
Competing Perspectives on Quantum Time: An Analysis of 
the Page-Wootters Mechanism and its Challenges 
1. Introduction: The Problem of Time and the Quest for Quantum 
Gravity 
1.1 The Fundamental Tension 

Modern physics rests upon two pillars: Quantum Mechanics (QM) and General 
Relativity (GR). While spectacularly successful in their respective domains – the 
microscopic world for QM and the cosmological scale for GR – these theories present 
fundamentally incompatible descriptions of time. In standard QM, time functions as an 
external, absolute parameter, a rigid background against which quantum evolution 
unfolds according to the Schrödinger equation.3 Conversely, GR revolutionizes this 
concept, treating time not as absolute but as a dynamic, relative coordinate 
interwoven with the fabric of spacetime itself.4 Spacetime geometry dictates how 
matter moves, and matter, in turn, dictates how spacetime curves. Time in GR is local, 
observer-dependent, and influenced by gravity and motion.4 

This profound difference in the treatment of time constitutes a major impediment to 
formulating a unified theory of quantum gravity – a theoretical framework capable of 
describing phenomena where both quantum effects and strong gravity are significant, 
such as within black holes or during the very early moments of the universe.6 
Reconciling the absolute, external time of QM with the dynamic, relative time of GR is 
therefore not merely a technical challenge but a deep conceptual hurdle.3 Addressing 
this "problem of time" is widely considered essential for progress towards a complete 
understanding of fundamental reality.6 The very nature of time – whether it is 
fundamental or emergent, absolute or relational – is brought into question, forcing a 
re-evaluation that goes beyond mere technical adjustments and touches upon the 
philosophical foundations of physics.4 

1.2 The Wheeler-DeWitt Equation and Timelessness 

One prominent approach towards quantizing gravity, known as canonical quantum 
gravity, leads directly to the heart of the problem of time. Applying standard 
quantization procedures to the Hamiltonian formulation of GR (the ADM formalism) 
results in the Wheeler-DeWitt (WDW) equation.7 This equation takes the form HΨ = 0, 
where H represents the total Hamiltonian operator of the universe (including geometry 
and matter fields), and Ψ is the wave function of the universe, a functional depending 
on the spatial geometry and matter field configurations.10 



Crucially, the WDW equation is a constraint equation; it does not contain an explicit 
time parameter like the Schrödinger equation.7 The Hamiltonian H acts as a constraint 
that physical states Ψ must satisfy, rather than generating evolution in time.10 This 
mathematical feature implies that the wave function of the universe, describing the 
totality of reality within this framework, is static or "frozen".13 There is no external time 
variable with respect to which the universe as a whole evolves. This stark absence of 
dynamics at the fundamental level is the essence of the "problem of time" in 
canonical quantum gravity.3 

Interpretations of this timelessness vary. Some researchers embrace it, suggesting 
that time is not a fundamental aspect of reality at the quantum gravity level ('tempus 
nihil est' – time is nothing).12 From this perspective, the challenge is to explain how the 
illusion of temporal flow arises in the macroscopic world. Others argue that time must 
be recovered, perhaps emerging from the quantum state itself or from the 
relationships between physical degrees of freedom ('tempus post quantum' – time 
after quantization).9 The WDW equation thus serves as a focal point, a mathematical 
expression crystallizing the conflict between GR's dynamical spacetime and the 
apparent stasis required by its straightforward quantization. The very framing of this 
issue as a "problem" often carries an implicit assumption that time should be a 
fundamental ingredient, making its absence puzzling.12 An alternative viewpoint might 
consider timelessness as the fundamental truth, shifting the explanatory burden from 
finding time to deriving the appearance of evolution from this static foundation.12 

1.3 Approaches to Quantum Time 

The problem of time has spurred the development of diverse approaches within 
quantum gravity research. This report focuses on three prominent frameworks 
offering distinct perspectives: 

1.​ The Page-Wootters (PW) Mechanism: Proposes that time emerges relationally 
from quantum entanglement within a globally static universe. 

2.​ Loop Quantum Gravity (LQG): A background-independent approach that 
quantizes spacetime geometry itself, often leading to a fundamentally timeless 
picture where dynamics are purely relational. 

3.​ String Theory (ST): A candidate theory of everything that typically formulates 
physics on a background spacetime, though non-perturbative approaches 
explore scenarios where spacetime, including time, might emerge dynamically. 

These frameworks represent different strategies and philosophies for tackling the 
conceptual challenges posed by the WDW equation and the conflicting notions of 



time in QM and GR. 

1.4 Report Objective and Structure 

This report provides a detailed background analysis of the Page-Wootters mechanism 
for emergent time. Its central aim is to explore how competing theories, specifically 
Loop Quantum Gravity and String Theory, present challenges to the PW framework, its 
underlying assumptions, its interpretation, and the significance of its experimental 
demonstrations, such as the 2013 experiment by Moreva and colleagues. The analysis 
will delve into the core principles of each approach, compare their treatments of time, 
and evaluate the critiques leveled against the PW mechanism from the perspectives 
of LQG and ST. 

The report is structured as follows: Section 2 details the Page-Wootters mechanism. 
Section 3 describes the Moreva et al. experimental illustration. Sections 4 and 5 
outline the perspectives of Loop Quantum Gravity and String Theory on time, 
respectively. Section 6 analyzes how LQG and ST serve as critiques of the PW 
approach. Section 7 provides a comparative analysis of time emergence, predictions, 
and testability across the three frameworks. Finally, Section 8 offers concluding 
remarks on the ongoing quest for understanding quantum time. 

