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Remarkably recently, in 1998, it was discovered that our universe is entering a period of accelerated expansion. Stars
and galaxies move further and further away from us at an accelerating pace. Due to this acceleration, we will never
see the furthest corners of the universe, given that light famously travels at a constant speed. Our visible universe is
bounded by a vast celestial sphere – the cosmological horizon – that surrounds our galaxy. Once a star crosses the
horizon, its light can no longer reach us, and we lose contact with it for ever.

A powerful parallel can be made between this cosmological horizon and the event horizon of a black hole. The
black hole event horizon is the sphere within which the gravitational attraction is so strong that nothing, not even
light, can escape. We are shielded from black holes by their event horizon, just like we are shielded from the outer
universe by our cosmological horizon.
The hypothesis. Due to Hawking’s groundbreaking discovery, we now know that black holes are not completely black.
They emit radiation, and as consequence, their horizon must have temperature. This is a fundamental observation
about the thermal properties of black hole horizons.

According to the modern understanding of thermodynamics, thermal properties of large systems are explained by
the statistical behaviour of their smallest constituents. With this understanding we conclude that black hole horizons
are made up of gravitational ‘atoms’ at microscopic scales. These explain the temperature of the horizon, much like
the temperature of a gas is explained by the chaotic motion of its atoms.

The parallel between event and cosmological horizons leads then to a natural hypothesis:
Our cosmological horizon is composed of microscopic gravitational constituents.

The goal. The macroscopic thermal variable that best encodes information about the microscopic quantum structure
of a system is known as the entropy. The entropy is defined to count the number of distinct configurations in which the
microscopic constituents of the system can be, compatible with its macroscopic properties. Its analytic expression in
terms of the parameters of the system exhibits unique features of the quantum microscopic constituents of the system,
from which these constituents can be identified.

The goal of this research project is to obtain a theory of quantum gravity as a framework where this hypothesis
can be sharply tested by computing the entropy of the cosmological horizon.
The method. In Einstein’s theory of General Relativity, spacetime is a manifold. The gravitational force determining
the trajectories of massive bodies and light through spacetime is a consequence of the curvature of the spacetime
manifold. In this theory, the entropy of the cosmological horizon is given by the integral of a certain gravitational
energy functional, over all possible manifolds that describe the spacetime of an expanding universe. This is the only
diffeomorphism and topology-independent quantity with the expected properties of an entropy.
An obstacle. Though formally well-defined, computing this integral is impossible in practice. This is due to a very
special property of gravity, long-known as the timelike property of gravity: certain spacetime manifolds have a negative
gravitational energy. This makes the integral over manifolds, and hence the entropy, diverge.
Achievements. My recent work has succeeded in overcoming this obstacle by constructing a consistent theory of
quantum gravity in two spacetime dimensions. In two dimensions, the theory of General Relativity becomes infinitely
symmetric. This allows to describe it using a very powerful technique called the bootstrap, which offers a completely
new way to compute the entropy integral. The obstacle of the timelike property of gravity appears in this framework
in a different disguise: it makes gravity incompatible with the conservation of measurement probabilities, a pillar of
quantum mechanics. In [JHEP10(2019)284; JHEP05(2020)02] we resolved this incompatibility by imposing gravity’s
diffeomorphism invariance, which we showed ensures quantum probability conservation. We thus provided the first
model of quantum gravity consistent with its timelike property allowing for the computation of finite entropies.

With this model in hand, in my most recent work [JHEP09(2021)116] we considered the entropy of the cosmological
horizon in a genus expansion, and successfully computed the exact analytic contribution of all genus-zero manifolds,
obtaining a finite entropy. The resulting expression depends on the parameters and constants of the theory, such as
the area of the horizon or Newton’s constant, through logarithms and Gamma functions. The information about the
quantum gravitational structure of the horizon is encoded in the rich analytic structure of our entropy result.
Impact. In this project we have obtained the first-ever exact analytic expression for the leading-genus entropy of
the cosmological horizon within a consistent theory of quantum gravity. This expression will allow us to test our
hypothesis and reveal what the cosmological horizon is composed of at the smallest quantum scales. This will further
provide new insight about the microscopic nature of gravity in our four-dimensional expanding universe at large.

Identifying the quantum structure of our cosmological horizon is crucial to address many questions about its thermal
properties, such as its temperature or possible Hawking radiation, but also about its time evolution and that of our
universe. Will the expansion of the universe continue for ever? Will we ever get to see what lies beyond our horizon?
Giving an answer to such questions would be a tremendous step forward in the quest to understand the universe we
live in, and more importantly perhaps, to predict our future.


