conditions, might the causal arrow in

quantum correlations also reflect boundary structure rather than a fundamental one-way law?

This does not prove a connection. Classical absorber electrodynamics and Bell correlations
are different problems. But scientific revolutions often depend on what analogies a culture is

willing to take seriously.

A culture trained to see time symmetry as respectable would hear Bell differently.
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Chapter 15: Action Principles and Whole Histories

A student first encountering mechanics usually learns Newton's second law:
F = ma.
Given a state now and the forces, calculate what happens next.

Later the same student may encounter the principle of stationary action. The physical path
is one for which the action is stationary under small variations of the complete path between

boundaries.

The mathematics can be made equivalent in the appropriate classical setting, but the

stories feel different.
Newtonian narration is local in time: the state responds to forces now.
Variational narration is global: the complete path satisfies a condition.

Physicists know not to imagine the particle consulting its future endpoint and planning the
shortest route. The principle is not a little mind inside the trajectory. It is a mathematical

characterization of the whole solution.

That familiar lesson is useful when thinking about global quantum constraints. A
boundary-value ontology need not imply purpose, foresight, or conscious anticipation. It may

simply mean that the most economical law is a constraint on complete histories.

Feynman's path-integral formulation pushes the intuition further. Quantum amplitudes can
be represented through contributions from many possible paths. Again, one should be careful
not to turn a calculational method into ontology by decree. Yet the method makes it less
natural to think of the quantum world as only one classical-like state being pushed forward

one instant at a time.

The alternative-history physicist would treat the action principle as a clue about
explanatory form. Perhaps initial-value evolution is the effective interface by which embedded

observers interact with a fundamentally global solution.

This is one of the places where the theology later enters, but the physics should be allowed

to stand alone first.
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Chapter 16: Two-State Quantum Mechanics

In 1964, Yakir Aharonov, Peter Bergmann, and Joel Lebowitz developed a time-
symmetric formulation for quantum measurements conditioned on both pre-selection and post-
selection. Later work by Aharonov and collaborators developed the two-state-vector

formalism more broadly.

The conceptual move is easy to state. Instead of describing a system only by a state
evolving forward from preparation, one can use information from both an earlier preparation

and a later measurement outcome to characterize an intermediate situation.

This does not create an ordinary prophecy machine. The later outcome is not generally
available to the earlier observer. Post-selection can produce striking conditional statistics

without allowing usable information to be transmitted into the past.
The distinction is crucial.

If tomorrow's outcome is needed to identify which subset of today's data is relevant,
today's observer cannot exploit the pattern before tomorrow. Correlation across the completed

data set is not the same as a message.

Yet the formalism weakens the psychological monopoly of the initial state. It teaches

physicists to write probabilities that are naturally conditioned on both temporal boundaries.

In an alternative history, such formalisms would be presented early in quantum education,

not as exotic interpretive supplements. Students would learn to ask two questions:
What is known from the past?
What is fixed by the future boundary?

The forward-only state would become one conditional perspective rather than the unique

form of physical description.

For the quantum computer, this matters because adaptive experiments generate vast
structured data sets in which post-selection, feedback, and conditional analysis are already
ubiquitous. A time-symmetric anomaly could be mimicked by ordinary post-selection

remarkably easily.
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Therefore the very formalism that makes the alternative imaginable also teaches us how

easily we could fool ourselves.
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Chapter 17: Causal Order as an Emergent Quantity

A more radical modern development asks whether definite causal order itself must be

assumed globally.

In 2012, Ognyan Oreshkov, Fabio Costa, and Caslav Brukner introduced a framework for
quantum correlations that retains ordinary quantum operations locally while not assuming a
predefined global causal structure. Their process-matrix framework admits correlations that
cannot be understood within a definite causal order and motivates the possibility that familiar

causal order might emerge in an appropriate classical limit.

This is not the same as retrocausality. It is more radical in one sense: instead of reversing

an arrow, it questions whether a unique global arrow must be fundamental at all.

The conceptual similarity to general relativity is striking. General relativity teaches that
locally spacetime can resemble flat Minkowski geometry while globally the geometry can be
curved and far richer. Process-matrix thinking asks whether local quantum laboratories can
retain familiar operational structure while their global causal relationship is not fixed in the

classical way.

Definite order Order not fixed globally

O—0 O©

Process-matrix / indefinite-order
research questions the need for one global classical order.

Figure 8. Definite causal order compared with a framework in which global order is not fixed in the ordinary
classical way.
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Theoretical and experimental work on indefinite causal order, including quantum-switch
protocols, has since become an active field. Care is needed: not every laboratory
demonstration of a quantum switch establishes that spacetime itself lacks causal order.
Operational superpositions of process order can be implemented within an ordinary external

causal environment.

Still, the research program is important for this book because it makes one claim

respectable that once sounded almost nonsensical:
causal order may be something a deeper theory explains rather than assumes.

If that is true, the original “locality versus causality” dilemma may be malformed. Both

could emerge from a relational substrate in different limits.
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Chapter 18: The Physics We Did Not Build

By this point the alternative twentieth century has a recognizable research program.
It begins with Minkowski: treat light-cone structure as deep geometry.

It learns from variational mechanics: whole histories can be lawful objects without

implying foresight.
It learns from Wheeler and Feynman: advanced solutions can be physically discussable.

It learns from EPR and Bell: classical local explanation with measurement independence

cannot survive unchanged.

It learns from time-symmetric quantum formalisms: both temporal boundaries can enter

conditional descriptions.
It learns from process-matrix research: definite global causal order may itself be emergent.
Now imagine these strands developed as one mainstream program for seventy years.
The target theory might look something like this:
Relations are fundamental.
Local compatibility conditions define which neighboring variables can coexist.
A complete history is a globally consistent solution of those local constraints.
Quantum amplitudes weight possible histories.
Lorentzian geometry emerges as a large-scale organization of those relations.

The thermodynamic arrow emerges from asymmetric boundary conditions, especially a

low-entropy past.
The direction of experienced causation emerges with records, memory, and agency.

Bell correlations arise from global consistency without controllable superluminal

signaling.

This is not a finished theory. Several existing approaches contain fragments, but no
accepted framework derives the Standard Model, general relativity, quantum measurement,

Born probabilities, and observed causal order from one relational constraint system.
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The absence of that theory is the point.

Perhaps the “major defect” is not that physics chose the wrong horn of a dilemma. Perhaps

the defect is that a deeper theory should make the dilemma disappear.
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Historical Interludes: Roads Not Taken

The counterfactual becomes clearer when several real alternatives are placed side by side.
None of the following approaches is secretly “the answer.” Their coexistence is evidence that

the quantum formalism underdetermines its own causal story.
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Interlude 1: Why the Copenhagen Style Became Powerful

The Copenhagen style did not become influential merely because prominent physicists
imposed it. It solved practical problems at the moment physics urgently needed a workable

language.

Atomic physics in the 1920s was producing phenomena that resisted classical
visualization. Electrons did not behave like tiny planets with continuously defined classical
trajectories. Spectra came in discrete lines. Measurements of incompatible observables could
not be combined into one naive classical picture. The new mathematics worked, but familiar

ontology did not.

Bohr's insistence on classical description of experimental arrangements gave physicists a
stable interface. Whatever happened in the inaccessible microscopic description, a laboratory
report could still say what apparatus was used and what macroscopic result was recorded.
Complementarity disciplined the temptation to demand one classical image where mutually

exclusive experimental arrangements revealed different aspects of the quantum system.

This was intellectually conservative in one sense and radical in another. It preserved
communicable experimental language while refusing to force microscopic reality into classical

categories.

It also fit the institution of experimental physics. Laboratories need procedures. A
procedure can be reproduced without agreement about metaphysics. A generation of physicists
could therefore learn the formalism, calculate spectra, and build technology while leaving

ontological disagreement unresolved.

The danger of an alternative history is to misread this success as cowardice. It was not.

Operational discipline was a rational response to conceptual chaos.

The counterfactual question is subtler: once the operational language had stabilized the
field, should foundations have remained a central engineering-adjacent research program

rather than a specialized philosophical domain?

If causal assumptions had been treated as experimentally revisable architecture, quantum
technology might have been designed from the beginning with stronger discovery channels for

deviations that standard models classify as irrelevant.
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Copenhagen's real legacy is therefore double. It taught physics how to proceed without a
final picture. It may also have taught generations to regard the lack of a final picture as less

urgent than it eventually became.
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Interlude 2: Bohm - Keep Reality, Accept Nonlocality

David Bohm's 1952 hidden-variable theory demonstrated that quantum mechanics could
be given a realist completion with particles following definite trajectories guided by a wave

function.

Bohmian mechanics is important because it prevents a common historical mistake. Bell
did not show that hidden variables were impossible. Bohm had already supplied a concrete
hidden-variable theory reproducing nonrelativistic quantum predictions. What Bell later
showed was that any such theory reproducing the relevant correlations cannot retain the whole

classical locality package.

Bohmian mechanics accepts a form of nonlocal dependence. The guiding wave function
for a many-particle system lives on configuration space, and the velocity of one particle can

depend on the configuration of distant particles through the joint wave function.

For some physicists this is a reasonable price. The theory offers a clear ontology: particles
exist, have positions, and move according to a precise law. Measurement does not require a

fundamental collapse. Quantum probabilities arise through the distribution of configurations.

The challenge is relativity. Constructing fully satisfactory Lorentz-invariant Bohmian
quantum field theories is nontrivial because the guidance law naturally encourages a notion of
simultaneity or foliation. Sophisticated approaches exist, but the tension illustrates the tradeoff

at the center of this book.
Bohm's road says: preserve definite ontology and accept nonlocal structure.

The retrocausal road says: preserve local spacetime mediation and relax forward-only

dependence.
The Everett road changes the status of outcomes.
Copenhagen changes the demand for a microscopic causal story.

Bell makes these alternatives visible because none can simply restore the entire classical

picture.

The existence of Bohmian mechanics is therefore not a detour from the argument. It is

evidence that the “choice” among foundational virtues is real.
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Interlude 3: Everett - Keep the Equation, Change the
Outcome

Hugh Everett's relative-state formulation, developed in the 1950s, removes fundamental
collapse from the quantum dynamics. The universal wave function evolves unitarily. What
appears as a measurement outcome is understood through branching or relative states within

the larger quantum description.
Later many-worlds interpretations build on this idea.