2. The Page-Wootters Mechanism: Time from Entanglement 
2.1 Core Concept: Evolution without Evolution 

In 1983, Don Page and William Wootters proposed an ingenious solution to the 
apparent paradox posed by the timeless nature of the WDW equation.1 Their central 
idea, often summarized as "evolution without evolution," suggests that a quantum 
state describing the entire universe can be globally static, satisfying the HΨ = 0 
constraint, yet appear dynamically evolving to observers situated within that 
universe.14 

The mechanism hinges on partitioning the universe (represented by the total Hilbert 
space) into at least two subsystems: one designated as a "clock" (C) and the other 
comprising the "rest" of the universe, often called the "system" (S).14 The key insight is 
that if the global state |Ψ⟩⟩ is static (an eigenstate of the total Hamiltonian H with 
eigenvalue zero, consistent with the WDW equation) but exhibits quantum 
entanglement between the clock C and the system S, then correlations between these 
subsystems can mimic dynamical evolution.14 An external observer hypothetically 
capable of measuring the global state would confirm its static nature, while an internal 
observer, necessarily part of the universe and interacting with the clock, would 



perceive the system S evolving over time.10 

2.2 Conditioning and the Emergence of Dynamics 

The appearance of evolution arises through a process of conditioning. An internal 
observer interacts with or measures the clock subsystem C. Suppose the observer 
finds the clock in a particular state |t⟩_C, which corresponds to the clock indicating a 
"time" t. Due to the pre-existing entanglement in the global state |Ψ⟩⟩, this 
measurement outcome for the clock is correlated with the state of the system S. The 
state of S, conditioned on the clock reading 't', denoted |ψ_S(t)⟩, is generally not 
static. As the clock state |t⟩_C varies, the corresponding conditional state |ψ_S(t)⟩ 
changes in a way that typically obeys a Schrödinger-like equation with respect to the 
parameter t.14 

Mathematically, the structure of the global static state is often envisioned as a superposition 
of correlated clock and system states over all possible "times": 
|Ψ⟩⟩ ≈ ∫ dt |t⟩_C ⊗ |ψ_S(t)⟩ 
where |ψ_S(t)⟩ might be related to an initial state |ψ_S(0)⟩ via a unitary evolution operator 
U_S(t), i.e., |ψ_S(t)⟩ = U_S(t)|ψ_S(0)⟩.14 Projecting the global state onto a specific clock state 
|t⟩_C effectively isolates the corresponding system state |ψ_S(t)⟩, revealing its evolution as t 
varies. 
Crucially, in this picture, time is not an external, classical parameter imposed on the 
system. Instead, it emerges as an internal, relational quantum degree of freedom 
associated with the state of the clock subsystem.3 The "flow" of time is perceived 
through the changing correlations between the clock and the system being observed. 
This operational definition, where time is tied to the reading of a physical system (the 
clock), resonates conceptually with the relational nature of time in relativity.24 It shifts 
the perspective from time as a background stage to time as a property derived from 
the quantum relationships within the universe. 

2.3 Addressing the Problem of Time 

The PW mechanism offers a compelling potential resolution to the problem of time by 
providing a framework where the timelessness mandated by the WDW equation (HΨ = 
0 for the global state |Ψ⟩⟩) can coexist with the dynamical evolution observed within 
the universe (the Schrödinger-like evolution of the conditional state |ψ_S(t)⟩).4 It 
achieves this by leveraging quantum entanglement, a fundamentally quantum 
phenomenon, to generate apparent dynamics from underlying stasis. 

This approach aligns with the broader philosophy of relational quantum mechanics, 
which posits that physical properties and descriptions are inherently relative, defined 
only with respect to other systems or reference frames.13 In the PW framework, the 



evolution of the system S is only meaningful relative to the state of the clock C. There 
is no absolute, global time evolution. Recent developments have further explored 
these relational aspects, developing frameworks of internal quantum reference frames 
(IQRFs) that generalize the PW idea.13 

2.4 Initial Criticisms and Idealizations 

Despite its elegance, the original PW proposal faced significant criticisms and relied 
on certain idealizations. One of the most notable critics was Karel Kuchař, who raised 
concerns about the mathematical consistency and physical interpretation of the 
conditional probabilities derived in the PW formalism. He argued, for instance, that 
the PW approach might yield incorrect propagators for quantum fields and that the 
conditioning procedure could violate the very constraint (HΨ = 0) it aimed to satisfy 
14]. While some recent work claims to resolve these technical objections by employing 
more rigorous formalisms like relational Dirac observables and covariant POVMs 26, the 
historical impact of these critiques remains. 

Furthermore, the original PW model often made simplifying assumptions: 

1.​ Non-interacting subsystems: The total Hamiltonian was typically assumed to be 
separable, H = H_C ⊗ I_S + I_C ⊗ H_S, implying the clock and system evolve 
independently without influencing each other.14 This is physically unrealistic, 
especially in the context of gravity, which couples universally. Later work has 
begun to explore the consequences of clock-system interactions, finding they 
can lead to non-trivial effects like temporal non-locality in the emergent 
dynamics.22 

2.​ Ideal clocks: The mechanism often implicitly assumes perfect, idealized clocks 
whose states |t⟩ form a well-behaved basis. Realistic physical clocks are 
imperfect, subject to noise, back-action, and finite resolution, which can degrade 
the quality of the emergent time evolution.14 

3.​ Pauli's Objection: The general notion of treating time as a quantum observable 
(represented by an operator) faces long-standing conceptual challenges, 
famously articulated by Wolfgang Pauli, related to the semi-boundedness of 
Hamiltonian spectra.8 While the PW mechanism treats the clock state, not time 
itself, as the primary quantum variable, these foundational issues regarding time 
observables form relevant background context. 

