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Abstract

The double-slit experiment famously shows bright-dark interference fringes even when
individual photons or other quanta pass the slits one at a time. This paper explains the
phenomenon entirely within standard quantum-mechanical coherence theory and
open-quantum-system dynamics. We demonstrate that first-order field coherence governs
fringe formation; decoherence, phase noise, detector mode-matching, and the observer
effect (understood as information-induced decoherence) determine fringe visibility. A
worked numerical example shows how visibility decreases with increasing phase-noise
variance. These well-established mechanisms fully account for all observed effects — no
hidden medium or change in photon speed is required.

1 Introduction — The Puzzle

A classic double-slit setup sends individual photons (or electrons, atoms, etc.) through two
narrow slits. Although quanta arrive at the screen one by one, a fringe pattern appears after
many detections, as if each quantum "interferes with itself."

Four long-standing questions arise:

1. How can a single quantum interfere with itself?

2. Why does the interference pattern disappear when we try to detect which slit the
quantum used?

3. Why is fringe visibility reduced in real experiments even without explicit path
measurement?

4. Does photon speed or some hidden medium affect the pattern?

2 Key Answers in Brief

« Self-interference: results from the coherent superposition of the quantum amplitude
across both slits.

* Loss upon measurement: due to decoherence from acquiring which-way information,
formalised by Englert’s complementarity inequality.



* Reduced visibility: explained by environmental phase noise (e.g. vibration, air turbulence)
and detector mode-selectivity.

* Photon speed / medium: photons propagate at constant c in vacuum; interference
depends on coherence, not on any supporting medium.

3 Coherence Background

In wave optics, interference arises from the superposition of electromagnetic fields
originating from different points or paths. The mathematical measure of how well two such
fields “stay in step” with one another is the degree of coherence.

3.1 First-Order (Field) Coherence
For optical fields arriving at two points r; and r, on the observation screen, the first-order
degree of coherence is defined as:

Hl(rl,l‘z) =(E7(ry) E*(r2)) / \/[ I(ry) I(r2) ]

where:

* E" and E™ are the positive- and negative-frequency parts of the electric-field operator (or,
in classical optics, the analytic signal of the field),

¢ I(r) =(E7(r)E*(r)) is the local intensity at position r,

¢ (...) denotes a quantum or ensemble average over the source statistics.

The modulus |u?| lies between 0 and 1:

e |u*| = 1 - fields are perfectly coherent: they maintain a stable relative phase.

e |u*| = 0 > fields are completely incoherent: no fixed phase relation, hence no interference
fringes.

3.2 Fringe Visibility
When equal-intensity beams from the two slits overlap at a screen location, the local
intensity is:

I(x) =11(x) +(x) + 2\/[11(X)12(X)] |u1| cos(Ag),

where A is the relative phase difference arising from path-length difference or external
perturbations.

The fringe visibility — a directly measurable quantity defined by:
V = (ILmax - [_min) / (I_max + [_min),
reduces to:

V = |u*(ryrz)| (for equal intensities).



Thus, the contrast of the bright-dark pattern is numerically equal to the modulus of the
first-order coherence function.

3.3 Physical Interpretation

« A perfectly monochromatic, phase-stable laser beam yields |u*| 1 and hence nearly
100% contrast.

o A thermal or broadband source exhibits rapid phase fluctuations; its |u*| decays with slit
separation or optical-path delay, lowering V.

« Environmental disturbances — vibration, turbulence, thermal drift — effectively reduce
|u| by introducing random phase shifts.

The function p* therefore links source properties (spectral width, emission statistics) and
propagation conditions (path difference, stability) directly to the observed interference
visibility.

3.4 Coherence Length and Time
For a quasi-monochromatic source of central wavelength A and spectral width A2, the
temporal coherence length:

LcxA?/AA

defines the maximum path-length difference over which |u*| remains close to 1.
If the two slits’ optical-path difference exceeds L_c, the relative phase fluctuates randomly
from one photon to the next, and the fringes wash out.