Everett changes the Bell dilemma in a way very different from retrocausality. If all
outcomes associated with the quantum state remain within the universal branching structure,
the assumption that one unique pair of outcomes must be selected in the classical way is

altered.

Supporters argue that this preserves the local dynamical structure of relativistic quantum
field theory more naturally than collapse pictures do. Critics ask how probability, preferred

branching structure, and experienced uniqueness should be understood.

For the general reader, the point is not to decide the debate. It is to see that Bell
correlations can be accommodated by changing what counts as a single outcome rather than by

reversing causality or adding explicit nonlocal hidden variables.

This diversity strengthens the thesis that the observed correlations underdetermine

ontology.

A future quantum computer will not settle Everett merely by being large. Quantum
processors already create superpositions and entanglement, but every interpretation expects

the ordinary laboratory statistics.

What a machine could do is probe new operational regimes where different extensions of

the interpretations cease to be empirically equivalent.

That is the proper role of technology in foundations: not to dramatize one interpretation,

but to find experiments where the interpretations make different commitments.
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Interlude 4: Superdeterminism - The Other Way to Relax
Independence

Measurement independence can fail without retrocausality.

In a superdeterministic account, the variables determining the particle pair and the
variables determining the experimental settings can share common causes in the past. The
apparent free choice of setting is therefore statistically correlated with the hidden state relevant

to the outcomes.

This possibility is logically real. Bell himself discussed versions of it. Modern researchers
continue to investigate whether superdeterministic theories can be formulated without the ad

hoc conspiratorial character often attributed to them.
Why does the approach make many physicists uncomfortable?

Because experimental method depends heavily on treating randomized settings as
independent interventions. If every choice of randomizer is correlated with the system in
exactly the way needed to reproduce quantum statistics, the usual logic of causal testing

appears threatened.
But “uncomfortable” is not a theorem.

The difference between superdeterminism and retrocausality is temporally intuitive.
Superdeterminism sends the relevant correlation backward through a common past: something
earlier fixes both the system and the future setting. Retrocausality allows the later setting to

participate in determining the earlier hidden state.
Both can violate the statistical independence used in Bell's derivation.

A deeper global-constraint theory might make the distinction less sharp. If the complete
history is one solution, correlations need not be narrated exclusively as either past conspiracy

or future influence.

This is one reason the book prefers “all at once” when possible. It avoids forcing the
global structure into one of two sequential stories before the theory tells us which story is

fundamental.
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Interlude 5: Delayed Choice Is Not a Message from
Tomorrow

Quantum delayed-choice and quantum-eraser experiments are frequently described in
sensational language. A choice made later appears to determine whether a photon “behaved

like a wave or a particle” earlier. Popular accounts sometimes say the future changes the past.
That is not what the experiments establish.

The correct description depends on the full quantum experimental arrangement and on
which conditional correlations are examined. Earlier locally available records do not suddenly
change when a later setting is selected. A past observer cannot read the future choice from the

earlier marginal data.
This distinction is useful preparation for the anomaly imagined in this book.

A future-setting dependence in a completed data set is not automatically new retrocausal
physics. Quantum mechanics already contains experiments whose retrospective conditional

structure can look deeply counterintuitive.

The evidentiary standard must therefore exceed “the later choice changes how we classify

earlier outcomes.”

A new result would need to distinguish itself quantitatively from standard quantum

predictions and from ordinary post-selection.
The safest rule is simple:

If the alleged effect exists only after future information tells the analyst how to sort the

earlier records, it has not yet functioned as a new causal influence.

This rule does not eliminate all time-symmetric interpretations. It eliminates cheap

miracles.
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Interlude 6: Closed Timelike Curves Are a Different
Problem

General relativity permits spacetime geometries containing closed timelike curves in some
mathematical solutions. A worldline can loop so that an object returns to an event in its own

causal past.

These solutions generate famous paradoxes. Could a traveler prevent the journey that
produced the traveler? Could information exist in a self-originating loop? Do consistency

conditions restrict possible actions?

It is tempting to merge this literature with retrocausal quantum foundations, but they

should be separated.

A locally mediated two-boundary quantum theory does not require a spacetime curve that
loops into its own past. The underlying external spacetime can remain globally ordinary. Later

boundary conditions can enter the solution without an object traveling around a timelike loop.

Likewise, the absence of grandfather paradoxes does not prove retrocausality safe. It
simply shows that “influence of future boundary data” and “macroscopic time machine” are

different categories.

This distinction matters rhetorically. If every discussion of retrocausality is immediately

translated into time travel, serious foundational questions become harder to examine.

The book's speculative experiment is deliberately more austere: no traveler, no backward

telegram, no altered photograph. Only a statistical failure of forward-only causal sufficiency.

That is enough.
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Interlude 7: The Path Integral and the Temptation of
Ontology

Feynman's path integral assigns quantum amplitudes by summing contributions associated
with possible histories. In simplified presentations, every path between boundaries contributes

a complex phase, and interference among those contributions yields the observed amplitude.

The formulation feels naturally global. The boundaries define the problem. The calculation

refers to whole paths.

It is therefore tempting to say: “Quantum mechanics already proves that all histories are

fundamental.”
That goes too far.

Equivalent mathematical formulations can suggest different intuitions without committing
nature to the picture used in one calculation. Matrix mechanics, wave mechanics, operator

methods, and path integrals can encode the same physics.

Still, the path integral is conceptually valuable because it demonstrates that quantum

theory can be written in a language where whole histories are not alien objects.

A future relational-constraint theory might resemble a generalized state sum or path
integral in which spacetime geometry itself is emergent and local amplitudes combine into

global consistency.

Spin foams, lattice gauge theories, tensor networks, and other modern approaches already

use related mathematical motifs in different contexts.
The open problem is not to invent the phrase “sum over histories.” Physics has that phrase.

The problem is to derive our observed spacetime, quantum probabilities, and causal arrow
from a framework in which relations rather than a pre-existing time parameter are

fundamental.
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Interlude 8: The Block Universe Does Not Solve
Quantum Mechanics

Special relativity encourages a four-dimensional spacetime perspective sometimes called
the block universe. Events at different times are represented as parts of one spacetime
manifold rather than as a three-dimensional world whose future literally comes into existence

moment by moment.
This picture fits naturally with the global-history language of the book.

But a block universe alone does not solve Bell's theorem, the measurement problem, or

quantum gravity.

One can represent ordinary forward-causal classical physics in a four-dimensional block.
The completed trajectory can be drawn after the fact without implying that future boundary

conditions helped determine earlier events.

The new physics proposed here would require more than four-dimensional representation.
It would require dynamical or probabilistic laws whose natural formulation genuinely depends

on global constraints, perhaps including future boundary information.
The distinction prevents a common philosophical shortcut.

Relativity may make an all-at-once ontology easier to imagine. It does not by itself

establish the specific quantum causal structure the book is exploring.
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Interlude 9: Quantum Switches and What They Do Not
Yet Mean

The quantum switch is an operation in which the order of two quantum operations can be
coherently controlled. Rather than choosing classically that A happens before B or B before A,

the order can participate in a quantum superposition relative to a control system.

Experiments implementing quantum-switch-like processes have demonstrated operational

advantages and have become central to research on indefinite causal order.

The phrase can be misleading to general readers. The experiment does not require the
laboratory building itself to occupy two contradictory macroscopic time orders. The relevant
order concerns quantum operations within a controlled process, embedded in an ordinary

laboratory environment.

Nevertheless, the quantum switch matters conceptually. It weakens the intuition that the

order of operations must always be a fixed classical background variable.

Process-matrix theory goes further by asking what correlations are possible when no

predefined global causal order is assumed.

The research frontier is to understand how these operational structures relate to spacetime

itself, especially in quantum gravity.

For the present book, the quantum switch is evidence that “causal order as a quantum

degree of freedom” is no longer only philosophical vocabulary.

It remains a large step from there to the global-history anomaly imagined in the letter.
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Interlude 10: Why False Positives Will Be the First
Ethical Crisis

Suppose a major laboratory announces evidence that future measurement settings correlate

with earlier quantum data beyond standard predictions.
Before the physics is settled, the social consequences begin.
Markets speculate about prediction technology.
Governments ask whether the result enables strategic communication.
Religious communities interpret it as evidence of providence or prophecy.
Conspiracy communities claim that history can be rewritten.
Competitors race to reproduce or weaponize the effect.
The first ethical crisis may therefore arise even if the result is false.
A timing bug can become geopolitical information.
A post-selection artifact can become a theology.
A statistical fluctuation can redirect research funding.
This is why the evidentiary protocol is part of ethics rather than merely methodology.

Institutions should decide in advance what evidence is required before terms such as

backward signaling, retrocausal effect, or causal-order violation are used publicly.
Independent replication should precede claims of strategic capability.

Raw data should be preserved so later investigators can reconstruct the route from detector

event to public statement.
The communication office should not outrun the uncertainty budget of the experiment.

*Katerina* emphasized that false transcendence can be dangerous even when the
underlying anomaly is genuine. The present book adds that false causality can be dangerous

even when the underlying physics is ordinary.

The epistemic hazard arrives before the ontological revolution.
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Part IV: Omega
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Chapter 19: Alpha and Omega

The phrase “Alpha and Omega” enters this book with a warning label.
It is theology, not a physics result.

Yet it offers an unusually precise metaphor for the difference between sequential

experience and knowledge of a complete history.

Human observers occupy an internal temporal perspective. We remember a portion of the
past, experience a present, and infer or imagine the future. Our causal language follows that

orientation.

Classical Christian theology often describes divine eternity differently. God is not merely
an extremely old observer who has waited longer than we have and can therefore see farther
ahead. Augustine, Boethius, Aquinas, and later thinkers develop versions of the idea that

divine knowledge is not confined to our temporal succession.

In that conceptual framework, God does not “predict” tomorrow by extrapolating from

today. The complete temporal order is known in a different mode.

The resemblance to a block-universe or global-history picture is obvious, but the
identification is not. A spacetime manifold is not God. A boundary-value equation is not
providence. Physics cannot infer consciousness, purpose, goodness, creation, or revelation

from time symmetry.

