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ABSTRACT

Environmental decoherence is central to contemporary accounts of quantum measurement, yet its
relation to definite outcomes remains disputed. This review distinguishes four explanatory demands:
interference suppression, preferred-basis selection, operational objectivity, and outcome actualization. It
compares open-system formalism and experimental evidence with the principal philosophical accounts of
definiteness. In nonrelativistic models, environmental entanglement disperses phase coherence into inaccessible
correlations, rendering the reduced system-apparatus state approximately diagonal in an interaction-selected
pointer basis. Experiments support this loss of locally observable interference, while einselection and redundant
environmental records explain the stability and intersubjective accessibility of macroscopic properties. These
achievements neither convert an improper mixture into ignorance about an actual result nor select one
component of the global state. Everettian interpretations reject global uniqueness, Bohmian mechanics adds an
actual configuration, objective-collapse theories modify the dynamics, and QBist or pragmatist approaches revise
quantum-state semantics. Decoherence is therefore indispensable to the formation of classical records but
insufficient, by itself, for an interpretation-neutral derivation of unique actualization. Its foundational
significance lies in identifying where unitary dynamical explanation ends and an ontological, dynamical, or
semantic account of definiteness must begin.
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Quantum mechanics predicts experimental statistics with exceptional accuracy, yet its account of
individual outcomes remains contested. Unitary measurement correlates each component of a superposed
system with a distinct apparatus record. The resulting state contains several macroscopic alternatives, even
though each experimental run presents one determinate result. Maudlin (1995b) formulates this tension as an
incompatibility among wave-function completeness, universal linear evolution, and determinate outcomes. The
problem concerns how formal dynamics relates to individual events, not whether quantum theory predicts
observed frequencies.

Environmental decoherence explains how this entangled state acquires locally classical structure.
Environmental interactions disperse phase coherence, privilege stable pointer states through einselection, and
redundantly encode those states in environmental fragments (Zurek, 2003, 2009; Schlosshauer, 2019).
Mesoscopic  experiments confirm the predicted dependence of coherence loss on environmental
distinguishability (Brune et al., 1996). The resulting theory accounts for stable, publicly accessible records
without imposing a fundamental quantum-—classical boundary.

Reduced-state diagonality nevertheless does not make one global component uniquely actual or convert
an improper mixture into ignorance about a pre-existing outcome (Adler, 2003). Assessments of decoherence
often appear contradictory because they conflate interference suppression, preferred-basis selection, operational
objectivity, and outcome actualization. The present review separates these demands and evaluates the inferences
between them. It then examines how major interpretations supplement, reject, or reformulate the demand for
unique actualization. Its governing question is where interpretation-neutral dynamical explanation ends and

further ontological, dynamical, or semantic commitment becomes indispensable.
THE MEASUREMENT PROBLEM: FOUR DISTINCT EXPLANATORY DEMANDS

Claims that decoherence solves measurement are meaningful only after the explanandum is specified.
Four demands form a hierarchy of increasing conceptual strength, but success at one level does not entail success

at the next.

Interference suppression asks why phase-sensitive effects between macroscopic alternatives become
locally inaccessible. Environmental entanglement reduces the relevant off-diagonal density-matrix terms, so
restricted statistics approximate a classical mixture while global coherence persists (Schlosshauer, 2019).
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Preferred-basis selection asks which alternatives can function as stable records. Einselection connects the
macroscopic basis to the interaction Hamiltonian, which preserves robust pointer states while their
superpositions rapidly decohere (Zurek, 2003).

Operational objectivity asks how a selected property becomes publicly accessible. Redundant
environmental encodings allow observers to identify the same pointer observable independently and without
appreciable disturbance (Ollivier et al., 2004). This establishes agreement about records, not their unique
actuality.

Outcome actualization asks what warrants the claim that one result occurred although unitary
evolution retains every correlated alternative. Maudlin's (1995b) trilemma exposes the resulting choice among
wave-function completeness, universal linearity, and determinate outcomes. Unique outcome actualization
therefore requires additional ontology, modified dynamics, revised state semantics, or rejection of global
uniqueness.

