The Measurement Problem (Frame Node)

Quantum Foundations - Module 6 — Interpretations

Node 6.1

Position in Knowledge Graph
System: Quantum Foundations Structural Domain: Interpretations Node: 6.1

This is the frame node for the entire interpretations module. Every interpretation discussed in subsequent
nodes is, structurally, a different proposed resolution of the same problem: the formal incompatibility between
unitary evolution (Node 2.4) and the projection postulate (Node 2.3). The HBAR Method requires that we
name this incompatibility precisely before introducing any interpretive framework.

Formal Statement
The standard formulation of quantum mechanics contains two distinct dynamical rules:

1. Unitary evolution (Postulate, Node 2.4): when no measurement occurs, the state |1) evolves smoothly
and reversibly under the Schrédinger equation

gy = HlY), () = U@)(0).

This map is linear, deterministic, norm-preserving, and reversible.

2. Projection postulate / collapse (Born rule, Node 2.3): when a measurement of an observable
A =", \;P; occurs, the state jumps:
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with probability p(i) = (1| P;|®). This map is nonlinear, stochastic, non-norm-preserving on individual
branches, and irreversible.

The measurement problem is the structural fact that the formalism does not specify when, where, or
under what conditions rule 2 supplants rule 1.

Why This Is a Structural Problem and Not a Philosophical One

The measurement problem is not the question “what is consciousness?” or “what does measurement mean?”
These are downstream concerns. The structural problem is internal to the formalism:

o A measurement apparatus is itself a physical system, hence its dynamics should be unitary (rule 1).

o The system + apparatus together are a composite quantum system (Node 2.5), evolving under a joint
Hamiltonian.

e A faithful unitary description of measurement produces an entangled system-apparatus state, not a
collapsed one.

¢ Yet measurement statistics are observed to follow rule 2, not the unitary prediction.



So either:

(a) Rule 1 does not apply at the macroscopic level (some new physics intervenes — e.g., spontaneous
collapse).

(b) Rule 2 is not fundamental but emerges from rule 1 plus some additional structural ingredient (decoherence,
branching, hidden variables, agent-relative states).

(¢) The two rules describe complementary aspects of the same physical situation under different epistemic
frames (Copenhagen, QBism).

FEach option in the rest of this module is one of these branches. None has been ruled out by experiment.

Intuition

)

The simplest framing: write down the unitary evolution of “system + measurement apparatus + observer’
under the Schrodinger equation, all the way to the end. Where in this calculation does the wavefunction
collapse? The honest answer is: nowhere. The Schrodinger equation is linear, so superpositions of (system,
apparatus, observer) states evolve into superpositions of (system, apparatus, observer) states. Collapse is
added by hand at some point — and the formalism does not say where.

Structural Role

This frame node organizes Module 6. Each subsequent node presents one interpretive resolution and is judged
on three criteria:

1. Formal completeness: Does it specify exactly when (or whether) collapse occurs?

2. Empirical equivalence: Does it reproduce the standard predictions of quantum mechanics?

3. Ontological commitments: What does it claim ezists — wavefunctions, branches, hidden variables,
agents?

The HBAR Method’s “no interpretational rhetoric without formal grounding” rule (course-summary §1) is
enforced here. We do not argue about meaning until we have stated the formal structure.

Mathematical Development
The Wigner’s-friend setup (canonical illustration)

Let S be a qubit, M be an apparatus modeled as a qubit, and F (Wigner’s friend) be a third qubit. The
interaction:

1. Initial state: (|0)s + [1)5)|0)as]0) .
2. SM interaction: CNOT from S to M, entangling them.
3. MF interaction: CNOT from M to F', entangling F' with the joint SM state.

The final state, by purely unitary evolution, is

1
NG

The friend (and the apparatus, and the system) are all in a superposition. Where did collapse happen?

(10)s10)ar]0) F + 1) 5|1) as|1) ).

According to:

e Copenhagen: Collapse occurred when “the friend looked.” Why? Unspecified.
e Many-worlds: It didn’t. Each branch is a separate world.



e« Bohmian mechanics: Particles always had definite positions; the wavefunction guides them.

e« QBism: “Collapse” is the friend updating their personal probabilities; nothing physical happened to
anyone else.

« Spontaneous collapse: A physical collapse process occurs at some hidden mass/complexity threshold;
testable.

Each is a different commitment about what is actually going on inside the unitary expression above.

Worked Example

Schrodinger’s cat as macroscopic Wigner’s friend

Take a radioactive atom with a half-life ¢, 5 coupled to a Geiger counter, which triggers a vial of poison,
which kills a cat in a sealed box. The atom’s state after time t; /5 is

[Yatom) = %(|undecayed> + |decayed)).