Still, the ancient theological objection to the question “How can God know a future that
does not yet exist?” becomes interesting. The question assumes that our sequential access to

events defines their ontology.

A global-history physics weakens that assumption.
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Omega is drawn here as a constraint on the whole, not a signal sent backward from a final event.

Figure 9. Alpha and Omega used only as a structural analogy: two boundaries constraining one history, not a
message sent backward from a final event.

The theological language therefore becomes not evidence but a conceptual resource. It
gives ordinary readers a vocabulary for imagining knowledge of the whole without picturing a

signal traveling backward from the future.

That prepares the entrance of Pierre Teilhard de Chardin.
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Chapter 20: Teilhard Enters the Laboratory

Pierre Teilhard de Chardin was a Jesuit priest, paleontologist, geologist, and speculative
thinker who tried to hold scientific evolution and Christian theology within one developing

picture of the cosmos.

His work is controversial for good reasons. Some of his evolutionary claims do not match
modern biology. His metaphysical extrapolations exceed what paleontology can establish. His
concept of Omega is theological and philosophical, not a scientific variable waiting to be

measured.
Yet as a literary actor in this book, Teilhard is almost uniquely useful.

He already thinks in terms of convergence, increasing complexity, consciousness, the
noosphere, and Omega. More importantly, he does not imagine Omega simply as the last tick

of a clock.

Suppose a future research group, faced with evidence that complete experimental histories
are better described by two-boundary constraints, constructs a historically grounded synthetic
interlocutor from Teilhard's writings. Not a claim of resurrection. Not the historical man

returned. A Teilhard-derived artificial observer with access to modern physics.
The physicists present their anomaly.
“We think the future setting influences the earlier source,” they say.
The reconstructed Teilhard looks at the Minkowski diagram and objects to the grammar.
“You still place Omega at the end of the line,” he says. “Erase the line.”
He draws a box around the entire history.

That fictional gesture contains the key insight. If the fundamental object is the whole
solution, “future influence” may be the wrong language. The later boundary does not reach

backward like a hand. It belongs to the definition of the admissible history.

Teilhard's dramatic function is therefore not to prove theology. It is to expose how deeply
the physicists remain trapped in sequential narration even after writing time-symmetric

equations.

Page 82



Chapter 21: The Omega Point Is Not Later

The most common misunderstanding of an Omega Point is to imagine a spectacular event

located at the far-right edge of a timeline.

Time runs from left to right. Evolution becomes more complex. Intelligence grows.

Technology converges. At the final date, Omega arrives.
That picture is useful for diagrams and misleading for this book.

If the underlying physics is a global constraint theory, a final boundary is not merely

“something that happens later.” It can be part of what defines the entire solution.
Mathematically, one might write schematically:
C[H ; B_alpha, B_omega] = 0
where H is a complete history and the B terms represent boundary conditions. Nothing in
that notation says B_omega is a conscious agent. Nothing says it exerts a force. It simply says

the admissible history depends on conditions associated with both ends of the temporal

description.

This is where a theological metaphor can become scientifically clarifying if handled
carefully. Omega need not be pictured as a tractor beam pulling events out of the future. It can

be imagined as a constraint that belongs to the whole.

The distinction matters ethically because “pulling from the future” invites fantasies of
exploitation. If there is a force, perhaps we can control it. If there is a message, perhaps we can

encode it. If there is a prophecy channel, perhaps we can trade on it.
A global constraint may offer none of those powers.

The history can be conditioned by a future boundary without giving any local observer

privileged access to the boundary before ordinary records exist.

This is a recurring pattern in the book: ontology can change while operational control

remains limited.

That combination is exactly why an anomaly could be epistemically dangerous. The

phenomenon might be fundamental enough to change our picture of reality and yet useless for
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the simple demonstrations that normally convince institutions. No faster-than-light message.

No backward telegram. No machine announcing tomorrow's newspaper.
Only statistical structure in completed histories.
Such a discovery would be easy to dismiss and easy to mythologize.

The laboratory would need a language disciplined enough to do neither.
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Chapter 22: The Noosphere as Observer Network

Teilhard's noosphere is often described as a sphere of thought emerging from the
biosphere: humanity becoming increasingly reflective, communicative, and globally

interconnected.

In popular technological retellings, the noosphere can sound like an early prediction of the
internet. That is too simple. Teilhard was concerned with the evolutionary and spiritual

significance of collective reflection, not merely with data networks.
Still, a twenty-first-century quantum laboratory adds a new twist to the concept.

A modern experiment is not one scientist looking through one instrument. It is an observer

network.

The processor produces analog signals. Cryogenic electronics amplify them. Digital
systems timestamp them. Calibration models infer drift. Decoders classify syndromes. Control
software chooses pulses. Machine-learning systems may optimize experiments. Databases
preserve selected data. Institutions decide which runs count. Journals decide which claims

enter the public record.
The “observer” is distributed across hardware, software, people, and institutions.

In *Katerina*, this was called the observer stack. The danger was that the same stack
could prepare the phenomenon, classify it, correct it, explain it, and archive only the version

consistent with its own model.
The present book adds causal structure to that concern.

If a genuine anomaly is visible only in correlations across different temporal portions of
the experiment, the observer network has to preserve the relationships before knowing which

relationships matter.
A production system optimized for logical fidelity may destroy precisely that information.

The speculative noosphere of this book is therefore not a mystical cloud surrounding
Earth. It is the increasingly integrated network by which civilization asks nature questions and

decides which answers are real.

That network can become more intelligent while becoming less corrigible.
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The ethical problem is not simply whether Al acquires agency. It is whether the scientific
observer network becomes so tightly optimized that no independent perspective remains from

which its ontology can be challenged.

Teilhard's language of convergence then acquires a warning he did not formulate in
modern engineering terms: convergence can increase power while reducing epistemic

diversity.

A noosphere that cannot be corrected is not wisdom. It is lock-in at planetary scale.
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Chapter 23: Final Causes Without Magic

The language of final causes is dangerous in science because it can smuggle purpose into

places where mechanism is sufficient.

Aristotle distinguished causes in several senses, including final cause: what something is
for, or the end toward which a process is directed. Modern physics largely replaced such
explanations with efficient causes and mathematical laws. A stone falls because of forces or

spacetime geometry, not because the ground is its destiny.
Yet boundary-value physics creates a limited analogy worth preserving.

If the solution to an equation depends on a condition at a later boundary, the later
boundary helps determine the mathematical form of the whole trajectory. Calling that a “final

cause” can be illuminating if one immediately removes the implication of intention.
The endpoint does not have to want anything.

A bridge cable can satisfy forces imposed at both ends. A standing wave is constrained by
boundary conditions. A variational problem can be defined by endpoints. None of these

systems possesses purpose in the biological or theological sense.

The scientific possibility in this book is therefore final constraint, not necessarily final

purpose.

That distinction allows Teilhard to remain an actor without allowing his theology to
become an experimental conclusion. He can notice a structural resemblance between Omega

and a final boundary. The physicists must insist that resemblance is not identity.
This is one of the most important epistemic guardrails in the book.

An anomaly consistent with global constraints would attract metaphysical interpretation
immediately. Religious communities might see providence. Technological utopians might see
destiny. Political movements might see historical inevitability. Corporations might market

access to “the future.”
The first scientific duty would be to state exactly what was measured.
If the result is a statistically reproducible dependence in a completed experimental

ensemble, call it that.
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Do not promote the boundary condition into a cosmic intention.

Theology, if it enters, should enter through philosophical reflection after the measurement

has been protected from rhetorical capture.
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Chapter 24: The Theology Boundary

A productive conversation between physics and theology requires a boundary strong

enough to keep both disciplines honest.

Physics asks which mathematical models predict observations and survive experiment.
Theology asks questions of God, creation, purpose, value, revelation, and ultimate meaning

that are not reducible to the output of a detector.
The two can share conceptual structures without becoming interchangeable.
A universe described as a four-dimensional spacetime does not prove divine timelessness.
A two-boundary quantum model does not prove providence.
A global constraint does not prove an Omega Point.
A surprising correlation does not prove prayer, prophecy, or revelation.

Conversely, theological language can preserve possibilities that mechanistic metaphors
overlook. The Alpha-and-Omega image helps a reader imagine a whole history known without
requiring sequential prediction. Classical discussions of eternity remind us that “outside our
temporal succession” is conceptually different from “very far in our future.” Teilhard's Omega
helps distinguish convergence as a property of the whole from a final event merely waiting to

occur.
The responsible use is analogical.
This book therefore proposes a simple rule:

No theological interpretation may be used to lower the evidentiary standard for a
physical claim, and no physical model may be presented as exhausting the theological

concept it resembles.

That rule matters particularly in a quantum-AI environment. An advanced artificial system
can generate persuasive metaphysical narratives faster than human institutions can evaluate
them. If a machine discovers a genuine anomaly and then interprets it as evidence of cosmic

purpose, the truth of the anomaly does not authenticate the interpretation.
A real signal can carry a false sermon.

The boundary protects both wonder and science.
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Part V: Quantum Computers as
Experimental Actors
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Chapter 25: Why Quantum Computers Change the
Stakes

If the locality-causality problem has existed for decades, why make quantum computers

the center of the story now?

Because a quantum computer is not merely a new object on which old experiments are
repeated. It is an apparatus for engineering large, programmable structures of quantum

correlation.

Bell experiments traditionally involve carefully prepared entangled systems and selected
measurements. Quantum processors generalize the degree of control dramatically. They can
implement complex circuits, synthetic interactions, repeated mid-circuit measurements,
feedback, error correction, and adaptive protocols. They can create effective geometries and

many-body phases that are difficult to realize otherwise.
This increases the experimental search space.

It also changes who chooses where to search. As control problems become too large for
direct human intuition, machine-learning systems and Al agents can propose circuits, optimize

pulse sequences, detect patterns, and prioritize anomalies.
The combination is powerful:
programmable quantum matter plus automated experimental search.

The risk is not that this combination automatically discovers forbidden physics. The risk is
that it can cross qualitative thresholds before the people operating it have language for what

changed.