The hierarchy separates an interpretation-neutral account of record formation from
interpretation-dependent accounts of outcomes, thereby locating the burden each interpretation must assume.

ENVIRONMENTAL DECOHERENCE: FORMALISM AND EMPIRICAL STATUS

Let system S have eigenstates [si) and initial state Zi ci|si), while apparatus 4 begins in | Ay). Ideal unitary
premeasurement correlates each eigenstate with a distinguishable record:

(Z Cilsi>)®|A0>—>USAZ Cilsi>®|Ai>. (1)

Equation (1) contains every correlated alternative. Linearity establishes the correlations but supplies no
selection rule.

Interaction with an environment £, initially in |Ey), then correlates each apparatus record with a
distinct environmental state:

[W() = X cls)®IA)BIE (1) (2)

No amplitude ci is removed; phase information is transferred into environmental correlations.
Decoherence therefore redistributes coherence through entanglement rather than destroying it (Schlosshauer,
2005).
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Predictions restricted to S + A follow from p,,(t) = Tr.[[¥(t)){(¥(t)|]:

Pi(® = Z e D OlsANS ALD(0) = (EOIE ) 3)

The factor Dij(t) multiplies the interference terms. As environmental states become distinguishable,
their overlap approaches zero and the reduced state approaches

Pou(O~E e IS ANS A (4)

Given the Born rule, Eq. (4) reproduces local expectation values of a classical ensemble with weights
|ci]”. Residual overlaps determine the approximation's accuracy; their smallness suppresses local interference
without erasing global coherence (Schlosshauer, 2005).

Two qualifications are essential. Taking the partial trace is exact: it yields every prediction for
observables confined to S + 4. The classical-looking step is approximate, because it discards oft-diagonal terms
whose magnitude is controlled by Dj(t). Moreover, the decoherence timescale governing phase suppression is
generally distinct from the relaxation timescale governing energy exchange. Macroscopic coherence can therefore
become locally unobservable long before the apparatus dissipates appreciable energy. This separation explains
why classical records emerge rapidly while the underlying global evolution remains unitary.

Scattering supplies a concrete decay mechanism. A photon or molecule scattered from separated
positions acquires distinguishing information, multiplying the corresponding off-diagonal term by an overlap.
Repeated events compound this suppression, making coherence between macroscopic alternatives negligible on
exceptionally short timescales (Joos & Zeh, 1985).

Environmental monitoring is basis-sensitive: the interaction Hamiltonian privileges pointer states that
preserve predictable correlations or minimize predictability loss. Their superpositions rapidly decohere while
pointer states remain stable, supporting localized wave packets and quasiclassical trajectories in suitable regimes
(Zurek, 2003). Einselection thus supplies a dynamical rather than observer-imposed record basis.

Decoherence predicts that observable coherence decays with interaction strength, time, environmental
resolution, and alternative distinguishability (Schlosshauer, 2019). Brune et al. (1996) tested this dependence
using Rydberg atoms and a few-photon microwave-cavity field. A first atom correlated its state with two
phase-separated field components; after a controlled delay, a second atom partially recombined them, allowing
two-atom correlations to track the remaining coherence. The correlation decayed faster as phase-space separation
increased. At the larger separation, the decoherence time was 0.24 T, well below the cavity photon-decay time
T:, distinguishing coherence loss from dissipation. The experiment confirms reduced-state interference
suppression, but both a collapsed ensemble and an entangled global state can reproduce those local correlations.
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The evidential conclusion is consequently precise. Such experiments validate the environmental
coupling, decoherence rate, and dependence on alternative distinguishability. They do not directly observe the
disappearance of unselected global components. Confirmation of the open-system model therefore establishes
decoherence as a physical process. It does not determine whether the global state represents many branches,

guides additional variables, or undergoes a subsequent objective collapse.
FROM ENVIRONMENTAL RECORDS TO OPERATIONAL OBJECTIVITY

Pointer-state stability is not yet operational objectivity. Observers normally obtain information from
environmental fragments, especially scattered photons, rather than by controlling a system directly. Quantum
Darwinism therefore treats the environment as both a sink for coherence and a witness to selected properties.
Redundant encodings allow observers to identify the same pointer observable independently and without
appreciable disturbance (Ollivier et al, 2004). This establishes public accessibility, not an
interpretation-independent global ontology.

