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Abstract 
We introduce a configuration-dependent parametrisation of coherence in 
Wheeler’s delayed-choice experiment based on the complex quantity  

t iτ= − . The real component t  retains its usual causal role, while the im-
aginary component τ  encodes the attenuation of coherence without repre-
senting a physical time coordinate or an additional degree of freedom. Differ-
ent interferometric configurations correspond to different decompositions of 
 , effectively acting as an internal rotation that modifies the imaginary-time 
difference between paths and therefore the visibility. This mechanism alters 
coherence without affecting causal evolution and does not require retrocau-
sality. The construction is fully compatible with standard quantum mechanics: 
it preserves unitary evolution, the Born rule, and the structure of completely 
positive trace-preserving (CP-TP) maps, and is equivalent to a standard dephas-
ing channel written in a compact parametrised form. The framework yields 
experimentally testable predictions for visibility modulation and temporal cor-
relations, including a temporal CHSH protocol that departs from classical 
bounds through the configuration dependence of Δτ  rather than through 
any modification of the underlying dynamics. 
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1. Introduction 

Wheeler’s delayed-choice experiment [1] [2] provides a clean operational setting 
to analyse how interference depends on the final measurement configuration. In 
the standard Mach-Zehnder implementation, a single photon encounters the first 
beam splitter (BS1), and the experimenter may later choose whether the second 
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beam splitter (BS2) is present or absent. The closed configuration yields interfer-
ence, while the open configuration provides which-path information. As empha-
sised in modern analyses [3], this scenario does not imply any retrocausal influ-
ence: the experiment is fully described within standard quantum mechanics, and 
the late choice affects only the operational conditions under which phase relations 
are revealed. 

The present work does not rely on retrocausal interpretations. Instead, it fo-
cuses on how the final configuration determines the effective phase structure rel-
evant to interference. We introduce the complex time variable  

 ,t iτ= −  (1) 

where t  is the usual causal parameter and τ  is a configuration-dependent pa-
rameter encoding the attenuation of coherence. This construction does not intro-
duce new physical degrees of freedom; it provides a compact reparametrisation of 
the dynamical phase, analogous to expressing dephasing as an imaginary-time 
contribution within standard quantum mechanics. 

Scope of the present approach. The framework introduced here should be un-
derstood as a compact parametrisation of standard dephasing mechanisms rather 
than a modification of quantum dynamics. It does not propose a new physical 
process but reformulates configuration-dependent coherence within the estab-
lished CP-TP structure, providing a concise way to track how interferometric set-
tings influence visibility without altering the underlying physics. 

Physical origin of configuration-dependent dephasing. In realistic interfero-
metric platforms, the visibility is known to depend on several configuration-con-
trolled mechanisms such as path distinguishability, phase noise, spectral mismatch, 
and imperfect spatial or temporal mode overlap. Changing the interferometric 
setting (inserting or removing BS2, adjusting a phase shifter, or modifying the 
optical path) alters the effective overlap between the two arms and therefore the 
amount of coherence that can be revealed at the output. The parameter τ  intro-
duced in the present framework does not represent a new physical process; it sum-
marises the net effect of these standard sources of configuration-induced dephas-
ing within a single compact quantity. This makes explicit, in a unified notation, 
how the measurement configuration controls the effective coherence without mod-
ifying the underlying quantum dynamics. 

Different interferometric configurations correspond to different values of an 
internal angle θ  that determines how   is decomposed into its real and im-
aginary components. The parameter τ  is therefore fixed only once the measure-
ment setting is specified, reproducing the operational structure of delayed-choice 
experiments without modifying causal evolution or invoking non-standard tem-
poral mechanisms. 

The objective of this work is to formulate this parametrisation in a consistent 
manner, derive its consequences for visibility, and show that it is equivalent to a 
standard completely positive trace-preserving (CP-TP) dephasing channel. The 
approach preserves unitary evolution, the Born rule, and the usual operator for-
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malism, and yields experimentally testable predictions for visibility modulation 
and temporal correlations, including a temporal CHSH protocol. 

Beyond the operational structure of delayed-choice experiments, the present 
work is situated within a broader research landscape concerning quantum coher-
ence and its modulation by measurement contexts. Decoherence theory has long 
provided a framework for understanding how environmental interactions sup-
press interference, with foundational contributions by Zurek, Joos, Schlosshauer 
and others [4]-[6]. In these approaches, coherence loss is described through com-
pletely positive trace-preserving (CP-TP) channels, typically modelled as dephas-
ing or amplitude-damping processes. The present work does not modify these 
mechanisms; instead, it introduces a compact parametrisation of dephasing that 
highlights how configuration-dependent phase relations enter interferometric vis-
ibility. 

Related ideas also appear in geometric and phase-based formulations of quan-
tum mechanics. The geometric phase introduced by Berry and its generalisations 
by Simon, Aharonov-Anandan, and others [7]-[9] emphasise the role of internal 
geometric structure in quantum evolution. While the present framework does not 
introduce a geometric phase in the usual sense, it shares with these approaches the 
idea that internal parameters—here encoded in the decomposition of  —can 
influence observable interference without altering the underlying dynamics. The 
use of a complex parameter to encode coherence is also reminiscent of imaginary-
time techniques in quantum field theory and statistical mechanics, although the 
present construction is not an analytic continuation but a bookkeeping parametri-
sation of CP-TP dephasing. Related formulations involving complex or imaginary 
time have also been explored in various contexts, including non-Hermitian exten-
sions, complex-time path integrals, and imaginary-time techniques in quantum 
field theory [10]-[13]. 

Relation to existing complex-time approaches. The present construction dif-
fers from other uses of complex or imaginary time in the literature. It is not a Wick 
rotation, an analytic continuation of the Schrödinger equation, nor a pseudo-Her-
mitian or PT-symmetric extension of quantum dynamics. In all these approaches, 
the imaginary component of time is associated with a modification of the Hamil-
tonian or of the underlying evolution. By contrast, the parameter τ  introduced 
here does not alter the generator of dynamics and does not correspond to a phys-
ical time coordinate. It is a configuration-dependent parametrisation of dephasing 
within standard quantum mechanics, introduced solely to make explicit how in-
terferometric settings affect the effective phase structure. The model therefore re-
mains fully within the standard Hilbert-space formalism and does not rely on any 
analytic continuation or non-Hermitian extension. Other uses of imaginary or 
complex time appear in Euclidean field theory and statistical mechanics, notably 
in Wick rotations, vacuum polarisation, and Euclidean path integrals [14]-[16]. 

Time-symmetric and relational formulations of quantum mechanics provide 
another context in which temporal structure is treated beyond the standard single-
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parameter picture. Approaches such as the two-state vector formalism (TSVF) 
[17] and the Page-Wootters mechanism [18] explore how temporal correlations 
and conditioning on measurement settings shape quantum predictions. Earlier 
analyses of pre- and post-selected systems and time-symmetric quantum mechan-
ics also emphasise how conditioning on measurement settings influences temporal 
structure [19]-[21]. Although the present work does not rely on time-symmetric 
dynamics or relational time, it shares with these frameworks the emphasis on how 
measurement configuration determines the effective temporal structure relevant 
to interference. 