Another point of ambiguity in the original formulation concerns the choice of the clock 
system C. If the partition of the universe into C and S is arbitrary, it raises questions 
about whether different choices of clock could lead to different perceived dynamics 
for the same system S.14 Is there a preferred or fundamental clock? Does the 



emergent physics depend on the observer's arbitrary choice? This potential 
subjectivity contrasts with the desire for an objective description of physical reality 
and represents a conceptual challenge that later refinements, particularly within the 
quantum reference frame program, attempt to address.13 

3. Experimental Illustration: The Moreva et al. Demonstration 
(2013) 
3.1 Motivation and Goal 

While the Page-Wootters mechanism offered a conceptually appealing theoretical 
framework, its abstract nature made direct verification challenging. In 2013, Ekaterina 
Moreva and colleagues at Italy’s Istituto Nazionale di Ricerca Metrologica (INRIM) 
performed the first experiment designed to illustrate the core principles of the PW 
mechanism.14 The primary goal was not to test quantum gravity itself, but to provide a 
concrete, laboratory-based demonstration of how the phenomenon of emergent time 
from a globally static quantum state could occur, thereby demystifying the seemingly 
paradoxical concept.14 

3.2 Experimental Setup 

The INRIM experiment employed a simple yet elegant setup utilizing quantum optics.2 
The "universe" in this model consisted of a pair of photons entangled in their 
polarization degrees of freedom.14 The roles of clock and system were assigned to the 
polarization states of these two photons: 

●​ Clock Photon (C): The polarization of one photon served as the clock. Its state 
was made to undergo a controlled rotation (e.g., using birefringent quartz plates) 
that was proportional to an external parameter, effectively mimicking the passage 
of "internal time".14 

●​ System Photon (S): The polarization of the second photon represented the 
system whose evolution was to be observed relative to the clock photon.14 

The experiment was designed to probe the system from two distinct perspectives, 
corresponding to the internal and external observers in the PW formalism: 

●​ Internal Observer: This perspective was realized by performing correlation 
measurements between the two photons. By measuring the polarization of the 
clock photon (determining the "time t") and then measuring the polarization of 
the system photon, the experimenters could infer the state of the system photon 
conditional upon the clock's reading. This observer becomes correlated, or 
effectively entangled, with the clock subsystem during the measurement 



process.14 

●​ External Observer ("Super-observer"): This perspective involved measuring the 
global properties of the two-photon system without conditioning on the state of 
the clock photon. This was achieved through quantum state tomography applied 
to the entangled pair, allowing reconstruction of the full two-photon density 
matrix.14 

3.3 Key Findings and Interpretation 

The experimental results confirmed the predictions of the PW mechanism within this 
toy model. 

●​ The internal observer, analyzing the correlations between the clock and system 
photons, observed that the polarization state of the system photon evolved 
systematically (exhibiting sinusoidal oscillations in polarization probabilities) as a 
function of the "time" indicated by the clock photon's polarization state.14 

●​ The external observer, performing tomography on the joint state, verified that 
the global two-photon state remained static and entangled throughout the 
apparent evolution witnessed by the internal observer.14 

These findings were interpreted as a successful experimental illustration of the 
Page-Wootters concept: time emerging as a relational phenomenon perceived by 
internal observers through quantum correlations within an overall static system.2 
Subsequent work using similar experimental ideas further explored the quantum 
nature of this emergent evolution by testing Leggett-Garg inequalities (LGIs).23 LGIs 
are designed to test the incompatibility between quantum mechanics and 
assumptions of macroscopic realism and non-invasive measurability. Violations of the 
LGI, observed from the internal observer's perspective in these experiments, indicate 
that the perceived temporal evolution is a genuine quantum coherent process, not 
merely classical bookkeeping or statistical correlation.27 This strengthens the claim 
that the emergent time in this context is intrinsically quantum mechanical. The setup 
was also adapted to measure two-time correlation functions within the PW 
framework.23 

3.4 Significance and Limitations 

The Moreva et al. experiment represented a significant step forward, providing a 
tangible proof-of-principle for the PW mechanism.14 It demonstrated how the abstract 
theoretical concepts of internal observers, external observers, and time emerging 
from entanglement could be realized and measured in a controlled laboratory 
environment. 



However, it is crucial to acknowledge the experiment's limitations. It employed a highly 
simplified "toy universe" consisting of just two photons and their polarization degrees 
of freedom. This is vastly different from the complexities of the real universe and the 
challenges of quantum gravity.14 The experiment did not involve gravity, spacetime 
geometry, or the actual Wheeler-DeWitt equation. The "clock" used was extremely 
basic, essentially encoding time in a single qubit (polarization state), and 
imperfections in such simple clocks can lead to decoherence effects that reduce the 
visibility of the emergent evolution, as observed in the experiment.14 

Therefore, while the Moreva experiment brilliantly operationalized the abstract PW 
idea, it simultaneously highlighted the significant gap between demonstrating the 
mechanism in a quantum optics lab and definitively solving the problem of time in 
quantum gravity. The experiment showed how time could emerge relationally via 
entanglement in principle, but it did not, and could not, prove that this specific 
mechanism is the correct or complete explanation for the emergence of time in our 
gravitational universe. This leaves ample room for critiques from competing quantum 
gravity approaches regarding the experiment's ultimate relevance to the fundamental 
problem. 