Unitary evolution of the full system. Atom, counter, vial, and cat are all quantum systems. The
Schrédinger equation applied to the joint system gives

|T) = % (|undeca‘yed>|counter quiet)|vial sealed)|cat alive)+|decayed)|counter fired)|vial broken)|cat dead)).

By the linearity of Schrodinger evolution there is no step in this chain where the superposition is resolved
into one branch. The final joint state is a superposition of “cat alive” and “cat dead” — a macroscopic
Schrodinger cat.

Decoherence check. Tracing out the environment (air molecules colliding with the cat’s fur, thermal
photons emitted by the cat’s body, etc.) diagonalizes the reduced density matrix of the cat in the pointer
basis {|alive), |[dead)} on timescales of ~ 10723 seconds (10.4). After decoherence,

Peat ~ 1|alive)(alive| 4+ 1|dead)(dead|.

This is a classical probabilistic mixture — no interference, no off-diagonal coherences. Decoherence has solved
the “why no cat-interference-experiment” problem. But pcas is still a mixture: the formalism says “probability
1/2 alive, probability 1/2 dead,” not “alive” or “dead.” In a single run, an observer opens the box and sees
exactly one outcome.

What each interpretation says happens when Alice opens the box:

e Copenhagen. Before opening: system is in a superposition; talking about “the cat” as if it has a
definite state is meaningless. On opening: the wavefunction collapses (non-unitarily) to one of the two
branches. The cat “becomes” alive or dead at the moment of observation. No account of when this
happens; the classical/quantum cut is placed wherever is convenient.

e« Many-worlds. Before opening: the universe is in a superposition. On opening: Alice becomes
entangled with the cat, producing %ﬂalive) |Alice sees alive) + |dead)|Alice sees dead)). Both branches
are equally real. Each branch contains a version of Alice who is certain she saw a single outcome.
Nothing is selected; nothing collapses.

o Bohmian mechanics. Before opening: the cat has a definite configuration (all particle positions are
specified) — either the “alive” configuration or the “dead” configuration, determined by the initial
hidden variable and guided by the pilot wave. The wavefunction is still a superposition of both, but
only one is occupied by the actual particles. Opening reveals pre-existing fact.



o QBism. Before opening: Alice has a personal probability assignment of 1/2 for each outcome. On
opening: Alice updates her beliefs. “Collapse” is a Bayesian update on her personal credences; no
physical collapse occurred and the wavefunction was never a physical object.

« GRW / dynamical collapse. Before opening: a macroscopic object like a cat is far above the
spontaneous-collapse threshold. Within microseconds, the cat’s wavefunction has already physically
collapsed to either |alive) or |dead) via spontaneous localizations — well before Alice arrives. The
“opening” is just classical inspection of an already-definite situation.

The structural point. All five interpretations agree on every observable prediction in this experiment:
Alice sees alive with probability 1/2 and dead with probability 1/2. The disagreement is entirely about the
ontological content of the intermediate state and about what “happens” during the act of observation. This
is why the measurement problem is simultaneously the most empirically stable and the most conceptually
contested problem in the foundations of physics.

Cross-Links

o Module 2: Postulates 2.3 (collapse) and 2.4 (unitary) — the two rules whose tension defines the
problem.

e Module 5: Decoherence (Node 5.5) — does not solve the measurement problem (it explains the
apparent classicality of pointer states but leaves the choice of branch unaccounted).

o Module 10: PBR theorem (10.3) and other foundational no-go results constrain admissible interpreta-
tions.

Structural Compression

Invariant: The formalism contains two distinct dynamical rules and no internal criterion specifying when
each applies.

Mechanism: Linearity of Schrédinger evolution combined with nonlinearity of the projection postulate.

Cross-System Echo: Frequentist vs Bayesian interpretations of probability share an analogous structural
pattern: a single mathematical formalism, multiple compatible philosophical readings, no internal criterion
that selects between them.

Exercises

1. State precisely the contradiction between unitary evolution and the projection postulate, using the
Wigner’s-friend setup.

2. Argue why decoherence alone cannot solve the measurement problem. (Hint: decoherence diagonalizes
the reduced density matrix in the pointer basis but does not select a single outcome.)

3. For each of the five resolutions above, state the answer to: “What physically happens when Wigner’s
friend looks at the qubit?”

4. Argue why the measurement problem is a structural problem about the postulates, not a metaphysical
question about consciousness.
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