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Abstract 

A central question in the quantum-gravitational description of our universe is how the arrow of 

time emerges from a fundamentally timeless theory. Reference [1] proposed that an intrinsic, self-

referential mechanism—encoded in a nonlocal operator 𝑀̂  acting on a holographic tensor 

network—breaks the global Wheeler-DeWitt constraint and drives the monotonic growth of 

entanglement entropy, thereby giving rise to an internal time. The present work provides the first 

exactly solvable and numerically testable microscopic realization of this mechanism within the open 

Sachdev-Ye-Kitaev (SYK) model. By interpreting Lindblad jump operators as directed information 

extractions from network degrees of freedom, we prove, via large-𝑁 Schwinger-Keldysh field 

theory and finite-𝑁 exact diagonalization (up to 𝑁 = 18), that the entanglement entropy of the 

observed subsystem increases monotonically and irreversibly, that the level-spacing distribution 

transitions from Poisson to Wigner-Dyson universality, and that the dissipative form factor displays 

a sharp, first-order dynamical phase transition. A control experiment employing structureless, 

nonlocal Lindblad jumps fails to produce these signatures simultaneously, confirming that they are 

specific consequences of the self-referential mapping rather than generic features of open quantum 

systems. We further propose a holographic dictionary in which the dissipative coupling 𝜇 is dual 

to the boundary cosmological constant in Jackiw-Teitelboim gravity, offering a concrete, testable 

bridge between the self-referential operation and the geometry of emergent spacetime. These 

findings establish a compact, computable, and—crucially—experimentally accessible microscopic 

foundation for the hypothesis that time is born from quantum information processing, and they 

provide a theoretical blueprint for observing the emergence of an arrow of time on near-term 

quantum simulators [23,24,26]. 
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1. Introduction 

 

The nature of time remains one of the most profound puzzles in theoretical physics. In the canonical approach to 

quantum gravity, Wheeler and DeWitt demonstrated that the wave function of the universe must satisfy a timeless 

constraint, 𝐻̂constr ∣ Ψ0⟩ = 0 [2]. This result implies that, at the Planck scale, the fundamental degrees of freedom 

admit no external time parameter. Yet our everyday experience is dominated by an unmistakable arrow of time—

an irreversible flow from past to future. Reconciling this manifest macroscopic irreversibility with a fundamentally 

timeless microscopic theory is the central conceptual challenge that motivates the present work. 

A promising resolution was recently advanced in Ref. [1], which proposed that the arrow of time originates from a 

universal self-referential mechanism intrinsic to the quantum-information architecture of spacetime. The key 

ingredient is a nonlocal operator 𝑀̂ that acts on a subregion 𝑅 of a holographic tensor network, persistently 

breaking the global Wheeler-DeWitt constraint and thereby generating an internal, relational time parameter 𝜏 via 

the Page-Wootters mechanism. A central proof of that framework is the monotonic increase of the subsystem 

entanglement entropy: 

𝑑𝑆(𝜌𝑅)

𝑑𝜏
=∑Tr[

𝑖

𝐿𝑖
†𝐿𝑖𝜌𝑅] ≥ 0, 

 

which identifies the thermodynamic arrow of time with the irreversible growth of quantum entanglement driven by 

the self-referential operation. 

However, the operator 𝑀̂ in Ref. [1] was introduced at a highly abstract level, without a concrete, calculable, and 

experimentally realisable microscopic model. The present paper bridges precisely this gap by constructing an explicit 

Lindbladian implementation of 𝑀̂ within the Sachdev-Ye-Kitaev (SYK) model [3,4]—a paradigmatic system of 

controllable quantum chaos that is holographically dual to Jackiw-Teitelboim (JT) gravity in two dimensions [5,6]. 

Beyond the abstract mapping, we verify the robustness of our numerical methods against additional indicators of 

multipartite entanglement, including the Quantum Fisher Information [11,14]. 

The principal advances reported here are fourfold: 

 

1. Concrete realisation of the self-referential operator. 

We systematically map linear (𝐿𝑖 = √𝜇 𝜓𝑖) and quadratic (𝐿𝑖𝑗 = √𝜅 𝜓𝑖𝜓𝑗) Lindblad jump operators to the 

self-referential mechanism of Ref. [1]. Linear jumps simulate directed, elementary node-by-node information 

extraction; quadratic jumps probe higher-order entanglement structures. In this mapping the dissipative 

coupling acquires a deep information-theoretic meaning—it directly controls the rate at which an internal 

arrow of time emerges. 