3.5 Summary

This framework shows that interference is controlled not by particle speed but by phase
relationships of the fields.

Maintaining a large |u*| — hence high V — requires a narrow-band coherent source and
stable propagation conditions.

Any loss of phase correlation (due to source incoherence or environmental perturbation)
lowers |u*| and therefore reduces fringe contrast.

4 Open-System Dephasing Model

While the simple interference formula in Section 3 assumes a perfectly isolated quantum
state, any realistic double-slit experiment involves unavoidable interactions with the
environment: vibration of the slit edges, fluctuating electromagnetic fields, air molecules,
thermal radiation, detector back-action, etc. These couplings randomize the relative phase
between the two path amplitudes and thereby reduce the contrast of the interference
fringes. A rigorous description is provided by the open-quantum-system approach, where
the two-path system is treated as a reduced subsystem of a larger environment.



4.1 Path Basis as a Qubit

The two slits define a natural two-level Hilbert space:
¢ |0) —= particle passed through slit A

e |1) —= particle passed through slit B

A single quantum prepared with equal amplitude to traverse both slits is written as:

[W(0)) = (1/v2)(|0) + [1)).

The corresponding density matrix in this basis is:
p(0) ="2[[1, 1], [1, 1]],

whose off-diagonal elements encode the relative phase coherence responsible for
interference.

4.2 Lindblad Master Equation
To describe decoherence we evolve p(t) using the Lindblad master equation:

dp/dt=-(i/h)[H, p] + ye D[oz] p

where:

* H governs unitary evolution (e.g., phase accumulation due to path-length difference),
¢ y@ 2 0 is the pure-dephasing rate characterizing random phase kicks from the
environment,

e 0z = |0){0| - [1){1] acts on the path basis,

¢ The Lindblad dissipator is D[L]p = LpLt - %.{LtL, p}.

This term damps the off-diagonal elements of p while leaving the path populations
unchanged — exactly what is expected for phase-noise without energy loss.

4.3 Solution for the Coherence Term
Solving the above equation for the initial superposition gives:
po1(t) = Y2 e"(-2ye ) e™{ip(t)}

where @(t) is the deterministic phase shift due to path-length difference.
The factor e”(-2y t) quantifies the loss of coherence with time or propagation distance.

4.4 Fringe-Visibility Decay

Since interference fringes arise from the cross term proportional to py4, the visibility
evolves as:

V(t)=Voe"(-2vo 1)

with Vj the initial visibility in the absence of dephasing. Thus even small y¢ will lead to an
exponential reduction in contrast over time or optical distance.



4.5 Physical Interpretation of y¢

The rate y@ can be related to measurable environmental fluctuations. Examples:

* Thermal or acoustic vibration of optical elements causing fluctuating path-length
difference AL(t).

¢ Turbulent air currents inducing refractive-index changes along one path.

» Background electromagnetic fields coupling differently to each path.

For small, Gaussian fluctuations of the relative phase with variance o@?(t) o« t, one finds y¢
x (Y¥) do@?/dt, making the Lindblad decay equivalent to the Gaussian phase-noise model of
Section 5.

4.6 Limiting Cases

* Y@ — 0 — perfectly isolated, fully coherent system: visibility remains V(t) = V,.

« Large y¢ — rapid decoherence: fringes wash out over short propagation.

¢ Intermediate y¢ — gradual exponential decay of contrast, in good agreement with
laboratory observations.

4.7 Summary

The open-system model shows that loss of fringe visibility is not due to loss of photons or
change in their speed, but to the decay of the off-diagonal phase coherence caused by
environmental noise.

By minimizing y¢ — for example, through vibration isolation, vacuum enclosures, and
spectral filtering — experiments can maintain high-contrast fringes even for single-photon
interference over long distances.

5 Phase-Noise Description

While the Lindblad model in Section 4 describes decoherence abstractly, many laboratory
interferometers can attribute most fringe-contrast loss to classical random phase
fluctuations between the two paths. These fluctuations often arise from mechanical
vibration, acoustic noise, thermal drifts, or turbulent refractive-index changes that alter the
optical path length.