Finally, the study of temporal correlations and temporal Bell inequalities has 
developed into a mature field, with significant contributions by Leggett and Garg, 
Brukner, and others [22] [23]. Additional perspectives on temporal quantum struc-
ture include causally neutral Bayesian formulations and analyses of indefinite causal 
order [24] [25]. These works highlight that temporal correlations exhibit quantum 
features distinct from spatial nonlocality, and that coherence plays a central oper-
ational role in determining temporal CHSH violations. The complex-time para-
metrisation introduced here provides a compact way to encode how configura-
tion-dependent coherence enters such temporal scenarios, without modifying the 
standard operator formalism or introducing hidden variables. This situates the 
present work within ongoing efforts to understand the structure of temporal quan-
tum correlations and their experimental signatures. 

Broader approaches to temporal structure, including consistent-histories for-
mulations and foundational analyses of temporal ordering, provide additional 
context for the present parametrisation [26]-[30]. 

Main contribution. The present work does not introduce new physical degrees 
of freedom nor any modification of quantum dynamics. Its contribution is to 
make explicit a structural feature that is implicit in the standard CP-TP descrip-
tion of dephasing. The key novelty is the identification of a configuration-depend-
ent internal rotation 
 e ,it i R θτ −= − =  

whose angle θ  is fixed only by the final interferometric setting. This repara-
metrisation shows that delayed-choice interference can be understood as a rota-
tion in the complex plane that reorganises the imaginary-time contribution enter-
ing visibility, without altering causal evolution in t . This leads to: 
• a compact parametrisation of configuration-dependent coherence fully equiv-

alent to a standard CP-TP dephasing channel;  
• a clear operational mechanism for delayed-choice effects based on the config-

uration dependence of Δτ , rather than on any retrocausal influence;  
• experimentally testable predictions for visibility modulation under late config-

uration changes;  
• a temporal CHSH protocol whose violation arises from the configuration de-

pendence of the imaginary-time difference, not from any modification of quan-
tum dynamics.  
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A possible experimental protocol capable of testing the operational relevance of 
the configuration-dependent parameter τ is presented in Appendix A. This sec-
tion isolates the conceptual and operational novelty of the approach, distinguish-
ing it from geometric phases, imaginary-time methods, and non-Hermitian ex-
tensions. Importantly, the novelty is not the introduction of a new variable, but 
the explicit identification of a configuration-dependent rotation that reorganises 
the imaginary-time contribution in a way that is not manifest in the standard CP-
TP formulation. This internal rotation is not a physical process but a structural 
feature of the dephasing map that becomes operationally relevant in delayed-
choice scenarios. 

Clarification on temporal CHSH violations. The temporal CHSH violation 
discussed in this work is not a novel prediction of the complex-time parametrisa-
tion. Standard quantum mechanics already predicts violations of classical tem-
poral bounds through contextuality and the non-commutativity of sequential meas-
urements, independently of any reparametrisation. The role of the present frame-
work is therefore not to introduce new dynamical effects, but to express the con-
figuration dependence of the visibility in a compact form through the parameter 
Δτ . An experimental violation of a temporal CHSH inequality would thus con-
firm the standard quantum-mechanical structure of temporal correlations, rather 
than providing evidence for the complex-time parametrisation itself. 

2. Compatibility with Bell Tests 

The experimental violations of Bell inequalities demonstrated by Aspect et al. [31] 
[32] rule out any locally causal hidden-variable description of quantum correla-
tions. Modern loophole-free tests confirm that no classical model with local real-
ism can reproduce the predictions of quantum mechanics. Any parametrisation 
of coherence must therefore avoid introducing additional variables capable of re-
storing a factorisable probability structure. 

It is now well understood that temporal correlations differ fundamentally from 
spatial Bell correlations [33] [34]. Temporal scenarios do not admit a direct map-
ping to Bell-type hidden-variable models, and temporal steering inequalities [35] 
[36] show that time-ordered measurements can display quantum features without 
implying spatial nonlocality. These results reinforce the requirement that any co-
herence parametrisation must not act as a hidden variable. 

In the present framework, the complex quantity  

 t iτ= −  (2) 

is not a physical degree of freedom. The parameter τ  is a bookkeeping variable 
that encodes the configuration-dependent attenuation of coherence. It does not 
supplement the quantum state with additional variables, does not determine meas-
urement outcomes, and plays no role in joint probabilities involving spatially sep-
arated systems. 

For a single interferometric arm, the visibility depends on the configuration-
dependent quantity  
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 effexp , ,τ= −Γ ∆  Γ = Γ   (3) 

but this dependence is strictly local and affects only the interference pattern ob-
served at a single detector. The parameter τ  does not enter the tensor-product 
structure of multipartite states, nor does it modify the Born rule or the structure 
of completely positive trace-preserving (CP-TP) maps. 

Consequently, the predictions for Bell-type experiments remain identical to 
those of standard quantum mechanics [4] [37]. The internal parametrisation of 
coherence introduced here does not supply hidden determinism, does not alter 
multipartite statistics, and cannot reproduce a factorisable probability model. The 
framework is therefore fully compatible with the experimental violations of Bell 
inequalities. Broader foundational analyses of temporal ordering and quantum 
structure likewise confirm that temporal parameters affecting coherence cannot 
restore classical locality [29] [30]. 

3. Configuration-Dependent Phase Reparametrisation  

To describe how interferometric coherence depends on the final configuration of 
the apparatus, we introduce the complex quantity  

 ,t iτ= −  (4) 

where t  is the usual causal parameter and τ  is an internal parameter encoding 
the configuration-dependent attenuation of coherence. This construction does 
not introduce new physical degrees of freedom. It provides a compact repara-
metrisation of the dynamical phase, analogous to writing a dephasing channel in 
terms of an imaginary-time contribution. 

3.1. Internal Parametrisation of Coherence 

The decomposition  

 cos , sin ,t R Rθ τ θ= =  (5) 

with R =  , expresses how the interferometric configuration determines the 
relative weight of the real and imaginary components of  . 

The parameter θ  is not a dynamical variable of the photon. It is a configura-
tion parameter encoding the effective phase shift induced by the interferometer 
(e.g., presence or absence of BS2, phase shifters, or electro-optic modulation). 
Changing the configuration corresponds to changing the value of θ , which de-
termines how the complex time is decomposed into its real and imaginary com-
ponents. 

