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Our research bridges quantum information theory, and quantum computing with quantum gravity,
offering fresh insights into the enigmas of black holes and cosmology spacetime. de Sitter
holography may provide new perspectives on understanding the universe®s origin and evolution.

This research project explored new perspectives on the intersection of

guantum information theory and quantum gravity. Specifically, we proposed a new version of de Sitter

(dS) holography by cutting the global dS space with a timelike boundary. By exploring the
holographic entanglement entropy in half de Sitter space, we demonstrated that gravity in a (d+1)
-dimensional half dS space is dual to a highly non-local field theory residing on its d-dimensional
de Sitter boundary. This non-locality is reflected by the violation of the subadditivity of
holographic entanglement entropy.
Additionally, based on the "complexity=anything" proposal, we introduced infinite codimension-zero
gravitational observables as new candidates for holographic complexity. These observables exhibit
universal features such as linear growth over time and the switchback effect. We also applied this

proposal to investigate the interior geometry of AdS black holes and probe the black hole
singularity.
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Over the past ten years, fruitful developments have shown that concepts and techniques
from quantum information theory have provided profound insights and have driven
important advances in quantum field theory, condensed matter physics, and quantum
gravity. The connection of quantum gravity with quantum information opens the
possibility of a novel and fruitful collaboration between distinct disciplines and
communities.

(1) Built on the celebrated Ryu-Takayanagi formula, extraordinary developments over
the last decade have deepened our understanding of many deepest problems in quantum
gravity, e.g., the black hole information paradox and the emergence of spacetime.
However, most progress is achieved in the framework of the AdS/CFT correspondence (or
gauge/gravity duality) and only applies to an asymptotically anti-de Sitter (AdS)
spacetime. A long—standing and intriguing question is: does the holographic principle
apply to cosmologies like de Sitter spacetime?

(2) Tt has become clear that entanglement entropy alone is not sufficient to fully
capture the time evolution of a quantum system. For example, it grows only for a short
time until the system is thermalized. From a holographic perspective, this is reflected
in the fact that holographic entanglement entropy is unable to probe the bulk of
spacetime far beyond the event horizon of black holes. To overcome these limitations,
it is essential to investigate alternative quantum information measures. A fascinating
concept that has recently entered this discussion is the quantum circuit complexity.
In terms of the bulk gravitational theory, the discussion of quantum complexity has
drawn attention to new kinds of observables. The three proposals that have been studied
most extensively are: complexity=volume, complexity=action and complexity=spacetime
volume.

2. WEDBH

(1) Recent developments on the interface between quantum information theory and quantum
gravity have suggested that quantum information perspectives led to fascinating new
insights into fundamental questions about quantum gravity. Based on those previous
lessons from the AdS/CFT correspondence and quantum information theory, this research
project aims to explore de Sitter entropy and de Sitter holography by bringing to bear
the mindset and tools of quantum information theory.

(2) Quantum complexity has recently triggered much interest in the context of black
holes and holography, as a new twist in the ongoing effort connecting quantum information
theory to quantum gravity. It is important to note that the definition of circuit
complexity is ambiguous because the exact value of the complexity is sensitive to the
choice of the reference state, the set of gates and the costs assigned to different
types of gates. These ambiguities are inherent to the concept itself. Therefore, a
gravitational dual for complexity should naturally reflect these conventional
ambiguities. This project also aims to investigate the definition of holographic
complexity in the AdS/CFT correspondence

3. WHEDTTE

(1) To explore de Sitter holography via the standard holographic formalism, wherein
gravity in the bulk space is dual to a non—gravitational theory on its timelike boundary
Instead of considering global dS space, we can introduce a timelike boundary by cutting
the bulk dS space into a half. We focus on analyzing the holographic entanglement
entropy in this half de Sitter space and comparing it with that in the AdS/CFT
correspondence

(2) The various holographic complexity proposals have certainly drawn attention to new
kinds of gravitational observables in the bulk, as well as highlighting their possible
role in the AdS/CFT correspondence. In our previous work, we construct an infinite class



of new (diffeomorphisminvariant) gravitational observables on codimension—one surfaces,
which has been dubbed “complexity equals anything” . The most interesting feature of
this family of new observables is that infinitely many of them can exhibit the universal
behaviour (i.e., linear late—time growth for the thermofield—double state and the
switchback effect for perturbations of this state) that is expected of holographic
complexity. Built on the same idea: complexity=anything, it is natural to explore
another infinite class of gravitational observables defined in codimension-zero regions
of the bulk spacetime.
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Figure 1. Left: The Penrose diagram of de Sitter bulk spacetime. We introduce a
timelike boundary which is described by a d—dimensional dS spacetime. The dual bulk
dS spacetime is given by the gray shaded region. Right: The geometry of time slices
for a global de Sitter and a half de Sitter.

(1) a Half de Sitter Holography: In this work, we consider a half dS spacetime wherein
a timelike boundary encloses the bulk spacetime, presenting a new version of de Sitter
holography, as depicted in Figure 1. By analyzing the holographic entanglement entropy
in this space and comparing it with that in AdS/CFT, we argue that gravity on a (d+1)-
dimensional half dS is dual to a highly non—local field theory residing on its d-
dimensional dS boundary. This non—locality induces a breach in the subadditivity of
holographic entanglement entropy. Remarkably, this observation can be linked to another
argument that time slices in global de Sitter space overestimate the degrees of freedom
by redundantly counting the same Hilbert space multiple times

Figure 2. The left panel shows an extremal codimension-one hypersurface, represented
by the orange curve. On the right, the orange region denotes the codimension—zero
subregion bounded by the two surfaces as in the complexity=anything proposal. In a
certain limit, the subregion can extend to the WDW patch with its null boundaries,
as shown by the red lines

(2) Complexity Equals Anything II: We expand on our results to present a broad new
class of gravitational observables in asymptotically Anti—-de Sitter space living on
general codimension—zero regions of the bulk spacetime, as depicted in Figure 2. By
taking distinct limits, these observables can reduce to well-studied holographic
complexity proposals, e.g., the volume of the maximal slice and the action or spacetime



volume of the Wheeler-DeWitt patch. As with the codimension—one family, these new
observables display two key universal features for the thermofield double state: they
grow linearly in time at late times and reproduce the switchback effect. Hence, we
argue that any member of this new class of observables is an equally viable candidate
as a gravitational dual of complexity. Moreover, using the Peierls construction, we
show that variations of the codimension—-zero and codimension—one observables are
encoded in the gravitational symplectic form on the semi—classical phase-space, which
can then be mapped to the CFT.

Other results/publications obtained during this project period include:

(3) Gluing AdS/CFT: We investigate gluing together two Anti—de Sitter (AdS) geometries
along a timelike brane, which corresponds to coupling two brane field theories (BFTs)
through gravitational interactions in the dual holographic perspective. By exploring
the general conditions for this gluing process, we show that the energy stress tensors
of the BFTs backreact on the dynamical metric in a manner reminiscent of the TTbar
deformation. In particular, we present explicit solutions for the three—-dimensional
case with chiral excitations and further construct perturbative solutions with non-—
chiral excitations

(4) Complexity=Anything: Singularity Probes: We investigate how the complexity=anything
proposal can be used to investigate the interior geometry of AdS black holes. In
particular, we illustrate how the flexibility of the complexity=anything approach
allows us to systematically probe the geometric properties of black hole singularities

We contrast our results for the AdS Schwarzschild and AdS Reissner—Nordstrom geometries,
i.e., for uncharged and charged black holes, respectively. In the latter case, the
holographic complexity observables can only probe the interior up to the inner horizon.
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