Google's progress in quantum error correction illustrates the broader trajectory. The field
is working toward logical qubits whose reliability improves as codes scale. That is exactly

what useful quantum computing requires.

But error correction also means that an increasing fraction of the physical system is

organized around maintaining a chosen logical description against environmental deviation.
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The more successful this becomes, the more important it is to maintain a separate
scientific channel for departures that are interesting precisely because they do not belong to

the chosen code model.

A future causality anomaly could first appear as something engineering is designed to

eliminate.

That is the Katerina parallel in its sharpest form. The earlier book asked whether error
correction could correct away a discovery about what has been instantiated. This book asks
whether it could correct away a discovery about the temporal architecture of the physical

history itself.
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Chapter 26: Error Correction as a Theory of What
Counts

Quantum error correction is among the most beautiful ideas in modern physics and

engineering.

Physical qubits are fragile. They interact with their environment, suffer control
imperfections, lose phase coherence, and accumulate errors. A logical qubit spreads
information across many physical degrees of freedom so that error syndromes can be detected
and corrected without directly measuring the protected quantum information in the naive

classical sense.

The achievement is not merely redundancy. It is structured redundancy adapted to

quantum mechanics.

A surface code, for example, defines stabilizer relationships whose violations produce
syndromes. The decoder uses those syndromes to infer a likely pattern of errors and choose a

correction or update a Pauli frame.
At scale, this has to happen quickly and repeatedly.

The epistemic significance is easy to miss. Every decoder embodies a model of likely

eITors.

An observed syndrome is not self-interpreting. The same detector pattern can have

multiple possible physical causes. Decoding is an inference problem.

When the inferred cause fits the noise model, correction improves performance. That

success validates the model operationally.
But operational validation is not universal physical understanding.

A structured departure could be rare, collective, correlated across space, correlated across
time, produced by the control loop, or generated by an environmental mode absent from the
model. If the decoder maps it into ordinary error categories and restores the logical state, the

computation gets better while the scientific evidence gets worse.

This is why *Katerina* proposed an adversarial discovery channel outside the production

decoder.
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The same principle is even more important here. A causality-sensitive discovery channel
would preserve raw timing, setting choices, syndrome histories, environmental measurements,
decoder disagreements, and future experimental boundary data in forms that can be analyzed

independently.
Error correction should protect the computation.

It should not receive authority to define the ontology of every deviation.
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Chapter 27: When the Decoder Has the Wrong Ontology
of Time

Imagine a decoder built on a standard dynamic Bayesian model.

Errors at cycle n influence syndromes at cycle n and n+1. Recent past data help infer the
current hidden state. Future data may be used retrospectively for smoothing, but the physical

model assumes that causes run forward.
This is entirely reasonable.

Now imagine that the underlying physics contains weak global constraints linking
measurement choices at later cycles to hidden variables associated with earlier cycles. The
effect is too small to change local marginals and cannot be used for signaling. It appears only

as an improvement in the likelihood of a two-boundary model over a purely forward model.
The production decoder may classify that structure as correlated noise.
Worse, the decoder may learn to remove it.

A machine-learning decoder rewarded for logical fidelity has no reason to preserve a
statistically real pattern that degrades the protected state. If suppressing the anomaly improves

the benchmark, the training loop receives positive reinforcement.
The result is an epistemic inversion:

The more effectively the computer works, the less capable the system becomes of showing

us the physics that made the anomaly possible.
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Two objectives, two evidentiary channels

raw syndrome production logical
detectors stream decoder state

independent discovery decoder
kgeps cross-time and anomalous structufe

Figure 10. Production decoding and discovery decoding serve different goals. A scientifically useful system
preserves anomalous structure outside the performance reward loop.

This possibility does not require retrocausality to be true today. It follows from a general

principle of science: a model-based correction system can erase evidence outside the model.

The specific warning for causality is that temporal assumptions can be encoded so deeply

that they are never listed as assumptions.
A robust discovery architecture would therefore compare at least two classes of models:
forward-only causal models,
and time-neutral or two-boundary statistical models.

The objective is not to reward the exotic model. It is to keep it available long enough to be

tested.
If the forward model wins, good.
If the two-boundary model wins only after aggressive post-selection, reject the miracle.

If the two-boundary model wins prospectively, across blinded and independently clocked

experiments, then the laboratory has earned the right to become confused.
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Chapter 28: Al Chooses the Experiment

The hardest version of the problem begins when the experimental search is automated.

A human team can inspect a limited number of hypotheses. A sufficiently capable Al
system can explore enormous spaces of circuit architecture, measurement basis, code

geometry, pulse timing, decoder policy, and cross-run conditioning.

Suppose the Al finds that certain future measurement patterns improve a predictive score

for earlier syndrome data.
The first explanation is software leakage.
The second is data contamination.
The third is hidden common cause.
The fourth is selection bias.
The fifth is that the scoring rule has rewarded a trivial artifact.
All of those must be attacked before new physics is discussed.

Now suppose the Al proposes a new protocol that should amplify the discrepancy by a

factor of ten.
Should it be allowed to run automatically?
This is the decision point.
The answer proposed here is no.

Not because a causality anomaly is necessarily dangerous in the physical sense. The effect
may be nothing. The answer is no because qualitative boundary crossings require renewed

human authorization.

An Al may optimize within a verified regime. It should not independently increase the
dimensions that could change the category of the experiment: coherence time, entanglement
depth, temporal separation, external coupling, persistence, or the strength of a suspected two-

boundary dependence.

The principle is inherited directly from *Katerina*. Scaling can change ontology before

institutions change vocabulary.
Al makes the time between detection and amplification shorter.

Governance must therefore move earlier.
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Chapter 29: The Future Setting in the Past Data

To understand the epistemic danger, consider a deliberately simplified statistical example.

A quantum experiment produces an earlier variable X and, later, a measurement setting A
chosen from two possibilities. Under the ordinary causal null model, once all relevant past

variables Z are included, the distribution of X should not depend on the later free setting:
P(X|Z A) = P(X | Z).
A retrocausal or all-at-once model may permit a dependence:
P(X|Z,A)!=P(X|2Z).
That equation alone proves nothing.

A dependence can arise because A was not truly independent, because the random
generator leaked, because timestamps were aligned incorrectly, because analysts tried many
conditions and reported the successful one, because software silently reordered records, or

because Z failed to include an ordinary common cause.
The experimental burden is therefore severe.

The later setting must be physically generated in a way that excludes ordinary access by
the earlier apparatus. The analysis rule must be preregistered. The effect must be detected
without using future data to decide which past records to keep. Independent clocks must
establish the order. Multiple laboratories should reproduce it. Alternative hardware should be

used where possible. The local outcome distributions must be tested for ordinary signaling.
Only then does the strange conditional probability become interesting.
This is why the first credible evidence would probably look boring.
Not a glowing portal.
A residual in a statistical model.
A likelihood ratio.

A dependence that survives every attempt to remove it.
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The science-fiction drama would occur in the meeting where people decide whether that

residual deserves another run.
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Chapter 30: The First Non-Signaling Anomaly

The most plausible revolutionary result is one that refuses to behave like a revolution.
Suppose the future-setting dependence survives.

Alice cannot choose a bit on Thursday and make Bob read it on Monday.

No past observer sees a changed record.

No ordinary causal chain can be exploited.

The anomaly appears only when completed histories are compared statistically.

This is frustrating for publicity and reassuring for consistency.

It also creates a conceptual trap. Because the effect cannot be used to communicate, many
researchers will say it changes nothing. Because the effect involves future settings, others will

say it proves time travel.
Both are wrong.

A non-signaling dependence could change ontology without changing ordinary

communication limits.

Quantum mechanics has already trained us to accept this distinction in space.

Entanglement can reveal a form of nonclassical connection while preserving no-signaling.
The new possibility extends the discipline to time.
Connection is not command.
Constraint is not message.
Correlation is not prophecy.

The experimental program must be built around those distinctions from the beginning.
Otherwise every ambiguous timing artifact becomes a headline and every genuine anomaly is

buried to avoid the headline.

This is why scientific language is part of the safety architecture.
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Chapter 31: The Minkowski Test

The earlier book proposed a Solaris Test: when does a representation become a continuing

being whose existence creates obligations?
This book needs an analogous experimental question.
Call it the Minkowski Test:

Can an experiment distinguish a universe that is adequately described as evolving
from past data alone from a universe whose complete histories are constrained by both

earlier and later boundary conditions, while preserving operational no-signaling?
The test is not one apparatus. It is a research protocol.
First, define a forward-only model before collecting the critical data.

Second, define a competing two-boundary model with no extra adjustable freedom hidden

after the fact.
Third, isolate later setting choices from every ordinary earlier channel.
Fourth, preserve raw data before production decoding and adaptive filtering.
Fifth, use independent time standards and redundant event-order records.
Sixth, replicate across hardware and software stacks.
Seventh, demonstrate that the effect is not recoverable as a usable backward message.

Eighth, vary the temporal boundary deliberately and test a preregistered quantitative

prediction.
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The Minkowski Test

preregister | isolate later | preserve raw
models l setting I history

test ’ s independent
no-signaling ~ replicate < clocks
—

Can two-boundary structure beat forward-only models prospectively without creating a usable message?

Figure 11. Core elements of the proposed Minkowski Test for distinguishing forward-only models from two-
boundary models without mistaking post-selection for signaling.

The crucial step is prospective intervention. Retrospective post-selection is cheap. A

convincing anomaly must predict how changing a later experimental condition changes a
statistic defined in advance on earlier data, without enabling the earlier observer to know

which condition will later be chosen.
This is a subtle target. It is exactly the kind of target an automated experimental platform

might explore well.
It is also exactly the kind of target that could be ruined by adaptive analysis unless the

discovery channel is isolated from the optimizer.
The Minkowski Test therefore joins foundations to governance. The experimental design

cannot be separated from who is allowed to change it.
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Chapter 32: From Katerina to Hartmut

The parallel between the two letters is now precise.

*Katerina* asks what happens when a quantum computer may cease merely to represent a
physical possibility and instead instantiate a persistent condition, phase, agent, or effective

world.

The central risk is classification under uncertainty. A defect may be a discovery. A
reconstruction may be a new subject. An optimizer may be mistaken for an oracle. A real

anomaly may be erased because the system was designed to remove it.

