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Abstract

We apply a discrete quantum walk from a quantum particle on a discrete quantum spacetime from loop

quantum gravity and show that the related entanglement entropy can drive an entropic force. We apply this

concept and propose a model of a walker position topologically encoded on a spin network.

Introduction

One of the principal results from Loop Quantum Gravity (LQG) is a discrete spacetime, a network of loops imple-
mented by spin networks [1] which are a digital/computational substrate of reality. So in order to better understand
this substrate, it is natural to consider tools from the �elds of quantum information and quantum computation.
Gravity, from a general perspective, has been studied with thermodynamic methods and in recent years numerous
questions on black hole entropy and entanglement entropy have made these intense �elds of research. On the side
of quantum information and quantum computation there have been large improvements, including the development
of many tools and we will herein consider here the framework of the coined Discrete time Quantum Walk (DQW).
We will see that the problem of a quantum particle on a �xed spin network background from LQG can be worked
out with the DQW. This gives rise to a new understanding of entanglement entropy and entropic force, permitting
the proposal of a model for dynamics. From an ontological viewpoint we will see that dynamics and mass emerge
from the spin network topology, and that quantum walk implements it. In summary we will reinterpret some results
from LQG trying to approach a quantum information perspective of a quantum geometric spacetime.

The start point is the Hamiltonian for a quantum particle on a quantum gravitational �eld from LQG [2].
In LQG, spin networks de�ne quantum states of the gravitational �eld. To consider a quantum particle on this
gravitational �eld, we take the state space built from the tensor product of a gravity state and a particle state.
The quantum state of the particle contains information from the discrete geometry and cannot be considered
independently from it. We consider the Hamiltonian and the classical random walk associated with it, a Markov
chain. This random walk reproduces an entropic force [3, 4].

The associated DQW can be obtained by make use of Szegedy's DQW [6, 7]. We use this approach to obtain the
discrete quantum walk on the spin network under consideration. We can interpret that the coin space, the space
of decisions encapsulating a non-deterministic process and getting memory such that we have a unitary evolution
(deterministic), makes the usual Entropy convert into Entanglement Entropy between steps in time.

To calculate entanglement entropy we consider the Schmidt decomposition and we obtain the local entanglement
entropy between previous the step and the current step (similar for current and next). Entanglement entropy
is maximal when the move is for a node of largest valance. Which gives an entropic force for gravity. Here
we have di�erent interpretations and applications. With the DQW we have unitary evolution by encoding the
non-deterministic nature of the classical Markov Chain. This gives an internal structure for the particle, and
entanglement entropy. In this digital physics substrate, the particle is walking to maximize entanglement entropy
related to memory of its walking path and this generates an entropic force.

Another point we address with this framework is entropy of Black Holes. Note that the DQW implies a local
entanglement entropy in the sense that the chain/network is always under construction in this pixelated, animated
view. This resembles the Isolated quantum Horizons formulation from LQG [8, 9, 10, 11, 12] that lets us understand
the origin of black hole entropy in LQG. In this scenario, the Horizon and the area is emergent from the stepwise
animated reality at the Planck scale, which we simulate by using the DQW. We can propose that this DQW is the
black hole quantum horizon, where the particle mass is the black hole mass in a random quantum walk on a �xed
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spin network. We conjecture that the states of maximal entanglement entropy are dominant to black hole entropy.
So we can think of Bekenstein-Hawking entropy as emergent from the local entanglement entropy above.

We �nish with a toy model of walker position topologically encoded on spin network. The Clebsh-Gordan
condition at each node is implied by covering the graph with loops. The local entropy at each node is color
coded. A massless particle moves along the same color and a massive particle moves along constant absolute color
di�erences. The walker position, or the presence of a particle at one node is encoded by a triangle. Its move is a
couple of 3-1 and 1-3 Pachner moves on neighbour positions, piloted by the walk probability.

Conclusions

Results from Loop Quantum Gravity suggest the interesting idea that we can apply the results and tools from
quantum information and quantum computation to a quantum spacetime. This is a �eld of research very promising.
In this work we start a project to apply this tools like DQW to spacetime. We considered a DQW of a quantum
particle on a quantum gravitational �eld and studied applications of related entanglement entropy. This memory-
time related entanglement entropy can drive an entropic force and give a contribution to black hole entropy. With
this, we proposed a model for walker position that is topologically encoded on spin network. This results in anomaly
cancellation because the particle is no longer a point, but has Planck scale size. We note that more complex models
can be built, with more dimensions and 8 quantum numbers in an E8 model [13] and models with realistic emergent
masses can be explored by computation.

A better understanding of entanglement entropy on black holes and applications to cosmology are under inves-
tigation, as well as relating this model to an E8 based QuasiCrystaline model [14]: the spin network can be chosen
as the dual of a quasicrystal and the digital physics rules can be implemented by the quantum walk.

References

[1] C. Rovelli; F. Vidotto, �Covariant Loop Quantum Gravity,� Cambridge University Press 1 edition, 2014.

[2] C. Rovelli; F. Vidotto, �Single particle in quantum gravity and Braunstein-Ghosh-Severini entropy of a spin
network,� Phys. Rev. D 2010, 81.

[3] J. M. Garcia-Islas, �Entropic Motion in Loop Quantum Gravity,� ARXIV gr-qc/1411.4383.

[4] E. Verlinde, �On the Origin of Gravity and the Laws of Newton,� JHEP 1104 (2011) 029.

[5] D. Aharonov, A. Ambainis, J. Kempe, U. Vazirani, �Quantum Walks On Graphs,� Proceedings of ACM Sym-
posium on Theory of Computation (STOC'01), July 2001, p. 50-59, ARXIV quant-ph/0012090

[6] M. Szegedy, �Quantum speed-up of Markov chain based algorithms,� Proc. 45th IEEE Symposium on Founda-
tions of Computer Science, pp. 32-41, 2004, ARXIV quant-ph/0401053.

[7] M. Szegedy, �Spectra of quantized walks and a rule,� ARXIV quant-ph/0401053v1.

[8] C. Rovelli, �Black hole entropy from loop quantum gravity,� Phys. Rev. Lett. 77, 3288 (1996) [gr-qc/9603063].

[9] A. Ashtekar, J. C. Baez and K. Krasnov, �Quantum geometry of isolated horizons and black hole entropy,�
Adv. Theor. Math. Phys. 4, 1 (2000) [gr-qc/0005126].

[10] M. Domagala and J. Lewandowski, �Black hole entropy from quantum geometry,� Class. Quant. Grav. 21, 5233
(2004) [gr-qc/0407051].

[11] A. Ghosh and P. Mitra, �An Improved lower bound on black hole entropy in the quantum geometry approach,�
Phys. Lett. B 616, 114 (2005) [gr-qc/0411035].

[12] J. F. Barbero G. and A. Perez, �Quantum Geometry and Black Holes,� arXiv:1501.02963 [gr-qc].

[13] R. Aschheim, �SpinFoam with topologically encoded tetrad on trivalent spin networks,� Loops11 talk, slide 10,
24 may 2011, 19h10, Madrid, also on ARXIV 1212.5473

[14] F. Fang; K. Irwin, �A Chiral Icosahedral QC and its Mapping to an E8 QC,� Aperiodic2015 poster.
arXiv:1511.07786 [math.MG].

2