Quantum mutual information measures the information about S contained in environmental fragment
F.

I($:F) = H(S) + H(F) — H(SF),R, = 1/f . (5)

Here, 3 is the smallest fraction of E for which I(S:F) reaches at least (1 — d)H(S), and RJ is the
corresponding redundancy. A broad plateau of I(S:F) near H(S) indicates that many disjoint fragments carry the
same information, permitting independent recovery of the pointer-state record (Zurek, 2009).

This structure is not confined to specially constructed models. Brandio et al. (2015) represent transfer
to many fragments as a quantum channel and show that, for most fragments, it approximates a
measure-and-prepare process based on a common system measurement. Different observers can consequently
recover classical information about the same preferred observable. Outcome objectivity additionally requires
agreement on the recorded value.

The distinction between objectivity of an observable and objectivity of its recorded value is substantial.
Many fragments may reveal the same preferred observable even when their records are not independently
accessible or do not single out the same value. Operational objectivity requires both redundant encoding of the
selected information and sufficient conditional independence. Observers must be able to consult separate
fragments without collectively reconstructing a nonlocal quantum correlation. Redundancy is therefore an
operational resource only when information is locally readable and repeatably correlated with the same pointer
value.
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Mutual-information redundancy alone is insufficient because it may include discord or correlations
unavailable through local, nondisturbing measurements. Spectrum broadcast structures and strong quantum
Darwinism instead require accessible information encoded in distinguishable fragment states (Korbicz, 2021).
These conditions strengthen interobserver agreement but still do not select one component of the global state.

REDUCED-STATE CLASSICALITY AND THE DEFINITE-OUTCOME GAP

Equation (4) is an improper mixture because its mixedness results from tracing over an entangled pure
state; it does not represent ignorance about an already definite apparatus state. The partial trace changes
predictions available to a restricted observer without collapsing [¥(t)). The outcome gap begins when local
diagonality is treated as evidence that one unknown pointer state actually occurs.

Equation (6) compares the entangled state with a proper ensemble, in which one alternative is
stipulated to occur, for observables accessible only to S+ 4:

2
pent = [¥XYI], pprop - zl: |Ci| ISiAi><SiAi|' TrSAE[(OSA ® IE)pent] ~ TrSA(OSApprop)' (6)

The states are locally equivalent but physically distinct. Every amplitude survives in p.,, whereas each
member of the proper ensemble has one definite outcome. Reading the reduced state as an ignorance
distribution therefore assumes the outcome that decoherence was meant to derive (Schlosshauer, 2005).

Their equivalence is restricted to the local observable algebra. A sufhiciently controlled global
measurement sensitive to correlations among S, 4, and E could in principle distinguish the coherent entangled
state from the proper ensemble. Environmental complexity makes such control fantastically impractical, but
practical inaccessibility is not state identity. The improper-mixture objection therefore does not challenge the
empirical adequacy of reduced states. It challenges only the inference from locally classical statistics to the
observer-independent existence of one alternative alone.

Record redundancy distributes correlations across many fragments and explains agreement while
leaving every fragment inside the global entangled state. Born weights assign statistical weights, but unitary
decoherence contains no outcome-selecting term (Adler, 2003).