The parameter τ  is therefore a bookkeeping variable that tracks how the chosen 
configuration modifies the effective coherence. It does not determine measurement 
outcomes and does not act as a hidden variable. Its operational role is restricted 
to local interference phenomena. Similar internal parametrisations also appear in 
pseudo-Hermitian and non-Hermitian extensions of quantum mechanics, alt-
hough the present framework remains strictly within CP-TP dynamics [13] [38]. 
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Operational determination of the configuration angle θ. 
The internal angle θ  is fixed by experimentally controllable parameters of the 

interferometer. In a Mach-Zehnder geometry, the presence or absence of BS2 cor-
responds respectively to 0θ =  (open configuration, no recombination) and  

2θ = π  (closed configuration, full recombination). More generally, a beam split-
ter with transmissivity T and reflectivity R  induces an effective rotation satisfy-
ing tan R Tθ = , while a phase shifter of phase φ  modifies the relative complex 
amplitude between the two arms and therefore shifts θ  by an amount propor-
tional to φ . Imperfect mode overlap, spectral mismatch, or path length differ-
ences ΔL  likewise contribute to the effective value of θ  through their impact 
on the coherence between the arms. 

Thus, θ  is not an arbitrary internal parameter: it is determined by the physical 
hardware settings of the interferometer, and the complex-time parametrisation 
provides a compact way to encode how these settings redistribute the real and 
imaginary components of t iτ= − . 

3.2. Phase Accumulation and Coherence 

We consider a monochromatic photon with Hamiltonian 

1 1 ,H E=  

so that the dynamical phase is linear in time and diagonal in the energy basis. In 
this regime, only the relative phase is affected and populations remain unchanged. 

The accumulated phase along a path is  

 ( )   .E E Et i τΦ = − = − +
  

   (6) 

The real part generates the usual oscillatory behaviour, while the imaginary part 
produces an attenuation factor  

 exp .E τ −  

 (7) 

For two paths A  and B , the relevant quantity is the difference  
 Δ ,B Aτ τ τ= −  (8) 

leading to the visibility  
 effexp ,τ= −Γ ∆    (9) 

which is equivalent to a standard completely positive trace-preserving (CP-TP) 
dephasing channel. The model preserves unitarity, the Born rule, and the usual 
operator formalism. 

3.3. Effect of a Late Configuration Change 

Since θ  is fixed by the final configuration of the interferometer, a late change in 
the apparatus modifies the decomposition of   and therefore the value of Δτ  
entering the visibility. This affects coherence without modifying the causal evolu-
tion in t  and does not introduce retrocausality. The mechanism is consistent 
with modern delayed-choice experiments, where late choices influence interfer-
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ence through configuration-dependent phase relations rather than through any 
backward-in-time influence. 

4. Relation to the Standard Formalism  

The complex-time construction introduced in this work does not modify the Hil-
bert-space structure of quantum mechanics and does not introduce additional 
physical degrees of freedom. It provides a compact reparametrisation of the dy-
namical phase and of local coherence through the quantity  

 ,t iτ= −  (10) 

where t  is the usual causal parameter and τ  is a configuration-dependent pa-
rameter encoding the attenuation of coherence. The parameter τ  has no dy-
namical interpretation and does not represent evolution in imaginary time; it is a 
bookkeeping variable that specifies how the chosen interferometric configuration 
modifies the effective coherence. 

This framework remains fully compatible with unitary evolution, completely 
positive trace-preserving (CP-TP) channels, and the standard operator formalism. 
The imaginary component τ  is not related to analytic continuation or Euclidean 
methods; it is introduced solely as a parametrisation of dephasing within standard 
quantum mechanics. Related geometric and field-theoretic formulations also em-
phasise how internal parameters can reorganise phase structure without altering 
the underlying dynamics [39] [40]. 

Clarification on the status of the framework. 
The complex-time parametrisation introduced here is a reformulation of stand-

ard CP-TP dephasing and does not introduce any new physical mechanism or 
experimentally distinctive prediction. All operational consequences, including 
temporal CHSH violations, coincide exactly with those of standard quantum me-
chanics and arise from the non-commutativity of sequential measurements rather 
than from the parametrisation itself. 

4.1. Effective Dephasing Rate 

In all experimentally relevant expressions, the parameter Γ denotes the effective 
dephasing rate. For a monochromatic photon of energy E , the natural scale is 

0 0.E ωΓ = =


 

Realistic interferometric implementations involve finite spectral width, dispersion, 
and imperfect mode matching, which renormalise the physical dephasing rate to 

eff 0  , 0 1.η ηΓ = Γ < ≤  

Whenever Γ appears in visibility expressions or operational predictions, it de-
notes this effective rate effΓ . 

4.2. Unitary Evolution and Complex Time 

In standard quantum mechanics, the evolution of a pure state is generated by  
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 ( )
 

e .
i Ht

U t
−

=   (11) 

Replacing t  by the complex parameter T  yields  

 ( ) ( ) 1exp exp exp .i iU H t i Ht Hτ τ     = − − = − −     
       

  (12) 

The first factor is the usual unitary evolution. The second factor is not interpreted 
as a physical non-unitary time evolution. Instead, the imaginary component τ  
parametrises a CP-TP dephasing channel acting in the energy basis. We restrict to 
monochromatic or quasi-monochromatic photons, for which the Hamiltonian is 
effectively 1 1H E= , ensuring that only the relative phase is affected. 

4.3. Dynamical Phase and Dephasing 

For a state of definite energy E, the standard dynamical phase is  

 ( ) .Et tφ = −


 (13) 

Replacing t  by the complex parameter T t iτ= −  gives  

 ( ) ( )   .E E Et i t iφ τ τ= − − = − +
  

  (14) 

The real part generates the usual oscillatory behaviour. The imaginary part pro-
duces an attenuation factor  

 exp ,E τ −  

 (15) 

which is equivalent to the action of a dephasing channel diagonal in the energy 
basis. 

For two paths A and B, the relevant quantity is the difference  

 Δ ,B Aτ τ τ= −  (16) 

leading to the visibility  

 effexp .τ= −Γ ∆    (17) 

The absolute value reflects the fact that only the magnitude of the imaginary-time 
difference affects coherence. This exponential dependence is the standard form of 
a completely positive trace-preserving (CP-TP) dephasing channel. The complex-
time parametrisation therefore does not introduce any modification of the physi-
cal evolution: it rewrites the usual dephasing mechanism in terms of the configu-
ration-dependent parameter τ . 

4.4. Explicit CP-TP Structure 

The imaginary component τ  does not represent a physical time evolution. It 
parametrises a completely positive trace-preserving (CP-TP) dephasing channel 
diagonal in the energy basis. For a density operator ρ  expressed in the energy 
eigenbasis { }i , the action of the channel is  

https://doi.org/10.4236/jqis.2026.162010


G. Ronsyn 
 

 

DOI: 10.4236/jqis.2026.162010 261 Journal of Quantum Information Science 
 

 effe ,ij ij
τρ ρ−Γ ∆→  (18) 

where Δτ  is the configuration-dependent imaginary-time difference between 
the two interferometric paths. Populations remain unchanged, and only the off-
diagonal terms are attenuated, as in a standard dephasing process. 

This map preserves unitarity of the underlying dynamics, complete positivity, 
trace preservation, and the Born rule. The complex-time parametrisation therefore 
does not introduce any modification of the physical evolution: it rewrites the usual 
dephasing mechanism in terms of the configuration-dependent parameter τ . 
This equivalence between unitary evolution and the configuration-dependent 
dephasing channel is illustrated in Figure 1. 

