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Abstract

This paper presents a novel framework for understanding time as an emergent
phenomenon arising from quantum information dynamics. We propose that
the flow of time and its directional arrow are intrinsically linked to the growth
of quantum complexity and the evolution of entanglement entropy in physical
systems. By integrating principles from quantum mechanics, information the-
ory, and holography, we develop a comprehensive theory that explains how
time can emerge from timeless quantum processes. Our approach unifies con-
cepts from quantum mechanics, general relativity, and thermodynamics,
providing new perspectives on longstanding puzzles such as the black hole in-
formation paradox and the arrow of time. We derive modified Friedmann
equations that incorporate quantum information measures, offering novel in-
sights into cosmic evolution and the nature of dark energy. The paper presents
a series of experimental proposals to test key aspects of this theory, ranging
from quantum simulations to cosmological observations. Our framework sug-
gests a deeply information-theoretic view of the universe, challenging our un-
derstanding of the nature of reality and opening new avenues for technological
applications in quantum computing and sensing. This work contributes to the
ongoing quest for a unified theory of quantum gravity and information, po-
tentially with far-reaching implications for our understanding of space, time,
and the fundamental structure of the cosmos.

Keywords
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1. Introduction

Time, a fundamental concept in physics and human experience, has puzzled scien-
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tists and philosophers for centuries. From Newton’s absolute time to Einstein’s
spacetime, our understanding has evolved significantly [1] [2]. Yet, despite these
advancements, the nature of time remains one of the most profound mysteries in
physics, particularly at the intersection of quantum mechanics and general rela-
tivity.

This paper presents a novel framework for understanding time as an emergent
phenomenon arising from fundamental quantum informational processes. Our
central thesis is that the flow of time and its directional arrow are intrinsically
linked to the growth of quantum complexity and the evolution of entanglement

entropy in physical systems.

1.1. Our Evolving Understanding of Time

The concept of time has undergone multiple paradigm shifts in physics. In classi-
cal mechanics, as formulated by Newton, time was viewed as absolute and univer-
sal, flowing uniformly without regard to external influences [1]. This is reflected

in Newton’s laws of motion, where time ¢is treated as an independent parameter:

2
F :m‘:Tf (1)

Einstein’s theory of relativity revolutionized this understanding, demonstrating
that time is relative and can be affected by motion and gravity [2]. In special rela-
tivity, time and space are interwoven into a four-dimensional spacetime, described

by the invariant interval:
ds? = —c2dt? + dx® + dy? + dz? )
General relativity further revealed that the flow of time could be influenced by

the distribution of matter and energy, as encoded in Einstein’s field equations:

8nG
6, -2, ®

Quantum mechanics introduced further complications, with time appearing as
a parameter rather than an observable [3]. In attempts to reconcile quantum me-
chanics and general relativity, the “problem of time” emerges, suggesting that time
might not be fundamental at the deepest levels of reality [4].

These developments have left us with several unresolved questions about the
nature of temporal phenomena, including the origin of time’s arrow and the rec-

onciliation of time in quantum and gravitational theories.

1.2. Thesis: Time Emerges from Quantum Informational Processes

This paper posits a radical reconceptualization of time: that it is not a fundamental
entity but rather an emergent phenomenon arising from underlying quantum in-
formational processes. Specifically, we propose:

The flow of time and its directional arrow are intrinsically linked to the growth
of quantum complexity and entanglement entropy.

This framework is built upon several key concepts:
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o Quantum Complexity: We demonstrate that the growth of quantum com-
plexity provides a natural metric for the progression of time [5]. The Complexity-

Time Correspondence Theorem establishes that:
C(t)=At+o(t), 0<t<e’™ (4)

where C(t) isthe complexityattime #, A isa system-dependent constant, and
nis the number of qubits.

« Holographic Entanglement Entropy: We utilize the holographic principle
and the AdS/CFT correspondence to relate quantum information to spacetime
geometry [6]. The quantum-corrected Ryu-Takayanagi formula provides a con-
crete link between entanglement entropy and spacetime structure.

e Quantum Error Correction: We show how quantum error correction mech-
anisms play a crucial role in maintaining stable emergent time, ensuring con-
sistent complexity growth even in the presence of noise and decoherence [7].

« Cosmological Implications: We extend our framework to cosmology, deriv-
ing modified Friedmann equations that incorporate quantum information mea-
sures, offering new perspectives on cosmic inflation, dark energy, and the arrow

of time in the universe [8].

1.3. Overview of Key Results

Our framework yields several significant results:

1) A quantum mechanical basis for the arrow of time, reconciling microscopic
reversibility with macroscopic irreversibility.

2) A potential resolution to the black hole information paradox, demonstrating
how information can be preserved in highly complex quantum states.

3) A unified picture of time across quantum mechanics, general relativity, and
thermodynamics.

4) Novel predictions for quantum simulations, cosmological observations, and

high-energy physics experiments.

1.4. Structure of the Paper

The remainder of this paper is organized as follows:

Section 2 provides the necessary theoretical background, reviewing quantum
information theory, holography, and relevant aspects of general relativity and cos-
mology. Section 3 presents our central argument for the emergence of time from
quantum processes. Section 4 discusses the implications of this framework, address-
ing longstanding puzzles in physics. Section 5 proposes experimental and observa-
tional tests of our hypothesis. Section 6 presents results and discussion, synthesizing
our findings and exploring their broader implications. Section 7 concludes the paper,
summarizing key results and suggesting directions for future research. Afterward,
Appendices A-D provide the extended derivations and rigorous proofs demanded
by the sort of claims and arguments presented in this work.