4. Loop Quantum Gravity: Background Independence and the 
Fate of Time 
4.1 Fundamental Principles 

Loop Quantum Gravity (LQG) represents a distinct approach to unifying GR and QM, 
characterized primarily by its commitment to background independence.7 Unlike 
perturbative approaches (including standard formulations of String Theory), LQG 
does not assume a pre-existing classical spacetime background upon which quantum 
fields propagate. Instead, it attempts to quantize spacetime geometry itself, treating 
the geometric degrees of freedom as fundamentally quantum mechanical. 

The theory employs techniques adapted from gauge theories, using variables known 
as Ashtekar variables (an SU(2) connection and a densitized triad) to reformulate GR. 
Quantization proceeds by defining quantum states of geometry based on 
mathematical structures called spin networks. A spin network is a graph embedded in 
space, with edges labeled by irreducible representations of SU(2) (spins) and vertices 
labeled by intertwiners. These spin network states form a basis for the kinematical 
Hilbert space of the theory and represent discrete quanta of geometry; for instance, 
operators corresponding to area and volume have discrete spectra, implying a 
granular structure of space at the Planck scale. The dynamics, or spacetime histories, 



are often described in terms of spin foams, which are combinatorial structures 
representing the evolution or transition amplitudes between spin network states. 

4.2 Time in LQG 

LQG directly confronts the Hamiltonian and diffeomorphism constraints of GR, which 
are central to the problem of time.7 In the quantum theory, these constraints become 
operator equations that physical states must satisfy. The Hamiltonian constraint, in 
particular, is the LQG equivalent of the WDW equation (HΨ = 0). 

The prevailing perspective within LQG is that the fundamental description of reality 
provided by the theory is timeless. The constraints are interpreted as eliminating any 
dependence on external time or spatial coordinates.7 Physical states are those 
invariant under spatial diffeomorphisms and satisfying the Hamiltonian constraint, 
leaving no room for evolution with respect to an external parameter. Dynamics, in this 
view, are purely relational, described by the transition amplitudes between different 
quantum states of geometry (spin networks), without reference to an absolute time 
coordinate. 

Recovering a notion of time or evolution within this fundamentally timeless framework 
is an active area of research with several proposed strategies: 

1.​ Relational Observables: Similar in spirit to the PW mechanism, one can attempt 
to define the evolution of certain physical degrees of freedom (either geometric 
or matter fields coupled to the geometry) relative to other degrees of freedom 
that serve as internal clocks.2 The challenge lies in constructing such relational 
observables explicitly within the complex mathematical structure of LQG. 

2.​ Evolving Constants of Motion: Proposed by Rovelli and refined by others 
(sometimes in combination with PW ideas, as mentioned by Gambini et al. 25), this 
approach focuses on observables that technically commute with the Hamiltonian 
constraint (and are thus "constants of motion" in a timeless sense) but whose 
values effectively change when measured relative to a chosen internal clock 
variable.25 

3.​ Physical Hamiltonian / Deparameterization: Some approaches attempt to 
"solve" the constraints classically before quantization or identify a specific 
degree of freedom (e.g., a scalar field) that can serve as an internal time variable. 
If successful, this could lead to a deparameterized theory with a true physical 
Hamiltonian generating evolution with respect to this internal time. However, 
implementing this consistently is technically very difficult. 

4.​ Timeless Approaches: A significant portion of the LQG community argues that 
the notion of time should be abandoned entirely at the fundamental level 



('tempus nihil est' 17). Physics, in this view, is ultimately about calculating transition 
amplitudes or correlations between observable quantities defined on boundaries, 
without any reference to temporal evolution in the bulk.4 The familiar concept of 
time would then emerge only in suitable semi-classical approximations. 

4.3 Contrasting LQG with Page-Wootters 

While both LQG and PW employ relational ideas to address the problem of time, their 
starting points and methodologies differ significantly. 

●​ Background Independence: LQG is built upon the principle of background 
independence from the ground up, quantizing the dynamical geometry of 
spacetime itself.7 The PW mechanism, while aiming for a relational description, is 
often formulated within a pre-supposed Hilbert space structure (e.g., a tensor 
product H_C ⊗ H_S). While more sophisticated formulations of PW attempt to 
achieve manifest gauge invariance and background independence using 
relational observables 26, the standard presentation often relies implicitly on 
structures that LQG seeks to eliminate. This deep commitment to background 
independence in LQG leads naturally to a framework where time is intrinsically 
problematic, potentially driving LQG towards a more radical departure from 
conventional temporal notions compared to PW. 

●​ Nature of Relationalism: The relationalism in LQG is rooted in the quantum 
states of geometry. Dynamics relate changes in one part of the spin 
network/foam to another. In PW, relationalism stems from entanglement between 
pre-defined subsystems (clock and system), whose fundamental nature is not 
necessarily geometric. The mathematical tools are also distinct: LQG uses spin 
networks, connections, and techniques from lattice gauge theory, while PW 
typically employs standard QM Hilbert spaces and quantum information concepts 
like entanglement and conditioning.14 This technical divide complicates direct 
comparisons and the translation of concepts or critiques between the 
frameworks. 

●​ Status of Time: The PW mechanism aims to recover a familiar notion of time 
evolution (Schrödinger-like dynamics) through its relational conditioning 
procedure. LQG, by contrast, often treats time as fundamentally absent. Any 
emergent notion of time in LQG is typically viewed as an approximate concept 
valid only in specific regimes (e.g., semi-classical) or as a purely relational 
parameter without fundamental status, reflecting a potentially deeper conceptual 
break with classical intuition. 