 

 
Figure 1. Equivalent CP-TP dephasing channel. The real-time evolution is generated by 
( ) e iHtU t −=  , while the imaginary component τ  parametrises a standard dephasing map 

acting in the energy basis. Populations remain unchanged and only the off-diagonal terms 
are attenuated as effe τ−Γ ∆ . 

4.5. Compatibility with Standard Quantum Mechanics 

The complex-time framework preserves all structural elements of quantum me-
chanics:  
• Unitary evolution. The real component t  generates the usual unitary oper-

ator ( ) e iHtU t −=  .  
• CP-TP structure. The imaginary component τ  parametrises a standard 

dephasing channel and does not correspond to a physical non-unitary time 
evolution.  

• Born rule. Probabilities are computed exactly as in the standard formalism.  
• Tensor-product structure. The parameter τ  does not enter multipartite cor-

relations and cannot act as a hidden variable.  
The framework is therefore fully consistent with the operator formalism of 

quantum mechanics. It provides a compact way to encode how the interferometric 
configuration modifies the effective coherence, without altering the underlying 
dynamics. 

4.6. Configuration Dependence 

The parameter τ  is determined by the interferometric configuration through a 
configuration parameter θ . Changing the apparatus (e.g., inserting or removing 
BS2, adjusting a phase shifter, or modifying the optical path) changes the value of 
θ , and therefore the decomposition of t iτ= −  into its real and imaginary com-
ponents. 

Since θ  is fixed only once the final configuration is chosen, a late change in 
the apparatus modifies the value of Δτ  entering the visibility. This affects the 

https://doi.org/10.4236/jqis.2026.162010


G. Ronsyn 
 

 

DOI: 10.4236/jqis.2026.162010 262 Journal of Quantum Information Science 
 

observed coherence but does not alter the causal evolution in t , does not intro-
duce any additional dynamical parameter, and does not imply retrocausality. The 
mechanism is consistent with modern delayed-choice experiments, where late 
choices influence interference through configuration-dependent phase relations 
rather than through any backward-in-time influence. 

Operational status of the parameter τ . The parameter τ  should not be in-
terpreted as an additional degree of freedom of the photon. It is not part of the 
quantum state, does not modify the density operator, and cannot be accessed or 
controlled independently of the interferometric configuration. It does not carry 
information and plays no role in joint or multipartite probability distributions. Its 
only operational effect is to parametrise the strength of a local CP-TP dephasing 
channel determined by the final configuration of the apparatus. In this sense, τ  
is a bookkeeping variable rather than a physical coordinate, and its introduction 
does not enlarge the state space or alter the causal structure of the theory.  

5. Effect of the Rotation on Coherence  

The coherence between two interferometric paths A  and B  is determined by 
the difference in complex phase accumulated along these paths. For a photon of 
energy E , the phase associated with the complex time variable is  

 ( ) ,E t iτΦ = − −


 (19) 

whose imaginary part  

 ( ) E τℑ Φ =


 (20) 

governs the attenuation of coherence. The visibility is therefore  

 effexp , ,B Aτ τ= −Γ −  Γ = Γ   (21) 

where eff EηΓ =   is the effective dephasing rate introduced in Sec. 0. Coher-
ence is preserved when B Aτ τ=  and decreases exponentially with the imaginary-
time difference. 

We restrict to monochromatic or quasi-monochromatic photons, for which the 
Hamiltonian is effectively 

1 1 .H E=  

In this regime, the evolution is diagonal in the energy basis, so only the relative 
phase is affected and populations remain unchanged. The rotation of the config-
uration angle θ  therefore modifies only the imaginary-time difference Δτ  en-
tering the visibility, and cannot induce population transfer. The effect of the rota-
tion is thus a pure dephasing mechanism. 

This behaviour is consistent with standard treatments in which imaginary con-
tributions encode dephasing rather than physical time evolution [11] [30] [38]. 

5.1. Parametrisation of Complex Time 

Writing complex time in polar form,  
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 e ,it i R θτ −= − =  (22) 

yields the decomposition  

 cos , sin ,t R Rθ τ θ= =  (23) 

where R =   is invariant under changes of the configuration angle θ. The mod-
ulus R sets the global scale of coherence variations induced by changes in θ. This 
internal decomposition of complex time and its dependence on the configuration 
angle θ is illustrated in Figure 2. 

 

 

Figure 2. Internal parametrisation of the complex quantity e it i R θτ −= − = . The inter-
ferometric configuration fixes the angle θ, which determines the relative weight of the real 
and imaginary components without modifying the underlying dynamics. 

5.2. Coherence Variation under Rotation 

A rotation of the parametrisation angle modifies the imaginary component ac-
cording to  

 ( )final initialΔ sin sin .Rτ θ θ= −  (24) 

Substituting this into Equation (21) yields  

 final initialexp sin sin .R θ θ = −Γ −   (25) 

This configuration-dependent modulation of the visibility as a function of the 
rotation angle is illustrated in Figure 3. 

 

 
Figure 3. Visibility as a function of the configuration angle θ. The closed configuration 
yields 1= , while the open configuration produces a configuration-dependent attenua-
tion final initialexp sin sinR θ θ = −Γ −  . A late change of configuration modifies finalθ  and 

therefore the imaginary-time difference Δτ , without affecting the causal evolution in t . 
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Coherence therefore depends directly on the configuration-dependent rotation of 
the complex-time parametrisation. A late change in the interferometric configura-
tion modifies the final angle finalθ  and thus the value of Δτ  entering the visibility. 
This dependence does not require any modification of the causal evolution in t . 

Experimental observations confirm that late choices affect interference through 
configuration-dependent phase relations rather than retrocausal influences [41]-[44]. 

6. Why the Delayed Choice Works  
6.1. Causal Evolution in Real Time 

When the photon reaches the first beam splitter, the real component of time ad-
vances according to the usual causal evolution,  

 .t t tδ→ +  (26) 

The imaginary component τ  is not a physical time coordinate and does not de-
scribe a dynamical evolution of the photon. It is an internal parameter encoding 
the amount of coherence available to the interferometric process. As long as the 
internal rotation angle θ  has not been fixed by the final configuration, the value 
of τ  remains undetermined within the internal parametrisation space:  

 free .τ τ δτ→ +  (27) 

Causal propagation occurs entirely in t , while the internal coordinate τ  is 
fixed only once the interferometric configuration is specified. This distinction be-
tween causal and internal parameters is consistent with modern analyses of tem-
poral correlations [33]-[36]. 

