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Abstract

This thesis presents a complete, self-consistent and rigorous theory of varia-
tional methods for quantum many-body physics, with a specific focus on methods
related to Gaussian states. This is achieved by describing in detail the differential
geometry and group theory structures that lie behind these methods.

Firstly, a geometric theory of variational methods is outlined. Understanding
variational ansétze as differentiable manifolds allows us to construct consistent
variational principles to compute ground state approximations, spectral properties
and time evolution for relevant Hamiltonians.

Then, the application of these methods to Gaussian ansdtze is discussed, to-
gether with its limitations. To overcome the latter, a method is devised to con-
struct useful variational families that go beyond Gaussian states, while preserving
their favourable computational properties.

Finally, concrete examples are presented of the results that can be obtained
with these methods for specific physical problems. In particular, the Bose-Hubbard
and Sherrington-Kirkpatrick models are considered, where Gaussian methods or
generalisations of Gaussian methods give excellent descriptions of the equilibrium
and, in some cases, non-equilibrium physics.
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Zusammenfassung

In dieser Dissertation wird eine vollstandige, konsistente und rigorose Theorie
der Variationsmethoden fiir die Quantenvielkérperphysik vorgestellt, mit einem
besonderen Schwerpunkt auf Methoden im Zusammenhang mit Gaufschen Zu-
standen. Dies wird erreicht, indem die differentialgeometrischen und gruppenthe-
oretischen Strukturen, die diesen Methoden zugrunde liegen, im Detail beschrieben
werden.

Zunéchst wird eine geometrische Theorie der Variationsmethoden dargestellt.
Wenn man Variationsansatze als differenzierbare Mannigfaltigkeiten versteht, kann
man konsistente Variationsprinzipien konstruieren, um Grundzustandsanniaherun-
gen, spektrale Eigenschaften und die zeitliche Entwicklung fiir relevante Hamilton-
operatoren zu berechnen.

Anschliefend wird die Anwendung dieser Methoden auf Gaufische Anséitze
sowie ihre Grenzen diskutiert. Um letztere zu tiberwinden, wird eine Methode
entwickelt, um niitzliche Variationsfamilien zu konstruieren, die tiber Gaufische
Zustande hinausgehen und dabei ihre giinstigen Berechnungseigenschaften beibe-
halten.

SchlieBlich werden konkrete Beispiele fiir die Ergebnisse vorgestellt, die mit
diesen Methoden fiir spezifische physikalische Probleme erzielt werden kénnen. Ins-
besondere werden die Bose-Hubbard- und Sherrington-Kirkpatrick-Modelle betra-
chtet, bei denen Gaul-Methoden oder Verallgemeinerungen von Gaufl-Methoden
ausgezeichnete Beschreibungen der Gleichgewichts- und in einigen Fallen der Nicht-
Gleichgewichts-Physik liefern.
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Chapter 1

Introduction

1.1 Motivation

Calculating exactly the properties of a quantum many body system using classical
computational resources is in general an intractable task [1]. Indeed, consider a
system composed of N individual components (atoms, spins, lattice sites, available
modes of a bosonic or fermionic field...). The corresponding many body Hilbert
space will have dimension dV, where d is the dimension associated to each local
degree of freedom[] The exponential scaling of this dimension with respect to N
means that it is sufficient to consider a relatively modest number of components
to generate a problem unapproachable for any available or imaginable classical
computer.

Just storing in a computer’s memory a representation of a quantum state (rep-
resented as a Hilbert space vector) would require storing a d”-dimensional complex
vector. Assuming single floating point precision, this means that storing the state
of a system of 40 elements of spin 1/2 would require a few terabytes of memory
space. Storing the state of 65 spins would require hundreds of exabytes, close
to the total storage space available to humanity as estimated in 2007 [2|. A few
hundreds of spins would reach the limit of the estimated available storage capacity
of the universe, ~ 10% bits of information [3].

Typically, on top of storing a single state we also want to consider the system’s
Hamiltonian H. This then corresponds to a dV x dV matrix. Investigating the
energy spectrum of the system, for example, requires diagonalising such a matrix.
Simulating the time evolution of the system means constructing the unitary time

In the case of bosonic components the local dimension is itself infinite. However in models
of practical interest it is usually possible to impose the constraint of a maximum occupation
number for each mode, thus reducing the problem to a finite dimension, without incurring in
significant errors.



CHAPTER 1. INTRODUCTION

evolution operator U = et and applying it to an initial state vector. These are

tasks that not only need an exponential memory space, but also require a number
of elementary operations that scales exponentially in N.

All classical methods for the analysis of quantum many body systems must
therefore rely on some level of approximation or on some intuition — more or less
model-specific — which sufficiently simplifies the problem.

One may have the expectation that the situation will be changed by progress in
quantum computation. Indeed, already in the 1980s, these observations led Feyn-
man to famously state that it may be advisable to attempt to use other quantum
mechanical systems — rather than classical ones — to simulate the quantum system
of interest [4]. This and other similar statements are often credited with having
provided the initial motivations for the ongoing quest of the development of a
functioning quantum computer. For sure, it appears that the study of the physics
of quantum many body systems represents an ideal playground to observe the so-
called quantum advantage [5]. In other words, it may be possible in the near term
future to build quantum devices that can clearly outperform the best available
classical computers on the solution of some quantum many body problems [6].

Not everything will be automatically solved, however, even for the lucky owner
of a quantum computer. It has been proven that finding the ground state energy
of a local Hamiltonian is in the worst case a hard task, even when using a quantum
computer [7]. Nonetheless, a wide range of heuristic quantum algorithms has been
developed in the hope of solving the ground state problem in the average case,
or at least in some interesting cases, including adiabatic state preparation [8], the
Quantum Approximate Optimization Algorithm (QAOA) [9], variational quantum
eigensolvers and other hybrid quantum-classical methods [10H12].