5. String Theory: Time in a Landscape of Possibilities 



5.1 Fundamental Principles 

String Theory (ST) offers a radically different approach to fundamental physics, 
proposing that the elementary constituents of nature are not point particles but tiny, 
vibrating one-dimensional objects called strings. Different vibrational modes of these 
strings correspond to different types of particles, including the graviton (the quantum 
carrier of the gravitational force). ST inherently incorporates gravity and aims to 
provide a unified description of all fundamental forces and matter particles within a 
single quantum framework. 

Key features often associated with ST include the requirement of extra spatial 
dimensions beyond the familiar three, the concept of supersymmetry (a symmetry 
relating bosons and fermions, though not yet experimentally observed), and a web of 
dualities connecting seemingly different versions of the theory. The theory also 
includes higher-dimensional objects called branes. 

5.2 Time in String Theory 

The treatment of time in String Theory is multifaceted and depends heavily on the 
specific formulation and context being considered. 

●​ Perturbative String Theory: Much of the development of ST has occurred within 
a perturbative framework. Here, strings are quantized as they propagate through 
a fixed, pre-existing background spacetime (often Minkowski spacetime or 
Anti-de Sitter (AdS) space). In such formulations, time typically retains its 
classical role as one of the background coordinates, similar to its treatment in 
conventional Quantum Field Theory (QFT). The problem of time, as it arises in 
canonical quantum gravity via the WDW equation, is largely sidestepped in this 
approach because the background spacetime provides a temporal reference 
frame. However, this reliance on a fixed background is considered a limitation for 
a truly fundamental theory of quantum gravity, which should ideally explain the 
origin and dynamics of spacetime itself.26 

●​ Non-Perturbative Approaches and Emergent Time: Understanding the 
non-perturbative regime of ST, beyond approximations around fixed 
backgrounds, is crucial for addressing fundamental questions, including the 
nature of time. Several developments offer glimpses into how time might behave 
or emerge: 
○​ AdS/CFT Correspondence (Holography): This powerful duality conjectures 

an equivalence between a string theory (or M-theory) in a bulk Anti-de Sitter 
spacetime and a conformal field theory (a type of QFT without gravity) living 
on the boundary of that spacetime. Time evolution in the boundary QFT 



corresponds to time evolution in the bulk gravitational theory. This suggests 
that spacetime geometry, including time, might emerge holographically from 
the degrees of freedom of the lower-dimensional boundary theory. The 
precise mechanism of this emergence is a major area of research. 

○​ Matrix Models: Formulations like the BFSS matrix model (for M-theory in flat 
space) and the IKKT matrix model (for type IIB string theory) propose that the 
fundamental degrees of freedom are matrices whose eigenvalues might 
dynamically generate spacetime coordinates, including time, in certain limits. 
These models offer potential routes to background-independent formulations 
of ST. 

○​ String Field Theory: This approach attempts to formulate ST as a quantum 
field theory where the field itself creates and destroys entire strings. While 
providing a more unified framework, string field theories are typically still 
defined on a background spacetime. 

Given the lack of a complete, universally accepted background-independent 
formulation of ST, a definitive statement on the fundamental nature of time remains 
elusive. It is possible that time is a fundamental coordinate in some contexts, an 
emergent property in others (perhaps via holography or matrix dynamics), or its 
nature might differ depending on the specific vacuum state or solution considered 
within the vast "landscape" of possible ST universes. This contrasts with the more 
monolithic stances often found in PW (emergent via entanglement) and LQG 
(fundamentally absent). 

5.3 Contrasting String Theory with Page-Wootters 

Comparing ST and PW reveals significant differences in scope, methodology, and 
treatment of background structures. 

●​ Scope: ST aims to be a "theory of everything," unifying all forces and matter.15 
The PW mechanism, by contrast, focuses specifically on addressing the problem 
of time within a quantum framework, typically without providing a detailed theory 
of the underlying matter or geometric degrees of freedom. 

●​ Background Dependence: As discussed, ST often relies on fixed background 
spacetimes, particularly in its perturbative formulations. This makes the problem 
of time less immediately apparent but potentially defers the fundamental 
question. PW directly confronts the timelessness of constraint equations like 
WDW, proposing emergence via entanglement, but its connection to specific 
gravitational dynamics or a complete theory of geometry can be less explicit than 
in dedicated quantum gravity programs like LQG or ST's gravitational sector. 

●​ Potential Connections: While conceptually distinct, there might be overlaps. 



Holographic principles in ST, where bulk spacetime emerges from boundary 
entanglement, share some conceptual flavor with PW's entanglement-based 
emergence, although the technical implementations and interpretations differ 
vastly. Some speculative models attempt to link ST concepts (like compact 
dimensions) with PW ideas 15, but these are not mainstream interpretations. ST's 
vast landscape might, in principle, accommodate scenarios where time emerges 
in a PW-like manner, but it might also offer entirely different mechanisms tied to 
string dynamics or dualities. 

6. Competing Theories as Critiques of Page-Wootters and its 
Experimental Support 
The Page-Wootters mechanism, despite its elegance and experimental illustration, 
faces significant challenges, both intrinsically and from the perspectives of competing 
quantum gravity frameworks like LQG and ST. 

6.1 Intrinsic Limitations and Interpretational Challenges of PW 

Beyond the idealizations mentioned earlier (non-interacting subsystems, ideal clocks), 
the PW framework grapples with deeper issues: 

●​ Interacting Systems: While work has begun to incorporate interactions between 
the clock and system 22, this often introduces complexities like temporal 
non-locality, where the system's evolution depends not just on its present state 
but also on its past and future relative to the clock. Fully understanding and 
controlling these effects in a realistic cosmological setting remains challenging. 