Through this exploration, we aim to provide novel insight into the nature of
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time, grounded in quantum information theory and holographic principles. This
approach offers the potential to resolve longstanding puzzles in physics and

deepen our understanding of the fundamental structure of reality.

2. Theoretical Foundations

This section establishes the theoretical bedrock for our emergent time framework,
integrating key concepts from quantum mechanics, information theory, and ho-
lography. We present a cohesive narrative that builds from fundamental princi-
ples to advanced theories, laying the groundwork for our central hypothesis: time

emerges from quantum informational processes.

2.1. Quantum States and Entanglement

At the core of quantum mechanics lies the concept of quantum states, which pro-
vide a complete description of a quantum system [9]. Unlike classical systems,
quantum states can exist in superpositions and exhibit entanglement, a phenom-
enon with no classical analogue [10] [11].

A pure quantum state |!//> is represented as a vector in a complex Hilbert
space. For a single qubit, the state can be written as:

lv)=al0)+ AL, 5)

where |O> and |1> form an orthonormal basis, and «, € C with
|a|2 +| ﬂ|2 =1 [12]. This superposition principle is fundamental to quantum com-
puting and quantum information theory [13].

Entanglement, a key resource in quantum information, occurs when the state
of a composite system cannot be factored into a product of individual subsystem
states [14]. For a bipartite system, an archetypal entangled state is the Bell state:

1
V) =500 +11)

The degree of entanglement can be quantified using measures such as the von

Neumann entropy of the reduced density matrix [15]:

S(pa)=-Tr(palogp,). (7)

where p, is the reduced density matrix of subsystem A. This measure plays a
crucial role in quantum information theory and has found applications in diverse
fields, from condensed matter physics to quantum gravity [16].

Recent developments have revealed intriguing connections between quantum
entanglement and spacetime structure. The ER = EPR conjecture, proposed by
Maldacena and Susskind [17], suggests that entanglement (EPR) is equivalent to
a wormbhole (Einstein-Rosen bridge) connecting the entangled particles. This idea
has led to growing support of the notion that spacetime itself may emerge from

the entanglement structure of underlying quantum degrees of freedom [18] [19].

2.2. Quantum Complexity Theory

Quantum complexity theory extends classical complexity theory to the quantum
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realm, providing a framework for understanding the resources required for quan-
tum information processing [20] [21]. Central to our discussion is the concept of
quantum circuit complexity, which measures the minimum number of elemen-
tary quantum gates required to implement a unitary operation or prepare a given
quantum state.

Definition 1 (Quantum Circuit Complexity) For a target unitary operation
UeSU(d) and a set of elementary gates G={g,,---,0,} =SU(d), the quan-

tum circuit complexity C(U) is defined as:

C(U)=min{meN:EIgi1,---,gim eg,||u -0, 0

<e} (8)

where |||| is the operator norm and ¢ is a small positive constant representing
the allowed error tolerance [22].

This definition captures the computational difficulty of implementing a given
quantum operation and has profound implications for quantum computing and
fundamental physics [21].

The growth of quantum complexity over time provides a potential explana-
tion for the flow of time itself [5]. As demonstrated in Appendix A, the com-
plexity of a quantum state grows linearly for an exponentially long time before

saturating:

at, 0<t<e®™
C(t)~ o) ©)
C t>e

max !

where A isa system-dependent constant, z2is the number of qubits, and
Crax = 0(2”) [5]. This behavior has been linked to the dynamics of black holes
and the holographic principle [23].

2.3. Holographic Entanglement Entropy

Holographic entanglement entropy provides a powerful connection between quan-

tum information and spacetime geometry. The AdS/CFT correspondence, a con-

crete realization of the holographic principle, relates a theory of gravity in anti-de

Sitter (AdS) space to a conformal field theory (CFT) on its boundary [6] [24].
The Ryu-Takayanagi (RT) formula [25] quantifies this relationship:

A
S(A)z% (10)

where S(A) is the entanglement entropy of a region A in the boundary CFT,
¥, is the minimal surface in the bulk AdS space homologous to 4, and G, is
Newton’s gravitational constant. This formula has profound implications, sug-
gesting a deep connection between quantum information and spacetime geometry
[26].

Recent work has extended this formula to include quantum corrections [27]
[28]:
_Area(y,)

S(A) 4G,

+ Sbulk (ZA) + SWald—like + Salnomaly (1 1)
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where Sy, (£,) is the bulk entanglement entropy, S.qu. represents higher

curvature corrections, and S accounts for possible conformal anomalies.

anomaly
These corrections provide a more complete picture of how quantum information

is encoded in spacetime geometry [29].

2.4. Quantum Error Correction and Holography

Quantum error correction plays a crucial role in maintaining stable emergent time
by protecting quantum information from decoherence and errors [30] [31]. Re-
cent work has revealed deep connections between quantum error correction and
holography [7] [32].

In the context of AdS/CFT, the bulk spacetime can be viewed as an error-cor-
recting code for boundary information. This connection is captured by the fol-
lowing theorem:

Theorem 1 (Holographic Error Correction) For a holographic code with bulk
operator ¢ reconstructed from a boundary region A, the reconstruction error

e Is bounded by
e<ce A (12)

where cis a constant, A is the scaling dimension of ¢, d(A) is the distance of
the code restricted to region A, and ris the bulk depth of ¢ [33].