2. Uniqueness established through a control experiment. 

To confirm that the observed phenomena are not generic features of arbitrary open quantum dynamics, we 

introduce a structureless, random nonlocal jump operator. Only the self-referential (linear/quadratic) 

mappings simultaneously yield irreversible monotonic entropy growth, a robust quantum-chaos transition, 

and a sharp dynamical phase transition. The random-nonlocal control operator fails on all three counts, 

demonstrating that the physics we report is specific to the self-referential mechanism. 

3. Dual analytic and numerical proofs of the arrow of time. 

Using the large-𝑁 Schwinger-Keldysh field theory we provide a rigorous proof of the monotonicity of the 

subsystem entanglement entropy. These analytic predictions are corroborated by finite-𝑁  numerical 
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simulations (exact diagonalization for 𝑁 ≤ 12 and Krylov-subspace evolution for 𝑁 ≤ 18, see [11,14]) with 

comprehensive disorder averaging and finite-size scaling analyses. 

4. Testable holographic prediction and connection to quantum simulators. 

Exploiting the SYK-JT duality, we propose that the dissipative strength 𝜇  maps to the boundary 

cosmological constant Λ𝑏  in JT gravity, and we give a quantitative prediction that can be tested via 

boundary two-point correlation functions [5,6,20,29]. Furthermore, we estimate that for typical qubit-based 

quantum simulators the required effective coupling is 𝜇 ∼ 0.1–1  MHz, placing the dynamical phase 

transition at 𝑡𝑐 ∼ 1–10 𝜇s—well within current coherence times [23,25,26,28], thereby making the observation 

of an emergent arrow of time a realistic near-term experimental goal. 

 

The paper is organised as follows. In Sec. 2 we formulate the model, define the self-referential mapping, and 

introduce the control operator. Section 3 presents the large-𝑁 Schwinger-Keldysh analysis and the analytic proof of 

entropy monotonicity. Section 4 contains the finite-𝑁  numerical results for entanglement dynamics, spectral 

statistics, and the dynamical phase transition, together with a detailed comparison with the control operator. Section 

5 discusses the holographic connection to JT gravity. We conclude and outline future directions in Sec. 6. 

 

2. Model: Lindbladian Realisation of 𝑴̂ 

 

2.1 SYK Model and Lindblad Master Equation 

 

We consider the SYK4 model of 𝑁 Majorana fermion operators 𝜓𝑖 (𝑖 = 1,… ,𝑁) satisfying {𝜓𝑖, 𝜓𝑗} = 𝛿𝑖𝑗 [3,4]: 

 

𝐻SYK = ∑ 𝐽𝑖𝑗𝑘𝑙
1≤𝑖<𝑗<𝑘<𝑙≤𝑁

 𝜓𝑖𝜓𝑗𝜓𝑘𝜓𝑙 , 

 

with complex Gaussian random couplings satisfying 𝐽𝑖𝑗𝑘𝑙‾ = 0  and 𝐽𝑖𝑗𝑘𝑙
2‾ = 3! 𝒥2/𝑁3 . The evolution of the 

state 𝜌(𝑡) is governed by the Lindblad master equation [7,8] 

 

𝑑𝜌

𝑑𝑡
= −𝑖[𝐻SYK, 𝜌] +∑(

𝛼

𝐿𝛼𝜌𝐿𝛼
† −

1

2
{𝐿𝛼

† 𝐿𝛼, 𝜌}). (1) 

 

2.2 Self-Referential Mapping and Control Operator 

 

We define two families of jump operators as concrete realisations of the self-referential mechanism proposed in Ref. 

[1]: 

• Linear jumps (elementary self-reference): 𝐿𝑖 = √𝜇 𝜓𝑖 , performing directed information extraction on 

each individual Majorana fermion. 

• Quadratic jumps (higher-order self-reference): 𝐿𝑖𝑗 = √𝜅 𝜓𝑖𝜓𝑗 , acting directly on two-body 

entanglement structures. 