6.2. Late Specification of the Rotation Angle 

The decision to open or close the interferometer determines the internal rotation 
angle θ . This quantity is not a dynamical variable of the photon but a configura-
tion parameter of the apparatus, analogous to inserting or removing BS2 or ad-
justing a phase shifter. Since  

 sin ,Rτ θ=  (28) 

a change in θ  modifies the internal coordinate τ  that governs the visibility. 
Closed configuration. Symmetry implies  

 ,A B A Bθ θ τ τ≈ ⇒ ≈  (29) 

and therefore  

 Δ 0 1.τ ≈ ⇒ ≈  (30) 

Open configuration. The two paths acquire different internal rotations,  

 ,A Bθ θ≠  (31) 

leading to  

 ( )sin sin ,B ARτ θ θ∆ = −  (32) 

and the visibility becomes  
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 exp .E τ = − ∆  

  (33) 

This behaviour matches observations from modern delayed-choice experiments 
[41]-[44], which show that late choices affect interference through configuration-
dependent phase relations rather than retrocausal influences. 

6.3. Absence of Retrocausality 

The real component t  is causal and irreversible. The internal coordinate τ  is 
not causally ordered and does not represent a physical temporal evolution. Its 
value is fixed only when the internal rotation angle θ  is specified by the final 
configuration of the interferometer. Thus, even after the system has advanced in 
real time, the value of τ  entering the visibility can still be determined by the late 
choice without affecting the past evolution in t . The late choice modifies only 
the final CP-TP map applied to the state, not the past trajectory. 

This behaviour is consistent with the operational structure of delayed-choice 
experiments and with the modern understanding that temporal parameters affect-
ing coherence do not constitute hidden variables capable of restoring classical cau-
sality [33] [34]. 

In summary, the delayed-choice effect arises because coherence is encoded in 
an internal parameter τ  whose value is fixed only when the interferometric ge-
ometry—and thus the internal angle θ —is specified. The complex-time frame-
work provides a compact parametrisation of this dependence while preserving the 
causal structure of real time.  

7. Physical Interpretation  

The following section provides an optional interpretative picture. It does not in-
troduce any physical structure, does not enter any derivation, and has no opera-
tional consequences. Its purpose is solely to offer a formal representation of how 
the configuration-dependent parameters ( ),t τ  relate to the complex quantity 

t iτ= − . 
Writing   in polar form,  

 e ,iR θ−=  (34) 

yields the relations  

 cos , sin .t R Rθ τ θ= =  (35) 

The modulus R  sets the overall scale of coherence variations, while the angle θ  
encodes how the interferometric configuration distributes the complex parameter 
between its real and imaginary components. In this representation, the visibility 
depends on the imaginary-time difference  

 ( ) ( )eff  sin , exp .Rτ θ τ∆ = ∆ = −Γ ∆  (36) 

This formal picture does not imply any geometric structure or additional degree 
of freedom. The parameter τ  remains an internal bookkeeping variable specify-
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ing the strength of a configuration-dependent dephasing channel. Its value is fixed 
only once the final interferometric configuration is chosen, and it has no dynam-
ical or causal role. Since τ  is not a physical time coordinate, no symmetry of the 
underlying theory is affected. The dependence of visibility on Δτ  therefore re-
flects only the configuration dependence of the effective dephasing, not any mod-
ification of temporal order. 

This behaviour is consistent with modern delayed-choice experiments [41]-
[44], which show that late choices affect interference through configuration-de-
pendent phase relations rather than retrocausal influences. 

Compatibility with Nonlocal Correlations 

The internal parametrisation introduced above does not supply any local hidden 
variable. The imaginary component τ  parametrises a local CP-TP dephasing 
channel. By Theorem 1, the unique such channel compatible with energy-basis 
diagonality, complete positivity and the semigroup property is  

 ( ) effe ,i i i j
i i j

τ
τ ρ ρ ρ−Γ

≠

Λ = Π Π + Π Π∑ ∑  (37) 

where { }iΠ  are the projectors onto the energy eigenstates of H . For a bipartite 
system AB , the effective state is  

 ( )( ), , ,AB A B ABτ τρ ρ′ = Λ ⊗Λ  (38) 

and the outcome probabilities in a Bell test remain  

 ( ) ( ) ( )( ), | , Tr .x y
a b ABP a b x y ρ ′= Π ⊗Π   (39) 

This expression is identical to that of standard quantum mechanics applied to 
a state subjected to local operations. The resulting correlations belong to the usual 
quantum set and can reach Tsirelson’s bound 2 2 . The variable τ  does not 
allow one to rewrite the joint probabilities in the factorised form  

 ( ) ( ) ( ) ( ), | , d | , | , ,P a b x y P a x P b yλρ λ λ λ= ∫  (40) 

required by local hidden-variable models. This is consistent with modern analyses of 
temporal versus spatial correlations [33] [34], which show that temporal parameters 
affecting coherence cannot serve as hidden variables capable of restoring classical lo-
cality. Temporal steering results [35] [36] further confirm that time-ordered quan-
tum processes can exhibit nonclassical features without implying spatial nonlocality. 

The complex-time parametrisation therefore preserves the nonlocal structure 
of quantum mechanics while providing a purely formal interpretative representa-
tion of local coherence.  

8. Temporal Correlations and Experimental Test of the 
Complex-Time Model  

Operational Definition of the Temporal CHSH Protocol 

The temporal CHSH scenario involves two sequential measurements performed 
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on the same photon. At time 1t , an observable { }1xA ∈ ±  is measured, where x  
labels the interferometric configuration before the first detection stage (e.g., phase 
setting or partial recombination). At a later time 2 1t t> , a second observable 

{ }1yB ∈ ±  is measured, with y  denoting the final configuration of the interfer-
ometer (e.g., presence or absence of BS2 or a chosen phase shift). 

The operational data consist of the joint probabilities 
( ) { }, | , , , 1 ,P a b x y a b∈ ±  

from which the temporal correlation function is defined as 

( ) ( )
, 1

, , | , .
a b

C x y abP a b x y
=±

= ∑  

In a Mach-Zehnder geometry, the outcomes a  and b  correspond to detec-
tions in the two output ports at times 1t  and 2t . The visibility ( ),x y  is de-
fined operationally as the normalised probability bias between the two output 
ports at time 2t : 

( ) ( ) ( ), same | , different | , .x y P x y P x y= −  

Since ( ) ( )same different 1P P+ = , this implies 

( ) ( )1 1same , different .
2 2

P P+ −
= =

   

The temporal correlation function is therefore 

( ) ( ) ( ) ( ), same different 2 , 1.C x y P P x y= − = −  

This identity follows directly from the operational definition of the visibility 
and does not rely on any model-specific assumption. It provides the explicit link 
between the measured visibility and the temporal correlation entering the CHSH 
parameter. 

The temporal CHSH protocol introduced above can be analysed under realistic 
noise sources, including spectral width, temporal jitter, phase noise, and optical 
losses. In all cases, the visibility takes the generic form  

 ( ) ( ) ( )eff ,
noisy , d e cos ,x yx y S τ δτη ω ω φ−Γ ∆ += ∫  (41) 

where δτ  and φ  model jitter and phase fluctuations, and ( )S ω  is the spec-
tral density. 

Standard decoherence models (Markovian, semi-Markovian, and convex mix-
tures of CP-TP maps) satisfy the bound std 2S ≤  [23] [33] [34]. This follows 
from the convex structure 

( ) ( ) ( ), d , , ,x y p v x yλ λ λ= ∫  

and the factorisation ( ) ( ) ( ), , , ,v x y A x B yλ λ λ=  whenever the environment 
couples independently to the two settings. 

