Measurement as Commitment: Why
Quantum Systems Are Relational

Dissolving the Measurement Problem

Abstract
The Puzzle

When you measure something in everyday life—the length of a table, the temperature outside—
you're revealing a fact that was already true before you looked. The table was 2 meters long
whether or not anyone measured it. But quantum mechanics, the theory governing atoms and
subatomic particles, appears to work differently. Before measurement, a quantum system seems
to exist in multiple states simultaneously: an electron can be "spin-up" and "spin-down" at the
same time, a photon can travel through the left slit and the right slit. Yet when we measure, we
always find one definite result—never both.

What happens to the other possibilities? Does measurement reveal a pre-existing fact, or does it
somehow create the outcome? This puzzle, known as the measurement problem, has divided
physicists for nearly a century. Some say the universe splits into parallel branches at every
measurement. Others propose hidden variables we cannot see. Still others invoke the observer's
consciousness. None of these solutions has achieved consensus.

The Proposal

We offer a different path. The measurement problem arises, we argue, from a mistaken
assumption: that quantum systems are objects with properties. We propose instead that quantum
systems are handshakes—relational structures that encode which outcomes remain possible
until an irreversible commitment occurs.

Think of a handshake not as a thing, but as an agreement waiting to be finalized. Before two
people clasp hands, the handshake exists as a possibility structure: it might be firm or gentle,
brief or prolonged. The handshake isn't hiding a pre-existing grip; the grip is constituted when
hands meet. Similarly, a quantum system before measurement isn't hiding definite values; the
values are constituted at measurement.

This reconceptualization dissolves the measurement problem. There is no mysterious "collapse"
of possibilities into actuality, because there were never hidden actualities to collapse from. There
is only the completion of a relational constraint—a handshake finding its closure.



What We Show

We demonstrate mathematically that quantum measurement is constraint completion rather than
physical disturbance. The famous uncertainty principle—which limits how precisely we can
know both the position and momentum of a particle—is not caused by our measurements
"kicking" the particle. It reflects a deeper truth: certain pairs of questions correspond to
incompatible ways of carving up possibility space. You can answer either question sharply, but
not both at once—not because answering one disturbs the other, but because the questions
themselves are structurally incompatible.

We then connect this mathematical framework to a physical substrate: the VERSF (Void Energy-
Regulated Space Framework), which models space itself as a dynamic medium with structure,
response time, and effective mass. The handshake formalism describes what closures are
logically possible; the VERSF substrate describes how they are physically realized—through
forward-causal dynamics, without any need for information to travel backward in time.

Why It Matters

Significance. This framework achieves three results that have eluded prior interpretations:

1. Tt dissolves the measurement problem without invoking consciousness, parallel
universes, or hidden variables—by reconceptualizing what quantum systems are.

2. It explains quantum uncertainty without disturbance—showing that the uncertainty
principle is a geometric feature of possibility space, not a consequence of clumsy
measurement.

3. It unifies measurement, irreversibility, and gravity under a single principle: the
irreversible commitment of information produces entropy, and entropy gradients drive
both the arrow of time and gravitational dynamics.

The synthesis suggests that quantum mechanics, thermodynamics, and gravity are not three
separate theories requiring unification, but different aspects of one underlying physics: the
irreversible commitment of information in a structured space-medium.

Technical Summary

For specialists: We demonstrate that both projective measurements and generalized
measurements (POVMs) constitute logical completions rather than additional collapse-type
physical perturbations. The uncertainty principle and quantum complementarity emerge as
geometric features of Hilbert space, requiring no dynamical mechanism. The Hilbert-space
formalism is shown to be fully consistent with the VERSF physical substrate, where three
parameters—coherence length £ c, healing time t_h, and effective medium mass p_eff—govern
how the space-medium mediates measurement. All results are derived within standard quantum
formalism using completely positive maps and established entropy inequalities; the contribution
is interpretive and structural, not a modification of quantum predictions.



Contents

ADSEEACE.c.cuueiiiiiiiiireiiteeninteisstiesssanesssteesssseessssesssssesssssesssssesssssessssssssssssssssssssssssssssesssssnsssssssssssnsses 1
TRE PUZZIE ...ttt ettt et et e e e e et e et e e e e eenneens 1
The Proposal ......eeeiiieeee et ettt et et e et e e e e e eas 1
WHhat WE SHOW ..ceuniiiiiiiii ettt e e e e 2
WY Tt IMATEETS . ceeeeveieiiie ettt ettt ettt et e et s et e e ebie e e et e eba e enaa e eeaneeennanans 2
Technical SUMMATY .....oovuiiiiiiiiiiii e e 2

1. Introduction: From Objects to HandshakKes...........ccccovvveriicsirsnriccsisnniccsssnnsicsssnnsecsssssssesssnnns 5
1.1 The Measurement Problem in Plain Terms ..........cceoeeuiiiiiiiiiiiiiiiiii e 5
1.2 Why Quantum Systems Cannot Be ObJects ........c..eveiuiiiiiiiiiiiiiiiiiiiiiiiiiiiicii e, 5
1.3 The Handshake Ontology .....c.ueuuiiniiiiiiiiiiieie ettt e e e ene e 8

2. Measurement as Constraint ClOSUIC......ccuiiieeiseeisrecseissnensecsssecsnssssesssncsssesssssssssssssssssessssee 10
2.1 The ClOSUIE IMAP ...euniiiiiiiiieiiiie ettt e et et et ea et et ea et eeneeneansanaennennsaneennenns 10
2.2 State Update Without DiStUrbance .........ceuveueeniiniiiiiiiiiiiiieieeie e en e 11

3. Non-Commutation as Structural Incompatibility.......cccccceeevuerercureennes 11
3.1 The Geometry of InCOMPatiDIItY . ceuvenrinninniiiiiiiieie e e 12
3.2 Uncertainty as Geometric CONSLIAINT ....c.ueuneeniiuiiiiiiieieeiei et et et enean e e eneenns 12

4. POVMs: Generalized Handshake ClOoSUTeS........cciueeneinsnensecisnecssnncssensnesssecsnssssesssncsssessnes 13
4.1 Definition and StrUCTUTE ......cvuuiiniiiiiiiiii ettt ea e en e eaaaes 14
4.2 Kraus Representation and State Update..........ceeuuiiiiiiiiiiiiiiiiiiiiiiiiiiiiiieeeiie e, 14
4.3 Why POVMs Strengthen the No-Disturbance Claim ..........ccceeviveiiiiiiiiiiiiiiiniiinnnennn. 15

5. State Update and the Nature of "Collapse'" .......cccvvvvuericiicrnniicsisnniissssnnnecssssnssecsssssssesssssssecs 15
5.1 Collapse as Commitment, Not DiSCONNUILY ....cevuuiiiuniiiniiiiiiiiiiiieiiieiieeeiieeeenee, 16
5.2 Ontological Status of the Handshake ...........cccooviiiiiiiiiiiiiiiii, 16
5.3 Comparison with Other INterpretations ........c..veveeeeuiiiiriiiirriiree e eeeeneennens 17

6. Integration with the VERSF Physical Substrate..........ccceeeeeruercunennee .17
6.1 VERSFE OVEIVIEW ...euiiiiiiiiiiie ettt et et e e e et et e e et et e e e eneena e enneennnes 18
6.2 CONSISLENCY MAPPING eunenninniinriiineitee ettt ettt ete e et et etneeneaesaneeneeneeansenaenneens 19
6.3 POVMs and Finite Substrate Resolution ..........c.ceeuiiuiiiiiiiiiiiieiiieie e eenees 19