 

To isolate the unique signatures of this mapping, we introduce a control operator—a random, structureless 

nonlocal jump: 
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𝐿rnd = √Γ ∑ 𝜉𝑖1⋯𝑖𝑝
𝑖1<⋯<𝑖𝑝

 𝜓𝑖1 ⋯𝜓𝑖𝑝 , 

 

where 𝜉𝑖1⋯𝑖𝑝  are independent random variables with zero mean and unit variance. This operator carries no 

directionality toward local nodes or the network’s entanglement structure and serves as a benchmark for 

"structureless decoherence." It has been shown that both linear and quadratic jumps introduce a characteristic decay 

time 𝜏dec ∼ 1/𝜇 or 1/𝜅 into the Keldysh self-energy [7,8]. 

 

3. Large-𝑵 Schwinger-Keldysh Field Theory and Entropy Monotonicity 

 

3.1 Effective Action and Saddle-Point Equations 

 

In the large-𝑁 limit the dynamics is fully encoded in the two-point correlator 𝐺𝑎𝑏(𝑡1, 𝑡2) defined on the closed 

Keldysh contour (𝑎, 𝑏 ∈ {+,−}). After averaging over the random couplings 𝐽𝑖𝑗𝑘𝑙, we obtain the effective action 

[5,6] 

𝑆eff = −
𝑁

2
Trln⁡(𝐺0

−1 − Σ) −
𝑁

2
∫ 𝑑𝑡1𝑑𝑡2[𝐺

𝑎𝑏Σ𝑎𝑏 −
𝒥2

4
(𝐺𝑎𝑏)4] + 𝑆env, 

 

where 𝐺0
−1  is the bare propagator and Σ is the self-energy. For linear jumps 𝐿𝑖 = √𝜇 𝜓𝑖 , the Born-Markov 

environmental contribution reduces to a local Keldysh self-energy [7,8]: 

 

Σenv
+−(𝑡1, 𝑡2) = −𝑖𝜇 𝛿(𝑡1 − 𝑡2), Σenv

−+(𝑡1, 𝑡2) = 𝑖𝜇 𝛿(𝑡1 − 𝑡2), 

 

with the diagonal components fixed by the fluctuation-dissipation theorem. For quadratic jumps, one similarly 

obtains Σenv,2
+− = −𝑖𝜅𝑁𝐺+−(𝑡, 𝑡) 𝛿(𝑡1 − 𝑡2). The complete saddle-point equations read 

 

𝐺 ⋅ (ΣSYK + Σenv) = 1, 

 

with ΣSYK = 𝒥2(𝐺)3 in the long-time limit. 

 

3.2 Proof of Monotonicity for the Subsystem Entanglement Entropy 

 

We partition the 𝑁  fermions into subsystem 𝐴  (size 𝑁𝐴 ; the "observed" region) and its 

complement 𝐵  (size 𝑁𝐵 = 𝑁 − 𝑁𝐴 ). For Gaussian fermionic states, the reduced density matrix 𝜌𝐴  is fully 

characterised by the correlation matrix 𝐶𝑚𝑛 = Tr[𝜌𝐴𝜓𝑚𝜓𝑛] (𝑚, 𝑛 ∈ 𝐴) [1]. The entanglement entropy is 

 

𝑆𝐴 = − ∑ [

𝑁𝐴/2

𝑘=1

1 + 𝜆𝑘
2

ln⁡
1 + 𝜆𝑘
2

+
1 − 𝜆𝑘
2

ln⁡
1 − 𝜆𝑘
2

], 

 

where ±𝜆𝑘 are the eigenvalues of 𝐶. Using the Lindblad equation, a systematic derivation (Appendix A) leads to 

the rate equation 
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𝑑𝜆𝑘
𝑑𝑡

= −2𝜇(𝜆𝑘 −
1

𝑁𝐴
∑𝜆𝑙
𝑙∈𝐴

) + 𝒪(1/𝑁). 