5.1 Random Phase Fluctuations

Let the relative phase between the two slits be:
D(t) = Do + 8(1),

where @, is the static phase set by geometry and §¢(t) is a zero-mean random process
describing fluctuations.

When averaging over many detection events or over a long measurement time, these
fluctuations wash out part of the interference term. The averaged fringe term becomes:
(cos(@o + 8¢p)) = cos P - e”(-0¢” / 2),



if the fluctuations are Gaussian with variance o?.

Hence the measured fringe visibility is:
V= VO * eA(_G(pZ / 2)1

where V) is the ideal visibility for a perfectly stable interferometer.

5.2 Spectral Representation of Phase Noise

The phase-noise variance is not arbitrary; it can be calculated from the noise spectrum of
the fluctuating path difference. If the random process is stationary and described by a
one-sided phase-noise power-spectral density S@(w), then:

0¢? = Jo" o0 Sep(w) [H(w)|* dw / (2m),

where:
* S(w) has units of rad®*/Hz and quantifies how much phase variance is contributed by
each frequency component of the disturbance.
¢ H(w) is the interferometer transfer function that tells how strongly a fluctuation at
frequency w in the environment couples into a phase change at the output.

- High-frequency vibrations may be suppressed by inertia or by electronic averaging,
while low-frequency drifts pass through almost undamped.

This formula is widely used in laser-interferometer metrology to predict fringe contrast
from measured vibration spectra.

5.3 Physical Interpretation

« A narrow-band, mechanically isolated interferometer with small c¢? retains almost the
full contrast (V = Vy).

« Increasing o@? — for instance due to building vibrations or temperature swings —
exponentially suppresses the interference term.

« The dependence is non-linear: doubling ¢? multiplies V by e”(-o¢? / 2), so small
improvements in mechanical stability can lead to significant gains in fringe visibility.

5.4 Connection to Decoherence Rate

If the phase fluctuations follow a Brownian-motion-like diffusion, c@? grows linearly with
time:

op*() 2 y@ t.

In that regime the phase-noise model becomes equivalent to the Lindblad dephasing model
of Section 4, with:

V() =Vo-e(-yo 1.

Thus the two descriptions are mathematically consistent but highlight different viewpoints:



¢ Lindblad — open-system quantum master equation,
» Phase-noise — classical stochastic-process picture.

5.5 Experimental Determination

Experimentally one can measure S¢(w) by monitoring a reference interferometer or by
using vibration sensors near the setup. Multiplying by |H(w)|? and integrating yields c@?,
which then predicts the expected fringe-visibility degradation without adjustable
parameters.

5.6 Summary

The phase-noise description shows that visibility loss is governed by the variance of
random phase fluctuations in the interferometer. This approach links measured
environmental spectra to a simple exponential law for fringe contrast, allowing engineers to
predict and improve interference stability by vibration isolation, thermal control, and active
feedback.

6 Detector Mode-Matching

In any real double-slit or interferometric measurement, the recorded fringe pattern
depends not only on the optical field arriving at the detector plane but also on the
characteristics of the detection system itself. Detectors are not infinitely fast, broadband, or
spatially uniform; they respond only to a limited range of spatial, spectral, and temporal
modes. The ability of the detector to register photons that belong to the same coherent
mode from each slit strongly affects the observed fringe contrast.

6.1 Mode-Selection by the Detector

Let the detector’s acceptance be described by a normalized mode-selecting gate function
f(t) that incorporates:

* Temporal window: finite response time, gating electronics, or coincidence window in
photon-counting setups.

« Spectral passband: set by filters or the detector’s own bandwidth.

¢ Spatial mode: defined by the active-area geometry, pinholes, or coupling into a
single-mode fibre.

Photons arriving outside the selected mode are either rejected or contribute incoherently to
the detected intensity.