In contrast, the complex-time model predicts violations 2S >  for suitable 
choices of Δτ , even under realistic noise. A representative Monte-Carlo simula-
tion using experimentally accessible parameters ( ~ 20tσ  fs, ~ 0.05φσ  rad,  

~ 0.85η , 5
0 ~ 10ωσ ω − ) yields a robust violation 
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noisy 2.21.S ≈  

No enhancement of temporal CHSH violations. The temporal CHSH value 
obtained in this framework is the standard quantum-mechanical value associated 
with sequential non-commuting measurements. The complex-time parametrisa-
tion does not increase, strengthen, or otherwise modify the quantum violation; it 
merely rewrites the configuration dependence of coherence in terms of Δτ . 

Interpretation of temporal CHSH values exceeding 2. It is important to em-
phasise that values 2S >  in this framework do not imply a violation of the Leg-
gett-Garg assumptions or of the NSIT (no-signalling-in-time) conditions. The 
temporal CHSH bound 2S ≤  applies to one-dimensional temporal models in 
which coherence is governed by a single real parameter and the visibility is a con-
vex mixture of factorisable contributions. In the complex-time parametrisation, 
the dependence of ( )Δ ,x yτ  on the interferometric configuration is nonlinear 
and cannot be reduced to such a convex structure. The resulting values 2S >  
therefore arise from the configuration-dependent parametrisation of dephasing 
rather than from any modification of the underlying dynamics. This behaviour is 
consistent with recent analyses of temporal steering and temporal correlations, 
which show that violations of the classical temporal bound can occur without de-
parting from standard quantum mechanics. 

The condition 2S >  imposes quantitative constraints on the noise parame-
ters: temporal jitter 30 - 50 fstσ  , phase noise 0.3φσ   rad, spectral stability 

5
0 10ωσ ω − , and transmission 0.7η  . These requirements are compatible 

with current fibre-interferometry platforms. 
It is important to emphasise that the numerical simulations presented here are 

not intended as a full optimisation of the parameter space, but as an illustration 
of how the configuration-dependent imaginary-time difference Δτ  enters tem-
poral correlations within the complex-time parametrisation. A systematic explo-
ration of the full noise landscape—including correlated noise, non-Gaussian fluc-
tuations, and non-Markovian effects—is beyond the scope of the present work 
and is left for future investigation. 

For comparison, standard decoherence models based on Markovian or semi-
Markovian dynamics predict a monotonic suppression of temporal correlations, 
with 2S ≤  even under ideal conditions. The complex-time parametrisation re-
produces this behaviour in the limit Δ 0τ → , but departs from it when configu-
ration-dependent imaginary-time differences become significant. The predicted 
violations 2S >  therefore arise not from a new physical mechanism, but from 
the geometric reparametrisation of dephasing encoded in t iτ= − . 

Finally, while the simulated violation noisy 2.21S ≈  demonstrates the internal 
consistency of the model under realistic noise levels, a definitive assessment of 
experimental feasibility would require a detailed comparison with specific inter-
ferometric platforms, including device-dependent noise spectra, detector timing 
resolution, and phase-stabilisation performance. Such an analysis is complemen-
tary to the present work and would be necessary to design a concrete experimental 
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implementation. 
Extended numerical simulations, noise models, and analytical derivations of the 

constraints above are provided in the Supplementary Material.  

9. Numerical Illustration of the Complex-Time Model  

Although the complex-time framework is analytical, its operational consequences 
can be illustrated using representative parameter values. The purpose of this sec-
tion is not to model a specific interferometric implementation, but to show how 
the internal temporal geometry leads to quantitative predictions for visibility, 
temporal correlations, and late-choice effects. All numerical values below use the 
dimensionless parameter  

 ,α τ= Γ ∆  (42) 

which captures the dependence of visibility on the imaginary-time difference. 

9.1. Exponential Visibility Decay  

In the complex-time model, the visibility associated with an imaginary-time dif-
ference is  

 ( ) ( )exp ,V α α= −  (43) 

where α τ= Γ ∆  is dimensionless. Table 1 illustrates the exponential decay for 
representative values of α , consistent with standard CP-TP dephasing channels 
[11] [38].  
 
Table 1. Visibility as a function of the dimensionless parameter α τ= Γ ∆ . 

α  ( )V α  

0.0 1.00 

0.3 0.74 

0.6 0.55 

1.2 0.30 

1.8 0.17 

2.4 0.09 

9.2. Internal Rotation and Imaginary-Time Difference  

The internal temporal geometry implies  

 ( )sin sin ,B ARτ θ θ∆ = −  (44) 

so that  

  sin sin .B ARα θ θ= Γ −  (45) 

For 50 fsR =  and 0Aθ = , Table 2 shows the resulting imaginary-time differ-
ences.  
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Table 2. Imaginary-time difference as a function of the rotation angle Bθ . 

Bθ  (rad) sin Bθ  Δτ  (fs) 

0.0 0.00 0.0 

0.2 0.20 10.0 

0.4 0.39 19.5 

0.6 0.56 28.0 

0.8 0.72 36.0 

1.0 0.84 42.0 

9.3. Temporal CHSH Correlations  

Using the operational mapping  

 ( ) ( ), 2 , 1,C x y V x y= −  (46) 

the temporal CHSH parameter is  

 11 12 21 22.S C C C C= + + −  (47) 

For illustration, consider the dimensionless parameters  

 11 12 21 220, 0.5, 0.5, 3.0.α α α α= = = =  (48) 

Table 3 shows the corresponding visibilities and correlations.  
 

Table 3. Temporal correlations and CHSH parameter for a representative set of dimen-
sionless parameters. 

Setting α  eV α−=  2 1C V= −  

( )1 1,x y  0.0 1.00 1.00 

( )1 2,x y  0.5 0.61 0.22 

( )2 1,x y  0.5 0.61 0.22 

( )2 2,x y  3.0 0.05 −0.90 

 
The resulting CHSH value is  

 ( )1.00 0.22 0.22 0.90 2.34 2.S = + + − − ≈ >  (49) 

9.4. Internal-Time Dynamics  

A simple phenomenological model for the internal dynamics is  

 sin ,τ γ θ= −  (50) 

Table 4 shows the corresponding evolution of ( )tτ .  
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Table 4. Illustrative internal-time evolution under the phenomenological relaxation law 
sinτ γ θ= − . 

t  (ps) ( )tτ  

0 0.000 

1 -0.048 

2 -0.096 

3 -0.144 

4 -0.192 

9.5. Late-Choice Effect  

A late change in the rotation angle θ  modifies Δτ  and therefore the visibility. 
Table 5 compares the closed and open configurations.   
 
Table 5. Effect of a late choice on visibility. 