This theorem ensures that bulk physics, including the flow of time, can be ro-
bustly reconstructed from boundary data even in the presence of noise and errors
[34]. It provides a concrete realization of the holographic principle and suggests a
deep connection between quantum information, gravity, and the emergence of
spacetime [35].

The interplay between quantum complexity, holographic entanglement en-
tropy, and quantum error correction provides the theoretical foundation for un-
derstanding how time can emerge from fundamental quantum processes. In the
following section, we will explore how these concepts combine to give rise to our

perception of time and the arrow of time in our universe.

3. The Emergence of Time from Quantum Processes

In this section, we present our central argument for the emergence of time from
fundamental quantum processes. We synthesize three key aspects: the relationship
between quantum complexity and time, the role of entanglement in spacetime
emergence, and the stabilizing effect of quantum error correction on emergent

time. This synthesis provides a novel perspective on the nature of time itself.

3.1. Quantum Complexity as a Measure of Time

The growth of quantum complexity offers a natural measure for the passage of
time, providing a new lens through which to view temporal flow. This idea, orig-
inally proposed by Susskind [23], has gained significant traction in recent years
[5] [36]. We formalize this concept in the following theorem:

DOI: 10.4236/jhepgc.2024.104109

1986 Journal of High Energy Physics, Gravitation and Cosmology


https://doi.org/10.4236/jhepgc.2024.104109

L. Nye

Theorem 2 (Complexity-Time Correspondence) For a quantum system evolv-
ing under a time-independent Hamiltonian H, the quantum circuit complexity

C(t) grows linearly with time for an exponentially long period:
C(t)=At+o(t), 0<t<e’™ (13)

where A isa system-dependent constant and »is the number of qubits.

This theorem, proven in detail in Appendix A, suggests that the growth of
quantum complexity can serve as a proxy for the flow of time. The linear growth
of complexity for an exponentially long time aligns with our intuitive understand-
ing of time’s arrow and provides a quantum mechanical basis for temporal pro-
gression [5].

In the context of holography, this relationship takes on geometric significance.
Susskind [23] proposed the “complexity equals volume” (CV) conjecture, which
states that the complexity of a boundary state is dual to the volume of a maximal

spatial slice in the bulk:

C(t)~ V(Y (14)
GN IAdS

where V (t) is the volume of the maximal time slice at time £, G, is Newton’s
gravitational constant, and |, is the AdS radius. This conjecture provides a di-
rect link between the growth of quantum complexity and the expansion of space-
time volume, suggesting that the perceived flow of time corresponds to the in-
creasing difficulty of preparing the quantum state of the universe from a simple
initial state [36].

3.2. Entanglement and the Emergence of Spacetime

While complexity growth provides a measure of time’s passage, the structure of
spacetime itself emerges from the entanglement structure of the underlying quan-
tum state. This idea, pioneered by Van Raamsdonk [18] and further developed by
Maldacena and Susskind [17], has revolutionized our understanding of the rela-
tionship between quantum information and spacetime geometry.

The Ryu-Takayanagi formula and its quantum corrections, as discussed in Sec-
tion 2, provide a concrete realization of this connection [25] [27]. Building on
these insights, we propose that the metric of emergent spacetime can be recon-

structed from the entanglement structure of the boundary theory:

2
9, = % g (15)
uv=laf

where S(p,) isthe entanglement entropy of region A with reduced density ma-

trix p,,and 7:V is the induced metric on the boundary of 4 [18] [19].
The dynamics of entanglement entropy provides a natural measure for the flow

of time in this emergent spacetime:

ds _ Area(y,)dArea(y,) d

+—3S
dt 4G, dt dt

(16)

quantum

DOI: 10.4236/jhepgc.2024.104109

1987 Journal of High Energy Physics, Gravitation and Cosmology


https://doi.org/10.4236/jhepgc.2024.104109

L. Nye

This equation relates the change in entanglement entropy to the change in the
area of the extremal surface and quantum corrections, effectively tying the evolu-

tion of quantum information to the dynamics of spacetime [37] [38].

3.3. Quantum Error Correction and Stable Emergent Time

For time to emerge consistently from quantum processes, the underlying quan-
tum information must be protected against decoherence and errors. Quantum er-
ror correction provides this crucial stability [30] [31]. We propose the following
theorem:

Theorem 3 (Stable Emergent Time) Let |¢//(t)> be the state of a quantum
system at time t, and let C(t) be its complexity. If |l//(t)> is protected by a
quantum error correcting code with distance d(t), then the emergent time re-

mains stable under errors of weight less than d(t)/2 , and

‘d—c‘zl[l—z—WJ (17)
dt d(t)

where A isthe unperturbed complexity growth rate and wis the weight of errors
affecting the system.

This theorem, proven in Appendix C, demonstrates how quantum error cor-
rection ensures the stability of emergent time by maintaining consistent complex-
ity growth even in the presence of errors [39].

In the context of holography, the AdS/CFT correspondence can be understood
in terms of quantum error-correcting codes, where the bulk spacetime emerges
from the error-correcting properties of the boundary state [7] [32]. This perspec-
tive naturally explains the observed redundancy in holographic encoding of bulk
information and ensures the stability of the emergent bulk spacetime, including

its temporal aspects [33].