In simulating the time evolution of quantum many body systems the superiority
of quantum computers over classical ones seems instead more obvious. Taking
easily preparable initial states and evolving them with simple local Hamiltonians
for a fixed time produces highly entangled quantum states. Sampling accurately
from the outcome distribution of local measurements on these states is believed to
be a difficult problem for a classical computer [13]. It is no surprise then that the
first attempts to demonstrate quantum advantage have focused on sampling from
a state produced through a random quantum circuit, ¢.e., a discretised quantum
evolution |14} [15]. Although these results are certainly remarkable, the current
error rates per gate are still too high to hope to simulate a physical evolution by
discretising it into a quantum circuit (digital quantum simulation). In the shorter
term more relevant results may come from analog quantum simulation, where a
quantum system is engineered to emulate directly the Hamiltonian of interest [16].

Given this context, we believe that it is of great importance to continue to
develop approximate classical methods for quantum many body physics, both for
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the computation of ground states and for the simulation of time evolution. This
is the case for at least two important reasons:

1. It is important to characterise carefully what results are achievable classically
in order to have a better perspective of the potential of quantum computing.
This will guide research in quantum computation towards the most useful
directions and provide fundamental physical knowledge in those cases where
quantum computation will not be of help in the short term.

2. In the development of quantum computers it will be fundamental to have
reliable benchmarks to verify the performance of quantum algorithms. A
quantum computer is a device specifically designed to output results diffi-
cult to reproduce classically. It is therefore intrinsically complex to verify
whether the quantum computer is functioning as expected. It will be vital
to have at least some non-trivial test cases where a reliable classical predic-
tion is available to convince oneself of the correct running of the quantum
device. High quality classical input may possibly also improve performance
of quantum algorithms.

These reasons provide the main motivations why the substance of this thesis
will be the characterisation, development and application of classical computa-
tional methods for quantum many body physics. We will focus on a class of
classical methods known as variational methods and in particular on the ones that
can be implemented using techniques derived from Gaussian states.

In the rest of this introduction we will briefly review the current status of
classical computational methods in general. This will then allow us to put into
context and summarise the more specific variational methods and introduce the
new results which are discussed in detail in the main body of the thesis.

1.2 Classical computational methods
in quantum many body physics:
an overview

In the almost one hundred years that have passed since the formulation of quantum
mechanics a huge variety of classical methods has been developed and applied to
compute — analytically or numerically — the predictions of the theory. Giving a
comprehensive review of all the available methods is thus an overwhelming task,
and it is by no means the objective of this section. Instead, we would like to give
here a general feeling for the physical insights that lie behind some of the most
successful of these methods. This will allow us to put into a broader context the
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specific methods that are the subject of this thesis, i.e., variational methods, and
discuss their usefulness, their limitations and the alternatives that exist to them.

Exactly solvable models

In some cases the exact solutions to many body models can be expressed analyt-
ically. Most of these models fall into the class of free or non-interacting models.
The physical intuition behind such definition is that these models, although for-
mally written as many body models, can be seen as composed of individual degrees
of freedom that do not affect each other. The difficulty of solving these problems
is therefore equivalent to the one of solving a single particle problem and there is
no many body exponential scaling of the complexity. The individual degrees of
freedom will satisfy either bosonic or fermionic statistics and the Hamiltonian of
an arbitrary number of copies of them can be written in second-quantised form as

H ="} hym (1.1)

nm

Here af, a, are the creation and annihilation operators of an orthonormal set of
modes that span the single particle Hilbert space and h,,, is the single particle
Hamiltonian matrix on such space. The operators a , @, satisfy canonical bosonic
([al, Gpm] = Opm) or fermionic ({a], @} = 6nm) (anti)commutation relations.

A very powerful tool to describe the eigenstates of such a Hamiltonian is the
theory of bosonic and fermionic Gaussian states. This language allows to encode
the simple non-interacting nature of the states without giving up on the many
body, second-quantised formalism. This method also allows to slightly enlarge the

class of exactly solvable Hamiltonians to models with pairing terms, i.e.,

H =" (@l P o + @, Ay 5, + hoc) (1.2)

nm

Although this Hamiltonian cannot be written as a first-quantised single particle
Hamiltonian (it is not particle number preserving), its ground state is nonetheless
a Gaussian state.

Furthermore, there exist systems, not necessarily containing physical fermions
or bosons, that can be mapped, through a suitable unitary transformation, to a
bosonic/fermionic model of the form , thus making them solvable. For instance,
the Jordan-Wigner transformation maps some one dimensional spin models, such
as the Ising model, to a free fermion Hamiltonian.

On top of this, also among interacting systems there exist classes of models for
which exact solutions exist. In 1D for some interacting models an exact solution
can be constructed using Bethe Ansatz techniques [17], although it is not fully clear

4
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MONTE CARLO METHODS
— No explicit representation
of wavefunction needed VARIATIONAL METHODS
— Sign problem — Variational wavefunctions:
o Tensor network states

QUANTUM

e Gaussian states
MANY BODY e Generalised Gaussian states
PHYSICS e Coupled cluster ansatz
EXACT METHODS o RVB states
— Free Hamiltonians °
— Integrable systems — Variational principles

Figure 1.1: Map of computational methods for many body physics. The topics
that will be considered in this thesis are highlighted.

what features distinguish this measure zero set of integrable models from generic
quantum models. In 2D, some Conformal Field Theories are exactly solvable [18].

For all other models, for which no exact solution is known, we have to accept
some kind of approximation or limitation in our treatment.

Monte Carlo methods

One possible approach could be to observe that, if we accept that we will not
be able to describe the wavefunction of our system exactly, then we may as well
give up writing down the wavefunction at all. After all, quantum mechanics is
a probabilistic theory and the wavefunction is not directly observable. If our
computational algorithm can probabilistically sample from the space of possible
outcomes of a given measurement with the same probability distribution as the one
predicted by quantum theory, then we can claim to have effectively simulated the
theory [4], even without having stored a full representation of the wavefunction.
The question at this point is in which cases this can be done efficiently with classical
resources.