●​ Clock Imperfections: Realistic clocks are not ideal. Efforts to incorporate 
non-ideal clocks using tools like Positive Operator-Valued Measures (POVMs) 
have been made 26, but the practical limitations of physical clocks (finite 
resolution, decoherence, back-action) inevitably impact the precision and 
potentially the very definition of emergent time.14 

●​ The Measurement Problem and Interpretation: A significant conceptual 
challenge arises from the fact that the standard PW formalism does not 
inherently include a mechanism for quantum measurement or wavefunction 
collapse.24 The conditioning process relies on obtaining a specific outcome ('t') 
for the clock measurement, but the formalism itself doesn't explain how or why a 
unique outcome is obtained. This raises fundamental questions about the 
meaning of the conditional states and probabilities predicted by the theory. What 
physical reality do they correspond to? Can the PW framework be interpreted 
realistically within a single world, or does it implicitly require an Everettian 
(Many-Worlds) interpretation? Attempts to formulate consistent interpretations 



exist (e.g., the 'final-measurement' interpretation proposed in 24), but this 
interpretational ambiguity weakens the foundational claims that can be drawn 
from the formalism itself. Conclusions derived from PW are not 
interpretation-neutral.24 

●​ Kuchař's Criticisms: Although some claim technical resolutions 26, the historical 
weight of Kuchař's criticisms regarding the potential for incorrect propagators or 
violation of constraints continues to influence perceptions of the PW formalism's 
robustness and reliability as a foundation for quantum gravity.14 

●​ Clock Choice Ambiguity: The potential arbitrariness in selecting the clock 
subsystem remains a conceptual hurdle, questioning the objectivity and 
uniqueness of the emergent time flow (Insight from Sec 2). 

6.2 Challenges from the LQG Perspective 

Proponents of Loop Quantum Gravity often raise critiques of the PW mechanism 
rooted in LQG's core principles: 

●​ Fundamental Discreteness: LQG predicts that geometric quantities like area 
and volume are quantized at the Planck scale, implying a discrete structure for 
space itself. It is unclear whether the PW mechanism, often formulated using 
continuous variables and standard Hilbert spaces, can be consistently 
implemented within or derived from such a fundamentally discrete framework. 
Does the notion of a smooth, continuous clock parameter 't' make sense at the 
most fundamental level if geometry itself is granular? 

●​ Background Independence: A central tenet of LQG is the elimination of 
background structures. Critics may argue that the PW mechanism, particularly in 
simpler formulations, implicitly relies on a fixed background Hilbert space 
structure, specifically the tensor product decomposition H_Total = H_C ⊗ H_S. Is 
such a clean separation into "clock" and "system" well-defined and physically 
meaningful in a truly background-independent quantum theory of gravity, where 
all degrees of freedom, including geometric ones, are dynamically intertwined? 
While sophisticated versions of PW aim for manifest gauge invariance 26, the 
potential reliance on assumed structures remains a point of contention from the 
rigorously background-independent LQG viewpoint. 

●​ Relevance of PW Experiments: From an LQG perspective, experiments like 
Moreva et al. 14 might be viewed as demonstrations of interesting quantum 
information protocols involving entanglement and conditioning, but fundamentally 
irrelevant to the core problem of quantum gravity. LQG focuses on the 
quantization of the gravitational field (geometry) itself. An experiment using 
photon polarization, however elegant, does not directly probe quantum geometric 



effects or test the specific predictions of LQG regarding spacetime structure. The 
success of the mechanism in the lab doesn't automatically validate it as the 
solution for time in gravity. 

6.3 Challenges from the String Theory Perspective 

String Theory, with its different focus and methodology, presents another set of 
challenges to the PW approach: 

●​ Background Dependence vs. Timelessness: Since ST is often formulated 
perturbatively around a background spacetime that includes time, practitioners 
might question the starting premise of the PW mechanism, which is designed to 
address the timelessness arising from constraint equations like WDW. If the 
fundamental theory is better described, at least in certain regimes, by quantum 
fields evolving on a background, is a mechanism for generating time from 
timelessness necessary or appropriate? Conversely, if ST ultimately requires a 
background-independent formulation, it might develop its own mechanisms for 
time emergence (e.g., holographic) potentially rendering PW redundant or 
incompatible. 

●​ Scope and Unification: ST aims for a complete unification of all forces and 
matter.15 A potential critique of PW from this perspective is its relatively narrow 
focus on the problem of time. PW, in itself, does not typically provide a theory of 
quantum geometry, matter constituents, or force unification. String theorists 
might argue that a satisfactory solution to the problem of time should emerge 
naturally within a complete unified theory, rather than being addressed by a 
separate mechanism like PW. The question becomes whether PW's specific 
entanglement-based emergence fits coherently within the broader structure 
predicted by ST. 

●​ Alternative Emergence Mechanisms: ST offers its own potential pathways for 
emergent spacetime, particularly through holography (AdS/CFT). In this picture, 
spacetime geometry and dynamics in the "bulk" are proposed to emerge from the 
entanglement structure and dynamics of a lower-dimensional quantum field 
theory on the "boundary." If such holographic emergence is the correct 
description, it provides a potentially more comprehensive framework where time 
arises alongside space and gravity from the underlying QFT. This raises questions 
about whether PW's mechanism is compatible with, superseded by, or perhaps a 
specific instance of, these more elaborate ST emergence scenarios. 

In essence, critiques of PW from LQG and ST often reflect the fundamental 
assumptions and goals of those competing frameworks. LQG emphasizes background 
independence and quantum geometry, while ST prioritizes unification and explores 



diverse structures like holography and extra dimensions. The success of the PW 
mechanism in specific quantum systems, as shown by Moreva et al., does not 
automatically address these deeper concerns about its relevance and consistency 
within the broader context of fundamental gravitational theories. 