6.2 First-Order Coherence Measured by a Mode-Matched Detector
The detected first-order coherence between fields from slits 1 and 2 is therefore the
mode-weighted overlap integral:

I = [ f(t) (ar (1) az(1)) dt

where a,(t) and a,(t) are the field-mode annihilation operators (or analytic field



amplitudes) from slits 1 and 2 within the selected detection mode. The integral accounts for
how well the detector’s gate overlaps with the temporal coherence envelope of the source.

6.3 Recorded Visibility
The experimentally measured fringe contrast is:

V=[2[T ]/ [{n1) +(nz)]

where (n,;) and (n.) are the mean detected photon numbers (intensities) from each slitin
the same detection mode.

o If f(t) is broad in time and frequency or poorly aligned in space, the detector averages over
many mutually incoherent sub-modes — the numerator || shrinks - V decreases.

o If f(t) selects only the subset of photons that are mutually coherent — e.g. by narrowing
the spectral filter, reducing the gate width, or improving optical alignment — |T'*| grows
relative to the total counts — V increases.

6.4 Physical Interpretation

Mode-matching describes a measurement-side effect: it changes the fraction of the incoming
field that is detected coherently. It does not modify the intrinsic propagation of photons or
require any exotic medium. Rather, it governs how faithfully the detector samples the
already existing coherent portion of the field.

6.5 Practical Strategies to Improve Mode-Matching

o Spatial alignment: use pinholes or fibre coupling to select a single spatial mode common to
both slits.

e Spectral filtering: narrower bandpass filters exclude incoherent frequency components.

* Temporal gating: shorter coincidence or integration windows suppress uncorrelated
background counts.

 Detector uniformity: ensure identical efficiency and gain for the two channels to avoid
imbalance.

These steps maximize |I'!| and bring the measured visibility closer to the theoretical limit
set by the source coherence.

6.6 Summary

Detector mode-matching clarifies that loss of measured fringe contrast can stem entirely
from the detection optics/electronics, even when the incoming field is perfectly coherent.
Optimizing mode-matching is therefore crucial for high-contrast single-photon interference
experiments but has no implication for the fundamental wave-particle nature of light.

7 Complementarity — Which-Way Trade-off

One of the most striking features of the double-slit experiment is the mutual exclusivity
between observing clear interference fringes and knowing through which slit the particle



passed. This principle is a concrete expression of Bohr’s complementarity: the wave-like
interference pattern and the particle-like path knowledge cannot be simultaneously
maximal.

7.1 Path Distinguishability (D)

Any device or interaction that can, even in principle, reveal which slit a particle took
introduces path distinguishability. For example:

* A weak probe field that scatters off the particle only in slit A.

¢ A micromirror or vibrating membrane whose motion depends on the path.

« An entangling photon that “tags” one slit by polarization.

The strength of such which-way marking is quantified by a dimensionless distinguishability
parameter D, defined such that:

¢ D = 0 = no path information is available, paths are completely indistinguishable.

¢ D =1 - perfect which-way information: an ideal observer could tell the slit with certainty.

7.2 Visibility (V)
The interference visibility V quantifies the contrast of the bright and dark fringes on the
detection screen:

V = (ILmax - [_min) / (ILmax + [_min).

For fully coherent, indistinguishable paths, V = 1. Any acquisition of path information
lowers the amplitude of the cross-term in the intensity and reduces V.

7.3 Englert’s Inequality
Berthold-Georg Englert formalized this complementarity in the inequality:

VZ+D?%<1,

which holds for any two-path interference experiment under very general conditions. The
relation shows a trade-off: as the distinguishability D approaches unity, the maximum
attainable visibility must drop toward zero.

7.4 Quantum-Eraser Aspect

Because distinguishability stems from entanglement between the path degree of freedom
and some marker system, it is sometimes possible to erase the which-way information by
measuring the marker in a basis that does not reveal the path. This quantum-eraser
procedure effectively sets D = O for the selected subset of events and restores high-contrast
fringes in the corresponding coincidence counts. This highlights that the reduction in V is
not caused by a mechanical disturbance but by the mere availability of path information.

7.5 Physical Examples
* Weak measurement: Even a faint scattering photon that, in principle, could be detected
carries away some path information, thereby lowering V even if it is never actually



measured.