3.4. Synthesis: A Unified Picture of Emergent Time

Integrating these concepts, we propose a unified picture of emergent time:

1) The flow of time corresponds to the growth of quantum complexity in the
underlying quantum state of the universe, as described by the Complexity-Time
Correspondence Theorem [5].

2) This complexity growth is manifested geometrically as the expansion of
spacetime volume in a dual gravitational description, captured by the “complexity
equals volume” conjecture [23].

3) The structure of spacetime, including its causal properties, emerges from the
entanglement structure of the quantum state, as encoded in holographic entan-
glement entropy formulas [18] [19].

4) Quantum error correction ensures the stability of this emergent spacetime
and the consistent flow of time, even in the presence of noise and decoherence [7]
[32].

This framework resolves several longstanding issues in physics:
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o It provides a quantum mechanical basis for the arrow of time, reconciling
microscopic reversibility with macroscopic irreversibility [40].

o It offers a resolution to the problem of time in quantum gravity by showing
how time can emerge from timeless quantum processes [4] [41].

o It suggests a resolution to the black hole information paradox by demon-
strating how information can be preserved in highly complex quantum states
while appearing to be lost from the perspective of low-complexity observables
[42] [43].

In conclusion, time, through this lens, is notf a fundamental entity. Instead, it
becomes an emergent phenomenon arising from the complex interplay of quan-
tum information dynamics. The perceived flow of time reflects the increasing
complexity of the quantum state of the universe, while its arrow is determined
by the collective tendency towards scrambling and chaos in quantum systems
[44] [45]. This perspective offers a unified understanding of time that bridges
quantum mechanics, general relativity, and thermodynamics. It suggests that
the nature of time is intimately connected to the structure of quantum infor-
mation, providing a new foundation for our understanding of the universe and
its evolution [8] [35].

4. Implications and Applications of Emergent Time

The concept of time emerging from quantum informational processes has far-
reaching implications across various domains of physics and beyond. This section
explores the profound consequences of our framework, demonstrating its power

to unify disparate areas of physics and its potential for practical applications.

4.1. Resolution of the Black Hole Information Paradox

Our emergent time framework offers a novel perspective on the black hole infor-
mation paradox, a longstanding challenge in theoretical physics [46]. Rather than
being lost, we propose that information becomes highly scrambled and encoded
in complex quantum states within black holes.

The fast scrambling conjecture [42] [44] suggests that black holes are nature’s
fastest scramblers, rapidly mixing incoming information with their existing inter-
nal states. This scrambling can be quantified using out-of-time-order correlators
(OTOCs):

C(t)~<[w (t),V(O)]2>~e‘L‘ (18)

where A, is the Lyapunov exponent, bounded by A, <2nk,T /i for thermal
systems [45]. This bound, known as the chaos bound, has profound implications
for quantum chaos and information scrambling.

In our emergent time framework, this rapid scrambling corresponds to a dra-
matic increase in quantum complexity. The growth of complexity in black holes fol-
lows a pattern similar to that of quantum circuits, but with an initial exponential
growth phase [43] [47]:
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At

e”, t<{
C(t)~qat,  to<t<t, (19)
Cmax’ t>tc

where t, is the scrambling time, t, is the time at which complexity saturates,

¢
and C,, = 0(2") for an n-qubit system.

This perspective suggests that information is preserved in highly complex quan-
tum states, reconciling the apparent loss of information with the principle of uni-
tary evolution in quantum mechanics [48] [49]. It provides a potential resolution
to the black hole information paradox that is consistent with both quantum me-

chanics and general relativity.

4.2. Unified View of Entropy and the Arrow of Time

Our framework leads to a unified view of entropy across classical thermodynamics,
quantum mechanics, and gravitational physics. The growth of entanglement en-
tropy in quantum systems provides a microscopic basis for the second law of ther-
modynamics and the arrow of time [8] [50].

In the context of holography, the quantum-corrected Ryu-Takayanagi formula

relates entanglement entropy to the geometry of spacetime [25] [27]:

Area(y
S (A) = % + Sbu|k (ZA) + SWald—like + Sanomaly (20)
N

This relationship suggests a deep connection between quantum information,
thermodynamics, and gravitation [18] [51]. The increase in entropy over time,
whether in classical or quantum systems, can be understood as a manifestation of
the growing complexity of the underlying quantum state.

This unified perspective on entropy provides a new understanding of the arrow
of time, grounding it in the fundamental dynamics of quantum information. It
offers a potential resolution to the long-standing puzzle of reconciling the time-
symmetric laws of physics with the observed time-asymmetry of macroscopic

phenomena [52].

4.3. Implications for Quantum Gravity and Cosmology

The emergence of time from quantum informational processes has significant im-
plications for theories of quantum gravity and our understanding of cosmology.
In loop quantum gravity, our framework suggests that the discrete structure of
spacetime might be understood as arising from the entanglement patterns of fun-
damental quantum degrees of freedom [53] [54].

For string theory, the emergent time perspective contributes new insights into
the nature of dualities and the role of complexity in the AdS/CFT correspondence
[23] [55]. It suggests that different string theory dualities might be understood as
different ways of encoding the same underlying quantum information.

In cosmology, this framework provides a new perspective on cosmic inflation

and the expansion of the universe. The inflationary period could be understood
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as a rapid increase in the complexity and entanglement of the cosmic quantum

state. This is captured by the modified Friedmann equations [56] [57]:

k 8rnG, A

H2+? 3 p+§+aFC(C,SEm) (21)
gz_@(p—k:gp)—’_%—kﬂcac(c’sem) (22)

where F. and G. are functions arising from complexity and entanglement
contributions. These equations provide a novel framework for understanding cos-
mic evolution, potentially offering new insights into the nature of dark energy and
the early universe.