7. Comparative Analysis: Emergence, Predictions, and Testability 
Comparing the Page-Wootters mechanism, Loop Quantum Gravity, and String Theory 
reveals fundamentally different approaches to the nature and emergence of time, 
leading to distinct potential predictions and challenges for experimental verification. 

7.1 Differing Concepts of "Emergent Time" 

The very meaning of "emergent time" varies significantly across these frameworks: 

●​ Page-Wootters (PW): Time emerges operationally and relationally. It is not a 
fundamental entity but arises from the correlations (entanglement) between a 
designated quantum "clock" subsystem and the rest of the universe within a 
globally static state.3 The process involves conditioning the global state on the 
clock's reading, yielding an effective Schrödinger-like evolution for the system 
relative to the clock. The emergence is perspectival (internal vs. external 
observer) and informational (derived from correlations). 

●​ Loop Quantum Gravity (LQG): Time is generally considered not fundamental. 
The underlying theory is often viewed as timeless, governed by constraints.4 If 
time "emerges," it is likely an approximate concept valid only in semi-classical 
regimes, or a purely relational parameter tracking the evolution of certain physical 
degrees of freedom (geometric or matter) relative to others within the 
fundamentally timeless, background-independent structure.9 There is no recovery 
of a fundamental time parameter; rather, familiar temporal notions are seen as 
derivative features of specific physical configurations or approximations. 

●​ String Theory (ST): The status of time is context-dependent. In perturbative 
formulations, time often exists as a background coordinate. Non-perturbative 
approaches suggest time might emerge dynamically alongside space, potentially 
linked to the collective behavior of string/brane degrees of freedom (e.g., in 
matrix models) or through holographic principles (AdS/CFT), where bulk time 
emerges from the boundary theory's dynamics and entanglement structure. 
There isn't one single mechanism; the nature of time emergence could vary 
significantly depending on the specific ST vacuum or theoretical regime being 
considered. 

This diversity highlights a core issue: there is no consensus within the quantum gravity 



community on what "emergent time" should even mean or what properties it should 
possess. The mechanisms proposed – perspectival emergence from entanglement 
(PW), approximate/relational emergence from timeless discreteness (LQG), or 
holographic/dynamical emergence from underlying constituents (ST) – are 
conceptually disparate, reflecting deep uncertainties about physics at the Planck 
scale. 

7.2 Comparing Potential Observational Signatures and Testability 

The different approaches suggest distinct, albeit often highly challenging, avenues for 
observational or experimental testing: 

●​ PW: The mechanism itself is testable in laboratory settings using quantum 
systems, as demonstrated by the Moreva et al. experiment.14 Further tests could 
probe the effects of clock imperfections, clock-system interactions (potentially 
revealing temporal non-locality 22), or decoherence on the emergent time flow.14 
Some theoretical work connects the PW framework to the potentially measurable 
problem of quantum arrival times.1 However, testing the relevance of the PW 
mechanism specifically for gravity and cosmology is extremely difficult, as it 
would require manipulating or observing quantum gravitational degrees of 
freedom or highly precise cosmological measurements sensitive to these subtle 
relational effects. 

●​ LQG: Predictions typically involve phenomena at the Planck scale or their subtle 
imprints on cosmological observables. Potential signatures include modified 
dispersion relations for high-energy photons or neutrinos travelling over 
cosmological distances (leading to energy-dependent arrival times), specific 
non-Gaussian features or anomalies in the Cosmic Microwave Background (CMB) 
spectrum stemming from quantum geometry effects in the early universe, or 
consequences of fundamental spatial discreteness. Testing these requires 
extremely sensitive astronomical observations (e.g., gamma-ray bursts, CMB 
polarization) or hypothetical experiments capable of probing Planck-scale 
physics, pushing the boundaries of current technology. Direct tests of the 
fundamental timelessness are conceptually challenging. 

●​ ST: Predictions are highly model-dependent, varying significantly with the choice 
of compactification, vacuum state, and specific theoretical framework (e.g., 
specific brane constructions, holographic models). Potential signatures might 
include the discovery of supersymmetric particles at high-energy colliders (like 
the LHC), evidence for extra spatial dimensions, detection of cosmic strings, 
specific patterns in the particle spectrum, or distinct cosmological signatures 
(e.g., specific forms of primordial gravitational waves). Like LQG, testing ST often 



requires access to very high energies or extremely precise cosmological data. 
Direct experimental probes of its fundamental structure of time (e.g., verifying 
holographic emergence) are generally lacking. 

The current experimental landscape favors the PW mechanism in terms of 
demonstrating its core idea in accessible laboratory systems. Its reliance on standard 
quantum mechanics and entanglement makes proof-of-principle tests feasible. 
However, this experimental advantage for the mechanism does not translate into 
confirmation of its relevance for gravity. LQG and ST, while harder to test directly 
regarding their specific treatments of time, make predictions closer to the traditional 
domain of quantum gravity (Planck scale physics, cosmology, high-energy particle 
physics). This creates a situation where the most readily testable approach (PW) 
faces questions about its applicability to gravity, while the approaches more directly 
aimed at gravity (LQG, ST) lack decisive, direct experimental verification of their core 
tenets about time. Consequently, theoretical criteria like internal consistency, 
mathematical rigor, explanatory power, and unification potential remain crucial for 
evaluating these competing frameworks. 