« Polarization tagging: Placing orthogonal polarizers in front of each slit sets D = 1 and
eliminates fringes; inserting a diagonal polarizer before detection erases the tag and
restores interference.

¢ Atom interferometers: Using internal states of atoms as which-way markers demonstrates
the same quantitative trade-off.

7.6 Summary

Complementarity in the double-slit experiment is captured by the visibility-
distinguishability inequality V> + D? < 1. Any gain in which-way knowledge necessarily
diminishes the fringe contrast. Conversely, erasing or preventing path-marking correlations
restores the full interference pattern. This quantitative law underscores that wave-like
interference and particle-like path information are incompatible manifestations of the same
quantum state.

8 Worked Numerical Example

To make the preceding theoretical results more concrete, we calculate how fringe visibility
(V) degrades as the variance of random phase fluctuations (o¢?) increases due to
environmental noise. We use the phase-noise law derived in Section 5:

V=V,-e’-0p?/2),

where V is the initial (ideal) visibility in the absence of disturbances.

8.1 Case 1 - Slight Vibrations
Suppose the interferometer is well-isolated but residual mechanical vibrations introduce a
small phase jitter with variance:

o@?=0.04 rad?
Using the formula:

V=1xer-(0.04)/2)
= e7(-0.02)
~0.98

Result:
The visibility is reduced only by about 2%, from 1.00 down to 0.98, essentially preserving
high-contrast fringes.

8.2 Case 2 —Increased Vibrations
Now imagine vibrations worsen due to poor isolation or external building noise, raising the
phase-noise variance to:



o@?=0.50 rad?.
We compute:

V=1 xe(-(0.50)/2)
= e7(-0.25)
~0.78

Result:
The visibility drops significantly — a 22% loss of fringe contrast, producing visibly
shallower bright-dark modulation on the detection screen.

8.3 Interpretation

These two cases demonstrate that:

« Even small phase fluctuations (c¢? ~ 0.04) have only a minor impact.

 Moderate environmental noise (c¢? ~ 0.50) can noticeably degrade interference quality.
« The dependence is exponential, so fringe contrast deteriorates rapidly as o@? grows
beyond ~1 rad>®.

This illustrates the importance of maintaining vibration isolation, temperature stability, and
narrow spectral filtering to keep o@? small.

8.4 Experimental Relevance

Measurements of 6@ can be inferred from vibration sensors or from the interferometer’s
own phase-error signal. By applying the same exponential law, experimentalists can predict
fringe-visibility degradation before running the actual interference test, and they can
prioritize noise-control measures to keep o@?* < 0.1 rad? for near-ideal contrast.

8.5 Summary

This worked example bridges theory and practice: the exponential law V =V, - e*(-o¢? / 2)
quantifies the sensitivity of fringe contrast to environmental disturbances and provides a
numerical guide for designing stable double-slit interferometry setups.

9 Experimental Validation

The theoretical descriptions of fringe-visibility loss — based on phase-noise, dephasing, and
mode-matching — are strongly supported by decades of precision interference
experiments. These results confirm that the decay of interference patterns can be fully
understood as loss of coherence due to environmental noise and detection limits, without
invoking any change in photon velocity or exotic propagation medium.

9.1 Long-Distance Single-Photon Interference
One of the landmark demonstrations of coherence preservation over macroscopic distances
was reported by Zbinden et al. (Physical Review Letters, 1999). Their experiment



transmitted time-energy entangled photons through optical fibres exceeding 10 km in
length and recombined them in a Franson-type interferometer.

 Despite the enormous baseline, the experiment achieved high-visibility single-photon
interference fringes whenever environmental phase drifts were actively stabilized.

e This result confirms that photons maintain their intrinsic wave-like coherence over
kilometre scales if 6@? « 1 rad?, as predicted by the exponential law V =V - e*(-o¢? / 2).
* No deviation from the expected speed of light in the fibre or any need for an additional
medium was observed.