7. Entropy, Irreversibility, and the Arrow of Time...........ccccuereuueennenneee 21

7.1 Commitment as Entropy Production ...........c.eeiiiiiiiiiiiiiiiiiiee e e, 21
7.2 Connection to Ticks-Per-Bit (TPB) ....cuuiiiiiiiiiiiiiiie e e 22
7.3 Unification with Gravitational EMergence...........cccceeuueviiiiiiiiiiiiiiiiiiiiiiiiiiiiceineee, 23
8. Mathematical SUMMATY ...ccccivvveriicnissnnresssssnniccsssnssssssssssesssssssssssssssssssssssssssssssssssssssssssssssssssssss 23
8.1 COTE STIUCTUTES . eueeeetieeieen ettt ettt ettt et et et et et et e e s e e eneneeeneenenaeeneeneenanes 23
8.2 Fundamental Relations ......c..ccuueuniiiiiiiiiiieeiie et e e 24
8.3 VERSF CoOrreSPONAENCE. ...uvvuiiniiiiiniiieieiieieieie ettt etie e et eeneenerneeneeneennerneeneennees 24
9. Discussion: What the Framework Accomplishes........cccccceeevuercrrurecnnns 25
9.1 Resolution of the Measurement Problem............ccciiiiiiiiiiiiiiiiiiiiii e 25
9.2 Explanation of Non-DiStUrbancCe.........ceuveuniuniiiiniiiiiieiieeieii ettt eneereneeneenns 25
9.3 Integration ACTOSS SCALES....ccuuuiiiruiiiiiiiiii ittt eea e eees 25
10. CONCIUSIONS ..eeuetieeieiie ettt et e et et e e e eea e et et een e en e enaeenaeenneaneennennns 26
11. Anticipated Objections and ClarifiCations .........cccceevenrecssssnrecssssnnsecsssnsncsssssssesssssasssssssnans 27
11.1 "Is This Merely a Relabeling of the Standard Instrument Formalism?" ....................... 27
11.2 "Does This Actually Solve the Problem of Outcomes?" ........ceeviuiiiiiiiiiiniiniennennenn. 27
11.3 "Is 'No Disturbance' Misleading?" ........coueuniiiiiiiiiiiiiie e eae 28
11.4 "Does the Born Rule Force a Relational Ontology?".........cc.ceiiiiiiiiiiiiiiiiiiiiiiiiiennnn. 28
11.5 "Are Kochen—Specker and Bell Over-Interpreted?" ...........ccoviiiiiiiiiiiiiiiiiiiniiinnnnnn. 28
11.6 "Do POVMs Really 'Arise from Substrate Physics'?" .....cc.ceuiiiiiiiiiiiiiiiniiiiiiieenneen, 29
11.7 "Are Entropy and Landauer Used Too Lo0Sely?" .....c.uiiuniiiiiiieieeie e eeieeenees 29
11.8 "Is VERSF Speculative or Unnecessary?".......c..oveiuuiiiiiiiiiiiiiiiiieiiiniiieeiieenneennnn. 29
11.9 "Is Gravity Really Unified Here?" ......o.oiniiiiiiiieie et 29
11.10 ScOPE StALEMENT «evuuivnniiiiiiiiiiiiiiii ittt e et e et e ea s eaaeeaaaes 30
RETEIENCES c...uuenrenreniirenieticiinnenennenneseesaesnesnesseessessnsssesssesssssssessenes ... 30
Appendix A — Conceptual Diagrams for the Handshake Interpretation 31
A.1 Objects Versus Relations ........c..eveiuiiiiiiiiiiiiiiiiiiiiiii it 31
A.2 Measurement as Handshake ClOSUIE......c..ieuuiiniiiiiiiiiiiiiieee et e 32
A.3 POVMs as Finite-Resolution Handshakes ..........ccooooiiiiiiiiiiiiiiii 33
A.4 Scope and Limitations of the Diagrams .........ccceeeeuiiiiiiiiiiiiiiiiiiiiiiiiiin e 34



1. Introduction: From Objects to Handshakes
1.1 The Measurement Problem in Plain Terms

Quantum mechanics is extraordinarily successful at predicting experimental outcomes, yet
physicists have debated its meaning for a century. The core puzzle is this: before measurement, a
quantum system exists in a "superposition"—a combination of multiple possibilities. An electron
can be spin-up and spin-down; a photon can go through the left slit and the right slit. But when
we measure, we always find one definite result. What happens to the other possibilities? How
does "both" become "one"?

This is the measurement problem, and proposed solutions span a remarkable range:

o Copenhagen interpretation: The superposition "collapses" upon measurement, but this is
simply a rule with no physical explanation.

e Many-worlds interpretation: All possibilities are real; the universe splits at every
measurement.

e Hidden variable theories: Definite values existed all along; we just couldn't see them.

o Consciousness-based interpretations: The observer's mind causes collapse.

Each proposal has conceptual costs. We offer a different path: perhaps the problem arises from a
mistaken assumption about what quantum systems are.

1.2 Why Quantum Systems Cannot Be Objects

Before introducing our alternative, we must understand why the object picture fails. This is not a
philosophical preference—it is forced on us by the structure of quantum mechanics itself.

The Problem of Contextuality

If a quantum system were an object with definite properties, those properties would exist
independently of how we choose to measure them. But quantum mechanics says otherwise. The
Kochen-Specker theorem (1967) proves mathematically that quantum systems cannot possess
definite values for all observables simultaneously, independent of measurement context. The
value you get depends on what else you measure alongside it.

Analogy: Imagine asking someone "Are you tall?" If they're 5'10", the answer depends on
context—tall compared to whom? Tall for what purpose? There is no context-independent fact
about "tallness." Quantum properties are like this, but more radically: even properties like spin
have no context-independent values.



The Problem of Non-Locality (Bell's Theorem)

If quantum systems were objects carrying hidden properties, we could in principle explain
correlations between distant measurements by supposing the properties were determined at the
source and carried along. But Bell's theorem (1964), confirmed by decades of experiments,
proves this is impossible. Quantum correlations are stronger than any local hidden-variable
theory can produce.

This doesn't mean information travels faster than light. It means the correlations were never
"carried" by objects in the first place. They are relational—they exist in the relationship between
measurements, not in properties attached to particles.

The Problem of Interference

In the double-slit experiment, a single particle seems to "go through both slits" and interfere with
itself. If the particle were an object with a definite trajectory, this would be impossible. The
interference pattern shows that, prior to detection, we cannot say which slit the particle went
through—not because we're ignorant, but because "which slit" has no definite answer until a
measurement context is established.

The Problem of Identical Particles

Classical objects have identity: this electron is different from that electron because they occupy
different locations. But in quantum mechanics, identical particles are genuinely
indistinguishable—not just hard to tell apart, but lacking individual identity entirely. Two
electrons in a helium atom cannot be labeled "electron 1" and "electron 2." The system has
properties; the individual particles do not.

What These Problems Tell Us

Each of these results—contextuality, non-locality, interference, indistinguishability—points in
the same direction: quantum systems are not objects with intrinsic properties. They are better
understood as structures of possible relations that become definite only when a measurement
context is established.

This is precisely what we mean by a handshake. A handshake is not a property of either person;
it is a relation that becomes real when both parties engage. Quantum systems are like this: they
are not things with properties but possibility structures awaiting commitment.

Why Handshakes? The Positive Case

But why should quantum systems be handshakes specifically? The answer lies in what quantum
mechanics actually describes.

Consider what the quantum state—the wavefunction or density operator—actually tells us. It
does not say "the electron is here" or "the spin is up." It says: if you perform this measurement,



here are the probabilities for each outcome. The quantum state is not a description of what the
system is; it is a description of what could happen when the system interacts with something
else.

This is the signature of a relational structure. A handshake has exactly this character:

o Before hands meet, there is no fact about the grip strength—only possibilities
e The grip that emerges depends on both parties, not just one

e Neither person alone determines the outcome; it arises from their meeting

¢ Once the handshake occurs, a definite fact is established

Quantum mechanics works the same way:

o Before measurement, there is no fact about the spin direction—only possibilities encoded
in the state

e The outcome depends on both the system and the measurement apparatus (this is
contextuality)

o Neither the system alone nor the apparatus alone determines the result; it arises from their
interaction

¢ Once measurement occurs, a definite record is established

The mathematical structure confirms this. The Born rule for computing probabilities is:
p(outcome) = Tr(E - p)

This formula requires two inputs: the state p (representing the system) and the effect E
(representing the measurement context). Neither alone gives a probability. The probability
emerges from their combination—from their "meeting." This is not a quirk of the formalism; it
reflects the relational nature of quantum reality.