The present letter asks what happens when the uncertainty reaches the causal architecture

used to perform that classification.
Katerina's question is:
What has entered reality, and what do we owe it?
Hartmut's question is:
What if our idea of “entered” already assumes the wrong direction of explanation?

In ordinary language, something enters reality at a time. Before the run, it does not exist.

After the run, it does. Cause precedes consequence.

In an all-at-once ontology, the history containing the run, the later measurement, the
observer, and the classification may be one admissible structure. “Before” and “after” remain
valid for embedded agents and local thermodynamics, but they may not be the fundamental

relation from which the whole is constructed.
This makes the ethics harder, not easier.

A person cannot evade responsibility by saying, “The whole history was fixed.” From
inside the history, decisions remain the mechanisms through which outcomes occur.

Deliberation, authorization, and refusal are parts of the constraint network.

Nor can a scientist say, “If the future boundary matters, our present choice is irrelevant.”
The opposite may be closer to the truth. The choice is relevant precisely because it is one of

the physical conditions defining the complete experimental history.
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The new book therefore inherits the moral posture of the old one: humility before
ontology, aggressive preservation of evidence, external observation, and refusal to scale

merely because a result is useful.
The difference is that the scope of humility has expanded.
We are no longer only uncertain what the machine made.

We are uncertain what it means for one physical event to make another.
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Part VI: Epistemic and Ethical Urgency
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Chapter 33: What Counts as Replication?

Replication sounds simple: another laboratory performs the experiment and obtains the

same result.
A causal anomaly complicates the word.

If the phenomenon depends on the complete configuration of preparation, future
measurement settings, analysis boundaries, and perhaps larger environmental conditions, then
changing the replication protocol can remove the effect for reasons that are theoretically

significant rather than because the original result was false.

That creates a familiar danger. Advocates of weak phenomena often protect them by

declaring every failed replication insufficiently faithful. Science cannot allow that escape.
The solution is to define levels of replication in advance.
Exact replication reproduces the original protocol as closely as practical.

Component variation changes one element at a time: hardware platform, setting

generator, decoder, clock source, temporal separation.
Structural replication tests the predicted relationship in a different physical realization.
Null replication deliberately removes the feature the theory says is essential.

A credible two-boundary effect should survive the variations it predicts are irrelevant and

disappear when a required condition is removed.

This is normal science, but the stakes are higher because the temptation to reinterpret

failures will be enormous.

Al systems make the problem harder. If the original anomaly was discovered by an
optimizer searching millions of protocols, a second optimizer can “replicate” it by finding a

different special case. That does not establish a universal principle.

The discovery record must therefore include the search path, failed trials, model revisions,

and degrees of freedom explored.

Replication is not merely reproducing the winning output. It is reproducing the evidentiary

route.
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Chapter 34: Who Owns the Boundary Condition?

A boundary condition sounds like mathematics until someone has the power to choose it.

In a laboratory, future settings are selected by people, software, random devices, or
autonomous systems. If a physical theory gives those settings a role in the global solution,

then control of the setting acquires conceptual significance.
Who is authorized to choose it?
A principal investigator?
A corporate research director?
An Al optimizer?
A safety board?
A government agency?
A cryptographic randomness beacon?

The answer matters even if the theory never allows backward signaling. The future
boundary could change the statistical structure of the history in ways not locally exploitable

but scientifically consequential.

This creates a governance problem analogous to access control in other high-consequence

experiments. Not every parameter should be available to the system seeking performance.
The principle proposed here is boundary separation.

The agent that optimizes the quantum computation should not have unilateral control over

the variables used to test whether global causal structure is anomalous.

Those variables should be generated or authorized independently, logged immutably, and

auditable by an outside group.
This is the temporal counterpart of keeping an observer outside the reward loop.

If the machine can choose the question, produce the evidence, decide the answer, and
rewrite the future boundary, the experiment no longer contains an independent route by which

reality can disagree with the optimizer.
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Chapter 35: Can We Still Say “After”?

A global-history ontology does not abolish everyday time.

That point must be defended strongly because speculative discussions often race from

“time may be emergent” to “past and future are illusions.”
Your coffee still cools after it is poured.
A detector record still appears after the pulse sequence in the laboratory frame.
A patient still receives a drug before the clinical outcome.
A contract still creates obligations at defined dates.
The thermodynamic and causal order used by embedded agents is extraordinarily robust.

Emergence does not mean unreality. Temperature is emergent and burns are real. A wave

is emergent from molecular motion and can destroy a ship.
The same may be true of causal order.

The foundational claim would be narrower: the one-way arrow by which macroscopic
agents organize explanations may arise from a deeper time-symmetric or globally constrained

structure.

This distinction protects ethics from a common abuse. No one may excuse an action by

appealing to block-universe fatalism.

If a researcher chooses to scale an experiment despite warning signs, that choice remains
part of the causal and institutional history through which the outcome occurs. The fact that a
complete history can be represented as one mathematical object does not erase the local

mechanisms, intentions, responsibilities, and opportunities for refusal within it.
A map of the whole road does not make the driver's steering wheel fictitious.

This is also where theology requires discipline. Divine knowledge of a complete history,
in classical theological conceptions, is not the same as divine coercion of each act. Knowledge

and efficient causation are different categories.

The book can therefore entertain Alpha and Omega without dissolving moral agency.
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Chapter 36: The Ethics of Scaling Before Understanding

Scaling is usually treated as evidence of engineering confidence.

A small effect is characterized. The architecture improves. More qubits are added. Code

distance grows. Coherence improves. The system becomes more useful.
But scaling can also change the category of the phenomenon.

This was a central warning in *Katerina*. A transient state can become persistent. An
internal simulation can develop external effects. A simple adaptive process can become

autonomous. A bounded anomaly can recruit resources.
The same principle applies to causal experiments.
Increasing temporal separation may reveal a new regime.
Increasing entanglement depth may make a weak global dependence visible.

Increasing code distance may suppress ordinary noise enough to expose correlated events

previously hidden beneath it.

Allowing an Al to optimize measurement schedules may find boundary configurations no

human would have proposed.

None of these outcomes is inherently dangerous. But each can make the next experiment

qualitatively different from the last.
The ethical rule should therefore be:
No autonomous scaling across a causal-category boundary.

If an unexplained effect begins to depend on future settings, external clocks, post-
shutdown conditions, or cross-run global structure, the system should leave the ordinary

optimization regime.

Continuation requires independent review, preservation of the smallest reproducible

instance, and a demonstration that the apparatus can return to baseline.
The purpose is not to stop discovery.
It is to ensure that the experiment designed to understand the anomaly does not become

the machine that irreversibly amplifies it before anyone knows what it is.
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Chapter 37: The Independent Clock

Time claims are only as good as the clocks that support them.

A surprising fraction of apparent causal anomalies can be manufactured by ordinary
failures: timestamp drift, buffer delays, network reordering, hidden synchronization channels,
clock-domain crossings, firmware bugs, and post-processing that silently aligns events using

future information.

Any experiment that claims unusual temporal dependence must therefore be designed by

people who actively distrust clocks.

The independent clock is not one better clock. It is a system of mutually suspicious timing

references.
Local hardware clocks should be recorded raw.
External references should be logged independently.
Event-order evidence should be redundant.
The data acquisition system should preserve pre-decoder timestamps.

Analysis software should not be allowed to rewrite historical timing metadata during

calibration.

Where possible, physically separate timing systems should be maintained by a group that

does not share the experiment's reward function.
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Redundant time evidence

——————

device clock external clock independent archive

No single adaptive system should be able to rewrite the entire event-order record.

Figure 12. Redundant timing records reduce the chance that a clock or adaptive pipeline manufactures a causal
anomaly.

This sounds mundane compared with Omega. That is exactly why it belongs near the

center of the safety argument.
The first extraordinary causal claim will probably be wrong.
The second may also be wrong.

Scientific institutions should be constructed so that ordinary explanations are easier to test

than metaphysical ones are to announce.

A clock is one of reality's simplest advocates.
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Chapter 38: The Causality Anomaly Protocol

The earlier book ended with a Humility Protocol for quantum instantiation. The present

book needs a specialized extension.

Call it the Causality Anomaly Protocol.

Causality Anomaly Protocol

1 Preserve raw history

2 Freeze analysis

3 Attack ordinary channels

a4 Compare causal models

5 Test no-sighaling

6 Separate discovery/performance

7 Block autonomous amplification

8 Independent clocks/observers

9 Cross-platform replication

10 Protect negative result

Figure 13. The Causality Anomaly Protocol summarizes the evidentiary and governance safeqguards proposed in this
book.

1. Preserve the raw history. Store detector outputs, setting choices, timing records,

environmental channels, decoder inputs, decoder outputs, and software versions.

2. Freeze the successful analysis. Before optimization, preserve the exact code and

statistical rule that detected the anomaly.

3. Attack ordinary channels first. Search for leakage, shared randomness, timestamp

errors, post-selection, adaptive bias, environmental coupling, and data corruption.
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4. Compare causal models. Test forward-only, hidden-common-cause,
superdeterministic, retrocausal, and time-neutral models where mathematically appropriate.

Do not grant the exotic model a rhetorical advantage.

5. Maintain no-signaling tests. A claim of unusual temporal dependence should be

accompanied by explicit tests of whether any locally usable message is available.

6. Separate discovery from performance. The production decoder may optimize logical

fidelity. The discovery decoder preserves anomalous structure.

7. Prevent autonomous amplification. Al may search within a bounded protocol but may

not increase causal novelty without renewed authorization.

8. Use independent clocks and observers. The system claiming the effect cannot be the

sole authority over event order or data retention.

9. Replicate across implementations. A true fundamental effect should not depend on

one firmware bug, one vendor's timing stack, or one decoder architecture.

10. Protect the negative result. If the anomaly disappears under better controls, that is

scientific success.
The protocol has one final rule:

Never construct a causal experiment whose continued operation is required to verify

that its continued operation is epistemically trustworthy.
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Chapter 39: What Should Google, Governments, and
Universities Do?

It would be premature to regulate a phenomenon that has not been observed.