The basic idea of Quantum Monte Carlo is to compute the quantum thermal
expectation value

(A) = TrA e (1.3)

of some observable A at inverse temperature [ by classical statistical sampling.
To achieve this one needs first to recast the D-dimensional quantum average (|1.3))



CHAPTER 1. INTRODUCTION

as a classical average in D + 1 dimensions

iy - S AC(O) -,
W)

where the sums run over all possible configurations of some classical variables, for
example configurations C' = {S;, -, } of a set classical spin variables associated to
points in discretised (D+1)-dimensional space-time. Here, W (C') are some weights
associated to each configuration. This mapping can be achieved in various ways,
including expanding e?# into a Taylor series or into a Trotter decomposition, or
discretising a path integral formulation in the imaginary time direction.

One can now use a classical Monte Carlo algorithm to sample spin configura-
tions with probabilities distributed like the weights W (C') and estimate the average
value of the observable function A. Two types of difficulties can arise in this kind
of scheme:

1. It may be difficult to accurately sample configurations according to the prob-
ability distribution defined by W. For example, if the system has a large
correlation length and one draws samples through local modifications of a
previous configuration, one may have to propose a large number of such up-
dates before one is accepted by the sampling algorithm. This would lead to
having to propose a number of configurations that is exponentially large in

~

the system size to compute (A) to a desired precision.

2. The weights W may be negative and therefore may not be interpreted as a
probability distribution. In this case one would have to rewrite (1.4]) as

Uy - ScACSO WO [Tes@WE™ (o
> oo IW(C)] 2 IW(O)| ’

where s(C) = sign[W(C')], and sample according to the well-defined proba-
bility distribution given by |W(C')|. However, in some cases the average sign
function in the square brackets will be exponentially small in the system
size, so one will need again to sample exponentially many configurations to
achieve the desired error on (A) This is generally referred to as the sign
problem.

The first difficulty may be thought of as a “technical” difficulty, in the sense
that a plethora of methods has been developed to improve sampling efficiency in
many situations [19, [20]. However, developing the appropriate algorithm to sample
efficiently in a given model often requires a lot of fine-tuned handcrafting. The
sign problem, on the other hand, may be a more “fundamental” problem, in the
sense that it is believed to be intrinsic to the nature of many models involving

6
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spins in frustrated geometries or an odd number of fermions. In these cases it is
likely impossible to recast the problem in a way that is sign-problem-free. Indeed,
it has been proven that a generic solution to the sign problem would violate some
commonly accepted assumptions of complexity theory [21].

Ansatz-based methods

A complementary approach to the Monte Carlo one is to insist that we do want
to be able to write down some description of the state of the system, and not just
sample from it. This can in general give us some deeper physical insights into
the nature of the solution that we find and might be fundamental to treat those
problems where Monte Carlo methods fail because of the sign problem or because
of difficulties in sampling from complicated distributions.

As writing down the full wavefunction for a large enough system is impossible,
we have to find ways to compress the information contained in the state. In other
words, we have to be able to give an approximate description of the state which
depends on sufficiently few parameters, that we can efficiently save and manipulate.

The simplest approach one can take is to focus on a parametrised ansatz in
Hilbert space. That is, essentially a function that takes a set of M parameters,
which we will collectively indicate as x = (21,2, ...,y ), and maps it to a state
|¢(z)) € H. The image of this function defines a subset M of the many body
Hilbert space which can be efficiently addressed by simply manipulating the pa-
rameters .

For example, if we are interested in approximating the ground state of a Hamil-
tonian H , we can compute the energy function

() | H [ (@)
(Y (@)](x))

We shall then try to find the optimal parameter set xy for which the function
E(z) attains its minimum value Ey. According to the Rayleigh-Ritz variational
principle [22], the value Ey will give an upper bound to the ground state energy
of H and the state |1)(z0)) can be seen as an approximation of the ground state.
The closer this state is to the actual ground state, the tighter the bound on the
energy will be.

If, instead, we are interested in time evolution, we can similarly define methods
— often referred to as Time Dependent Variational Principles (TDVP) — which seek
to identify, through a suitable optimisation scheme, a trajectory x(¢) within the
parameter space such that |¢(x(t))) best approximates the real time evolution of
a given initial state.

We will generically refer to this kind of methods as Variational Methods. In this
thesis we will discuss variational methods in detail, starting from the next section

B(z) = (1.6)

7
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where we will give a more precise definition and an overview of the available
techniques. Already from what we have said here, however, it should be clear
that the quality of their predictions will depend crucially on the choice of the set
M of states [¢(x)). To achieve computational efficiency, the set M has to be
parametrised by a relatively small number of parameters, thus it will only cover a
small corner of the high dimensional Hilbert space. Only if the states of interest —
e.g., the ground states or the time evolved states — are very close to precisely this
corner, then the variational methods can give good results. In other words, the
difficulty of variational methods is to use some physical intuition to choose states
|t)(x)) suitable for the problem faced.

Besides proper variational methods, there exists also other methods that rely
on a similar ansatz-based philosophy. For instance, in quantum chemistry the
so-called Coupled Cluster methods [23] also rely on fitting a certain wavefunction
ansatz to the problem’s ground state. However, this is not done by minimising
the the energy function , which in this case is too difficult to compute, thus
it does not lead to variational bounds on the ground state energy.

In Density Functional Theory (DFT) [24], the information contained in a many
body electronic wavefunction is compressed by only considering the electron den-
sity function

n(r) = /dr2-~~dr2|\lf(r,r2,~~ )P, (1.7)

It can be proven that the energy of an atomic system only depends on this function,
which then in principle contains all the relevant information [25]. However, the
precise analytical form of this dependence is unknown. DFT therefore relies on
developing approximate functionals which estimate the energy of the state given
its density function. Thus, in some sense, the ansatz is at the level of the energy
function rather than at the level of the state.