Furthermore, the Hilbert space structure itself encodes relational information. The inner product
(o|y) between two states tells us about their relationship—how they can interfere, how
distinguishable they are, what the probability is of transitioning from one to the other. Quantum
mechanics is, at its mathematical core, a theory of relations.

The Handshake Is More Than a Metaphor

We use "handshake" as a pedagogical label for a real structural feature of quantum theory:
outcomes are defined only relative to measurement context and are instantiated through
irreversible commitment. More precisely, quantum mechanics describes relational structures
that:

Encode possibilities rather than actualities

Require two parties (system and context) to produce outcomes
Become definite only through irreversible commitment
Cannot be reduced to properties of either party alone

b s



The measurement problem arises because we ask: "What is the system doing before
measurement?" This question presupposes the system is an object with a state of "doing." But if
the system is a handshake, the question dissolves. What is a handshake "doing" before hands
meet? Nothing—it exists only as a space of possibilities. The question was malformed.

1.3 The Handshake Ontology

Standard interpretations of quantum mechanics treat measurement as an intervention upon an
object possessing (or potentially possessing) definite properties. This framing generates the
measurement problem: how does a superposition become a definite outcome, and what physical
mechanism causes "collapse"?

We propose an alternative ontology. A quantum system prior to measurement is not an object
with hidden or indefinite properties, but a handshake—a pre-commitment relational structure
encoding constraint conditions that must be satisfied at closure. The state vector |y) or density
operator p specifies not what the system is, but what closure channels remain available.

Intuition: Think of a handshake not as a thing, but as an agreement waiting to be finalized.
Before you and another person clasp hands, the handshake exists as a possibility structure—you
might shake firmly or gently, briefly or at length. The handshake isn't hiding a pre-existing grip;
the grip is constituted when hands meet. Similarly, a quantum system before measurement isn't
hiding definite values; the values are constituted at measurement.

Extended Analogy: Handshakes in a Room
To see why this shift matters, consider two ways of describing a room containing ten people.

The object way (classical thinking): Count the people and assign properties to each. Person A is
tall, person B is wearing blue, and so on. Each person has properties whether or not anyone
observes them. Measurement simply reveals what was already there.

The relational way (handshake thinking): Instead of asking "who is in the room?", ask "which
handshakes could happen?" Suddenly the picture changes:

e Person A could shake hands with B, C, D, or others

o Each handshake could be firm, brief, awkward, or enthusiastic
e Some handshakes might never occur

e A handshake only becomes real when it actually happens

The number of interaction possibilities is not set by how many people are present, but by how
many distinct handshakes could occur (who could shake whom, and in what mutually exclusive
ways). And crucially, a handshake is not a hidden property of any individual person; it is a
relational act that becomes real only when it occurs.

As the room gets more complex—more people, more possible pairings, and multiple mutually
exclusive "modes" of interaction—the number of possible handshake-configurations (the



different overall patterns of who ends up shaking whom) grows very rapidly, because
independent possibilities combine multiplicatively.

This maps directly onto quantum mechanics:

| Room Analogy H Quantum Physics ‘
|Pe0ple in the room HQuantum systems, apparatus, environment‘
|P0ssible handshakes HPossible measurement outcomes ‘
|A handshake that happens HA recorded measurement result ‘
|N0 handshake yet HQuantum superposition ‘
|Can't do all handshakes at onceHNon-commuting observables ‘

The measurement problem traditionally asks: "Why does the system pick one outcome instead of
all of them?" But this question assumes the outcomes were already real, like properties hidden
inside an object. In the handshake picture, before measurement no handshake has happened—
there are only possible handshakes. When measurement occurs, one handshake is completed.
Nothing "collapses"; something is committed.

This is why uncertainty makes sense without invoking disturbance. Some handshakes are
mutually exclusive: you can shake hands with Alice or Bob at the same moment, but you cannot
fully complete both handshakes simultaneously. In quantum terms, measuring position sharply
corresponds to one set of possible handshakes; measuring momentum sharply corresponds to a
different, incompatible set. You can complete one set, but not both—not because completing one
disturbs the other, but because the handshake-sets themselves are structurally incompatible.

Definition 1.1 (Handshake). A handshake is a relational structure in Hilbert space
represented by a density operator p € S(#), where S(#) denotes the convex set of positive trace-
class operators with Tr(p) = 1. The handshake encodes all logically consistent closure channels
available to the system.

Important clarification: This analogy does not imply that reality is subjective, that observers
create reality, or that consciousness plays any special role. It says only that relations become real
when they are physically instantiated, that outcomes are not pre-stored properties of objects, and
that measurement is commitment rather than revelation. The handshake is fully objective and
agent-independent.

This shift resolves the measurement problem by dissolution: there is no transition from
"indefinite properties" to "definite properties" because there were never properties in the object
sense. There is only the completion of a relational constraint.

Relation to Standard Quantum Mechanics. The present framework does not modify the
Schrédinger equation, the Born rule, or the operational predictions of quantum mechanics. All
results are derived within standard Hilbert-space formalism using completely positive maps and
established entropy inequalities. The contribution of this work is interpretive and structural: it



reclassifies measurement as constraint closure rather than dynamical disturbance and provides a
physically grounded substrate interpretation consistent with that structure.

2. Measurement as Constraint Closure

In everyday life, measurement reveals what already exists: a ruler shows us a table's length,
which was the same before we measured. Quantum mechanics challenges this intuition. We
argue that quantum measurement doesn't reveal—it constitutes. The measurement completes an
open structure, selecting one outcome from among those that remained possible.

2.1 The Closure Map

A measurement corresponds to selecting and completing a specific closure channel. Formally,
measuring an observable with spectral decomposition

ZZi a; P;

where {Pi} are orthogonal projectors satisfying P; P;= 6;; Pi and )i Pi = I, constitutes a choice of
decomposition of < into mutually exclusive subspaces.

In plain terms: An observable (like position, momentum, or spin) corresponds to a way of
"carving up" the space of possibilities. Each possible outcome corresponds to a region of this
space. Measurement selects one region.

Definition 2.1 (Closure Channel). A closure channel for observable is a pair (P;, ai) consisting
of a projector onto the eigenspace and the corresponding eigenvalue. Closure in channel i means
the handshake completes with outcome a;.

The probability of closure in channel i is given by the Born rule:

p(1) = Tr(P; p)

This is not a postulate about "finding" a pre-existing value, but a measure over available closure
channels weighted by their compatibility with the initial handshake structure.

Definition 2.2 (Constituted Outcome). An outcome value is constituted when a stable,
classically accessible record becomes correlated with a specific effect E; (or projector Pi) such
that subsequent interactions treat that correlation as a committed fact. Constitution is not
revelation of a pre-existing value but establishment of a new physical fact through irreversible
commitment.
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Remark (Bit creation by the detector). In this framework, the quantum system supplies a space
of possible closures, while the detector—environment substrate supplies the physical resources
required to create a bit: amplification, dissipation, and stabilization of a classically accessible
record. The bit is not carried by the system prior to measurement; it is created by irreversible
commitment in the record-forming substrate.

2.2 State Update Without Disturbance

Upon closure in channel i, the state updates according to:
p— pi=(PipPi)/ Tr(Pip)

Theorem 2.1 (No-Extra-Backaction Principle). The state update p — p; contains no additional
disturbance term. The transformation is purely algebraic projection, reflecting selection of a
compatible subspace rather than dynamical perturbation.

This principle does not claim the post-measurement state equals the pre-measurement state; it
claims that the update requires no supplementary stochastic or dynamical disturbance mechanism
beyond the standard CP map associated with selecting a closure channel.

