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My ground-breaking results opened new unexplored paths for research that uses ideas from quantum
information, quantum computation and computational complexity in the framework of continuous quantum
field theories. In the future | will use them as tools quantum field theories and genuine AdS/CFT.

In this project, with my collaborators, I have made 2 major breakthroughs.
One was based on exploration of path integral complexity and continuous Tensor Networks in CFTs and
their deformations that finally led to the first computation of Entanglement of Purification from
CFT. My second line of research was on computational complexity in quantum field theory and
understanding its geometric role in AdS/CFT. 1 managed to give a first definition of geometric
complexity in interacting CFTs and showed that if is related to the gravity action introduced long
ago by Polyakov.

I also proposed to use circuit complexity as a probe of quantum quenches and, in an exactly solvable
setup, demonstrated that it indeed can capture (it is sensitive to) non-trivial information about
the evolution process like Kibble-Zurek scaling. All these papers were published in prestigious and

very-high impact PRL.
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1. WSS DS R

We live in the era of information and as our understanding of nature matures, it
can be formulated in terms of information-theoretic language. This trend can be
clearly seen in many areas of modern physics but especially in the context of
black holes and the holographic AdS/CFT correspondence (AdS/CFTXJ)i}). The
AdS/CFT correspondence is a map between certain, conformal field theories (3
& %P, from here: CFT) in d dimensions and gravity in one-dimension
higher spacetimes with negative curvature (Anti-de Sitter space-time: AdS).

Holography in this context encodes the gravitational degrees of freedom in lower
dimensional quantum field theory without gravity. In its most rigorous version,
AdS/CFT relates supersymmetric conformal field theories in d spacetime
dimensions to theories of quantum gravity (string theory) in d+1 dimensional
AdS spacetime.

However, there is a wide belief and evidence that holography holds more
generally for strongly interacting systems and can teach us important lessons
about this physical regime (present in e.g. quark-gluon plasma or strange metals).
However, 1t 1s still mysterious what is the basic mechanism between AdS/CFT
and its exact range of validity. This is a very active topic of research worldwide.

The main breakthrough in understanding holography that attracted huge attention
worldwide was done by Ryu and Takayanagi (RT) that proposed how to compute
entanglement entropy (=% 7))L X Y b T b 1 E—, the von Neumann
entropy of a reduced density matrix) from geodesics in Anti-de Sitter space.

The second important connection that emerged in the recent studies is the idea
that Tensor Networks (7 > V)V % v F'J —7) used for simulating wave
functions of quantum many-body systems at critical points are discretized
versions of the AdS/CFT correspondence. Among the supports of this argument
was the tensor version of the RT formula for entanglement entropy.

The second development, has a particularly big potential to shed light on the true
mechanism behind AdS/CFT and elucidate how holography works in strongly
interacting many-body systems. However there is a lot of work needed to make
this observation a genuine mechanism of holography and in my project I have
been developing necessary tools and tests to probe the relation between tensor
networks and AdS/CFT.

2. WEDHMN

More precisely, the main purpose of this project was to elucidate how quantum
states in CFTs encode holographic geometry and what are the constraints
imposed on Tensor Networks in holographic CFTs by the Einstein equations. I
pursued my questions in the framework of path integrals and circuit complexity
of Tensor Networks in holographic CFTs and AdS/CFT correspondence.

There were four main urgent objectives that my project was designed to improve
on:

a) Further developing Path Integral Optimization that I discovered just before
the start of this project and exploring its various useful applications in field
theories and quantum information measures (e.g. entanglement of purification).

b) Exploring the notion of complexity of the continuous Tensor Networks
starting from Path Integral Complexity. Then generalize these findings it in
some universal way to conformal field theories and explore their relation to
gravity.



¢) Continue investigation of the dynamics of quantum information in quantum
field theories. This was planned to be done by studying quantum quenches and
evolution of entanglement entropy in the protocol of smooth quantum
quenches in exactly solvable quantum field theories as well as out-of-time-
ordered correlation functions in two-dimensional CFTs with the goal to
understand the difference between integrable (Rational) and holographic
theories.

d) Finally, I wanted to explore what are the constraints imposed on Tensor
Networks in holographic CFTs and study how they are related to Einstein
equations in the dual holographic side of the AdS/CFT correspondence.

3. WHED Tk

Working at the interface of quantum information and quantum computation as
well as quantum field theory and AdS/CFT, my research methodology was to use
cutting-edge tools form these fields to explore the nature, limitations and
implications of the correspondence between Tensor Networks and holography.

I started by exploring Path Integrals in quantum field theories and their
complexity 1in continuous CFTs and their deformations. This tool was developed
by me and my collaborators before the start of the project and, with the procedure
of Path Integral Optimization, was the first construction of continuous Tensor
Networks in interacting CFTs.

Path Integral Optimization that we defined was done by minimizing the so-called
Path Integral Complexity. I further explored this notion and studied complexity
of continuum Tensor Networks from the perspective of quantum computation and
complexity theory. This allowed me to discover a universal way of defining
complexity in 2d CFTs.

Entanglement and out-of-time-ordered correlates are one of the best probes of
dynamics of quantum information in holographic setups. I have been following
the program of classifying CFTs by the way they “scramble” quantum
information and evolve entanglement. In this project I used these tools in
particular or orbifold CFT that, by turning parameters, interpolate between
Rational and non-rational regime.

Using the recent developments in deformations of conformal field theories by the
so-called TT operators, I have studied constraints from gravity (radial Gauss-
Codazzi equation) that describe these deformations which bring the theory to
finite radial direction (finite cut-off).

4, WFFERCR

I have managed to make several important breakthroughs in the four objectives
of my project.

a) Firstly, my exploration of path integral complexity and continuous Tensor
Networks in CFTs and their deformations finally led to the first computation of
Entanglement of Purification from conformal field theories [2]. This step was a
major advance in the field of quantum information in quantum field theories.

b) My second line of research was on computational complexity in quantum field
theory. After further exploring the Path Integral Complexity and also using
circuit complexity as a probe of quantum quenches [3], I found a method to give
the first definition of geometric complexity in arbitrary interacting CFTs based on
the underlying Virasoro symmetry.



More precisely, with Javier Magan, we showed that we can find a cost function
for energy-momentum gates in CFTs for which complexity if is related to the
gravity action [4]. This work was recently published in Physical Review Letters
and 1s attracting a significant attention in our field.

c) I studied the evolution of entanglement entropy during exactly solvable
quantum quench and managed to show that its behavior is consistent with
Kibble-Zurek scaling for slow quenches as well as universal features in fast
quenches [9]. Moreover, with my collaborators [8], we found a new time
evolution of out-of-time-oredered correlates in the orbifold CFTs for non-rational
but still not chaotic CFT.

d) Last but not least, in [1], I made a major breakthrough in understanding finite
cut-off AdS/CFT. We identified which deformations of holographic CFTs lead to
finite cut-off geometries up to six dimensions. We also explained the exact role of
the gravity constraint, the Gauss-Codazzi equation in finite cut-off holography as
a flow equation.

I am continuing this last very promising development to better understand how
our deformations can be understood as a disentangler operator in genuine
holographic Tensor Networks.
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