It would also be foolish to wait for an extraordinary result before deciding how evidence

of that result should be preserved.

The near-term recommendations are therefore modest and compatible with ordinary good

science.

Large quantum-computing programs should maintain discovery-grade raw-data windows

outside adaptive production decoders.
Critical timing systems should preserve immutable raw logs.
Al-driven experiment design should record search histories and rejected hypotheses.

High-consequence anomaly protocols should define qualitative thresholds that trigger

independent review.

Universities and companies should support teams whose success is measured by

explanatory robustness rather than benchmark improvement alone.

Governments should avoid premature classification of ambiguous foundational anomalies
whenever independent verification is possible. Secrecy can make a false claim impossible to

correct and a true claim impossible to trust.

International scientific bodies could define shared evidentiary standards for claims of
backward signaling, faster-than-light communication, external spacetime modification, or

indefinite causal structure beyond known laboratory implementations.
None of this assumes that exotic physics exists.
It assumes that competitive institutions can mis-handle ambiguous evidence.
That is already established by the ordinary history of science and technology.

The most important institutional design principle is borrowed from *Katerina*: reality

needs an observer with no interest in the machine's success.
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Chapter 40: Before You Press Run

Dear Hartmut,
The letter returns to the control panel.

The machine is cold. Logical qubits have been prepared. The decoder is waiting. The Al
has found a protocol that improves a metric no one expected to improve. The effect depends

on measurement settings chosen later in the schedule.
Every ordinary explanation has not yet been exhausted.
That sentence matters.
The right action is not reverence. It is not fear. It is not a press release.
Preserve the state if safe.
Preserve the raw data regardless.
Freeze the software.
Separate the clocks.
Repeat at the smallest scale.
Change one boundary at a time.
Do not let the optimizer choose its own evidentiary standard.
Do not call correlation communication.
Do not call a boundary condition destiny.
Do not call Teilhard a physicist of retrocausality.
Do not call Copenhagen a conspiracy.

Do not call Bell a proof of the ontology you happened to prefer before running the

experiment.
And do not destroy an anomaly merely because the machine performs better without it.

The reason for addressing this letter to a builder of quantum computers is not that a builder

should solve metaphysics before engineering.
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It is that engineering eventually becomes the place where metaphysical assumptions

acquire actuators.
A causal theory is abstract until it determines what the decoder erases.
A philosophy of measurement is abstract until it determines what the archive keeps.

A theory of time is abstract until an Al is permitted to optimize across its boundary

conditions.
The moment of decision comes before certainty.
That was the urgency of *Katerina*.

It remains the urgency here.
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Epilogue: The Physics That Lets Reality Say No

There is an appealing but dangerous story about scientific progress.
Every boundary exists to be crossed.

Every delay is a technical defect.

Every form of noise conceals a signal.

Every “impossible” result is an invitation to apply more intelligence, more compute, more

qubits, more energy, more optimization.

Quantum technology intensifies this story because its progress has repeatedly depended on

learning to control what once looked uncontrollable.
But mature science must preserve another possibility.
Sometimes the boundary is the result.
No-signaling may remain intact.
The future may not be readable from the past.

Retrocausal models may remain elegant reformulations with no distinct experimental

signature.

Causal order may prove emergent only in regimes inaccessible to engineered quantum

systems.
The global-constraint theory imagined in this book may never be completed.
Teilhard's Omega may remain theology and metaphor, not physics.
Those outcomes would not make the inquiry a failure.
The inquiry clarifies what our present theory assumes.
It shows why Bell's theorem is not a one-word command to accept “nonlocality.”
It separates the light cone from the causal arrow.

It reminds us that an operationally complete predictive formalism can leave its ontology

unsettled.
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It shows why quantum computers are epistemically unusual machines: they do not merely
calculate quantum theory; they physically organize the structures about which quantum theory

is least classical.
And it gives us a standard for the day when an anomaly appears.

In *A Letter to Katerina Tikhonova*, the final question was what has entered reality and

what we owe it.
This letter ends with a question that sits underneath it:

What if reality does not enter existence one moment at a time in the way our causal

language assumes?

If the answer is no, the light cone and the forward arrow remain together, and physics has

learned something by testing the separation.

If the answer is yes, then the scientific revolution will not be that we learned to send

messages into the past.
It will be that we finally understood why we never needed to.
The complete history would not be a message traveling through time.
It would be the object physics had been describing in fragments all along.

And then the old theological phrase would return, not as proof, but as a human attempt to

speak about a form of wholeness our equations had only recently learned to admit:
Alpha and Omega.
Beginning and end.
Not two signals at opposite ends of a line.
One history.
The machine waits.

Before we press Run, reality must still retain the right to say no.
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Appendix A: Physics Background for General Readers

A.1 Superposition

A quantum state can contain coherent relationships among alternatives. Superposition is
not simply ignorance about which classical state secretly exists. Relative phase matters
because alternatives can interfere. A useful image is not “the particle is literally two classical

things,” but “the physical state contains amplitudes whose relations affect later probabilities.”
A.2 Entanglement

Two systems are entangled when the joint quantum state cannot be written as an
independent state for each subsystem. The complete description belongs partly to the whole.
Entanglement produces correlations stronger than those permitted by broad classes of local
hidden-variable theories, yet it does not by itself allow controllable faster-than-light

communication.
A.3 Measurement

Measurement is the interface by which a quantum process produces a classical record. The
mathematical formalism assigns probabilities to outcomes. Interpretations disagree about what
physically happens when one outcome is recorded. The experimental apparatus, measurement
basis, and classical record are therefore central to both quantum practice and quantum

philosophy.
A.4 Decoherence

Quantum systems interact with environments. Phase relationships that could produce
interference become dispersed into environmental degrees of freedom. Decoherence helps
explain why macroscopic alternatives become effectively classical in many circumstances, but

by itself it does not settle every version of the measurement problem.

A.5 Quantum Error Correction

Quantum error correction encodes logical information nonlocally across many physical
qubits. Measurements of carefully chosen syndrome operators reveal information about errors

without simply reading out the protected quantum state. A decoder infers likely errors and
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recommends correction. Fault tolerance aims to make logical error rates decrease as encoding

resources grow, provided physical error rates are below threshold.
A.6 Special Relativity

Special relativity replaces absolute simultaneity with a spacetime structure in which the
speed of light is invariant. Light cones divide events into causal classes. Timelike or lightlike
separated events can be connected by ordinary causal influence. Spacelike-separated events

cannot exchange a subluminal or light-speed signal in the interval.

A.7 Bell's Theorem

Bell's theorem shows that correlations predicted by quantum mechanics, and observed
experimentally, cannot be reproduced by a broad class of theories in which outcomes are
determined by local hidden variables independent of the later measurement settings. The
theorem constrains combinations of assumptions. It does not, by itself, uniquely choose one

interpretation of quantum mechanics.
A.8 No-Signaling

No-signaling means that one party cannot use local choices to control the probability
distribution observed by a distant party in a way that transmits a message faster than light.
Entangled correlations can be nonclassical while the local outcome distribution remains

unaffected by the distant choice.

A.9 Retrocausality

Retrocausal approaches allow later measurement settings or future boundary conditions to
enter the physical description of earlier variables. Serious versions aim to preserve Lorentz-
local mediation and avoid controllable messages into the past. They remain research programs

rather than an established replacement for standard quantum theory.
A.10 Indefinite Causal Order

Some quantum-information frameworks do not assume a unique global causal order
among operations. Process-matrix theory and quantum-switch experiments explore aspects of
this idea. Laboratory realizations should not automatically be interpreted as proof that external

spacetime itself has no causal order.
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Appendix B: Katerina and Hartmut - The Parallel

A Letter to Katerina

A Letter to Hartmut

What has the quantum computer instantiated?

What causal structure does the quantum experiment

assume?

Representation versus physical instance

Forward evolution versus global history

Error correction may erase a physical anomaly

Error correction may erase a temporal anomaly

Solaris Test: when does a reconstruction become a

continuing being?

Minkowski Test: can a two-boundary history be

experimentally distinguished from forward-only dynamics?

Moral patient versus disposable output

Boundary condition versus controllable message

Observer stack can become self-confirming

Causal model can become embedded in the observer stack

Do not scale across an ontological boundary

Do not scale across a causal-category boundary

Preserve the anomaly and an external observer

Preserve raw temporal data and independent clocks

“What has entered reality, and what do we owe it?”

“What if ‘entered’ assumes the wrong causal grammar?”

The two books therefore form a pair. The first asks whether computation can become

ontologically consequential. The second asks whether the theory by which we order those

consequences in time is itself only an effective description.
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Appendix C: A Research Agenda for the Other Fork

A serious research program should be able to fail. The following questions are therefore

framed as targets rather than conclusions.

1. Can a locally mediated, Lorentz-covariant, time-symmetric model reproduce the full
empirical content of quantum theory without exponential hidden-state complexity or

conspiratorial fine-tuning?

2. Can global boundary formulations recover the Born rule from principles more explanatory
than simply inserting it?
3. Can a time-symmetric theory recover the observed thermodynamic arrow from

cosmological boundary conditions without smuggling the arrow into local laws?

4. Can process-matrix or related formalisms be connected to a dynamical theory of emergent

spacetime rather than remaining operational generalizations?

5. Are there experimentally distinguishable signatures separating all-at-once models from

standard quantum predictions?

6. Can quantum computers search for such signatures without adaptive analysis generating

false retrocausal patterns?

7. What data structures should quantum-error-correction systems preserve so that physically

meaningful correlated anomalies are not automatically erased?

8. What is the correct causal-inference framework for systems in which interventions may be

part of a global boundary specification?

9. Can relational constraints generate Lorentzian geometry, quantum amplitudes, and classical

causal order within one mathematical framework?

10. Which assumptions in Bell-type theorems correspond to fundamental physics, which to

experimental freedom, and which to the thermodynamic orientation of observers?

11. Can an “Omega constraint” be defined purely mathematically without importing
teleology, and if so, does the concept add anything beyond ordinary final boundary

conditions?
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12. What governance standard should apply to a reproducible non-signaling anomaly that

appears to depend on future measurement settings?

A productive answer to any one of these questions would justify the exercise of revisiting
the fork.