Finally, there is also a large region of overlap between ansatz-based methods
and Monte Carlo methods. In Variational Monte Carlo methods, wavefunction
ansatze are considered which are too complex to evaluate the energy function
in a closed form, similarly to the case of Coupled Cluster methods. However, due
to the positive definiteness of their wavefunctions, it is still possible to estimate
E(z) and perform optimisations thanks to stochastic Monte Carlo methods. These
variational ansdtze include Jastrow-Slater wavefunctions for correlated electron
systems [26], Resonating Valence Bond (RVB) [27] states for high temperature
superconductors and Restricted Boltzmann Machines (RBM) [28] for spin systems.

8
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1.3 Variational Methods
in Quantum Mechanics

Of all the methods outlined in the previous section, this thesis will focus on varia-
tional methods for pure states. These are methods that aim at providing a closed
expression — albeit approximate — for the wavefunction of interest. They achieve
this by assuming that these wavefunctions are well approximated by states of a set
M C ‘H. This leads to an advantage because M is described by a number M of
parameters that is taken to be small compared to the dimension of the full Hilbert
space H.

It follows that, when we want to apply variational methods to quantum me-
chanical problems, two separate issues are of fundamental importance. Firstly,
how do we choose the set of states M, which we will refer to as variational states,
over which we perform the variational optimisations? Secondly, once this subset
has been defined, what methods do we use to extract interesting information about
the physical system while referring only to these states and not to the full, expo-
nentially large, Hilbert space? What are the quantities that can be computed in
this way? In this section we will introduce more in detail both these questions.
Answering them in detail will be the core task of the first part of this thesis.

Variational states

A set M of parametrised variational states |¢)(x)), in order to be a useful set of
variational states has to fulfil the following three general requirements [29]:

1. There exists an efficient algorithm to compute the expectation value (1)(z)| Al (x))
of some observables A on any given variational state |1(z)). Efficient means
that the computational cost of the algorithm scales at most polynomially
with respect to the number M of variational parameters and that this num-
ber of parameters in turn scales polynomially with respect to the system size
N.

Usually, the most important observable is the Hamiltonian H , but it may be
useful to be able to compute also other observables relevant for the system.

2. There exists some reason to expect that at least some states in M have a
large overlap with the target states of the variational problem. By target
states we generally mean the ground state of the Hamiltonian or the states
resulting from time-evolving under Ha given initial state.

3. It is possible to find a solution to the variational optimisation problem. In
other words, there should exist a procedure that efficiently finds the optimal
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state in M that minimises the energy function E(x) (in case of a ground state
problem) or that solves the equations for z(t) in case of a Time Dependent
Variational Principle.

Finding classes of states that fulfil all three requirements is far from a trivial
task. Nonetheless, over the decades some sets of variational states have found wide
application, showcasing the power of variational methods. Let us illustrate how
this can be the case with two such examples.

Perhaps some of the most impressive results in this field have been achieved
by Tensor Network States. These comprise a variety of ansdtze that represent
a wavefunction using as building blocks some tensor quantities contracted into
a specific network geometry. In particular, a one dimensional variant of Tensor
Network State, namely Matriz Product States (MPS), has affirmed itself as an
unrivaled numerical method for 1D many body systems [30].

Example 1 (Matrix Product States). MPS give a very clear example of how the
requirements above can be fully satisfied:

1. For a one dimensional system of N spin degrees of freedom, an MPS is
parametrised by N tensors whose dimensions are fixed by the local spin di-
mension and a so-called bond dimension. The number of variational param-
eters thus scales linearly with N. Computing the expectation value of a sum
of local observables can be achieved in a time also linear in N [31]. This
satisfies point 1.

2. The intuition why MPS approximate so well the ground states of many rele-
vant Hamiltonians comes from Quantum Information arqguments. MPS with
finite bond dz’mensiorﬁ are able to approrimate well states whose entangle-
ment satisfies a so-called area law [32,|33]: that is, in one dimension, when
the entanglement entropy across any bipartition of the system is bounded by
a quantity independent of the bipartition [(34]. It is proven that the ground
state of any local gapped Hamiltonian will fulfil such an area law and can
thus be represented by an MPS [35]. We thus have point 2.

3. Finally, there exists an algorithm, known for historical reasons as Density
Matriz Renormalisation Group (DMRG), that allows to optimise an MPS
for a given local Hamiltonian in a remarkably robust way [36]. This ensures
point 3.

2By finite bond dimension here we mean that it does not grow with the the total system size
N. In principle, any state can be represented exactly as an MPS, provided that one takes an
arbitrarily high bond dimension. What we care about here is that, in order to represent the
states of interest, we are not forced to choose a bond dimension that grows exponentially as N
gets larger, as this would violate the previous point on the polynomial scaling of the number of
parameters.

10
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These observations also shed light onto the limitations of MPS. Firstly, the
power of MPS as a variational ansatz starts to decrease as soon as the target
states can no longer be expected to satisfy the entanglement area law. In partic-
ular, this is the case for ground states of non-local or gapless Hamiltonians or for
time-evolved states [37]. Secondly, the high numerical efficiency of MPS methods
relies strongly on the one dimensional geometry of the system. It is indeed consid-
erably harder to construct efficient algorithms for Projected Entangled Pair States
(PEPS), which can be understood the natural generalisation of MPS to higher
dimensional systems, and which would be ideal for representing states satisfying
the higher dimensional area laws [38].

Other variational ansdtze based on tensor network principles have also been
developed and share some of these favourable properties. For example, the Mul-
tiscale Entanglement Renormalisation Ansatz (MERA) |39] (thought for critical
systems), tree tensor networks or generalisations of Tensor Network States for
systems in continuous space |40} 41].

Besides Tensor Network States another highly successful class of variational
families is the one based on bosonic and fermionic Gaussian states. We have
already discussed in Section how Gaussian states are the exact ground states
of non interacting systems. However, it is also possible to see them as a set of
states on which to apply variational methods.