9.2 Laboratory Interferometer Studies

Numerous table-top Mach-Zehnder and Michelson interferometers have measured fringe
visibility as a function of controlled vibration amplitude, acoustic noise, or detector
bandwidth:

 Vibration-induced phase jitter: By mounting a mirror on a piezo actuator to introduce a
known sinusoidal phase modulation, researchers directly confirmed the exponential
visibility decay predicted by the phase-noise model.

* Detector bandwidth and temporal gating: Narrowing the detection gate to select photons
arriving within the coherent temporal envelope increased |I'!| and restored visibility, in
precise agreement with the mode-matching framework (Section 6).

e Spectral filtering: Incoherent broadband light produced low-visibility fringes, while
narrowing the filter bandwidth increased V according to the predicted coherence-length
relationship.

These controlled experiments validate that environment-induced phase fluctuations and
detection-mode overlap are the primary determinants of interference contrast.

9.3 Absence of Photon-Velocity Anomalies
Across a wide range of optical-frequency double-slit, Mach-Zehnder, and long-baseline
interferometry experiments:

e The group and phase velocities of photons are found to agree with the known dispersion
of the medium (air, vacuum, or optical fibre).

* No experimental evidence suggests that single-photon propagation slows down, speeds
up, or requires a supplemental “support medium” in low-flux regimes.

« All observed reductions in fringe contrast can be explained by phase-noise variance o@?,
dephasing rate y, and imperfect detector mode-matching — with no departure from
Maxwell’s equations or special relativity.

9.4 Summary

Experimental validation from both kilometre-scale quantum-communication
interferometers and laboratory-scale precision optical setups consistently supports the
theoretical models presented in this paper:



1. Coherence survives over long distances when environmental phase noise is suppressed.
2. Visibility decreases exponentially with o¢? in accordance with the
phase-noise/dephasing theory.

3. Detector characteristics (spatial, spectral, temporal) affect measured V exactly as
predicted by the mode-matching formalism.

4. Photon velocity remains constant; no extra medium is needed to sustain interference.

These findings confirm that fringe-contrast degradation is a coherence issue, not a
propagation-speed anomaly, reinforcing the view that the wave-particle duality emerges
from quantum-state coherence and information flow.

10 Discussion — Observer Effect as Decoherence

The “observer effect” in quantum mechanics is often misinterpreted as implying a special
role for a conscious human observer. In fact, modern quantum theory shows that no
conscious awareness is required. The term refers to any physical interaction capable of
leaving a record of the system’s path or state in the environment. Such interactions disturb
the phase relationship between the two interfering paths, thereby reducing the observed
fringe contrast.

10.1 Path Information as Entanglement

Whenever a particle passes through the slits, its path degree of freedom may become
entangled with external degrees of freedom — for example:

« A stray photon scattered off the particle on one path.

A sensor or detector positioned near a slit that slightly absorbs or shifts phase.

* A molecule of air or lattice vibration that recoils differently depending on which slit is
traversed.

Each of these interactions carries away a faint “which-way marker” that could, at least in
principle, be measured later to infer the path. Even if that information is never actually read
out, the entanglement itself reduces the ability of the two path amplitudes to interfere.

10.2 Decoherence in the Density-Matrix Picture
Mathematically, this loss of interference is described by the decay of the off-diagonal
coherence elements of the density matrix. For the two-path qubit model:

dp/dt = ... + yo D[oz]p,

where the dephasing rate y¢ now includes not only ambient mechanical phase-noise but
also the extra phase randomness induced by these information-leaking interactions. As a
result:

Po1(t) > 0and V(t) = Vo - e*(-2y@p t)



decays over time or propagation distance.

10.3 Link to Visibility—Distinguishability Complementarity
The Englert inequality:

VZ+D?<1

expresses the trade-off between fringe visibility (V) and path distinguishability (D). When
environmental couplings grow stronger, D increases (more path information becomes
available), which necessarily lowers V. This formal connection shows that the observer
effect is nothing more than an increase in D via entanglement.