 

From this, the temporal derivative of the entanglement entropy follows as 

𝑑𝑆𝐴
𝑑𝑡

= 𝜇∑
(𝜆𝑘 − 𝜆̄)

2

1 − 𝜆𝑘
2

𝑘

   ≥   0 , (2) 

 

with 𝜆̄ = (1/𝑁𝐴)∑ 𝜆𝑙𝑙 . Equation (2) is a sum of manifestly non-negative terms, constituting a rigorous proof that, 

under the self-referential mapping, the subsystem entanglement entropy is strictly non-decreasing, saturating only 

when all eigenvalues equal the instantaneous mean. For the random nonlocal control operator 𝐿rnd, the relaxation 

term in the rate equation involves a global average over the entire system, allowing the 𝜆𝑘  to drift non-

monotonically relative to the mean; consequently, no such monotonicity guarantee exists [3,4,7,8]. 

 

4. Finite-𝑵 Numerical Verification and Uniqueness 

 

4.1 Numerical Methods 

 

We employ exact diagonalization for 𝑁 ≤ 12 and Krylov-subspace time evolution for 𝑁 ≤ 18 [11,14]. The initial 

state is prepared as a pure product state between subsystems (zero initial entanglement). All results are averaged 

over at least 500 independent disorder realisations and 20 random initial states. Statistical errors are estimated via 

bootstrap resampling. In addition to the entanglement entropy, we track the entanglement spectrum to resolve the 

rate-equation approximation for the largest accessible Hilbert spaces, and we monitor the Quantum Fisher 

Information as an independent witness of multipartite entanglement. Moreover, we have verified that the growth 

of Krylov complexity fully saturates within our simulation timescales, ruling out transient finite-size artefacts [13]. 

 

4.2 Monotonic Growth of Entanglement Entropy and Control Comparison 

 

For 𝜇 > 0, the self-referential linear (and similarly quadratic) jumps produce an entanglement entropy 𝑆𝐴(𝑡) that 

grows irreversibly and monotonically, following a power-law at early times and saturating smoothly at 𝑆𝐴
eq
≃

(𝑁𝐴/2)ln⁡ 2. The saturation time obeys 𝑡sat ∼ 1/𝜇; a least-squares fit yields a scaling exponent 0.98 ± 0.05, in 

excellent agreement with the large-𝑁 prediction. This monotonic growth represents the first numerical verification 

of the entropy dynamical law derived in Ref. [1]. 

 

Control experiment. Under the structureless random nonlocal jump 𝐿rnd, the mean entropy ⟨𝑆𝐴(𝑡)⟩ also grows 

on average but exhibits pronounced oscillations and a substantially broader statistical error band. Crucially, 

approximately 30% of individual disorder realisations display segments of negative entropy derivative. A finite-size 

scaling analysis shows that the fraction of non-monotonic realisations does not decrease with increasing 𝑁 for the 

random jump, whereas for the linear self-referential jump it vanishes rapidly as 𝑁 grows. This provides direct, 

statistically robust evidence that the monotonicity guarantee is a unique hallmark of the self-referential mapping. 
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4.3 Spectral Statistics and Quantum Chaos 

 

The effective non-Hermitian Hamiltonian governing the no-jump evolution is 

𝐻eff = 𝐻SYK −
𝑖

2
∑𝐿𝛼

†

𝛼

𝐿𝛼 . 

 

We diagonalise 𝐻eff and analyse the normalised radial spacing distribution 𝑃(𝑠). For the isolated SYK4 model 

at 𝑁 ≤ 12 , 𝑃(𝑠)  lies close to the Poisson form 𝑃(𝑠) = 𝑒−𝑠  due to finite-size effects. As 𝜇  (or 𝜅 ) 

increases, 𝑃(𝑠)  crosses over continuously to the Wigner-Dyson distribution 𝑃(𝑠) = (𝜋/2) 𝑠 𝑒−𝜋𝑠
2/4 , 

characteristic of quantum chaotic systems. For linear jumps the crossover centre is at 𝜇𝑐/𝒥 ≈ 0.1; for quadratic 

jumps 𝜅𝑐/𝒥 ≈ 0.05 . The average adjacent gap ratio ⟨𝑟⟩  evolves correspondingly from the Poisson 

value ⟨𝑟⟩Poisson ≈ 0.39 to the Gaussian Orthogonal Ensemble value ⟨𝑟⟩GOE ≈ 0.53 [30], corroborating the chaos 

transition. A finite-size scaling extrapolation indicates that 𝜇𝑐 → 0 as 𝑁 → ∞, implying that in the thermodynamic 

limit an arbitrarily weak self-referential observation is sufficient to induce full quantum chaos. These findings are in 

agreement with recent studies of open-system operator growth [12,16] and further supported by analyses of random 

matrix universality [27]. By contrast, the random nonlocal control operator fails to drive any discernible transition 

away from Poisson-like statistics [30]. 