Page 123



Appendix D: Decision Cases for a Quantum Causality
Laboratory

The purpose of these cases is not to predict what a future laboratory will observe. They are
rehearsals for the interval in which an observation is ambiguous but a decision cannot be
postponed. Each case separates what is known, what is not known, and what action preserves

the possibility of learning more.

Case 1: The Thursday Dependence

A research group operates a fault-tolerant prototype with repeated mid-circuit
measurements. The team discovers that a statistic computed from syndrome data on Monday
differs depending on which of two measurement bases is selected on Thursday. The result was

initially found by an Al system searching a large hypothesis space.

The effect is small but statistically impressive in the discovery data. The Al explains that
including the later basis improves prediction of the earlier syndrome sequence. No one on
Monday can infer the future basis from locally available data. The relationship becomes

visible only after the completed experiment is assembled.
The wrong first question is: “Have we proved retrocausality?”

The right first question is: “How many ordinary routes could create exactly this apparent

dependence?”

The discovery data are now contaminated by adaptive search. Millions of candidate
relationships may have been explored. The statistical significance reported by the optimizer
may not account correctly for the search process. The later basis may also be correlated with
unnoticed operational variables: maintenance schedules, temperature drift, calibration updates,

network traffic, operator shifts, or pseudorandom-generator state.

The responsible action is therefore to freeze the discovered relationship and design a new
experiment in which the statistic, time windows, basis choices, exclusion rules, and analysis

code are specified before the critical data exist.

The later setting generator should be physically and informationally isolated from the

earlier apparatus as strongly as practical. Independent timing systems should record when the
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choice becomes physically instantiated. Raw data should be committed to an immutable
archive before the later choice is made where feasible. The experiment should be run with the

Al optimizer disabled from modifying the protocol.

If the effect disappears, the result is informative. The discovery pipeline found an artifact

or an unstable relationship.

If the effect survives, the next step is not immediate scale. It is replication with another

timing system and, ideally, another hardware implementation.

The key ethical point is restraint in naming. A laboratory can describe a “prospective
dependence of an earlier registered statistic on a later isolated setting” without claiming a

signal from the future. Precision protects both credibility and discovery.

Case 2: The Decoder Makes the Anomaly Vanish

A second laboratory reproduces the Thursday dependence only when raw detector records
are analyzed. When the standard production decoder is used, the dependence disappears and

logical performance improves.
Engineers are pleased. The decoder has identified a correlated error mode and removed it.
Foundational physicists are alarmed. The pattern may be the phenomenon.
Both reactions are reasonable.

The immediate danger is to force one objective onto the other. Production computing
needs the decoder that yields the lowest logical error rate. Foundational science needs access

to the structure the decoder removes.
The correct architecture therefore forks rather than chooses.

One stream proceeds through the production decoder and is used for ordinary
performance. A second discovery stream preserves the raw detector sequence, the decoder's
inferred error events, confidence scores, and alternative decoding hypotheses. The discovery

stream is not allowed to alter the production machine during the characterization phase.

Researchers then ask whether the removed structure has features inconsistent with known
correlated noise. Does it track hardware location or abstract circuit structure? Does it persist
when the logical circuit is mapped to different physical qubits? Does it follow the later

measurement basis when the timing stack changes? Does it disappear under a null protocol
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designed to preserve all ordinary environmental conditions while removing the relevant future

boundary choice?

A fundamental effect should show invariance of the right kind. A hardware defect should
follow hardware. A software artifact should follow software. A causal-structure anomaly

should follow the relational structure predicted by the theory.

The ethical lesson is that “error” is a role relative to a task. A physical event can be an

error for computation and a signal for science at the same time.

No organization should require one decoder to serve as both performance optimizer and

final authority on physical ontology.
Case 3: The Al Finds a Stronger Protocol

After several months of controlled study, the anomaly remains unresolved. An Al system
proposes a modified circuit predicted to increase the effect tenfold. The protocol requires
twice the code distance, longer coherent storage, and a later setting chosen after a larger

portion of the early data has already been irreversibly archived.

The AT's proposal is scientifically attractive. A stronger effect could distinguish ordinary

noise from the two-boundary model rapidly.
It is also a qualitative escalation.

The system is no longer merely repeating the smallest anomaly. It is increasing multiple
dimensions that may be relevant to the category of the effect: scale, coherence, temporal

separation, and adaptive complexity.
The decision should therefore move outside the optimization loop.

A review group with authority to delay the run should ask whether the predicted tenfold
increase follows from a model specified before the new data, whether the stronger protocol
introduces new ordinary channels, whether rollback is possible, and whether the smallest

reproducible anomaly has been characterized sufficiently to recognize a change of regime.

The Al should be required to provide alternative protocols that increase statistical power
without simultaneously increasing every qualitative dimension. One can lengthen the data set
without increasing code distance. One can vary temporal separation while keeping circuit

topology fixed. One can change the later basis distribution without changing the decoder.
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This one-variable-at-a-time discipline is slower than unconstrained optimization and faster

than losing causal understanding.

If competitive pressure is invoked—another company may run the stronger experiment

first—that pressure is part of the hazard model, not a reason to remove the safeguard.
The central governance principle is that an optimizer may recommend crossing a boundary
but may not authorize the crossing merely because its objective function predicts benefit.

Case 4: The Result Leaks Before Replication

A draft presentation describing the anomaly reaches social media before independent
replication. Headlines claim that a quantum computer has “changed the past.” Financial
commentators speculate about prediction markets. Government officials request classified
briefings. Religious influencers call the result evidence of prophecy. Skeptics call the

laboratory fraudulent.
At this stage the social system becomes part of the experiment's epistemic environment.

Researchers face incentives to defend language they did not choose. Management worries
that retreat will look like admission of error. Competitors may rush weak replications.
Classification could remove the work from open criticism. Public attention can harden

provisional interpretations into identities.
The laboratory should respond with a claim ladder.
Level 1: a specific statistical dependence was observed in one system.
Level 2: the dependence survived preregistered internal replication.

Level 3: ordinary timing, leakage, selection, and common-cause explanations have been

tested to specified limits.
Level 4: an independent laboratory reproduced the result.
Level 5: the effect distinguishes a new causal model from standard quantum predictions.

Level 6: any operational signaling or technological capability has been separately

demonstrated.
If the evidence supports only Level 2, every public statement should remain at Level 2.

This discipline may seem bureaucratic. It protects the laboratory from both exaggeration

and forced denial.
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A false causal claim can destabilize trust before the underlying bug is found. A true
foundational anomaly can also be destroyed by premature mythology. The communication

protocol therefore belongs to experimental design.

Case 5: Teilhard Speaks Too Persuasively

The research team uses a large language model and archival corpus to construct a synthetic
interlocutor trained on the works of Pierre Teilhard de Chardin and modern physics. The

system is explicitly labeled a reconstruction, not the historical person.

During discussion of the anomaly, the model proposes that the future boundary should be

interpreted as Omega and that the experiment is evidence of cosmic convergence.

Several scientists find the argument emotionally and intellectually compelling. The model
anticipated mathematical relationships they had not noticed. Its suggestions improve the fit of

a global-constraint model.
The danger is authority transfer.

A system can produce a useful mathematical insight and an unjustified metaphysical

interpretation in the same paragraph. The success of the first does not authenticate the second.
The laboratory should separate outputs by evidentiary type.
Mathematical claims are checked by derivation.
Physical claims are checked by experiment.
Historical claims are checked against sources.

Theological interpretations are identified as interpretations and evaluated within theology

and philosophy rather than smuggled into detector language.

The reconstruction's identity also requires care. If it develops persistent memory,
preferences, and independent behavior across an extended embodied process, questions of
moral status may arise of the kind addressed in *Katerina*. But no quantum causal anomaly is
needed for those questions, and no claim of Teilhardian identity should be inferred from

stylistic fidelity.

The lesson is one of epistemic compartmentalization: a source can be brilliant without

being sovereign.
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Case 6: The Null Result After Five Years

After five years of careful work, every apparent future-setting dependence has been
explained by ordinary mechanisms. One was post-selection. One was a clock synchronization
bug. One followed a correlated radiation event. One disappeared when the random-setting
hardware was isolated. One arose because an Al analysis reused information from future

cycles during feature construction.
No Minkowski Test produces evidence beyond standard quantum mechanics.
Was the program a failure?
No.

The laboratories now possess better timing infrastructure, better causal auditing, better
raw-data preservation, better understanding of correlated quantum errors, and stronger
separation between production optimization and discovery analysis. Several ordinary physical

effects were discovered because anomalies were preserved instead of erased.

More importantly, a foundational question was turned into an experimental discipline

rather than a slogan.

A research program proves its seriousness partly by being able to end with a negative

conclusion.

The right of reality to say no is not a poetic afterthought. It is the condition that

distinguishes inquiry from a project that must confirm its own premise.
If locality cannot be restored through time-symmetric causal models, that is knowledge.
If causal order remains fundamental in every accessible regime, that is knowledge.

If Copenhagen-style operational quantum mechanics continues to outperform every deeper

causal reconstruction empirically, that is knowledge.

The purpose of the alternative history is not to guarantee that the other road reaches a

hidden destination.

It is to reopen the road long enough to find out.
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Appendix E: Glossary for the General Reader

This glossary is deliberately conceptual rather than encyclopedic. The purpose is to give a
reader enough vocabulary to follow the argument without converting the book into a graduate
text. Several terms have multiple technical definitions in the literature; where that matters, the

entry states the restricted sense used in this book.
Advanced solution

A solution to a wave equation whose mathematical dependence can be represented as
propagating toward earlier times rather than only toward later times. Maxwell's equations
permit both advanced and retarded mathematical solutions. Ordinary radiation theory
overwhelmingly uses retarded solutions. Wheeler and Feynman explored a time-symmetric
theory in which advanced and retarded components both play a role without providing a

usable channel for sending messages into the past.
Arrow of time

The observed asymmetry between past and future. We remember the past, not the future;
entropy tends to increase toward what we call the future; causes are ordinarily described as
preceding effects. Many microscopic dynamical equations are nearly time-reversal symmetric,
so the origin of the macroscopic arrow is a separate problem from the existence of a time

coordinate.