This approach also offers new avenues for addressing the cosmological constant
problem. If spacetime emerges from quantum information, then the vacuum en-
ergy might be understood as a consequence of the complexity and entanglement

structure of the quantum vacuum [58] [59].

4.4. Practical Applications in Quantum Computing and Sensing

Beyond its theoretical ramifications, the emergent time framework has potential
practical applications in quantum computing and quantum simulation. Under-
standing the growth of complexity in quantum systems may lead to new algo-
rithms for quantum error correction and quantum state preparation that operate
from first principles [39] [60].

In quantum computing, the relationship between quantum complexity and
time suggests new approaches to quantum algorithms. For instance, quantum al-
gorithms that exploit the growth of entanglement might be able to solve certain
problems more efficiently than classical algorithms [61] [62].

Within quantum simulation, this framework suggests novel approaches to sim-
ulating complex quantum systems. By engineering systems with specific patterns
of entanglement, it may be possible to simulate aspects of curved spacetime and
black hole dynamics in table-top experiments [63] [64].

Moreover, these connections between quantum complexity and spacetime ge-
ometry suggest new paradigms for quantum sensing and metrology. Quantum
devices that can measure or manipulate complexity might be able to probe aspects
of spacetime structure that are inaccessible to classical devices [65] [66].

In conclusion, the concept of time emerging from quantum informational pro-
cesses offers a unifying framework that addresses fundamental questions in phys-
ics while also suggesting new directions for practical applications. By bridging
quantum mechanics, gravitation, and information theory, this approach provides
a promising path forward in our quest to understand the nature of time and the
fundamental structure of reality. It not only offers potential resolutions to long-
standing theoretical puzzles but also opens up new avenues for technological in-

novation in quantum computing and sensing.
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5. Proposed Experimental Validation

While the emergent time framework is primarily theoretical, empirical validation
is crucial for its acceptance and further development. This section outlines a series
of proposed experiments designed to test key aspects of our model. These experi-
ments aim to observe the growth of quantum complexity and entanglement in
controlled settings, as well as probe for signatures of emergent time in cosmolog-

ical observations.

5.1. Quantum Systems Experiments

5.1.1. Observing Complexity Growth in Superconducting Qubit Circuits
Superconducting qubit circuits offer a promising platform for observing complex-
ity growth due to their high level of control, long coherence times, and scalability
[67] [68]. We propose the following experiment:

1) Prepare an initial state |l//0> with low complexity, such as a product state of
n qubits.

2) Apply a sequence of random two-qubit gates to simulate chaotic dynamics,
following protocols similar to those used in quantum supremacy experiments [67].

3) Measure the state complexity over time using quantum state tomography
and randomized benchmarking techniques [69] [70].

The complexity C(t) can be estimated using the quantum circuit complexity
metric [5] [22]:

C(U)=min{meI\I:EIgh,-~-,g:]im eg,||u -0, 0

< 6} (23)

We predict that the complexity will grow linearly with time for an extended

period, as per the Complexity-Time Correspondence Theorem:

C(t)~at, 0<t<t, (24)

where A isthe complexity growth rate and t, is the time at which complexity
saturates. This linear growth is a key prediction of our framework and its obser-
vation would provide strong support for the connection between quantum com-

plexity and emergent time.

5.1.2. Measuring Out-of-Time-Order Correlators in Trapped Ion Systems
Trapped ion systems provide another excellent platform for studying complexity
growth due to their long coherence times and high-fidelity operations [71] [72].
We propose measuring out-of-time-order correlators (OTOCs), which are sensi-

tive probes of quantum chaos and complexity growth [73] [74]:
cv)=(wv©T) (25)

where W (t) and V(0) arelocal operators at different times. We expect to ob-
serve an exponential decay of the OTOC, indicative of quantum chaotic behavior
and rapid complexity growth. This decay rate is bounded by the Lyapunov expo-
nent A, <2nk,T /%, known as the chaos bound [45].
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5.2. Entanglement Dynamics in Quantum Circuits

Using either superconducting qubit platforms or trapped ion systems, we can im-
plement quantum circuits that generate states of increasing entanglement and
complexity. We propose the following protocol:

1) Initialize a product state of 1 qubits.

2) Apply layers of entangling gates, increasing the circuit depth over time, fol-
lowing protocols similar to those used in quantum simulation experiments [75].

3) Measure the entanglement entropy of subsystems at each step using quantum
state tomography and partial trace techniques [70] [76].

We predict that the entanglement entropy will grow linearly with circuit depth

before saturating:

Vet,  t<ty,

S(t)~{s t>t

where v isthe entanglement velocity and tg, is the saturation time [77] [78].

(26)

max ! sat

This behavior is consistent with the dynamics of quantum information scrambling

and provides a link between entanglement growth and emergent time.

5.3. Probing Holographic Quantum Error Correction

To test the role of quantum error correction in maintaining stable emergent time,
we propose experiments using quantum circuits that implement holographic
quantum error-correcting codes [7] [32]. Key observables would include:

o The fidelity of bulk operator reconstruction from boundary regions, which
can be measured using randomized benchmarking techniques [69].

o The robustness of emergent causal structure under local perturbations, which
can be probed by introducing controlled errors and measuring their impact on
information propagation [72].

o The relationship between code distance and the size of reconstructible bulk
regions, which can be investigated by varying the number of qubits and measuring
the reconstruction fidelity [33].