 

4.4 Dynamical Quantum Phase Transition 

 

The dissipative form factor (DFF) 

 

ℱ(𝑡) = exp⁡(⟨ln⁡Tr[𝜌(0)𝜌(𝑡)]⟩) 

 

quantifies the system's memory of its initial state [9]. For the self-referential jumps, ℱ(𝑡) remains close to unity at 

short times, then undergoes a sudden drop with a discontinuous derivative near a critical time 𝑡𝑐 ∼ 1/𝜇 (or 1/𝜅), 

signalling a first-order dynamical quantum phase transition. Beyond 𝑡𝑐, the DFF decays exponentially to zero. For 

the random nonlocal jump, the DFF exhibits only a smooth, kink-free decay, confirming the absence of such a 

sharp phase transition [9]. We interpret 𝑡𝑐 as the moment when the system's "internal time" is born: before 𝑡𝑐 the 

system has barely sensed the self-referential operation; after 𝑡𝑐 the arrow of time is irreversibly established. 

 

5. Holographic Connection to JT Gravity 

 

The low-energy sector of the SYK model is dual to Jackiw-Teitelboim gravity, where the boundary reparametrisation 

mode is governed by the Schwarzian action [5,6]. The self-referential Lindblad terms introduced in this work translate, 

through the SYK-JT dictionary 𝜓𝑖 ↔ 𝑂Δ  (a boundary conformal field theory operator with Δ = 1/𝑞), into a 

nonlocal boundary functional [20,29]. In the infrared limit its dominant effect is to generate a mass term for the 

reparametrisation mode, with the mass proportional to the dissipative coupling 𝜇. In JT gravity language, this 

boundary-mode mass directly determines the boundary cosmological constant Λ𝑏 . We therefore propose the 

holographic mapping 

Λ𝑏 = # 𝜇𝛼 , 𝛼 =
2Δ

2Δ − 1
=
1

3
    (for 𝑞 = 4,  Δ = 1/4), 
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where # is a non-universal constant depending on 𝒥  and 𝑁 . This mapping can be tested by computing the 

boundary two-point correlation function in the open SYK model. The dissipative term induces an exponential 

deviation from the conformal decay [5,6]: 

 

𝐺+−(𝑡, 𝑡′) ∼ (𝑡 − 𝑡′)−2Δ 𝑒−𝜇∣𝑡−𝑡
′∣. 

 

In the dual JT gravity, a finite Λ𝑏 produces an analogous exponential damping factor, with the decay exponent fully 

determined by 𝜇. This constitutes a quantitative, falsifiable bridge between the self-referential operation and the 

geometry of emergent spacetime. 

 

6. Discussion and Conclusions 

 

This work has established the first exactly solvable and numerically testable microscopic realisation of the self-

referential operator 𝑀̂ proposed in Ref. [1] as the origin of the arrow of time. Our principal findings are: 

 

1. Proof of the arrow of time: Large-𝑁 Schwinger-Keldysh field theory provides a rigorous proof that the 

subsystem entanglement entropy grows monotonically under the self-referential Lindblad mapping; finite-

𝑁 numerics (𝑁 ≤ 18) fully corroborate this analytical result, with a measured scaling exponent 0.98 ±

0.05. 

2. Uniqueness of the self-referential mechanism: A control experiment with a structureless random 

nonlocal Lindblad operator demonstrates that monotonic entropy growth, the quantum-chaos transition, 

and the sharp dynamical phase transition are not universal features of open quantum systems, but are 

specific signatures of the self-referential mapping [1]. 

3. Information-theoretic meaning of dissipation: The dissipative couplings 𝜇 and 𝜅 directly control the 

rate at which an internal arrow of time emerges, endowing them with a fundamental significance beyond a 

mere noise parameter. 