Example 2 (Gaussian states). The reason why Gaussian states can be potentially
very useful as a variational ansatz can again be understood in the terms discussed
above:

1. A Gaussian state of a system of N bosonic or fermionic modes is parametrised
by a number of parameters that scales as N?. Computing expectation values
of polynomials of creation and annihilation operators on Gaussian states is
made highly efficient thanks to a well-known theorem by Wick [42].

2. Gaussian states are known to include exact ground states of non interacting
systems. We may expect them to also do a good job at describing interacting
systems where the interactions are weak enough.

3. Optimisation algorithms on the space of Gaussian states can be easily imple-
mented [43].

In this thesis, methods based on Gaussian states will be taken into particu-
lar consideration. We will introduce Gaussian states more detail in Section [I.4]

exploring also the possibilities of going beyond them.
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Variational principles

In the previous sections we have discussed several examples of strategies that
can be applied once we have selected a reasonable set of variational states, for
instance optimising the energy for an approximate ground state or applying a Time
Dependent Variational Principle. But what is exactly the full range of variational
principles that can be applied in these cases? In other words, what are the available
abstract methods and principles that can be used, given any variational class of
states, to compute physically relevant quantities?

Ideally, what we want to do is to perform any standard quantum mechan-
ical calculation — evaluation of energy spectra and eigenstates, time evolution,
computation of measurement outcome distributions etc. — restricting ourselves to
considering as relevant only the states in our chosen variational class M, escaping
in this way the prohibitive dimensionality of the full space of allowed states H.
However, this objective immediately presents a difficulty. The Hilbert space H is
a complex linear space and standard quantum mechanics is formulated in a way
that makes explicit use of this linear structure. The chosen space M on the other
hand, may not necessarily be a complex linear subspace of H. In fact, the most
promising choices of M discussed above (Tensor Network States, Gaussian states)
are by no means linear spaces. The essence of variational methods can therefore
be understood as formulating approximate versions of quantum mechanics on non-
linear spaces M in such a way that they resemble as much as possible the true
linear quantum mechanics of the linear space H in which M is embedded.

Having put things in this perspective, we realise that the geometric structure of
M plays here a fundamental role: not only its linearity or non-linearity, but also its
curvature, its tangent spaces, its intrinsically complex or real structures. In short,
it has been realised that the language of differential geometry is an exceptional
tool to better describe and understand variational methods. First, this language
allows us to correctly describe the nature of the chosen set of states M and its
relationship with H by viewing it as geometric manifold embedded in the metric
space H. Second, all variational methods can be formulated as the differential
geometric equivalent of quantum mechanical concepts normally defined on the
linear Hilbert space.

The first part of this thesis will be dedicated to following this perspective to
all of its consequences, in the belief that it will best allow us to understand the
full power and possible limitations of variational methods and how to best apply
them. To conclude this section we will list the most important variational methods,
highlighting their connection to differential geometry. Hopefully, this will give the
reader a sufficient intuition of the potential benefits of this approach. In the main
body of the thesis, we will explore each one in detail, deriving step-by-step their
interpretation in the geometric language.

12
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Ground state problem — The problem of finding the ground state of a given
Hamiltonian operator H is normally formulated as finding the eigenstate of H
with the lowest possible eigenvalue. Restricting ourselves to a non-linear space M,
where linear operators and spectral decompositions cease to be well-defined, the
best possible reformulation consists of interpreting H as defining a scalar energy
function on M

(| H|)
(Wl

The ground state is then naturally interpreted as the point in M coinciding with
the global minimum of E. Indeed, the Ritz principle [22] assures us that if we
extend M to include the whole Hilbert space the two definitions will coincide.
Finding the approximate ground state on M thus reduces to a problem of optimi-
sation on a non-linear manifold. The preferred methods employed in this case are
ones based on gradient descent. We will show that these methods can be improved
by including information on the intrinsic geometry of M, leading to what is some-
times referred to as natural gradient descent and which, from the more physical
point of view, can be understood as projected imaginary time evolution.

E(y) = V[y) e M. (1.8)

Excitation spectrum — On top of the ground state, one is sometimes in-
terested in the other eigenstates lying close above the ground state in the energy
spectrum. These low energy excitations again can hardly be described in terms
of the spectrum of a linear operator, if we restrict ourselves to only considering
a non-linear manifold of states M. However, something similar can be defined
by looking at the small oscillations that are possible on the manifold close to its
minimal energy state. In other words, a linear response theory can be defined on
M., allowing us to identify well-defined excitations that fulfil the properties of hav-
ing low energy and lying close to the ground state on the manifold of considered
states.

Time evolution — Finally, an important application of variational families is
to compute the time evolution of an initial state chosen on M. Here one faces two
possible paths to defining an evolution equation — i.e., a Schrodinger-like equation
— for states on M. One possibility is to look for a global description: a Lagrangian
that is defined on the whole manifold M and which, through its Euler-Lagrange
equations, governs motion on it. The second possible choice is to look at things
from a more local point of view: at each infinitesimal time step of evolution the
true linear Schrodinger equation will in general move our state out of the chosen
manifold. What is the best way to approximate this motion while remaining in
M, 1i.e., making the least error at each such step? These two approaches lead
to two apparently different Time Dependent Variational Principles, which we will
refer to as the Lagrange and the McLachlan variational principles respectively.

The issue of the equivalence or difference of the Lagrange and McLachlan vari-
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ational principles has given rise to some debate in the past. However, it is now
well understood that the answer depends crucially on the chosen set of states M.
We will show in this thesis how the relevant property of M in this case can again
be best understood in terms of differential geometric structures. We will point
out that the two Time Dependent Variational Principles are equivalent only if M
is what in differential geometry is known as a Kdahler manifold. This property is
ultimately related to the extent to which M preserves the complex nature of the
Hilbert space H. We will also discuss what happens if this is not fulfilled and how
to best apply the variational principles in that case.

1.4 Gaussian methods

Discussing variational methods from a general perspective, we have mentioned
some examples of commonly used variational states. In the second part of this
thesis we will focus more in detail on one specific class of variational states, namely
Gaussian states and related constructions. We have already anticipated in Exam-
ple 2| how all these states are exceptionally favourable to deal with computation-
ally. We have further mentioned how Gaussian states are naturally well-suited to
represent the states commonly occurring in weakly interacting quantum systems.
These properties make them a natural and highly successful testing ground for the
application of variational techniques.