Even exact environmental orthogonality would only eliminate reduced-state oft-diagonal terms while
preserving the global superposition. Residual coherence controls approximation and reversibility, but setting it
to zero does not convert entanglement into selection. Practical irreversibility blocks realistic recovery of
dispersed phase information; physical collapse remains an additional claim.
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The gap identifies an explanatory boundary rather than refuting every interpretation. Everettian
theories reject global uniqueness, while single-outcome accounts add variables, modify dynamics, or revise
quantum-state representation. Decoherence fixes the record structure but does not decide which commitment

should change.
INTERPRETATION-DEPENDENT ACCOUNTS OF DEFINITENESS

Interpretations address the outcome gap by specifying what the global state represents and what
constitutes definiteness. They differ over which commitment changes, what selects or constitutes an outcome,
and which theoretical costs follow.

Everettian quantum mechanics retains wave-function completeness and universal unitarity but rejects
global uniqueness. Decoherence identifies approximately autonomous quasiclassical branches containing
determinate observer—apparatus records, so definiteness is branch-relative rather than selection-produced. Its
unresolved burdens concern the ontology of approximate branching and the Born-rule significance of
amplitudes when no branch is uniquely real (Wallace, 2012).

Because branching is emergent rather than exact, an Everettian account must also explain why its
approximate decomposition is sufficiently stable to ground persisting objects and observers. Decoherence
supplies that stability, but probability requires an additional argument connecting squared amplitudes to
rational credence or typical branch weight.

Bohmian mechanics supplements Schrédinger evolution with an actual particle configuration.
Measurement produces effectively nonoverlapping branches, while the configuration occupies only one branch's
support. Decoherence stabilizes this separation and yields an effective subsystem wave function; the
configuration, not reduced-state diagonalization, supplies the unique record (Maudlin, 1995a). The cost is a
privileged position ontology with explicitly nonlocal dynamics.

The unoccupied branches remain in the universal wave function but cease to influence the subsystem
once decoherence prevents effective overlap. This makes the outcome unique without treating environmental

suppression itself as collapse.

Objective-collapse theories preserve a single outcome by rejecting universal linearity. In the
Ghirardi-Rimini—Weber model, rare spontaneous localizations amplify rapidly in macroscopic composites
(Ghirardi et al., 1986). Decoherence may identify the record basis, but stochastic localization selects the
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outcome. The resulting deviations from unitary dynamics are testable. New parameters, low-amplitude tails,
and the difficulty of relativistic extension remain theoretical costs (Bassi et al., 2013).

Ordinary environmental decoherence must be quantitatively separated from the additional collapse
noise in any decisive test. Theories in this family consequently turn an ontological dispute into constrained
experimental parameter space, although no observed coherence loss by itself demonstrates a collapse event.

Semantic approaches take a different route by revising the representational role of the quantum state.
QBism treats a quantum state as an agent's probability assignment, measurement as an action, and an outcome
as the resulting experience. Collapse updates expectations rather than an observer-independent physical state;
decoherence helps model stable, communicable records without requiring global selection (Fuchs et al., 2014).

Healey's pragmatism likewise denies that the state represents an intrinsic condition while treating
quantum probabilities as objectively constrained. Decoherence licenses magnitude claims by stabilizing their
inferential relations, and shared environments explain agreement among contextual records (Healey, 2025). This
reframes rather than derives global actualization, leaving open whether context-relative facts satisfy an
observer-independent ontology.

Semantic approaches thereby dissolve the demand for a view from nowhere rather than supplying a
physical selection process. Their strength is to connect quantum-state use with situated experimental practice.
Readers secking a context-independent inventory of matter may instead regard these approaches as relocating,
rather than resolving, the question of what exists.

Decoherence thus supplies a common record structure but no interpretation-neutral completion:
Everett revises uniqueness, Bohm adds ontology, collapse models modify dynamics, and QBist or pragmatist
accounts revise state semantics.

DISCUSSION

The synthesis supports a conditional verdict. Decoherence explains interference suppression, pointer
stability, and redundant records, which together form the dynamical basis of effective classicality (Zurek, 2003,
2009). Unitary dynamics nevertheless contains no rule selecting one global component. Experiments confirm
reduced-state predictions but cannot alone distinguish a collapsed ensemble from an uncollapsed state with
identical local statistics (Adler, 2003; Schlosshauer, 2019).