7.3 Comparative Table 

The following table summarizes the key differences between the three approaches 
concerning the nature of time: 

 
Feature Page-Wootters 

Mechanism (PW) 
Loop Quantum 
Gravity (LQG) 

String Theory (ST) 

Fundamental Time Absent globally 
(static state); 
Emergent for internal 
observers 

Generally considered 
absent / Not 
fundamental 

Often present as 
background 
coordinate; 
Potentially emergent 
non-perturbatively 

Mechanism of 
Emergence 

Quantum 
entanglement & 
conditioning on 
internal clock 
subsystem 

Relational dynamics 
between quantum 
geometry/matter 
DoFs; Semi-classical 
approx. 

Holography 
(AdS/CFT); Collective 
string/brane 
dynamics; Matrix 
models (potentially) 

Role of Background Can be formulated 
background-indep. 
26, but often uses 

Fundamentally 
background-indepen

Often 
background-depend
ent (perturbatively); 



implicit structures dent Aims for 
background-indepen
dence 

Key Structures Entangled states, 
Quantum clocks, 
Conditional states 

Spin networks, Spin 
foams, Quantized 
area/volume 

Strings, Branes, Extra 
dimensions, 
Supersymmetry, 
Dualities 

Key Predictions re: 
Time 

Relational evolution, 
Effects of clock 
interactions 22, Link to 
arrival time 1 

Fundamental 
timelessness, 
Relational dynamics, 
Planck-scale time 
effects? 

Compatibility with 
observed time; 
Specific emergent 
scenarios (AdS/CFT)? 

Experimental 
Testability 

Mechanism testable 
in lab 18; Gravitational 
tests hard 

Planck-scale physics, 
Cosmology (difficult) 

High energy physics, 
Cosmology 
(model-dependent, 
difficult) 

This table encapsulates the distinct philosophical stances and technical 
characteristics of PW, LQG, and ST regarding time, providing a concise overview of 
their contrasting approaches to one of physics' most profound mysteries. 

8. Conclusion: The Ongoing Quest for Quantum Time 
8.1 Summary of Page-Wootters and its Challenges 

The Page-Wootters mechanism stands as an elegant and conceptually provocative 
proposal for resolving the problem of time in quantum gravity.3 By leveraging the 
distinctly quantum resource of entanglement, it offers a way to reconcile the apparent 
timelessness suggested by the Wheeler-DeWitt equation with the dynamical evolution 
we observe, portraying time as an emergent property perceived by internal observers 
correlating subsystems within a globally static universe. The experimental 
demonstration by Moreva and colleagues provided crucial proof-of-principle, 
illustrating the mechanism's viability within a controlled quantum system.18 

However, despite its appeal and experimental support for the underlying mechanism, 
the PW framework faces significant challenges when considered as a complete 
solution for quantum gravity. These include the reliance on idealizations (like 
non-interacting subsystems or perfect clocks), persistent interpretational questions 
surrounding the meaning of conditional states and the absence of an intrinsic 
measurement framework 24, and fundamental doubts raised by competing theories 



regarding its ultimate relevance and consistency within a fully 
background-independent or unified theory of gravity. Critiques from LQG emphasize 
concerns about background independence and fundamental discreteness, while ST 
raises questions about scope, unification, and potentially offers alternative, more 
integrated mechanisms for time emergence. 

8.2 Comparative Perspectives Recap 

The analysis highlights the starkly different paths taken by PW, LQG, and ST in 
addressing the nature of time: 

●​ PW: Offers relational emergence via entanglement, recovering familiar dynamics 
internally from a static global state. 

●​ LQG: Tends towards fundamental timelessness, with dynamics being purely 
relational or time emerging only approximately in semi-classical limits from a 
background-independent, discrete quantum geometry. 

●​ ST: Presents a more varied picture, often retaining background time 
perturbatively but exploring non-perturbative scenarios where time might emerge 
dynamically or holographically, potentially in ways dependent on the specific 
string vacuum. 

These contrasting viewpoints underscore the lack of consensus and the profound 
conceptual difficulties inherent in reconciling quantum mechanics and general 
relativity. 

8.3 Future Directions and Outlook 

The quest for understanding quantum time remains a vibrant and crucial area of 
theoretical physics research. Ongoing efforts continue to refine and extend the PW 
mechanism, exploring the implications of interacting clocks 22, developing rigorous 
formulations using relational observables and quantum reference frames 13, and 
investigating potential links to thermodynamics and quantum information.1 Similarly, 
LQG and ST continue to evolve, seeking greater mathematical consistency, developing 
new computational tools, and searching for potentially observable consequences. 

A key challenge for the future is bridging the gap between simplified toy models and 
laboratory experiments (like Moreva et al.) and the complexities of realistic quantum 
cosmology and gravity. Can the principles demonstrated in simple quantum systems 
be scaled up and integrated into a complete theory that incorporates dynamical 
geometry and matter fields? Can unique observational signatures be identified that 
could experimentally distinguish between the different proposed scenarios for the 



nature of time at the Planck scale? 

Currently, the field lacks decisive experimental guidance capable of selecting one 
approach over the others. Progress relies heavily on theoretical investigation, focusing 
on internal consistency, mathematical rigor, explanatory power, and the potential for 
unification.4 The very existence of such fundamentally different, yet well-motivated, 
frameworks suggests that our current understanding of quantum mechanics, general 
relativity, or perhaps both, may be incomplete at a foundational level. The resolution 
of the problem of time will likely require further conceptual breakthroughs, potentially 
synthesizing ideas from existing approaches or demanding entirely new perspectives 
on the fundamental structure of reality. The search for quantum time continues, 
pushing the frontiers of theoretical physics and challenging our deepest intuitions 
about the universe and our place within it. 
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