There exists indeed a long list of widely applied variational methods that rely on
Gaussian states. The Hartree-Fock method, fundamental in Quantum Chemistry,
can be understood as the variational optimisation over the set of particle num-
ber preserving fermionic Gaussian states [44]. The celebrated Bardeen-Cooper-
Schrieffer (BCS) ansatz for superconducting states is itself a subset of fermionic
Gaussian states (in this case not particle number preserving) [45]. The Quan-
tum Hall states and Topological Insulator states are all represented as fermionic
Gaussian states [46]. In the study of Bose-Einstein Condensation (BEC) bosonic
Gaussian states are widely applied. For example, the Bogoliubov theory for the
ground state and excitations of such condensates relies heavily on the Gaussian
state formalism [47]. The Gross-Pitaevskij equations describe the dynamics of
these systems through a Time Dependent Variational Principle based on a Gaus-
sian state ansatz |48, 49].

Many attempts have also been made to extend Gaussian methods or combine
them with other techniques to enlarge their range of application to more strongly
interacting systems. For example, linear combinations of fermionic Gaussian states
are commonly used in chemistry, under the name of Configuration Interaction (CI)
method [50], as well as in other contexts [51]. More recently, the combination of
Gaussian states with some fixed canonical transformation has been shown to give
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very good results in the description of many impurity problems [52-54].

In the second part of the thesis we will give a general overview of the Gaus-
sian formalism and introduce a new construction that allows to generate useful
variational families that extend Gaussian states.

Gaussian states

In the literature there exist a variety of approaches to defining and understanding
bosonic and fermionic Gaussian states [55-59]. Often these approaches are influ-
enced by the specific needs of the various communities that make use of them, such
as Quantum Optics and Communications, Quantum Chemistry and Condensed
Matter physics. In our analysis, we will instead try to keep a more abstract per-
spective, focusing on understanding the underlying structures that make Gaussian
states as effective as they are.

From this point of view, it becomes clear that a fundamental property is the fact
that Gaussian unitaries (i.e., unitary operators that map Gaussian states into each
other) provide a representation on Fock space of certain group theory concepts.
It is these group structures, together with the related algebraic structures, that
ultimately encode many of the useful properties of Gaussian states.

More precisely, it is possible to define groups of unitary operators Ug(g), which
we will refer to as Gaussian unitaries. In the case of bosons, they can be either
displacement operators (generated by linear combinations of creation and annihi-
lation operators) or squeezing operators (generated by quadratic combinations of
creation and annihilation operators). In the fermionic case they are generated by
quadratic combinations of creation and annihilation operators. Importantly, in all
cases these sets of unitaries can be parametrised by an element g belonging to a
certain matrix group. The unitaries Ug then inherit (or rather represent) many
of the properties of these groups. Indeed, the products of two different opera-
tors Ug(g), their action on creation and annihilation operators and their effects
on certain states can all be described and encoded in the group properties of the
corresponding matrices g.

Gaussian states are then defined as all the states

[Ya(9)) = Ualg) |0) (1.9)

that can be generated out of the vacuum by Gaussian unitaries. It becomes clear
that exploiting the known group properties of g to manipulate Ug(g) gives in turn
the power of manipulating the states |1)g(g)) equally efficiently. This lies at the
core of the applicability of Gaussian states, as it allows to compute expectation
values, overlaps, take derivatives with respect to parameters and much more.
There are, of course, also other ways to frame the special features of Gaussian
states. But we believe that the group-theoretic perspective sketched here has one
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further advantage. It allows to understand which other families of states, if any,
share the same fundamental features of Gaussian states. Indeed, several other
classes of useful states can be written as , replacing the Gaussian unitaries
with the unitary representations of some other arbitrary group G and the Fock
vacuum with a reference state |¢) in some other Hilbert space. We obtain states
of the form U(g)|¢), which then share many of the fundamental properties of
Gaussian states. Namely, one can exploit the group structures of U(g) to facilitate
computations.

This broad class of states U(g) |¢), for some unitary representation U(g) of
a Lie group G, are known as group-theoretic coherent states [60, |61] or Gilmore-
Perelemouv coherent states |62, |63]. They contain fermionic and bosonic Gaussian
states as specific instances, but they also include several other interesting exam-
ples, such as atomic coherent states [64] or more complex states based on SU(N)
groups [65], 66].

In general, it is possible to show that all group-theoretic coherent states can
be potentially successful variational manifolds. If the system’s relevant observ-
ables can be written in terms of the operators Z; representing the Lie algebra g
associated to G, then expectation values can be computed efficiently. The dif-
ferential geometric structures of the variational manifold can be also evaluated
handily. Under some simple to verify conditions, the states U(g) |¢) form a Ké&hler
manifold, which we have anticipated above makes variational methods particularly
well-behaved.

Beyond Gaussian states

Once we have seen how the group-theoretic structures of Gaussian and coherent
states greatly facilitate their applications as variational families, it comes natural
to ask: are we exploiting these structures to their fullest? Can the group-theoretic
structures be exploited to manipulate more general families of states that go be-
yond the purely Gaussian or coherent paradigm?

This is a question of great importance. Indeed, although Gaussian states have
favourable computational properties, their ability to represent physical systems
is limited. By their nature, Gaussian states are only suited to describe systems
near their non interacting point or close to some classical limit. Although Gaussian
states do contain entanglement [67], the quantum correlations they can express are
constrained: by construction, they can only exhibit correlations that satisfy Wick’s
theorem. Some of the other examples of group-theoretic coherent states suffer
from even lower expressivity. For instance, atomic coherent states are essentially
product states.