These experiments would provide crucial insights into the connection between
quantum error correction, holography, and emergent time, testing key aspects of

our theoretical framework.

5.4. Cosmological Observations

While direct observation of quantum gravity effects in cosmology is challenging,
our framework suggests several potential observational signatures that could be

detected with next-generation cosmological surveys.

5.4.1. Cosmic Microwave Background Tests
We propose searching for signatures of quantum complexity growth in the cosmic
microwave background (CMB), specifically:

o Non-Gaussianity in the CMB with a specific form related to the growth of

quantum complexity during inflation:
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B(Ky, Ky, Ky ) = fe F (Ki, Ky, Ky )+ @G (K Ky, ke, C) + BH (K Ky ke S ) (27)

where Bis the bispectrum, f, is the standard non-Gaussianity parameter, and
G and H are new shape functions depending on complexity Cand entanglement
entropy S, [79] [80].

« Modifications to the tensor-to-scalar ratio r due to quantum information ef-

fects:

r=16c(1+ SR +C) (28)

where ¢ is the slow-roll parameter, R is a curvature invariant, and C is re-
lated to quantum complexity [81] [82].

These predictions can be tested with future CMB missions such as CMB-S4 and
LiteBIRD [83] [84], which will provide unprecedented precision in measuring

CMB anisotropies and polarization.

5.4.2. Large-Scale Structure Formation
Our framework predicts modifications to the standard cosmological perturbation

theory due to quantum information effects:

5.(7)=D(7)8, (0)[1+aS, + BC, + 1] (29)

where &, is the density contrast in Fourier space, D(7) is the linear growth
factor, S, and C, are scale-dependent corrections from entanglement and
complexity, and |, represents non-local effects arising from holographic infor-
mation transfer [85] [86].

These modifications could potentially be detected in large-scale structure sur-
veys, such as those planned for the Euclid mission and the Vera C. Rubin Obser-

vatory [84].

5.5. Testing Modified Friedmann Equations

To probe the modified Friedmann equations derived in Appendix D, we propose
a series of cosmological observations aimed at detecting deviations from standard
ACDM predictions. Key observables include:

o The expansion history of the universe, as measured by Type Ia supernovae
and baryon acoustic oscillations [87] [88].

o The growth rate of cosmic structure, which can be probed through redshift-
space distortions and weak gravitational lensing [89].

« The integrated Sachs-Wolfe effect, which is sensitive to the late-time evolution
of gravitational potentials.

These observations would allow us to constrain the functions F., G ,and the
parameters in our modified Friedmann equations, potentially providing evidence
for quantum information effects in cosmic evolution.

While the full implications of this theory extend beyond current experimental
capabilities, these proposed experiments offer concrete starting points for testing
key aspects of the framework. They bridge theory with empirical reality, paving

the way for future discoveries in quantum physics and deepening our under-
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standing of the nature of time. The combination of quantum systems experiments
and cosmological observations provides a multi-scale approach to refuting or val-

idating this emergent time framework.

6. Results and Discussion

This section synthesizes the key findings of our research, discusses their implica-
tions in the context of existing theories, acknowledges the challenges and limita-
tions of our approach, and explores the broader implications for future investiga-

tions in physics and cosmology.

6.1. Synthesis of Theoretical Insights

Our investigation into the emergence of time from quantum informational pro-
cesses has yielded several key insights that collectively support our central thesis:

1) Quantum Complexity Growth: We have demonstrated that the growth of
quantum complexity provides a natural measure for the passage of time, as de-

scribed by the Complexity-Time Correspondence Theorem:
C(t)=At+o(t), 0<t<e’™ (30)

where C(t) isthe complexityattime 4, A isa system-dependent constant, and
n is the number of qubits [5] [43]. This linear growth in complexity aligns with
our intuitive understanding of time’s arrow and offers a quantum mechanical ba-
sis for temporal progression, bridging the gap between microscopic reversibility
and macroscopic irreversibility [40].

2) Entanglement Entropy Dynamics: The evolution of entanglement entropy,

characterized by:

S(t)~ Vet, (31)

where V. is the entanglement velocity, provides a link between quantum infor-
mation spreading and the emergence of time [77] [90]. This relationship under-
pins the connection between quantum dynamics and macroscopic irreversibility,
offering a quantum foundation for the second law of thermodynamics [50].

3) Holographic Emergence of Spacetime: The AdS/CFT correspondence and
the Ryu-Takayanagi formula, extended to include quantum corrections:

S(A):Area(;/A)

+ Spuic (Za) + Swaigiie + Sanomaly (32)
4G,

suggest that spacetime geometry, including its temporal aspects, can emerge from
the entanglement structure of a lower-dimensional quantum theory [27] [28].
This provides a concrete realization of how time can arise from timeless quantum
processes, supporting the idea that spacetime itself is an emergent phenomenon
[18] [19].

4) Quantum Error Correction and Bulk Reconstruction: The relationship be-
tween quantum error correction and holography provides a mechanism for the

emergence of bulk spacetime, including its causal structure, from boundary
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quantum mechanics [7] [32]. This connection is formalized in the holographic
quantum error-correcting codes described in Appendix C, with the Holographic
Error Correction Theorem bounding the reconstruction error € for a bulk op-

erator ¢ from a boundary region A:
e<ce A (33)

where cis a constant, A is the scaling dimension of ¢, d (A) is the distance of
the code restricted to region A, and ris the bulk depth of ¢ [33]. This theorem
provides a quantitative measure of how reliably bulk physics, including the flow
of time, can be reconstructed from boundary information.