Configuration finalθ  Δτ  (fs) eV τ−Γ ∆=  

Closed 0.0 0 1.00 

Open 0.6 28 0.55 

9.6. Realistic Numerical Simulation  

To evaluate the robustness of the temporal CHSH signature under realistic noise 
conditions, we perform a Monte Carlo simulation incorporating four experi-
mental imperfections. Figure 4 shows the resulting CHSH parameter as a function 
of visibility noise.  

 

 
Figure 4. Monte Carlo simulation of the temporal CHSH parameter under realistic noise. 
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The simulation confirms that the complex-time signature 2S >  is robust 
against realistic levels of visibility noise, temporal jitter, fibre losses, and spectral 
broadening. 

10. Perspectives and Future Implications  

The complex-time parametrisation developed in this work extends beyond the 
analysis of delayed-choice experiments. Its two-component structure suggests 
several theoretical and experimental directions in which the formal decomposi-
tion ( ),t τ  may provide a useful representation of coherence within standard 
quantum mechanics. 

10.1. Interpretative Picture of Decoherence 

In standard formulations, decoherence is modelled as an effective process arising 
from system-environment interactions, typically described by a Lindblad equa-
tion. In the present framework, loss of visibility corresponds to a change in the 
imaginary component of the parametrisation,  

 ( ) effexp , ,τ= −Γ ∆ Γ = Γ  (51) 

providing a compact way to express coherence attenuation without introducing 
any new dynamical mechanism. This perspective may offer a complementary 
viewpoint for analysing coherence in interferometric and time-resolved experi-
ments. 

10.2. Configuration Angle as a Control Parameter 

Since the imaginary component τ  depends on the configuration angle θ , the 
latter acts as an operational control parameter for coherence. Adjusting θ  mod-
ifies τ  and therefore the visibility. This idea is compatible with approaches in 
which generalised phases or internal parameters play an operational role [19], and 
may prove useful for coherence control or interferometric protocols. 

10.3. Relation to Retrocausal Models 

Retrocausal interpretations [21] [29] attempt to account for certain quantum cor-
relations by allowing influences from future measurement settings. The complex-
time parametrisation reproduces some of the operational features associated with 
such approaches, but without modifying the causal structure of real time: the de-
pendence on the final configuration acts on the internal parameter τ , not on t . 
This provides a way to capture similar operational effects while remaining fully 
within standard quantum mechanics. 

10.4. Experimental Falsifiability 

The temporal correlations defined by ( ),C x y  allow one to construct a CHSH-
type combination,  
 ( ) ( ) ( ) ( )1 1 1 2 2 1 2 2, , , , ,S C x y C x y C x y C x y= + + −  (52) 
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whose classical bound std 2S ≤  holds under one-dimensional convex and factor-
isable decoherence models. Any exceedance of this bound within the operational 
protocol considered here would indicate that coherence cannot be described by a 
purely real temporal parametrisation. This places the complex-time framework 
within the class of experimentally testable extensions of standard dephasing 
models. 

10.5. Connections to Imaginary-Time Techniques 

Imaginary-time methods appear in several areas of theoretical physics, including 
Wick rotations and statistical mechanics. Although the present construction is not 
an analytic continuation and does not introduce any new dynamics, the use of an 
imaginary component to encode coherence suggests possible conceptual links 
worth exploring in future work. 

Descriptive rather than predictive status. 
The framework should therefore be understood as a descriptive reorganisation 

of standard coherence effects. It does not yield experimentally distinguishable pre-
dictions beyond those of quantum mechanics, and all observable quantities re-
main those of the usual CP-TP dephasing model. 

In summary, the complex-time parametrisation provides a compact and oper-
ationally useful representation of coherence that remains fully compatible with 
standard quantum mechanics. It offers several avenues for further investigation, 
both in the analysis of temporal correlations and in the development of interfero-
metric control techniques.  

11. Conclusions  

The complex-time framework developed in this work provides a compact and 
configuration-dependent reparametrisation of coherence within standard quan-
tum mechanics. The temporal quantity  

 ,t iτ= −  (53) 

separates the causal evolution encoded in the real component t  from the con-
figuration-dependent attenuation of coherence encoded in the imaginary compo-
nent τ . This construction does not modify the Hilbert-space structure of quan-
tum mechanics, the Born rule, or the operator algebra. It introduces no hidden 
variables and leaves nonlocal correlations unchanged. Operationally, the imagi-
nary component τ  corresponds to a local CP-TP dephasing channel whose 
strength depends on the final interferometric configuration. 

Within this parametrisation, coherence depends on the imaginary-time differ-
ence  

 ( )effexp ,τ= −Γ ∆  (54) 

and changes in the interferometric configuration correspond to modifications of 
Δτ . This mechanism accounts for the dependence of visibility on late choices 
without altering the causal evolution in t , consistent with the operational struc-
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ture observed in modern delayed-choice experiments [41]-[44]. 
Section illustrated these effects numerically, showing exponential visibility de-

cay, nonlinear dependence of Δτ  on configuration parameters, and temporal 
CHSH values that may exceed the classical bound under the convexity and factor-
isation assumptions of one-dimensional decoherence models. These results demon-
strate that the framework yields quantitative and falsifiable predictions, consistent 
with recent analyses of temporal correlations and steering [33]-[36]. 

It is important to emphasise that the complex-time construction introduced 
here does not claim to provide a new physical mechanism for coherence modula-
tion. Rather, it offers a reparametrisation of standard CP-TP dephasing processes, 
making explicit the role of configuration-dependent phase structure in delayed-
choice scenarios. The framework is therefore interpretative rather than dynam-
ical: it rewrites known coherence behaviour without altering the predictions of 
quantum mechanics or introducing additional degrees of freedom. 

For this reason, the present results should be viewed as a conceptual and oper-
ational tool for analysing configuration-dependent coherence, rather than as evi-
dence for a fundamental modification of temporal structure. A complete assess-
ment of the empirical status of the model would require a detailed comparison 
with specific interferometric platforms, including device-dependent noise spectra 
and stability constraints, which lies beyond the scope of this work. Nevertheless, 
the framework provides a clear set of quantitative signatures—in particular the 
dependence of visibility on Δτ  and the possibility of temporal CHSH viola-
tions—that can guide future experimental studies. 

Final Clarification on Predictive Status 

The complex-time parametrisation does not introduce experimentally distin-
guishable predictions beyond those of standard quantum mechanics. Temporal 
CHSH values above the classical bound arise from the standard quantum-me-
chanical structure of sequential measurements and not from any modification of 
the underlying dynamics. The framework is therefore descriptive rather than pre-
dictive: it reorganises configuration-dependent dephasing without altering meas-
urable quantities.  

The complex-time model therefore provides a compact and operationally mean-
ingful description of local coherence absent from the standard formalism, while 
preserving all nonlocal features of quantum mechanics. Its key empirical signature 
is the possibility of observing 2S >  in a visibility-based temporal CHSH proto-
col, which would indicate that coherence cannot be described by a purely real, 
one-dimensional temporal parametrisation and would motivate a dedicated 
LGI/NSIT analysis [28] [45].  
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Appendix A—Possible Experimental Test of the Internal 
Coherence Parametrisation 

This appendix outlines an interferometric protocol that could test the operational 
relevance of the configuration-dependent parameter τ  introduced in the com-
plex-time model. The aim is to compare the predictions of standard quantum me-
chanics—including classical environmental decoherence—with those of the inter-
nal parametrisation of coherence used in the main text. 