Proof. The Liiders update p — pi :=P; p P; / Tr(P; p) is a completely positive, trace-non-
increasing map corresponding to conditioning on outcome i. It introduces no additional
dynamical modification beyond this conditioning: the transformation is fully specified by the
measurement effect P; and does not require any further back-action term, hidden stochastic
process, or supplementary collapse dynamics. m

The crucial observation is that information about observables incompatible with is not destroyed
by some physical mechanism—it is rendered inaccessible because the closure has committed to a
subspace in which those observables have no definite representation.

Clarification (Disturbance vs Interaction). Throughout this work, no-disturbance refers
strictly to the absence of any additional dynamical modification of the quantum state beyond the
standard completely positive (CP) map associated with measurement. This claim does not deny
physical interaction, energy exchange, or entropy production involving the measurement
apparatus or substrate. Rather, it asserts that quantum measurement requires no supplementary
back-action mechanism beyond constraint selection within Hilbert space. Energetic exchange
occurs at the level of substrate-mediated commitment, not as a perturbation of pre-existing
quantum properties.

3. Non-Commutation as Structural Incompatibility

The uncertainty principle—Heisenberg's famous limit on simultaneously knowing position and
momentum—is often explained through "disturbance": measuring position kicks the particle,
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randomizing its momentum. This story is intuitive but misleading. We show that uncertainty is
built into the geometry of possibility space itself. No gentler measurement can circumvent it
because the limitation isn't about disturbance—it's about logical structure.

3.1 The Geometry of Incompatibility

Consider two observables and B with:

[A,B]=AB—-BA#0

Let {Pi} and {Q;} be their respective eigenprojector sets. Non-commutation implies:
31j:PiQi# QP

What this means: Non-commuting observables correspond to incompatible ways of carving up
possibility space. It's as if you tried to divide a pie both into thirds and into quarters—the cuts
cross each other. You can complete either division, but not both at once.

Theorem 3.1 (Incompatible Closure Channels). If [A, B] # 0, then no single handshake can be
simultaneously closed in both the A-decomposition and the B-decomposition of 4, except in
degenerate cases admitting a common invariant subspace.

In finite dimensions, such degenerate cases correspond to the existence of a nontrivial joint
invariant subspace (equivalently, a common refinement of the relevant spectral projectors).

Proof. If a state p is "closed" in channel P; in the Liiders sense, then it is a fixed point of the
corresponding conditioning map: p = P; p P; / Tr(P; p), which implies supp(p) € Ran(P;) and
hence P; p = p = p P;. Similarly, closure in channel Q; implies supp(p) € Ran(Q;) and Qjp=p=p
Qj. Therefore supp(p) € Ran(P;) N Ran(Q;). A simultaneous sharp closure exists only if this
intersection contains a nonzero subspace that is invariant under both decompositions—
equivalently, if the relevant projectors admit a joint refinement on the support of p (in particular,
this holds when the corresponding spectral projectors commute on that support). For non-
commuting spectral decompositions, no such joint sharp closure exists in general. m

3.2 Uncertainty as Geometric Constraint

The Robertson uncertainty relation:
c_A c_B=>"[A, B])

is typically interpreted as a limit on simultaneous "knowledge" or as reflecting measurement
"disturbance." Under the handshake interpretation, it has a purely geometric meaning:

12



Corollary 3.1. The uncertainty bound quantifies the minimum geometric incompatibility
between closure channels for non-commuting observables. It is a property of Hilbert space
structure, not of measurement apparatus or dynamical back-action.

The bound is state-dependent through ([A, B]), but its origin is structural—non-commutation in
the operator algebra—rather than any dynamical disturbance mechanism.

No physical process—however gentle—can circumvent this bound, because the bound is not
about disturbance but about the logical impossibility of simultaneous closure in incompatible
decompositions.

Remark (Structural uncertainty vs operational disturbance). The present claim concerns the
Robertson bound as a structural constraint arising from non-commutation, independent of any
apparatus model. This does not deny that sequential measurement protocols can exhibit
operational disturbance in the sense of altered statistics for later measurements (as characterized
by Ozawa-type measurement—disturbance relations). Rather, the framework separates (i)
structural incompatibility—the impossibility of simultaneous sharp closure for non-commuting
decompositions—from (i1) apparatus-induced disturbance in particular sequential
implementations. The former is unavoidable and apparatus-independent; the latter is contingent
and model-dependent.

In this sense, complementarity is the statement that distinct experimental contexts correspond to
distinct closure-decompositions of &, and no single closure can simultaneously instantiate both
as sharp commitments.

4. POVMs: Generalized Handshake Closures

So far we have discussed ideal, perfectly sharp measurements. But real measurements in the
laboratory are often imperfect: detectors have finite resolution, signals contain noise, and we
sometimes measure properties indirectly. Does the "no disturbance" principle still hold for
messy, real-world measurements?

The answer is yes—and proving this requires the mathematical framework of Positive
Operator-Valued Measures (POVMs), which generalize projective measurements to include
all physically realizable measurement procedures.

Returning to our analogy: Real handshakes aren't perfectly sharp either—they take time, involve
physical contact across some area, and the grip isn't instantaneous. Likewise, real measurements
have finite resolution, take time, and require energy to produce a record. Instead of asking "Did
this exact handshake happen?", the physical world asks "Did a handshake in this neighborhood
happen during this interval?" That fuzziness is exactly what POVMs describe mathematically.
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4.1 Definition and Structure

Real measurements are often partial, noisy, or coarse-grained. The appropriate mathematical
framework is the Positive Operator-Valued Measure (POVM).

Definition 4.1 (POVM). A POVM on #is a set {E;}i-1" of positive operators satisfying:

(1) Ei > 0 for all 1 (positivity) (ii) D Ei = I (completeness)

Each E; represents a generalized closure channel. The probability of outcome 1 is:

p(i) = Tr(E; p)

In plain terms: A POVM describes any measurement that produces one of several outcomes with
well-defined probabilities. Unlike sharp projective measurements, POVM elements can
"overlap"—they represent fuzzy or partial information rather than perfectly distinguishing

outcomes.

Note that POVM elements need not be projectors, need not be orthogonal, and need not satisfy
E12 = Ei.

4.2 Kraus Representation and State Update

Definition 4.2 (Measurement Instrument). A measurement is specified by a quantum
instrument { 4} consisting of CP, trace-non-increasing maps with )i .4 trace-preserving; the
associated POVM effects are E; = £*(I), where £* denotes the dual map.

Any POVM element can be decomposed as:

Ei = M.T Mi

where M; is a Kraus operator. More generally, an outcome i may correspond to multiple Kraus
operators {M;a} with E;=)" o Miaf Mia; we use the single-operator form for notational
simplicity. The completeness condition becomes:

zi,(l Mi(ﬂ' Mia =1

(or Xi MiT M; =1 in the single-operator-per-outcome simplification).

The state update upon outcome 1 is:

p — pi = (Mi p MiT) / Tr(M; p MiT)
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Theorem 4.1 (No-Extra-Backaction for Generalized Measurements). The Kraus state update,
like projective measurement, contains no additional disturbance term. It represents selection
among generalized closure channels.

As in Theorem 2.1, this does not deny operational disturbance in sequential protocols; it claims
no supplementary collapse-type dynamics is required beyond the CP instrument {M;}.

Proof. An instrument outcome update p — pi = Zi(p) / Tr( Zi(p)) is, by definition, a completely
positive trace-non-increasing map. In Kraus form 4i(p) =), a Mia p Miaf, the update is fully
specified by the instrument { 4} (equivalently by {Mia} and the associated effects E;). No
supplementary collapse dynamics or additional back-action term is required beyond this CP
specification. m

4.3 Why POVMs Strengthen the No-Disturbance Claim

One might suppose that POVMs, being associated with "imperfect" measurements, involve some
physical disturbance that projective measurements avoid. The opposite is true.

POVMs demonstrate that even weak, indirect, or noisy closures obey the same algebraic logic as
sharp projective closures. The information about incompatible observables was never jointly
realizable—not because noise destroyed it, but because simultaneous closure in incompatible
channels is structurally forbidden regardless of measurement "strength."