10.4 No Special Role for Human Observation

A crucial insight is that merely looking at the screen after interference has occurred does
not alter the outcome. The decisive step is the microscopic physical interaction that extracts
which-path information before the two amplitudes recombine. A human observer simply
reads the already-registered signal; the interference was either preserved or destroyed
earlier by decohering interactions.

10.5 Quantum-Eraser Perspective

Because the suppression of fringes stems from information being present somewhere in the
environment, one can sometimes erase that information — for example, by measuring the
marker in a complementary basis so it no longer carries which-way knowledge. Such
quantum-eraser experiments confirm that it is the availability of path information, not any
irreversible physical disturbance, that suppresses interference.

10.6 Unified View

The observer effect therefore fits seamlessly into the same phase-noise/decoherence
framework already used to describe environmental disturbances. It does not imply mystical
consciousness-driven collapse but rather an information-theoretic loss of coherence due to
uncontrolled entanglement with external degrees of freedom.

10.7 Summary

* Observer effect # human observation; it is information-induced decoherence.

¢ Any process that leaks path information increases D, enhances y@, and lowers V.

* The decay of pg; and reduction of V(t) are quantitatively predicted by the same Lindblad
formalism used elsewhere in this paper.

¢ Understanding this link helps in designing experiments that suppress unwanted coupling
— for example, by working in high vacuum, using low-scattering wavelengths, or actively
shielding detectors — to preserve interference even at the single-photon level.



11: Conclusion

The double-slit experiment, long regarded as a central puzzle of quantum physics, finds a
natural and complete explanation within the established framework of quantum
superposition and coherence theory. When a single particle is prepared in a superposition
of two spatially separated slits, the interference fringes arise from the off-diagonal
coherence between the path states. The loss or recovery of those fringes is entirely
governed by how well that coherence is preserved on its journey from source to detector.

11.1 Unified Theoretical Framework
This work has combined several complementary descriptions into one coherent picture:

» Decoherence theory with Lindblad dynamics — quantifies how environmental couplings,
represented by a dephasing rate y, suppress the off-diagonal term py4(t) and hence the
fringe contrast.

* Phase-noise modelling — relates the same loss of coherence to a measurable variance o
of random path-length fluctuations; the law V = V, - e*(-o@? / 2) connects fringe visibility
directly to phase-noise statistics.

» Detector mode-matching — clarifies that even with a coherent source, the measured
visibility can be reduced if the detector does not select mutually coherent spatial, spectral,
or temporal modes.

¢ Complementarity and the observer effect — explain that any process leaking which-way

2

information effectively increases path distinguishability D, thereby reducing V according to
Englert’s inequality V2 + D? < 1. The so-called observer effect is therefore not mystical but
simply information-induced decoherence.

11.2 Experimental Consistency
All of these mechanisms have been verified in laboratory and long-baseline interferometer
experiments:

« Ultra-long-distance single-photon interference (Zbinden et al., PRL 1999) confirmed that
high-contrast fringes persist over >10 km when phase noise is controlled.

 Table-top interferometers demonstrate visibility loss and recovery consistent with
phase-noise variance, vibration isolation, spectral filtering, and detector gating.

* No experimental data indicate any deviation of photon propagation speed or the need for
a hidden substrate or medium.

11.3 Predictive and Practical Value
Because the framework is tied to directly measurable parameters — y, c¢?, coherence
length, detector bandwidth, and path distinguishability D — it enables:

 Quantitative prediction of fringe visibility under realistic experimental conditions.
» Engineering control of interference quality by minimizing phase noise, improving
isolation, and optimizing detector mode-matching.



» Design of advanced experiments, including quantum-eraser protocols and long-distance

quantum-communication tests.

11.4 Final Perspective

The apparent mystery of the double-slit pattern’s disappearance under observation

dissolves once interference is recognized as a manifestation of quantum coherence. When
coherence is preserved, even single photons interfere with themselves; when coherence is
lost through phase noise, mode-mismatch, or information leakage, the fringes fade. No
hidden background substrate or modification of photon velocity is required: the standard
laws of quantum optics, when applied with decoherence theory, suffice to explain every

observed phenomenon.
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