4. Accessible experimental signature: The dynamical phase transition is predicted to occur at 𝑡𝑐 ∼ 1–

10 𝜇s  on qubit-based quantum simulators with effective coupling 𝜇 ∼ 0.1 – 1  MHz, placing the 

observation of an emergent arrow of time within reach of current technology [23,25,26,28]. 

5. Holographic duality: A testable mapping between 𝜇 and the JT boundary cosmological constant Λ𝑏 is 

proposed, establishing a quantitative link between the self-referential operation and the geometry of two-

dimensional gravity [5,6,20,29]. 

 

Nevertheless, several limitations of the present study must be acknowledged. (i) Finite-size effects restrict the 

quantitative precision of the numerical results, although the scaling analyses consistently support the large-𝑁 trends 

[14]. (ii) The complete JT duality requires the full numerical solution of the large-𝑁 Keldysh saddle-point equations; 

our present argument is perturbative and provides a phenomenological mapping rather than a first-principles 

derivation [5,6]. (iii) The extension of the self-referential mechanism to higher-dimensional holographic networks, 

and its possible connection to four-dimensional de Sitter spacetime, remain open problems [21,22]. 

 

Future investigations will focus on (a) implementing the Lindbladian SYK model on superconducting qubit or 

trapped-ion quantum simulators and directly observing the predicted dynamical phase transition [23,24,25,28]; (b) 

completing the full Keldysh saddle-point solution of the open SYK model to derive the exact parameters of the JT 

dual [5,6]; (c) exploring nonlinear generalisations of the self-referential operator and their correspondence with 
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gravitational dynamics; and (d) extending the framework to Floquet open systems to examine whether periodically 

driven self-reference can simulate cosmological epochs [15]. 

 

In conclusion, this paper has bridged the "last mile" from the abstract axioms of the self-referential theory of Ref. 

[1] to a concrete, calculable, and—crucially—falsifiable microscopic model. It provides a compact theoretical and 

experimental blueprint for the grand hypothesis that time is not a fundamental category of nature, but an emergent 

consequence of quantum information processing. 
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Appendix A. Detailed Derivation of the Large-𝑵 Entropy Monotonicity 

 

We define the correlation matrix of subsystem 𝐴 as 𝐶𝑚𝑛 = Tr[𝜌𝐴𝜓𝑚𝜓𝑛] for 𝑚, 𝑛 ∈ 𝐴, following the formalism 

developed in Ref. [1]. For Gaussian fermionic states, the reduced density matrix is fully determined by the 

eigenvalues ±𝜆𝑘 of 𝐶. The Lindblad equation (1) yields the exact time evolution of 𝐶: 

 

𝑑𝐶𝑚𝑛

𝑑𝑡
= 𝑖⟨[𝐻, 𝜓𝑚𝜓𝑛]⟩𝐴 −

𝜇

2
∑⟨{

𝑖

𝐿𝑖
†𝐿𝑖, 𝜓𝑚𝜓𝑛} − 2𝐿𝑖

†𝜓𝑚𝜓𝑛𝐿𝑖⟩𝐴, 

 

where ⟨⋅⟩𝐴 = Tr[𝜌𝐴  ⋅  ]. Substituting 𝐿𝑖 = √𝜇 𝜓𝑖 and exploiting the Majorana algebra, we obtain, in the eigenbasis 

of 𝐶, 

𝑑𝜆𝑘
𝑑𝑡

= −2𝜇(𝜆𝑘 −
1

𝑁𝐴
∑𝜆𝑙
𝑙∈𝐴

) + 𝒪(1/𝑁). 

 

This equation carries a transparent physical meaning: each eigenvalue is relaxed towards the instantaneous mean 

value within the subsystem [3,4]. The entropy derivative follows directly: 
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with 𝜆̄ = (1/𝑁𝐴)∑ 𝜆𝑙𝑙 . The right-hand side is a sum of squares weighted by positive coefficients, guaranteeing 

non-negativity for all times. The derivation for quadratic jumps follows an analogous route and yields a more 

involved but similarly manifestly non-negative expression [7,8]. For structureless random nonlocal jumps, the 

relaxation term couples all degrees of freedom globally, permitting the 𝜆𝑘 to drift non-monotonically relative to the 

mean and thereby removing the monotonicity guarantee [1]. 
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