Families of states that can go beyond these limitations would therefore greatly
increase the available expressive power of variational methods. The difficulty of
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this search lies in balancing the need for an expressivity going beyond the Gaus-
sian one, with the requirement that classical computations with the resulting states
should be efficient, in order to obtain a usable variational family. Some progress
has been made in these directions. Some generalisations of bosonic and fermionic
Gaussian states were introduced in reference [52], where their computational prop-
erties were proven to be favourable, although their fully variational applications
have been so far limited. Similarly, there exist examples of sets of states, such as
spin squeezed states [68] or weighted graph states [29], that generalise other classes
of group-theoretic coherent states.

In one of the main contributions of this thesis we will show how these generalisa-
tions can be understood as stemming directly from the group-theoretic framework
introduced above. Indeed, we will introduce the concept of generalised group-
theoretic coherent states. That is, we present a construction such that, for every ex-
isting class of group-theoretic coherent states, one can define a generalised version
which contains extended non-Gaussian correlations, while maintaining favourable
computational properties. This formalism allows us to understand in a unified way
what are all the generalisation that can be constructed. But it also sheds light on
where these states draw their computational powers from and in what sense they
exploit to the fullest the group-theoretic structures present in the Hilbert space.

Given a set of group-theoretic coherent state defined as U(g)|¢) for g in the
Lie group G, the corresponding generalised states have the form

(g, 9", M)) = U(g")V(M)U(g) ) - (1.10)

We have thus added two further parametrised unitaries compared to the plain
coherent states. One is a second group unitary U(g"). The other is a new special
unitary that takes the form

V(M) = exp (%Mﬂbﬁaﬁb) : (1.11)
for any real symmetric matrix M. Here, ﬁa, fora =1,...,¢, are a special set of

algebra operators known as Cartan operators. They are a commuting subset of
the operators Z: which represent on H the Lie algebra g associated to G. Con-
cretely they might be the particle number operators 7 = a'a in case of bosonic or
fermionic Gaussian states or the Pauli operators 6% for spin systems. The unitary
V is responsible for introducing on the states a much more elaborate entan-
glement and correlation structure than the one of plain group-theoretic coherent
states.

Furthermore, there always exists a procedure to compute expectation values
of operators @ on the states |v(g,9', M)), provided that O can be written as a
low degree polynomial in the algebra operators Z;. This procedure may in some
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cases appear elaborate, but ultimately relies only on the algebraic structures of
the problem. In fact, all necessary operations are performed in terms of objects
(matrices, vectors...) whose dimension is at most the one of the group G. In most
physical situations, the relevant Lie groups have dimensions that scale polynomi-
ally with the systems size N, thus guaranteeing the computational efficiency of
our construction.

The group-theoretic formalism makes it also simpler to see in what sense the
construction (|1.10]) is optimal. Reasonable attempts to go beyond this structure
will critically impact the efficiency of calculations: the introduction of further
unitaries in the definition of [¢(g, ¢', M)), the extension of V(M) to include oper-
ators from outside the Cartan subalgebra, the introduction in of cubic or
higher order terms in H, will all break some step of the procedure for computing
expectation values. We can therefore feel convinced we are exploiting the struc-
tures of group-theoretic coherent states to the fullest to define the most expressive
variational manifold possible with the mathematical tools we have available.

In conclusion, we have seen that the Gaussian formalism gives us tools that can
greatly facilitate the computations necessary for variational methods. Indeed, sim-
ple Gaussian states are of utmost importance in many long-standing computational
methods. However, the range of applicability of these methods is often limited by a
certain lack of expressivity of Gaussian states. And yet, it is possible to construct
extensions of Gaussian states which exploit the same favourable computational
properties while presenting an increased expressivity. There is therefore hope that
Gaussian-based methods and extensions will establish themselves as an important
variational approach that can complement other highly successful methods, such
as Tensor Network based methods, filling the gaps where these other methods are
weakest.

1.5 Outline of the Thesis

Let us now briefly summarise the structure of this thesis. It is divided into three
main parts. In the first part (Chapters [2| and [3) we will present general results
about variational methods. In the second part (Chapters [4] and [5) we will then
focus on more specifically on Gaussian methods and generalisations thereof. In
the third part (Chapters |§] and (7)) we will finally present some applications of the
methods discussed previously to concrete examples of physical models.

More specifically, in Chapter [2], we will define the notion of variational manifold
of states. We will discuss what makes such a manifold well-defined and useful
for variational computations. We will especially explain how it can be described
from the point of view of differential geometry. We will introduce the interesting
geometric structures that can be defined on such a manifold and discuss their
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Figure 1.2: Strucure of the thesis, with its three main parts.

meaning from the perspective of variational methods. We will finally establish the
notion of Kahler manifold, which plays a key role in time dependent variational
methods.

In Chapter [3| we will then review all the available variational methods which
can be implemented once one considers a manifold like the ones defined in the pre-
vious chapter. We will discuss real time evolution, the computation of excitation
spectra, linear response theory and the use of imaginary time evolution to opti-
mise energy functions. In all these cases our focus will be on deriving results that
allow to fully understand the interplay between these methods and the geometry
of the considered manifolds. This concludes the first part on abstract variational
methods.

In Chapter 4| we will then shift our focus on a more specific class of variational
manifolds, namely Gaussian manifolds. We will introduce the general notion of
group-theoretic coherent states and show how Gaussian states can be understood
as a specific example of it. We will present and discuss separately bosonic and
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fermionic Gaussian states, highlighting how their key structures can be understood
from a group theory perspective. We will also mention some other relevant exam-
ples of group-theoretic coherent states, namely spin coherent states. In Chapter
we will move on to consider possible generalisations of the Gaussian and coherent
state concepts. We will in particular introduce generalised group-theoretic coher-
ent states and show how they fulfil the criterion of efficient classical variational
computations.