Corollary 4.1. POVMs can interpolate between incompatible observable decompositions (e.g.,
measuring a "fuzzy" intermediate between position and momentum), but they can never enable
simultaneous definite closure in both.

Remark (Projective Measurements as Limiting Case). Projective measurements correspond to
the special case where the POVM effects are mutually orthogonal projectors satisfying Ei* = E;
and E; E; = §;; Ei (i.e., a PVM). The present analysis therefore treats projective measurement as a
special case within the POVM/instrument formalism rather than a separate mechanism.

5. State Update and the Nature of "Collapse"

The word "collapse" evokes something dramatic—a wave crashing down, a structure falling.
This imagery has led to decades of confusion. If the quantum state physically collapses, what
mechanism causes it? How fast does it happen? Does it violate relativity?

We argue these questions dissolve once we abandon object-thinking. There is no physical

collapse because there is no physical wave. The state update is a change in description, reflecting
that an open handshake has become a completed commitment.
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5.1 Collapse as Commitment, Not Discontinuity

The projection postulate is often described as instantaneous, discontinuous, and physically
mysterious. Under the handshake interpretation:

Proposition 5.1. Wavefunction collapse is the formal registration of closure completion. It is not
a physical process occurring in spacetime but a logical transition from open handshake to
completed commitment.

The state vector |y) does not represent a physical wave that "collapses." It represents the
constraint structure of an open handshake. Upon closure, the appropriate description changes—
not because something physical snapped, but because a relational structure has been completed.

Analogy: Consider a contract negotiation. Before signing, many terms remain possible. The
moment of signing doesn't "collapse" a physical wave of possibilities—it completes an
agreement. The before and after are different in kind, not because of a physical process, but
because commitment has occurred.

5.2 Ontological Status of the Handshake

We must be precise about what "closure" means ontologically.

Ontological Status. The handshake is not a spacetime-localized object, nor a hidden variable,
nor a physical wave propagating in time. It is a relational constraint structure instantiated by the
coupling between quantum systems and the underlying substrate. Temporality enters only at
closure, when irreversible commitment occurs. Prior to closure, the handshake does not "evolve"
in spacetime; it parametrizes admissible closure channels consistent with global constraints. This
avoids retrocausality while remaining fully agent-independent: the handshake is ontic in a
relational sense but not object-like.

The handshake interpretation is therefore weakly ontic: the handshake is a real relational

structure (not merely an agent's knowledge state), but its reality is relational rather than object-
like.

This distinguishes our view from:

e Pure epistemicism (QBism): For QBism, quantum states are entirely about an agent's
beliefs. We hold that the handshake structure is agent-independent.

o Hidden variable theories: These posit underlying definite values. We deny that closure
reveals pre-existing values; it constitutes them.

o Transactional interpretation: TI posits retrocausal "confirmation waves." We require
only forward-causal substrate dynamics; no information propagates backward.

e Many-worlds: MWI avoids collapse by ontologizing all branches. We accept a single
outcome per closure but deny that this requires physical discontinuity.
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Relation to Decoherence. Decoherence explains why interference between branches becomes
practically inaccessible through entanglement with uncontrolled degrees of freedom, yielding
effective classicality of records. The present framework is compatible with decoherence but
addresses a different question: it reclassifies the measurement update itself as constraint closure
(a CP-map conditioning) rather than as a physical disturbance mechanism. Decoherence supplies
a physical route to stable records and effective irreversibility; handshake closure supplies the
ontological and structural interpretation of why a single outcome is registered as a commitment.
The two accounts are complementary, not competing.

5.3 Comparison with Other Interpretations

The following table situates the handshake/VERSF framework relative to major quantum
interpretations:

Interpretation || Collapse mechanism? V:ﬂ:gfé;? Wl\(/)[lf;l(;z’? Retrocausal?
Copenhagen fﬁi:;{i;zie d) No No No
|Many-W0rlds HNO (all branches real) HNO HYes HNO ‘
|Bohmian HEffective (guided) HYes HNO HNO ‘
|QBism HSubjective update HNO HNO HNO ‘
|Transacti0nal HHandshake (retro) HNO HNO HYes ‘
|Handshake/V ERSFHNO (closure only) HNo HNo HNo ‘

The present framework is distinguished by requiring no collapse mechanism beyond CP-map
conditioning, no hidden variables, no ontological branching, and no retrocausal dynamics. It
achieves this by reconceptualizing quantum systems as relational constraint structures rather than
objects with properties.

6. Integration with the VERSF Physical Substrate

Definition (Substrate Physics). Here "substrate" refers to the physical medium through which
measurement and record-formation occur (apparatus, fields, and in VERSF the structured
vacuum/space-medium). "Substrate physics" refers to the operational constraints it imposes—
finite spatial resolution, finite response time, and the energy/entropy cost of forming a stable
record.

The previous sections established that measurement is constraint closure in Hilbert space—a
mathematical claim. But physics demands more: How is this closure physically realized? What
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in the physical world implements the handshake structure and enforces the no-disturbance
principle?

The VERSF (Void Energy-Regulated Space Framework) provides an answer. It proposes that
space itself is not an empty stage on which physics plays out, but a dynamic medium—a
"quantum foam"—that actively mediates quantum processes. The handshake formalism
describes what closures are logically possible; the VERSF substrate describes how they are
physically implemented.

6.1 VERSF Overview

The Void Energy-Regulated Space Framework (VERSF) models spacetime as emergent from a
physical substrate—a "space-medium" or quantum foam characterized by three fundamental
parameters:

Definition 6.1 (VERSF Substrate Parameters).

(i) Coherence length { c: The spatial scale over which quantum phase relations are maintained
in the substrate. For separations Ax > {_c, independent closure events become possible.

(i1) Healing time t_h: The temporal scale for substrate response to perturbation. The medium
requires time T_h to "reset" after a closure event, during which subsequent closures are
constrained by the prior commitment.

(ii1) Effective medium mass p_eff: The inertial response of the substrate to energy-momentum
deposition. This parameter governs how the space-medium carries an effective inertial response,
contributing to gravitational dynamics without violating general relativistic principles.

In plain terms: Space has structure at very small scales. This structure has a characteristic size
(coherence length), responds to events over a characteristic time (healing time), and resists being
pushed around (effective mass). These aren't properties of particles—they're properties of space
itself.

These parameters are not independent. They satisfy the consistency relation:

tc/th<c

ensuring that substrate dynamics respect relativistic causality.

Physical Interpretation. The space-medium is not a classical ether but a quantum foam—a
dynamical vacuum whose fluctuations are regulated by void energy. The foam is:

o Forward-causal: No substrate dynamics propagate information backward in time

e Locally responsive: Closure events modify the local foam configuration
o Inertially active: The foam's effective mass p_eff contributes to gravitational dynamics
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The three parameters {{ c, T _h, p_eff} collectively determine how the substrate mediates
measurement, enforces uncertainty, and generates gravitational effects.

Parameter Status. In the present work, the parameters £ c, t_h, and p_eff are treated as
effective substrate parameters characterizing the local response of the space-medium to closure
events. Whether these parameters are fundamental constants or emergent quantities dependent on
energy scale, environment, or cosmological epoch is not assumed here and is addressed
elsewhere within the VERSF program. The present results require only that these parameters be
finite and nonzero.

6.2 Consistency Mapping

The handshake formulation and VERSF operate at complementary descriptive levels:

Handshake (Hilbert Space) VERSF (Physical Substrate)

State p (pre-commitment)  Substrate configuration encoding allowable responses
Closure channel selection =~ Medium-mediated constraint satisfaction

POVM elements E; Coarse-grained substrate modes

Irreversible commitment Entropy increase in medium

Theorem 6.1 (Consistency). The handshake no-disturbance principle is physically realized by
the VERSF substrate without retrocausality.

Argument. In VERSF, the space-medium locally constrains the admissible response channels
given the apparatus configuration and incoming state. Formally, let C(x,t) denote the substrate
configuration at spacetime point (X,t). The set of possible closures is determined by C, not by the

"

particle's "properties."