This empirical underdetermination is not a weakness in decoherence theory. It marks the difference
between testing a dynamical mechanism and inferring an ontology from that mechanism. Decoherence is
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experimentally vulnerable through its quantitative predictions for coherence decay, pointer stability, and
environmental information flow. Interpretations that share those predictions must instead be assessed by
internal coherence, explanatory scope, compatibility with wider physics, and, where available, distinctive

empirical consequences.

Global uniqueness is not an interpretation-neutral success condition: Everett treats every decohered
branch as real. Yet decoherence alone does not complete Everett, which still requires a branching ontology and
an account of Born weights (Wallace, 2012). Rival frameworks add ontology, modify dynamics, or revise state
semantics; collapse theories remain distinctive because their modifications can yield empirical deviations (Bassi et
al., 2013). Claims that decoherence solves measurement must therefore specify the explanandum, the global
state's status, and the meaning of outcome.

A rigorous verdict should distinguish dynamical, representational, and ontological adequacy.
Dynamical adequacy concerns whether a model predicts the observed suppression of interference, stability of
records, and flow of information into the environment. These claims are quantitatively testable through
decoherence rates, pointer-state robustness, and fragment correlations. Representational adequacy concerns
whether the resulting reduced states license classical probabilistic descriptions for the observables actually
available to experimenters. Here decoherence succeeds conditionally: the approximation is extremely accurate
within the relevant local observable algebra, yet it does not turn an improper mixture into a proper ensemble.

Ontological adequacy asks what, if anything, makes one outcome actual. This criterion cannot be
assessed without specifying whether the quantum state is complete, whether linear evolution is universal, and
whether definiteness must be global. A collapse theory answers by modifying the dynamics; Bohmian mechanics
answers through configuration; Everett rejects unique global actualization; QBist and pragmatist accounts revise
what the state and outcome claims mean. Decoherence constrains each answer because any viable interpretation

must recover its stable record structure, but that shared constraint does not select among the answers.

This framework prevents two symmetrical errors. Inferring physical collapse directly from reduced-state
diagonality overstates dynamical evidence, whereas dismissing decoherence because it does not select an outcome
understates its explanation of classical records. The appropriate verdict is layered: strong dynamical success,
domain-relative representational success, and no interpretation-neutral ontological completion.

The verdict has important scope conditions. The analysis is nonrelativistic and assumes a useful
system—apparatus—environment factorization. Such structures are laboratory-motivated but need not be
fundamental; relativistic subsystem localization can depend on scale and representation (Wallace, 2012).
Interpreting diagonal weights also presupposes the Born rule, while quantum-Darwinist objectivity depends on
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fragment independence, memory effects, and observer access. Realizing spectrum-broadcast criteria in
interacting many-body environments remains open (Korbicz, 2021; Schlosshauer, 2019).

Three research directions are especially informative. The first extends operational objectivity to
non-Markovian and relativistic settings. The second probes collapse-model parameters while controlling
ordinary decoherence. The third seeks Born probabilities and cross-perspective agreement within unitary
interpretations. Progress on these problems will clarify whether stable records and definite outcomes remain
distinct in fundamental physics.

CONCLUSION

Environmental entanglement suppresses local interference, einselection identifies stable pointer states,
and redundant encoding makes them publicly accessible. Experiments support this open-system dynamics and
its dependence on alternative distinguishability. Together, these mechanisms explain effective classicality without
a fundamental quantum-—classical boundary.

Unitary decoherence neither removes unselected components nor designates one as the unique result.
Reduced-state diagonality yields classical local statistics, not global actualization. That step requires additional
ontology, modified dynamics, revised state semantics, or rejection of global uniqueness.

Within the nonrelativistic scope considered here, decoherence explains effective classicality and supports
operational objectivity under appropriate fragment-accessibility conditions. It cannot derive unique
actualization without further interpretive commitments. This boundary prevents coherence-loss evidence from
being overstated and locates the transition from dynamical explanation to interpretive commitment.
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