These results collectively support the view that time is not a fundamental entity
but emerges from the dynamics of quantum information. This framework unifies
concepts from quantum mechanics, general relativity, and information theory, of-
fering a coherent picture of how our classical notion of time arises from underly-

ing quantum processes [91].

6.2. Connections to Existing Theories and Observations

Our framework for emergent time aligns with and extends several existing theo-
ries and observations in physics:

« Black Hole Thermodynamics: The growth of quantum complexity in our
model is consistent with the behavior of black holes, particularly the idea that they
are the fastest scramblers in nature [42] [44]. This provides a new perspective on
black hole entropy and offers a potential resolution to the black hole information
paradox [23] [48].

« Cosmological Arrow of Time: The expansion of the universe and the cosmo-
logical arrow of time can be understood in terms of increasing quantum complex-
ity of the cosmic state [8] [52]. This is reflected in the modified Friedmann equa-

tions derived in Appendix D:

k 8rnG A
H2+¥: 3Np+§+aFC(C,SEm) (34)

2| 4G A
gz—%(p+3p)+§+ﬁGC (C.Sen) (35)

where F, and G_ are functions arising from complexity and entanglement
contributions. These equations provide a novel framework for understanding cos-
mic evolution, potentially offering new insights into the nature of dark energy and
the early universe [59].

» Quantum Foundations: Our framework aligns with interpretations of quan-
tum mechanics that emphasize the role of information, such as QBism [92] and
the relational interpretation [93]. It suggests that the flow of time is intimately
connected to the acquisition and processing of quantum information, providing
a new perspective on the measurement problem and the emergence of classical
reality from quantum substrates [94].

Moreover, this interpretation is consistent with known physical laws. The
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emergence of time from quantum processes naturally gives rise to the observed
arrow of time and the second law of thermodynamics. It also provides a quantum
foundation for relativistic time dilation effects, as the rate of complexity growth
can be affected by motion and gravitational fields [17].

6.3. Challenges and Limitations

While our framework offers a compelling perspective on the nature of time, sev-
eral open challenges and limitations must be acknowledged:

1) Experimental Verification: Direct observation of quantum complexity
growth and its relation to emergent time remains challenging. We have proposed
experiments using quantum simulators and analogue systems in Section 5, but
realizing these experiments with sufficient precision will be technically demand-
ing [67] [75]. Bridging the gap between theoretical predictions and experimental
capabilities is a crucial next step.

2) Universality: While our framework is grounded in fundamental quantum
mechanics, definitively demonstrating its universality across all physical systems
and scales remains uncertain. The extension of the holographic principle to gen-
eral spacetimes, as discussed in Appendix B, is a step in this direction [51] [95].

3) Reconciliation with Quantum Gravity: Fully integrating the emergent time
framework with theories of quantum gravity, such as loop quantum gravity and
string theory, requires concerted efforts [53] [54]. The role of quantum complex-
ity and entanglement in these theories demands separate investigations beyond
the scope of this paper.

6.4. Broader Implications for Future Investigation

The emergence of time from the dynamics of quantum information has far-reach-
ing implications for our understanding of many aspects of reality:

« Nature of Reality: This framework suggests that the fundamental fabric of
reality may be information rather than space, time, or matter. This aligns with
Wheeler’s “it from bit” proposition [96] and points towards a deeply information-
theoretic view of the universe [8] [97].

o Consciousness and Time: The intimate connection between information
processing and the emergence of time raises intriguing questions about the nature
of consciousness and its relationship to our perception of time [98] [99]. The role
of quantum error correction in maintaining stable emergent time may have im-
plications for understanding the stability of conscious experience.

o Unification of Physics: This approach offers a potential path towards recon-
ciling quantum mechanics and general relativity by providing a common language
of quantum information for describing both quantum and gravitational phenom-
ena [35] [91]. The holographic quantum error-correcting codes described in Ap-
pendix C further provide a concrete model for this unification.

« Cosmology and the Nature of Time: Our framework provides new perspec-
tives on cosmic inflation, the arrow of time, and the nature of time before the Big

Bang, potentially reshaping our understanding of the universe’s origin and evo-
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lution [52] [100]. The modified Friedmann equations derived in Appendix D of-
fer a specific realization of these ideas in cosmological models.

This picture of time represents a paradigm shift in our understanding of reality.
It challenges our fundamental notions of space, time, and causality, suggesting
that these familiar concepts arise from a more fundamental substrate of quantum
information. While significant challenges remain, this framework offers a prom-
ising direction for future research in theoretical physics and cosmology, poten-

tially leading to a more unified and coherent understanding of nature.

7. Conclusions: Time as an Emergent Quantum Phenomenon

This paper has presented a novel framework for understanding time as an emer-
gent phenomenon arising from fundamental quantum informational processes.
Our approach integrates concepts from quantum mechanics, general relativity,
and information theory, offering a unified perspective on the nature of time and

potentially resolving longstanding paradoxes in physics.

7.1. Key Findings and Their Implications

Our primary results can be summarized as follows:
1) Quantum Complexity as Time: We have demonstrated that the growth of
quantum complexity provides a natural measure for the passage of time [5] [43].

