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Abstract

The disappearance of the interference pattern in Young’s double-slit experiment upon the
acquisition of which-path information is frequently misrepresented as requiring a conscious
observer. In this brief note, we dispel this philosophical misinterpretation by framing the
“observer effect” strictly within the mathematical formalism of quantum decoherence. By
treating the detector as a macroscopic environmental system and evaluating the joint unitary
evolution, we demonstrate that the disappearance of the interference fringes is a direct
mathematical consequence of environmental entanglement. Extracting the reduced density
matrix of the photon via the partial trace operation suppresses the off-diagonal interference
terms, yielding a classical probability distribution without invoking wavefunction collapse
or conscious intervention.

1 Introduction: The Measurement Riddle

In the canonical double-slit experiment, a single photon passing through an apparatus unob-
served behaves as a wave, generating an interference pattern on a distant screen. However,
the introduction of a detector to determine “which-path” information invariably destroys this
pattern, causing the photon to behave as a classical particle.

Popular science often frames this as a paradox, implying that the quantum system “knows”
it is being watched. In this note, we provide a mathematically rigorous resolution to this
apparent riddle. By applying the standard framework of open quantum systems, we show that
the transition from quantum superposition to classical probability is a purely physical process
governed by unitary entanglement and the partial trace over environmental degrees of freedom.

2 The Isolated Photon: Coherent Superposition

We begin by defining the unobserved photon as an isolated pure state. The photon’s wavefunc-
tion is a coherent superposition of passing through slit 1 (|S7)) and slit 2 (]S2)):
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To determine the spatial probability distribution on the detection screen, we construct the
density matrix of the pure state, p = [1)(¢|. The probability P(z) of detecting the photon at
position x is given by the expectation value:
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where ¢;(x) = (z|S;). The final term, Re[¢)](x)y2(z)], represents the quantum cross-terms.
This mathematical interference term is the direct generator of the wave-like alternating bands
of light and dark on the screen.



3 Coupling to the Environment: The Detector

We now introduce the “observer”—a physical detection apparatus. Rather than treating mea-
surement as a discontinuous collapse, we treat the detector as a quantum system (the environ-
ment, D) initially in a neutral state |Dy).

The total initial state of the universe (Photon ® Detector) is a separable state:
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During the measurement interaction, the photon and the detector undergo unitary evolution,

becoming entangled. If the photon transverses slit 1, the detector’s state transitions to |Dy); if
slit 2, the detector transitions to |D2). The post-measurement joint state becomes:
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4 The Partial Trace and Decoherence

The physical screen located at the back wall measures only the spatial position x of the photon;
it does not measure the internal microscopic degrees of freedom of the detector at the slits. To
predict the pattern on the screen, we must evaluate the state of the photon subsystem alone.

In the formalism of quantum mechanics, this requires computing the reduced density matrix
of the photon, pg, by tracing out the environmental degrees of freedom (the detector):
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Expanding this explicitly, the reduced density matrix takes the form:
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The off-diagonal elements of the reduced density matrix are weighted by the overlap of the
environmental pointer states, thereby directly quantifying the remaining coherence of the photon
subsystem. Evaluating the expectation value (x|pg|z), the new probability distribution on the
screen becomes:
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Crucially, the interference term is now modulated by the inner product of the detector’s envi-
ronmental states, (Do|D1).

5 Mathematical Resolution

For an ideal detection apparatus to effectively determine which path the photon took, the
macroscopic state of the detector having measured slit 1 must be perfectly distinguishable from
its state having measured slit 2. Mathematically, this requires the two environmental states to
be strictly orthogonal:
(D2|D1) = 0. (8)

Realistically, for any macroscopic environment, the overlap is exponentially small (|{Dy]|D1)| <
1), meaning decoherence suppresses the interference terms extremely rapidly.

Substituting the ideal limit into Equation (7), the quantum interference cross-terms math-
ematically vanish. The probability distribution reduces to:
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This is exactly the classical probability distribution for a particle passing through one slit or
the other, devoid of any wave-like interference fringes.



6 Reversibility and the Quantum Eraser

The suppression of interference is not fundamentally irreversible. If the “which-path” informa-
tion encoded in the environment is erased (making (D|D;) # 0), interference can in principle
be recovered if coherence is restored before irreversible environmental decoherence has dispersed
the which-path information. This phenomenon, demonstrated in quantum eraser experiments,
reinforces that it is the physical information encoded in entanglement—mnot the act of conscious
observation—that dictates the presence or absence of an interference pattern.

7 Conclusion

The disappearance of the interference pattern does not require a conscious observer, nor does
it imply that the photon “knows” it is being measured. The pattern vanishes as a strict math-
ematical consequence of quantum entanglement. By interacting with a macroscopic object,
the photon leaks its quantum coherence into the vastly larger state space of the environment.
Because we do not measure the environment simultaneously with the photon, the partial trace
over the distinct detector states dynamically suppresses the off-diagonal interference terms.
Decoherence explains the effective loss of observable coherence and the emergence of classical
probabilities, while questions regarding the selection of a unique measurement outcome remain
interpretation dependent.
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