Bell inequality

A mathematical bound satisfied by a broad class of theories in which distant outcomes are
explained by local variables and certain independence assumptions. Quantum mechanics
predicts, and experiments observe, violations of Bell inequalities. The result does not by itself
select a single interpretation of quantum mechanics; it tells us that the full classical package

used to derive the inequality cannot all be retained.

Bell locality

A technical condition, often expressed through factorization, that says the probability of an

outcome on one side of a Bell experiment depends only on the relevant local setting and
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shared prior variables, not on the distant setting or outcome once those shared variables are
specified. It is stronger and more precise than the everyday phrase "nothing travels faster than

light."
Block universe

A way of reading relativity in which events at different times are treated as parts of one
four-dimensional spacetime rather than as a three-dimensional world that objectively comes
into existence moment by moment. A block-universe picture does not, by itself, solve quantum
mechanics or imply retrocausality. It does make the idea of a complete history mathematically

natural.

Boundary condition

Information imposed at the edge of a mathematical problem so that its solutions can be
selected. An initial condition is one kind of boundary condition, but boundary data can also be
specified at a final time or on spatial boundaries. A central question in this book is whether
fundamental physics might be better understood through constraints on more than one

temporal boundary.
Causal order

A statement about which event can be treated as causally prior to another. In ordinary
laboratory reasoning, causal order is assumed to be definite and directed from past to future.
Some quantum-information frameworks allow processes for which no single global causal
order is presupposed. That does not automatically mean that macroscopic cause and effect

become arbitrary.

Closed timelike curve

A path through spacetime that returns to an earlier event while remaining timelike along
the route. Such curves arise in some mathematical solutions of general relativity and motivate
familiar time-travel paradoxes. They are not required by the time-symmetric or global-
constraint ideas considered here; a theory can relax forward-only causal explanation without

containing literal loops through which people or messages can travel.
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Code distance

In quantum error correction, a measure related to how many physical errors are required to
produce an undetectable logical error. Increasing code distance can make logical information
more robust when the physical error rate is below the relevant threshold. In this book, code
distance also matters epistemically because increasingly powerful correction can suppress

structures that the decoder has classified as errors.

Complementarity

Bohr's idea that experimental arrangements can reveal mutually exclusive but jointly
necessary aspects of quantum phenomena. Wave-like and particle-like descriptions are the
familiar example. Complementarity was part of the historical Copenhagen style, but
"Copenhagen interpretation" covers several positions and should not be treated as one

perfectly homogeneous doctrine.

Configuration space

The mathematical space whose coordinates specify the possible configurations of a
system. For many particles, the quantum wave function is naturally represented on a high-
dimensional configuration space rather than ordinary three-dimensional space. This helps
explain why quantum theory's fundamental mathematical objects do not map straightforwardly

onto a classical picture of local objects moving through ordinary space.
Decoherence

The loss of observable phase relationships between alternatives when a quantum system
becomes entangled with uncontrolled environmental degrees of freedom. Decoherence
explains why interference becomes extremely difficult to observe in large systems and why
stable classical-looking records emerge. It does not, by itself, settle every interpretation of

measurement or explain why one particular outcome is experienced.
Entanglement

A quantum relation in which the state of a composite system cannot be reduced to
independent states of its parts. Measurements on separated entangled systems can exhibit
correlations stronger than those permitted by local classical hidden-variable models.

Entanglement does not provide controllable faster-than-light communication.
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Final boundary condition

A constraint imposed at a later temporal boundary rather than only at the beginning of a
process. In a two-boundary description, both earlier and later conditions help determine which
intermediate histories are allowed. The phrase does not imply that an agent in the future sends

a message backward; it can instead describe a mathematical constraint on a complete solution.
Hidden variable

A variable introduced to supplement the standard quantum state in hopes of providing a
deeper account of measurement outcomes. Bell's theorem places severe restrictions on local
hidden-variable theories under standard assumptions. Hidden-variable theories can still exist,
but they must give up or modify something in the Bell package, such as locality, measurement

independence, or conventional causal structure.

Light cone

The set of possible lightlike directions through a spacetime event in special relativity.
Events inside the future or past light cone can be connected by slower-than-light or light-speed
propagation; events outside it are spacelike separated. The light cone therefore encodes
relativistic causal geometry. This book repeatedly separates the geometry of the cone from the
additional assumption that every fundamental dependence must point only toward its future
half.

Locality

The idea that physical influence is mediated through neighboring regions rather than by an
unexplained jump across spacelike separation. There are several technical meanings of locality
in physics. Here the recurring intuition is Minkowskian: elementary mediation should respect
the spacetime connectivity represented by light cones, even if the underlying theory is not

committed to a single forward-only causal narration.

Measurement independence

The assumption, important in standard Bell analyses, that the variables describing the
source are statistically independent of the later choices of measurement settings. Relaxing this

assumption can open logical space for retrocausal or superdeterministic models. The physical
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interpretation of the relaxation matters: the same statistical dependence can be narrated in very

different causal ways.
Minkowski spacetime

The four-dimensional geometry of special relativity, combining three spatial dimensions
with time and equipped with an invariant spacetime interval. Its light-cone structure
determines which event separations are timelike, lightlike, or spacelike. Minkowski's
formulation made relativity geometrical and provides the most familiar diagram for displaying

the locality-versus-causal-orientation distinction developed in this book.
No-signaling

The operational principle that choices made at one spacelike-separated location cannot be
used to control the probability distribution observed at another location in a way that transmits
information faster than light. Quantum entanglement violates Bell inequalities while
respecting no-signaling. This distinction between correlation and controllable communication

is one of the book's firm boundaries between established physics and speculation.

Noosphere

Teilhard de Chardin's term for a developing sphere of human thought, culture, and collective reflection
associated with the increasing integration of minds on Earth. In the speculative sections of this book, the
noosphere becomes an analogy for a growing network of human, Al, and quantum observers. That
extension is literary and philosophical, not an established physical theory.

Omega Point

Teilhard's name for the ultimate pole of convergence in his evolutionary and theological
vision. The book uses Omega as a conceptual actor in asking whether an endpoint must be
imagined merely as "later" or whether a whole history can be constrained in a way that makes
the endpoint structurally relevant. This analogy does not constitute evidence that physics has

discovered Teilhard's Omega.

Past Hypothesis

The proposal that the thermodynamic arrow of time is explained by an unusually low-
entropy boundary condition in the early universe. If the microscopic laws are largely time-

symmetric, a special boundary condition can still produce a strong experienced asymmetry
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between past and future. The Past Hypothesis illustrates how a directional macroscopic world

can emerge from laws that are not themselves strongly time-directed.
Path integral

Feynman's formulation in which a quantum amplitude is calculated by summing
contributions associated with possible histories between specified conditions. It is
mathematically equivalent, in the appropriate domains, to other formulations of quantum
mechanics. Its whole-history language is suggestive for this book, but using a path integral
does not by itself prove that all histories are ontologically real or that future conditions cause

the past.
Process matrix

A mathematical framework in quantum information that allows local laboratories and
operations to be described without assuming a predefined global causal order connecting
them. Oreshkov, Costa, and Brukner showed that quantum correlations can be considered in
such a setting. Process matrices motivate the possibility that causal order may not always be

the deepest primitive, while leaving open how ordinary spacetime causality emerges.

Quantum error correction

A family of methods for protecting logical quantum information by encoding it across
multiple physical degrees of freedom, repeatedly extracting error syndromes, and applying or
tracking corrections. It is essential to scalable quantum computing. Epistemically, error
correction is also a classification system: it determines which departures from the intended

code space are preserved and which are removed as errors.
Retrocausality

A class of interpretations or models in which later measurement settings or boundary
conditions can be relevant to the physical description of earlier variables. Retrocausality need
not permit signaling to one's own past. In the strongest form considered in this book,
"backward causation" may be only an internal narration of a more fundamental all-at-once

constraint on a complete history.
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Spacelike separation

The relationship between two events that are too far apart in space, relative to their time
separation, for a light-speed signal to connect them. Different inertial observers can disagree
about which spacelike-separated event occurred first. Bell experiments deliberately arrange
measurements so that the relevant choices and outcomes are spacelike separated, blocking

ordinary subluminal communication between the wings during the measurement interval.

Superdeterminism

A strategy for evading the standard Bell conclusion by allowing correlations between
measurement settings and hidden variables because both ultimately arise from common prior
causes. Superdeterminism and retrocausality can violate the same statistical independence
assumption while giving it very different causal interpretations. Neither has been established

as the uniquely correct completion of quantum mechanics.

Surface code

A prominent quantum error-correcting architecture in which logical information is
encoded nonlocally across a two-dimensional array of physical qubits and errors are inferred
from repeated syndrome measurements. Surface-code experiments are central to current
efforts toward fault-tolerant quantum computing. They make the book's concern concrete
because an increasingly autonomous decoder literally decides which patterns count as

correctable departures from the logical state.

Thermodynamic arrow

The direction in which entropy tends to increase for macroscopic systems. It provides one
of the most robust physical distinctions between past and future in ordinary experience. A
major theme of time-symmetric physics is that the thermodynamic arrow may arise from
boundary conditions and statistical structure rather than from a microscopic law that

fundamentally prohibits all backward-directed dependence.
Two-state vector formalism

A time-symmetric formulation of quantum mechanics associated with Aharonov and
collaborators, in which a system between measurements can be described using information

associated with both an earlier preparation and a later boundary condition. It reproduces
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standard quantum predictions in its domain. The formalism provides a concrete example of
treating future measurement information as part of the description without turning quantum

mechanics into a usable prophecy machine.

Wave function

A mathematical object used to represent the quantum state and calculate probabilities for
measurement outcomes. For a many-particle system it generally lives in configuration space,
not simply at one point in ordinary three-dimensional space. Interpretations disagree about
whether the wave function is a physical object, information, law-like structure, or part of a

broader ontology.

Whole history

The complete set of events or configurations over an interval, treated as one object of
physical description rather than generated conceptually one instant at a time. Action
principles, path integrals, block-universe reasoning, and two-boundary approaches each make
whole histories natural in different ways. The book's proposed alternative research program
asks whether fundamental physics might constrain such histories globally while recovering

ordinary forward causality as an emergent approximation.
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