The linear growth of complexity:

C(t)~ 4t (36)

aligns with our intuitive understanding of time’s arrow and offers a quantum me-
chanical basis for temporal progression. This result bridges the gap between mi-
croscopic reversibility and macroscopic irreversibility, providing a potential res-
olution to the arrow of time problem [40].

2) Entanglement and Spacetime: The evolution of entanglement entropy plays
a crucial role in the emergence of spacetime geometry, including its temporal as-
pects [18] [19]. The quantum-corrected Ryu-Takayanagi formula:

S(A):Area(yA)

4G, + Spui (ZA) + Swaidike TS

anomaly (37)
provides a concrete link between quantum information and spacetime structure
[27]. This relationship suggests that spacetime itself may be an emergent phenom-
enon, arising from the entanglement structure of underlying quantum degrees of
freedom [91].

3) Holographic Principle: We have extended the holographic principle to gen-
eral spacetimes, demonstrating how bulk dynamics, including the flow of time,
can emerge from boundary quantum mechanics [35] [95]. This generalization
provides a framework for understanding how three-dimensional spatial geometry
and time can emerge from lower-dimensional quantum systems, potentially rev-
olutionizing our understanding of the nature of space and time.

4) Quantum Error Correction: The relationship between quantum error cor-
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rection and holography provides a mechanism for the emergence of bulk spacetime,
including its causal structure, from boundary quantum information [7] [32]. This
connection offers a potential resolution to the problem of time in quantum gravity,
showing how time can emerge from timeless quantum processes [4].

5) Cosmological Implications: We have derived modified Friedmann equa-
tions that incorporate quantum information measures, offering a new perspective

on cosmic evolution and the arrow of time in cosmology [8]:

k 8rnG A
HE 4 ==t p+ T +aRe (C.S,) (38)
§=_%(p+3p)+§+ﬂec(c'sem) (39)

where F, and G_ are functions arising from complexity and entanglement
contributions. These equations provide a framework for understanding cosmic
inflation and the expansion of the universe in terms of quantum information dy-
namics [57].

These results collectively support the view that time is not a fundamental entity
but emerges from the dynamics of quantum information, unifying concepts from

quantum mechanics, general relativity, and information theory.

7.2. Significance and Broader Implications

The concept of time as an emergent phenomenon has profound implications for
our understanding of physics and reality:

o Unification of Physics: By providing a common language of quantum in-
formation for describing both quantum and gravitational phenomena, this ap-
proach offers a potential path towards reconciling quantum mechanics and gen-
eral relativity [54] [91]. It suggests a deep connection between quantum entan-
glement and spacetime geometry, potentially leading to a quantum theory of
gravity.

« Resolution of Paradoxes: The emergent time framework provides new per-
spectives on longstanding puzzles in physics, such as the black hole information
paradox [46] [48] and the arrow of time [101]. By understanding time as emerging
from quantum processes, we can potentially resolve these paradoxes within a con-
sistent quantum framework.

 Nature of Reality: The idea that time emerges from quantum information
suggests a deeply information-theoretic view of the universe, aligning with Whee-
ler’s “it from bit” proposition [96] [97]. This perspective implies that information
may be the fundamental building block of reality, from which space, time, and
matter emerge.

« Philosophical Implications: The emergent nature of time has significant phil-
osophical consequences, potentially reshaping our understanding of free will, de-
terminism, and the nature of consciousness [98] [99]. It challenges our intuitive
notions of causality and may require a fundamental reevaluation of our under-

standing of reality and our place within it.

DOI: 10.4236/jhepgc.2024.104109

1999 Journal of High Energy Physics, Gravitation and Cosmology


https://doi.org/10.4236/jhepgc.2024.104109

L. Nye

7.3. Future Directions

While this framework provides a compelling picture of emergent time, several
important areas require further investigation:

1) Experimental Validation: Developing more sophisticated quantum simula-
tions and analog experiments to directly probe the relationship between complex-
ity growth, entanglement dynamics, and emergent time [63] [75]. This may in-
volve creating highly entangled states in controllable quantum systems and ob-
serving their evolution over time.

2) Cosmological Applications: Refining our modified Friedmann equations
and developing observational tests to detect signatures of quantum information
dynamics in cosmic evolution [57] [80]. This could involve searching for specific
patterns in the cosmic microwave background or in the large-scale structure of
the universe that reflect underlying quantum information dynamics.

3) Quantum Gravity: Further integrating our emergent time framework with
approaches to quantum gravity, such as loop quantum gravity and string theory
[53] [102]. This integration may lead to new insights into the nature of spacetime
at the Planck scale and could potentially resolve outstanding issues in quantum
gravity.

4) Foundations of Quantum Mechanics: Exploring the implications of emer-
gent time for various interpretations of quantum mechanics and the measurement
problem [92] [94]. This may lead to new interpretations of quantum mechanics
that naturally incorporate the concept of emergent time.

5) Information Paradoxes: Developing a more complete resolution of the black
hole information paradox and related issues in high-energy physics using the
emergent time framework [42] [103]. This could involve a detailed analysis of how
information is preserved and processed in extreme gravitational scenarios.

In conclusion, the emergence of time from quantum informational processes
suggests a paradigm shift in our understanding of the universe. By unifying con-
cepts from quantum mechanics, general relativity, and information theory, this
framework offers a promising path towards a more fundamental theory of nature.
As we continue to develop and test these ideas, we move closer to unraveling the

deep mysteries of time, space, and the quantum nature of reality.
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