This constraint does not fix a unique outcome in advance; it specifies the admissible closure
channel family and the CP-map structure by which outcomes are realized under forward-causal
dynamics.

When a measurement interaction occurs, the substrate selects a closure channel consistent with:
(1) the initial handshake structure (encoded in the incoming wavefunction's coupling to C), (ii)

the measurement apparatus configuration, (iii) local forward-causal dynamics.

No information propagates backward; no pre-existing particle property is disturbed. The
substrate mediates closure through forward evolution alone.

6.3 POVMs and Finite Substrate Resolution

Each of the three VERSF parameters contributes to the emergence of POVM structure in
physical measurements.
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Spatial Coarse-Graining from £_c. A measurement apparatus with spatial resolution Ax cannot
implement sharp projectors if Ax > € c. The apparatus samples over multiple coherence
volumes, yielding effective operators that are coarse-grained averages.

Proposition 6.1 (Spatial POVM Structure). The POVM elements for a spatially-extended
measurement are determined by convolution with the substrate coherence function:

Ei spatial = | K_£(x,x") Py(x’) dx’

where K_0(x,x") = exp(—|x—x'[*/€_c?) encodes the coherence-length-limited spatial response of
the medium.

Temporal Coarse-Graining from t_h. A measurement process with temporal duration At
cannot achieve instantaneous projection if At = ©_h. The substrate "heals" during the
measurement, meaning the effective closure integrates over the medium's dynamical response.

Proposition 6.2 (Temporal POVM Structure). The POVM elements for a finite-duration
measurement incorporate the healing time via temporal convolution:

EiMtemporal = | H_1(t,t") Pi(t") dt’

where H t(t,t") = exp(—[t—t'|/t_h) - ®(t—t") encodes the causal, healing-time-limited temporal
response. The Heaviside function ® enforces forward-causality.

Combined Spatiotemporal Structure. In general, physical measurements involve both spatial
and temporal coarse-graining:

Ei*physical = ] K 0(x,x") H_t(t,t") Pi(x',t") dx' dt’

Proposition 6.3 (Effective Mass and Measurement Backaction). The effective medium mass
p_eff determines the energy cost of closure. A measurement depositing energy AE into the
substrate produces a local mass-energy perturbation:

O(x) = (AE/c?) - f(x; £ _c¢)

where f'is a spreading function with characteristic width £ c. This energy deposition does not
"disturb" a pre-existing particle property—it is the energetic signature of commitment itself,
contributing to the gravitational sector.

Theorem 6.2 (Generic POVM Emergence Under Finite Resolution). For measurements that
aim to implement sharp projectors at a finer scale than the substrate resolution (spatially finer
than £ c and/or temporally finer than t_h), the physically realized effective effects are
generically non-idempotent and are therefore represented by POVMs rather than the intended
fine-grained projectors.
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Proof. Sharp projectors satisfy P2 = P. Under convolution with kernels K € or H 1 of finite
width, we obtain:

(K*«PP=K*«K*P?=K*K+«P£K=*P

unless K is a delta function (zero width). Since £ ¢ > 0 and ©_h > 0 are physical necessities of
the substrate, unless the target projectors are already defined on the same coarse-grained
subspaces induced by the kernels, the effective effects will not be idempotent; in that generic
case E? # E and a POVM description is required. m

This is not an approximation, experimental imperfection, or limitation to be overcome—it is the
correct physics of substrate-mediated measurement. POVMs are the natural mathematical
language for a universe in which the space-medium has structure, dynamics, and effective
inertial response.

Kernels as Phenomenological. The kernels K € and H_t represent phenomenological response
functions encoding finite substrate resolution; no assumption is made here regarding their
microscopic derivation.

Remark (Effects vs Instruments). The kernels K € and H_t specify the effective effects E;
induced by finite substrate resolution. A full dynamical description is given by a corresponding
quantum instrument {4} with Kraus operators {Mia} satisfying Ei=> o M;af Mia. The present
work focuses on the effect-level consequence of finite resolution—namely, generic non-
idempotence—while the instrument-level refinement depends on the detailed coupling between
the apparatus and the substrate.

7. Entropy, Irreversibility, and the Arrow of Time

Why does time flow forward? Why can we remember the past but not the future? Why do eggs
break but never unbreak? These questions about the "arrow of time" are usually answered
through thermodynamics: entropy (disorder) tends to increase. But what connects the arrow of
time to quantum measurement? And what does either have to do with gravity?

Our framework reveals an unexpected unity. Measurement, irreversibility, and gravity are not
three separate phenomena requiring three separate explanations. They are different

manifestations of a single underlying process: the irreversible commitment of information, which
produces entropy.

7.1 Commitment as Entropy Production

In both formulations, irreversibility enters at closure. Prior to closure, the handshake exists as a
superposition of possibilities with sub-maximal entropy S(p), where S(p) = —Tr(p In p) is the von

21



Neumann entropy. For a measurement viewed as an irreversible recording process, the relevant
irreversibility appears in the non-selective channel (system plus record), where entropy
production is nonnegative. For the system alone conditioned on a particular outcome, von
Neumann entropy may increase or decrease; the nonnegativity result holds for the appropriate
averaged or coarse-grained description.

What this means: Before measurement, possibilities remain open and entropy is low. The act of
closure—selecting a definite outcome and recording it—produces entropy in the combined
system-plus-environment. This is why measurement is irreversible: you cannot "unmeasure"
because doing so would require entropy to decrease, violating the second law of
thermodynamics.

Theorem 7.1 (Average Conditional Entropy Bound). For a projective measurement with
outcomes i occurring with probabilities p;, the average post-measurement conditional entropy
satisfies:

2 pi S(pi) < S(p)

Proof. This is a consequence of concavity of von Neumann entropy. The initial state p can be
written as the mixture p = Y pi pi (in the post-measurement basis). By concavity, S pi pi) > Y.
pi S(pi), with equality iff all p; are identical. m

Remark (Non-selective entropy increase). The non-selective measurement channel ®(p) =
Pi p P; is unital and therefore does not decrease von Neumann entropy: S(®(p)) > S(p). When the
measurement outcome is recorded in an external register, the total entropy production relevant to
irreversibility resides in the system+record+environment description, consistent with
thermodynamic bounds on irreversible information commitment.

7.2 Connection to Ticks-Per-Bit (TPB)

Within the TPB framework, time itself emerges from irreversible bit commitment. Each "tick"
corresponds to a minimal entropy-producing closure event.

Definition 7.1 (Tick). A tick is an irreversible transition in which one bit of information
becomes classically committed, producing entropy at least k B In 2 in the degrees of freedom
that store an irreversible classical record (e.g., memory/register/environment), consistent with
Landauer-type bounds for irreversible information commitment.

The bound AS >k B In 2 defines a minimum irreversibility per tick for record formation; actual
closure events may generate greater entropy depending on substrate coupling and measurement

context.

The handshake exists in the "between" prior to ticks. Measurement is tick-generation: the closure
that converts quantum possibility into classical record.
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Proposition 7.2. A single tick can instantiate at most one incompatible closure channel.
Sequential measurements of non-commuting observables require sequential ticks; simultaneous
closure is forbidden not by dynamics but by the structure of tick-generation itself.

7.3 Unification with Gravitational Emergence

VERSF derives gravitational phenomena from entropy gradients in the space-medium. If
measurement is entropy-producing closure, then:

Corollary 7.1. Measurement, gravity, and the thermodynamic arrow of time share a common
origin: irreversible commitment of information producing entropy increase in the substrate.

Why gravity? This connection may seem surprising, but there are deep reasons to expect it. Black
holes have entropy proportional to their surface area (Bekenstein-Hawking). Erik Verlinde and
others have proposed that gravity itself may be "entropic"—emerging from information
dynamics rather than being fundamental. Our framework makes this connection concrete: the
same substrate that mediates quantum measurement also generates gravitational effects through
its effective inertial response p_eff. When measurement deposits entropy into the space-medium,
that entropy contributes to gravitational dynamics.

