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The aim of this dissertation is to clarify the structure of entanglement (a type of
quantum correlations) in various quantum systems with a large number of degrees of
freedom toward an extension of holography between generic quantum systems and
spacetimes, to describe our universe. Previous examinations of entanglement have
focused on specific classes of quantum systems due to an inherent limitation to the
conventional holography, in which the spacetime (the bulk) is asymptotically anti-de
Sitter and its dual quantum system is conformal field theory (the boundary). Although
there have been some other attempts based on the tensor networks trying to capture
more universal aspects of holography, they have remained to be toy models. This
dissertation informs various methods and formalisms to overcome these difficulties by
extending the target quantum systems with mass and interactions, boundaries, and
geometric variational ansatze. These approaches provide insights into the generalization
of holography from bottom up. Ultimately, such a generalization would unravel the
mechanism of quantum gravity describing our universe.

An extension of holography can be pursued either from quantum systems or general
relativity. In the former case, a central research question is how we can evaluate
entanglement in generic quantum systems. We address this question from massive,
interacting quantum field theories and geometric variational ansatze for quantum many -
body systems. In the latter case, a central research question is how we can construct
various spacetimes such as an expanding universe we live in within holography. One
possibility is to put them on a brane in the bulk (brane world holography). Toward such
a setup, we considered a time-dependent solution by a local operator quench in boundary
conformal field theories and discuss its gravity dual.

We can quantify entanglement by computing entanglement entropy. In quantum field
theories, the most common technique for its computation is known as the replica trick,
in which an analytic continuation is employed. Previously, an analytic result of
entanglement entropy in non-conformal field theories had not been known. We used a
different analytic continuation, the orbifold method, and establish a novel formalism to
apply the orbifold method to the vacuum entanglement entropy in generic interacting
quantum field theories. The new formalism allows us to quantify the amount of bipartite
entanglement in interacting quantum field theories without assuming conformal

symmetry. We showed that the entanglement entropy has contributions from propagators



and vertices, where the latter contribution was first identified by our work. We also
showed that the nonperturbative resummation leads to entanglement entropy in terms of
the renormalized two-point functions of fundamental and composite fields.

Takayanagi famously argued entanglement entropy can be given by a geometric
quantity in holography. This gives us an intuitive picture in which maximally entangled
pairs lie across a surface in the bulk. However, since entanglement entropy is just one
aspect of quantum systems, it is not sufficient to justify the picture; the structure of
entanglement should also be examined. Tensor network, a geometric variational ansatz
for many-body wave functions, is a powerful tool to develop intuition on entanglement
which is otherwise mysterious. Using tensor networks and the concept of pseudo entropy,
a variant of entanglement entropy, we showed that the geometry of tensor networks is
linked to entanglement distillation. This enables us to geometrically concentrate
entanglement of the original state without being destroyed or created. We also evaluated
this geometric entanglement distillation quantitatively and showed that the relation
holds in the generic tensor networks.

Finally, we also considered extending holography itself by introducing a brane in the
bulk, which corresponds to adding boundaries in the conformal field theory. This is
known as the AdS/BCFT correspondence. Previously, only static configurations like
vacuum were discussed. However, we need to know the time-dependent AdS/BCFT
correspondence for realizing our universe on the brane. As a first step, we considered
the AdS/BCFT correspondence with an infalling particle in the bulk. We showed that it
corresponds to a local operator quench on the boundary conformal field theory. It has
been pointed out that an ordinary prescription leads to a problem of a self-intersecting
brane and the breaking down of the correspondence itself. However, we showed that the
usual relation between the bulk and boundary is modified and our correct prescription
solves the aforementioned problem by creating a black hole before the problem occurs.

The significance of this dissertation is that it initiates a comprehensive study beyond
the conventional holography by establishing new techniques in quantum field theory,
holography, and tensor networks. Focusing on entanglement entropy, we found it is
generally expressed in terms of renormalized correlators, which is related to observables.
This is a stepping stone toward evaluating entanglement from observations. Beyond
entanglement entropy, we found the operational meaning of the entanglement structure
in generic tensor networks. Furthermore, we established a correct prescription for the

AdS/BCFT correspondence with a local operator quench.
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