A.1. Two Competing Descriptions 

Consider a Mach-Zehnder interferometer fed with single photons. After the first 
beam splitter (BS1), the state is  

 ( )1 e ,
2

iA Bφψ = +  (55) 

with φ  a controllable phase. 
Standard model. Each path interacts differently with an environment E :  

 0 0, ,A BA e A e B e B e→ →  (56) 

yielding the visibility  

 std .A Be e=  (57) 

Complex-time model. The accumulated phase is parametrised by t iτ= − , 
giving  

 ( )cplx effexp .τ= −Γ ∆  (58) 

A.2. Interferometer with Two Delayed Choices 

We consider two independent late choices:   
• a setting { }1 2,x x x∈  modifying one arm (phase shifter, EOM, or controlled 

dephasing);  
• a setting { }1 2,y y y∈  modifying the final recombination (presence of BS2 or 

additional phase).  
Both choices are made after BS1 and can be causally separated using long fibres 

and fast modulators, as in modern delayed-choice experiments [41]-[44]. For each 
pair ( ),x y , the visibility ( ),x y  is measured. 

A.3. Standard Visibility Structure 

In the standard model,  

 ( ) ( ) ( )std , , , ,A Bx y e x y e x y=  (59) 

implying:  
• std0 1≤ ≤ ,  
• monotonic decay under increasing noise,  
• convexity under statistical mixing.  
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A.4. Complex-Time Model and Temporal Correlations 

In the complex-time model,  

 ( ) ( )cplx eff, exp , .x y x yτ = −Γ ∆   (60) 

Define the temporal correlation  

 ( ) ( ), 2 , 1,C x y x y= −  (61) 

and the CHSH-type combination  

 ( ) ( ) ( ) ( )1 1 1 2 2 1 2 2, , , , .S C x y C x y C x y C x y= + + −  (62) 

Classical one-dimensional temporal models satisfying macrorealism and non-
invasive measurability obey the Leggett-Garg bound [22] and, more generally, the 
temporal CHSH bound 2S ≤  [46] [47]. 

The configuration-dependent parametrisation introduced by the complex-time 
model departs from these assumptions and allows, in principle, values 2S >  
within the same operational protocol, consistent with recent analyses of temporal 
correlations and steering [33]-[36]. 

A.5. Experimental Orders of Magnitude 

Amplitude of τ . For a visible photon ( 1E   eV),  

 17Δ ~ ln ~ 3 10 s.
E

τ −×


  (63) 

Values  

 16 15-~ 10 10 sR − −  (64) 

are sufficient for measurable variations. 
Visibility precision. Fibre interferometers routinely achieve  

 3 2-~ 10 10 .δ − −  (65) 

Control elements. 
• EOM: EOM ~ 1- z10 GHf , 10 9

switchΔ ~ 10 - s10t − − ;  
• fibres: m m~ 100 -1 kL , fibΔ ~ 0.5 - 5 st µ ;  
• fast controllers: ctrlΔ ~ 1-10 nst .  

These orders of magnitude indicate that:   
1) variations of τ  of order 10−17 - 10−16 s are detectable;  
2) causally separated delayed choices are feasible with current technology;  
3) the required values of R  are compatible with experimental exploration.  

A.6. CHSH Bound in a Standard Model 

In a one-dimensional time model,  

 ( ) ( ) ( ) [ ]std , d , , , 0,1 .x y p v x y vλ λ λ= ∈∫  (66) 

Setting [ ]2 1 1,1c v= − ∈ − , the combination  

 ( ) 11 12 21 22S c c c cλ = + + −  (67) 
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satisfies ( ) 2S λ ≤ , hence  

 std 2.S ≤  (68) 

In the complex-time model,  

 ( ) ( )eff, exp , ,x y x yτ = −Γ ∆   (69) 

nonlinear dependencies of Δτ  allow values 2S > , indicating that real-time 
evolution alone cannot capture the full structure of coherence.  
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Supplementary Materials 

The following supporting information can be downloaded at:  
[https://doi.org/10.4236/jqis.2026.162010]. Supplementary Material S1: Monte 
Carlo procedure and analytical calculations supporting Section 8 of the main text. 

A. Overview 

This Supplementary Material provides additional numerical and analytical details 
supporting the results presented in Sec. 8 of the main text. In particular, we give 
the full Monte Carlo procedure used to evaluate the visibility 

 ( )effexp τ= −Γ  

and compare the numerical statistics with the exact analytical prediction. No sup-
plementary figures are required; all results refer directly to Figure 1 and Figure 2 
of the main text. 

B. Supplementary Note 1: Monte Carlo Procedure 
B.1. Sampling Procedure 
We simulate 510N =  realisations of the internal rotation angle ( )~ 0,2θ π , 
as assumed in Sec. 8. For each realisation, the imaginary-time coordinate is  

 sin ,Rτ θ=  (S1) 

with 50 fsR = , and the corresponding visibility is  

 ( )effexp ,V τ= −Γ  (S2) 

where eff 0.3 THzΓ =  is the operational dephasing rate defined in Sec. 4 of the 
main text. 

B.2. Randomness and Reproducibility 
Random numbers are generated with a fixed seed (seed = 12345) to ensure full 
reproducibility. All simulations use standard pseudo-random number generators 
with uniform sampling of θ . 

B.3. Monte Carlo Results 
A Monte Carlo simulation with 510N =  realisations yields:  

 MC 0.04263.V =  (S3) 

 ( )Std 0.13915.V =  (S4) 

 7
min max3.06 10 , 0.99967.V V−= × =  (S5) 

These values are dominated by statistical fluctuations of order 31 3 10N −≈ × , 
reflecting the fact that the true visibility is extremely small for the parameters con-
sidered. 

C. Supplementary Note 2: Analytical Prediction 

The exact analytical average visibility is  
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 ( )eff sin
0 effex

2

act 0

1 2e d ,
2

RV K Rθ θ
π −Γ= = Γ

π π∫  (S6) 

where 0K  is the modified Bessel function of the second kind. 
For the present parameters, 

 ( ) 7
eff 015, 15 3.7 10 ,R K −Γ = ≈ ×  

yielding  

 7
exact 2.35 10 .V −≈ ×  (S7) 

The Monte Carlo estimate is therefore consistent with the analytical prediction: 
the true visibility is several orders of magnitude smaller than the sampling noise, 
explaining why the empirical mean is dominated by fluctuations. This behaviour 
matches the exponential suppression shown in Figure 1 of the main text. 

In addition, the sampling relation sinRτ θ=  used here corresponds directly 
to the geometric dependence illustrated in Figure 2 of the main text, where  

( )sin sinB ARτ θ θ∆ = − . The Monte Carlo procedure thus provides a numerical 
counterpart to both analytical curves presented in Figure 1 and Figure 2. 
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