This unification is not merely conceptual. It implies quantitative relationships:
e Measurement-induced entropy bounds connect to Bekenstein-type limits

e Black hole horizon entropy reflects maximal closure density
e Cosmological entropy production rate constrains the "tick rate" of the universe

8. Mathematical Summary

This section consolidates the key mathematical structures and relations for reference. General
readers may skip to Section 9; specialists will find this a concise summary of the formal
framework.

8.1 Core Structures

Object Definition Interpretation
H Hilbert space Space of possible handshake structures
p € S(#) Density operator Pre-commitment handshake state
{Pi} Projectors, Y P; = I, PiP; = 6;;P; Sharp closure channels
{Ei} POVM,Ei >0, Ei =1 Generalized closure channels
{M;} Kraus operators, Ei = M;7M; Closure implementation maps
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8.2 Fundamental Relations

Born Rule (Closure Probability): p(i) = Tr(E; p)
State Update (Closure Completion): p — pi = M; p MiT / Tr(M; p MiT)
Incompatibility Condition: [A, B] #0 = # p : P*A p=p = QB p for distinct channels

Non-Selective Entropy Increase: S(®(p)) > S(p) (system; unital dephasing) Thermodynamic
entropy production resides in system+record+environment.

8.3 VERSF Correspondence

Substrate Parameters:

Parameter Symbol Physical Meaning
Coherence length £ ¢ Spatial phase correlation scale
Healing time T h Temporal substrate response scale

Effective mass p_eff Inertial response of space-medium

Causality Constraint: { ¢/t h<c

Substrate-Hilbert Mapping: C(x,t) < p(t)

Spatiotemporal POVM Generation: E/physical = [[ K_0(x,x") H_1(t,t') Pi(x’,t") dx’ dt’
Coherence Kernel: K {(x,x") = exp(—[x—x'|*/{_c?)

Healing Kernel (Causal): H 1(t,t") = exp(—|t—t'|/t_h) - O(t-t")

Generic POVM Condition: If measurement aims to resolve structure finer than { ¢ and/or t_h,
then effective effects are generically non-idempotent (E* # E) unless target effects are already

defined on induced coarse-grained subspaces.

Closure-Entropy Equivalence: Measurement closure = Tick generation = Local entropy
increase = Substrate mass-energy deposition
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9. Discussion: What the Framework Accomplishes

Having developed the formalism, we now step back to assess what has been achieved. The
framework makes three major claims, each addressing puzzles that have resisted resolution for
decades.

9.1 Resolution of the Measurement Problem

The measurement problem asks: what physical process converts quantum superposition to
classical definiteness? Our answer: no such process exists or is needed. The question
presupposes object-ontology.

Under handshake semantics:

e Pre-measurement: an open relational structure, not an indefinite object
e Measurement: selection and completion of a closure channel
o Post-measurement: a closed commitment, not a "collapsed" object

The appearance of discontinuity reflects a category shift (open — closed), not a physical
discontinuity.

9.2 Explanation of Non-Disturbance

The Heisenberg microscope and related thought experiments suggest measurement "disturbs"
particles. We have shown:

1. Mathematically, the projection/POVM update contains no additional disturbance term
beyond the CP-instrument specification

2. Non-commutation incompatibility is geometric, requiring no dynamical mechanism

3. VERSF physically implements closure without retrocausality via locally constrained
substrate response

"Disturbance" is a misleading metaphor imported from classical mechanics.
9.3 Integration Across Scales

The framework connects:

¢  Quantum foundations: handshake closure semantics

o Physical substrate: VERSF quantum foam with parameters {{ c, t h, p eff}
o Information theory: bit commitment and entropy

e Gravitation: entropy-driven emergence via effective medium mass

o Cosmology: universal tick rate and entropy production
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The claim that the space-medium carries effective inertial response is not metaphorical. The
effective medium mass p_eff enters the dynamical equations governing substrate response to
closure events. Measurement deposits energy into the quantum foam; this energy gravitates. In
this precise sense, the space-medium contributes mass—energy to gravitational dynamics without
violating general relativistic principles. The connection between quantum measurement and
gravity is therefore not merely conceptual but quantitative.

This multi-scale coherence is a primary theoretical virtue.

10. Conclusions

Quantum mechanics works—spectacularly well. But for a century, physicists have disagreed
about what it means. The measurement problem, the uncertainty principle, the nature of collapse:
these foundational puzzles have spawned competing interpretations with radically different
implications for the nature of reality.

We have proposed a resolution based on a simple but far-reaching conceptual shift. Quantum
systems are not objects with properties; they are handshakes—relational structures awaiting
completion. This shift dissolves the measurement problem (there is no collapse, only closure),
explains uncertainty without disturbance (incompatible observables correspond to geometrically
incompatible decompositions of possibility space), and unifies quantum measurement with
thermodynamic irreversibility and gravitational emergence.

Specifically, we have established:

1. Quantum measurements do not reveal pre-existing values. They complete constraint
closures into recorded outcomes.

2. Non-commutation is structural, not dynamical. Incompatible observables define
geometrically incompatible decompositions; no physical mechanism underlies
uncertainty.

3. POVMs strengthen the no-disturbance principle. Even noisy, weak, or indirect
measurements obey the same closure logic.

4. The handshake formulation is fully consistent with VERSF. Hilbert space provides
the constraint logic; the space-medium provides forward-causal physical realization. The
three substrate parameters—coherence length £ c, healing time t_h, and effective mass
p_eff—collectively determine how the quantum foam mediates closure.

5. POVMs arise generically from substrate physics. Finite coherence length and healing
time induce spatiotemporal coarse-graining, so measurements targeting sub-resolution
structure are generically POVM-structured rather than sharply projective.

6. The space-medium carries effective inertial response. The substrate parameter p_eff
governs how closure events deposit energy into the space-medium, contributing mass—
energy to gravitational dynamics without violating general relativistic principles.

7. Measurement, irreversibility, and gravity share a common origin in entropy-
producing commitment events within the quantum foam.
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The unified framework dissolves the measurement problem, explains uncertainty without
disturbance, and connects quantum foundations to gravitational and cosmological physics
through a single entropy-commitment mechanism operating in a space-medium with structure,
dynamics, and effective inertial response.

Broader Implications. If this framework is correct, the deep divisions in physics—between
quantum mechanics and general relativity, between microscopic reversibility and macroscopic
irreversibility, between information theory and dynamics—may be artifacts of incomplete
understanding rather than features of nature. The universe may be simpler than our fragmented
theories suggest: a single substrate, governed by entropy-producing commitment events, giving
rise to quantum phenomena, thermodynamic arrows, and gravitational dynamics as different
aspects of one underlying process.

Empirical Status. The framework is empirically conservative: it introduces no modification to
quantum predictions and makes no claims about deviations from standard quantum mechanics at
accessible scales. All experimental predictions coincide with standard quantum mechanics. The
contribution is interpretive and structural, not empirical—it provides a coherent ontology for
existing physics rather than proposing new physics.

11. Anticipated Objections and Clarifications

This section addresses common objections from the quantum foundations and quantum
information literature and clarifies the precise scope of the claims made in this work.

11.1 "Is This Merely a Relabeling of the Standard Instrument
Formalism?"

Objection. The use of terms such as handshake, closure, and commitment may be viewed as
relabeling the standard POV M/instrument formalism without adding explanatory content.

Response. This work does not propose new measurement mathematics or modify quantum
predictions. The contribution is interpretive and structural: it makes explicit what the standard
instrument formalism already encodes but typically leaves ontologically unspecified—namely,
that outcomes are defined only relative to a measurement context and instantiated only through
irreversible record formation. "Handshake" is used as a pedagogical label for this relational
structure, not as a new mathematical primitive.

11.2 "Does This Actually Solve the Problem of Outcomes?"

Objection. CP conditioning presupposes an outcome; it does not derive why one definite
outcome occurs.
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Response. We make a limited but precise claim. The framework dissolves the measurement
problem as traditionally posed under an object-property ontology, by reclassifying "collapse" as
irreversible commitment into a record rather than a dynamical mechanism acting on pre-existing
properties. We do not claim to derive outcome uniqueness from unitary evolution alone. Instead,
definiteness is attributed to the physical process of record formation—amplification, dissipation,
and stabilization in the detector—environment substrate—consistent with decoherence-based
accounts. The handshake framework is complementary: decoherence explains suppression of
interference between branches, while handshake closure explains the ontological status of the
pre-record relational structure.

11.3 "Is 'No Disturbance' Misleading?"

Objection. Measurements disturb systems operationally; instruments change future statistics.
Calling this "no disturbance" is misleading.

Response. The term is used in a restricted sense: the absence of any additional collapse-type
back-action beyond the CP instrument specification. This does not deny operational disturbance
in sequential protocols (e.g., Ozawa-type relations). It denies the need for a supplementary
stochastic "collapse force" or ad hoc disturbance mechanism beyond standard quantum
instruments.

11.4 "Does the Born Rule Force a Relational Ontology?"

Objection. The bilinear form p = Tr(E p) is an operational probability rule and does not logically
mandate relational ontology.

Response. The relational reading is not inferred from the Born rule alone. It is motivated by the
conjunction of contextuality, nonlocal correlations, interference, and indistinguishability. The
Born rule is cited as consistent with—rather than a proof of—this relational structure.

11.5 "Are Kochen—Specker and Bell Over-Interpreted?"

Objection. Kochen—Specker rules out noncontextual hidden variables, not objecthood per se.
Bell rules out local hidden variables, not realism.

Response. We do not claim these theorems uniquely entail the handshake ontology. We claim
they exclude a broad class of object-based views in which systems carry context-independent
values for all observables. Alternative interpretations remain logically possible (e.g., Bohmian
mechanics, many-worlds). The handshake framework is offered as a parsimonious alternative
that avoids additional ontological commitments such as hidden trajectories or branching
universes.
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11.6 "Do POVMs Really 'Arise from Substrate Physics'?"

Objection. Finite detector resolution does not force POVMSs; one can perform projective
measurements onto coarse-grained subspaces.

Response. The claim is generic, not universal. When measurements aim to resolve structure finer
than the spatial or temporal resolution of the substrate, the effective effects are generically non-
idempotent and therefore POVM-structured. This does not preclude coarse-grained projective
measurements; it explains why POVMs are the natural description for realistic measurement
processes targeting sub-resolution structure.

11.7 "Are Entropy and Landauer Used Too Loosely?"

Objection. Von Neumann entropy differs from thermodynamic entropy; selective measurements
can reduce system entropy; Landauer's bound applies to erasure.

Response. All entropy claims are scoped to (i) non-selective channels and (ii)
system+record+environment descriptions. No claim is made that each selective outcome
increases the system's von Neumann entropy or that every outcome produces exactly k B In 2.
The claim is that stable record formation requires entropy production somewhere in the physical
substrate, consistent with Landauer-type bounds for irreversible information commitment.

11.8 "Is VERSF Speculative or Unnecessary?"

Objection. The VERSF substrate may appear speculative and may distract from the quantum
foundations argument.

Response. The handshake framework stands independently of VERSF. The substrate discussion
is included to provide a concrete physical realization of finite resolution, finite response time,
and record formation. Readers may treat the VERSF section as an existence proof (a candidate
physical completion) rather than a required commitment.

11.9 "Is Gravity Really Unified Here?"

Objection. The manuscript gestures toward gravity without deriving field equations or new
testable predictions.

Response. No completed gravitational derivation is claimed here. The contribution is
programmatic: identifying a shared physical origin of record-forming irreversibility (entropy
production) and entropy-gradient-driven dynamics, as developed within VERSF. This paper
establishes conceptual and structural consistency, not a completed empirical unification.
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11.10 Scope Statement

This work:

does not modify quantum mechanics,
does not derive outcomes from unitary evolution alone,
and does not claim experimental deviations at accessible scales.

It does provide a coherent ontology in which:

quantum systems are relational possibility structures,
measurement is irreversible commitment into a record,
and uncertainty is structural rather than disturbance-based.
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Appendix A — Conceptual Diagrams for the Handshake
Interpretation

This appendix provides visual illustrations intended to clarify the relational ontology introduced
in the main text. The figures are purely pedagogical and introduce no additional assumptions,
dynamics, or mathematical structure beyond those already present in the standard Hilbert-
space formalism discussed in Sections 1-4.

The purpose of these diagrams is to make explicit a conceptual shift that is often implicit but
rarely visualized: that in quantum mechanics, physical possibilities correspond to admissible
interactions (relations), not to pre-existing properties of isolated objects.

A.1 Objects Versus Relations

Figure A1 contrasts two ways of organizing physical description.

In an object-based description (left), systems are treated as independent entities that carry
intrinsic properties, whether or not they are measured. Measurement is then implicitly assumed
to reveal one of these pre-existing properties.

In a relational description (right), physical possibilities correspond instead to potential
interactions between systems. A “handshake” represents an interaction that could occur but has
not yet been instantiated. A fact comes into existence only when an interaction is completed and
stabilized.

This distinction mirrors the difference between classical and quantum descriptions emphasized in

Sections 1.2—1.3. The figure does not claim that objects cease to exist, but rather that quantum
theory does not assign outcome-defining properties to isolated systems prior to interaction.
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Object-Based Description Relational Description

Isolated Objects with Properties Network of Handshake Interactions

Fig Al

A.2 Measurement as Handshake Closure

Figure A2 illustrates quantum measurement as a handshake closure between a quantum system
and a detector—environment complex.

Before measurement, the system is represented by a quantum state (density operator) that
encodes a space of admissible closure channels. The detector does not “read out” a pre-existing
value. Instead, through interaction, amplification, dissipation, and stabilization, the detector—
environment substrate creates a classical record corresponding to one closure channel.

This visualizes the point made in Section 2.1 and Remark 2.2:
o the system supplies possibilities,
o the detector—environment supplies irreversibility,

o and the bit associated with an outcome is created at closure, not transported by the
system beforehand.
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The Handshake Analogy for Quantum Measurement

Before Commitment: After Commitment:
Handshake as Possibilities Handshake as Closure

Multiple handshake outcomes Definite outcome is recorded
are possible

Fig A2

The diagram is consistent with the standard quantum instrument formalism: the state update is
fully described by completely positive maps, with no supplementary collapse dynamics assumed.

A.3 POVMs as Finite-Resolution Handshakes

Figure A3 provides an intuitive picture for generalized measurements (POVMs).

Idealized projective measurements correspond to sharply defined closure regions in Hilbert
space. Real measurement processes, however, involve finite spatial resolution, finite temporal
response, and coupling to many uncontrolled degrees of freedom. As a result, closure regions
generically overlap, yielding non-idempotent effects.

This figure visually supports the claim in Section 4 that POVMs are not merely mathematical
conveniences but arise naturally when physical measurement is mediated by a substrate with
finite resolution and response time. No claim is made that all measurements are POV Ms; rather,
POVMs are shown to be the generic effective description when measurements target sub-
resolution structure.
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Quantum Measurement as Handshake Closure

Irreversible

Quantum System < » Detector—Environment
(Density Matrix Commitment (Creates Amplified
Encodes Possibilities) (Bit created) and Stabilized Record)

Fig A3

A.4 Scope and Limitations of the Diagrams

These figures are not intended to:

o replace the Hilbert-space formalism,
e introduce new physical postulates,
e or suggest deviations from standard quantum mechanics.

They are included solely to:
o reduce ambiguity in the use of the term handshake,
o clarify the relational nature of quantum states emphasized throughout the manuscript,
o and prevent misinterpretations in which “handshake” is read as a dynamical mechanism

rather than an ontological reclassification.

All substantive claims remain grounded in the mathematical development presented in the main
text.
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