In Chapter [6] we will introduce the first example of an application of variational
methods to many body physics problems. We will consider the Bose-Hubbard
model and analyse it using bosonic Gaussian states as a variational manifold. We
will show that, thanks to all the techniques discussed previously, even this relatively
simple manifold can be used to describe many non-trivial features of the model
in its superfluid phase. In Chapter [7, we will then present an example where
a more elaborate ansatz is used, belonging to the family of generalised group-
theoretic coherent states. We will discuss the Quantum Sherrington-Kirkpatrick
model, showing how the manifold of generalised spin coherent states gives a good
variational description of its ground state properties.

Each chapter will start with an Ouerview section where we will summarise the
main results presented the chapter and explain the structure of the chapter itself.
The appendix sections contain some extra material that completes the
discussion of the main chapters, but is not necessary for a clear understanding of
the thesis.

Finally, let us mention a couple of notation conventions which might facilitate
the reader’s appreciation of the mathematical formulae. All objects marked with a
hat ~ are Hilbert space operators. All objects without a hat should be understood
as c-numbers. We will use objects with indices (x#, M;;...) to indicate the entries
of vectors, matrices etc. We will use the following conventions to help the reader
navigate through them. Greek indices u, v, p... will label variational parameters
and latin indices m, n, (... will indicate lattice sites, modes or individual degrees
of freedom of a many body system. In contexts where we discuss notions of group
theory we will indicate Lie groups as ¢, SU, Sp... and the corresponding Lie
algebras as g, su, sp... We will label algebra elements by the indices ¢, j, k... and
Cartan subalgebra elements by a, b, c... Limited to Chapter [6 we will use the
indices k, p, q... to label momentum values in the reciprocal lattice. With MT we
will indicate the transpose of a matrix M.
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Chapter 2

Variational states and their
geometry

In this chapter we will define the most general notion of variational states: a
parametrised subset of a many-body Hilbert space. We will introduce some simple
and yet very powerful geometric structures that can be constructed for any such
set. Two different types of geometries can appear, namely Kdhler and non-Kdahler
geometries. This, as we will see in later chapters, plays a key role in defining
variational principles.

Most of the material presented in this chapter, as well as in the subsequent
chapter [3| was published in reference [69]:
L. Hackl, T. Guaita, T. Shi, J. Haegeman, E. Demler, J.I. Cirac,
Geometry of variational methods: dynamics of closed quantum systems,
SciPost Physics 9, 48 (2020), used under |cC BY 4.0.

2.1 Overview

We consider variational sets of states as parametrised subsets of the Hilbert space
H. That is, we consider a set of states defined by the function |¢(x)) where x € RM
is a collection of M real parameters. We will indicate the set of all states that can
be written this way as M.

The objective of this chapter is to interpret M as a differential manifold of
dimension M embedded in a Hilbert space of much higher dimension. Following
this interpretation we will define the geometric notion of tangent space to the
manifold. This is a linear space, that we indicate as 7, M, which can be defined
for each point |¢)) of the manifold. Thanks to the tangent space we can define a
range of further geometric structures, such as tangent projectors, metrics, vector
fields and so on, which will be of great use in the next chapters to construct and
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understand variational principles.

It is important to stress that we have defined the parameters x to be real. In
principle, one could restrict oneself to variational families that admit a complex
parametrisation, i.e., defined by a function |)(z)) € H holomorphic in 2 € CM
and thus independent of z*. As we will see, this leads to enormous simplifications,
as in the geometric language we are then dealing with so-called Kéhler manifolds,
which have very friendly properties. However, in general, we want to use real
parametrisations, which cover the complex case (taking the real and imaginary
part of z as independent real parameters), but apply to more general situations.

While in certain situations, it is easy to extend or map a real parametrisation
to a complex one, this is not always the case. This applies, in particular, to
parametrisations of the form

() = U(x)[9) , (2.1)

where |¢) is a suitably chosen reference state and U(x) is a unitary operator that
depends on x € R, Such parametrisations are often used to describe various
many body models [52-54} 70-73], and the fact that U(z) is unitary is crucial
to compute physical properties efficiently. However, extending z analytically to
complexify our parametrisations, would break the unitarity of & and often make
computations inefficient, thereby limiting the applicability of the variational class.
In conclusion, the focus on real parametrisations is of important physical interest.
The tangent space T, M is the space of all possible linear variations on the
manifold around [¢(z)). We can write them as »° i# J,[i)(z)) and thus the tan-
gent space can be defined as the span of the tangent vectors |v,) = 0, |¢(x)).
Importantly, as our parameters x are taken to be real to maintain generality, this
span should only allow real coefficients. The tangent space should therefore be
understood as a real linear space embedded in the complex Hilbert space H.
This observation lies at the heart of all the structures that we will define for
M in this chapter and plays a crucial role in defining the possible geometries of
variational manifolds. To best explain this fact, we will take a step back in our
exposition and begin the chapter by a more general discussion of real structures in
Hilbert space and only gradually move to discuss the detail of variational manifolds.
In section we will reinterpret the Hilbert space as a real linear space and
discuss the specific structures that emerge if we take this perspective. This will
allow us to introduce the concept of Kahler structures and real linear maps. In
section we then move on to discuss projective Hilbert space P(H), that is the
space of state vectors defined up to arbitrary constant phase and normalisation
factors. This is the space where physical quantum states live and it is the space
in which it will be most natural to embed the manifold M.
In section we will be then ready to discuss the variational manifold M
itself. We will define it as embedded in P(H) and we will introduce its tangent
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space T;M and the Kahler structures that can be defined on it. In section [2.5| we
will then come to the crucial point of this chapter, and that is the fact that the
geometry of M that we have introduced can be of two types, defined as Kdhler
or non-Kdhler. Finally, in section we will introduce some further notions that
will be useful in later discussions, including the differential geometric definition of
observables and the related Poisson brackets.

Throughout the chapter we will accompany the discussion with simple examples
to clarify the concepts that we introduce.

2.2 Kahler structures in Hilbert space

Given a separable Hilbert space ‘H with inner product (-|-), we can always describe
vectors by a set of complex number 1,, with respect to a basis {|n)}, i.e.,

) = thnln) . (2.2)

As stressed in the overview, we will be particularly interested in real subspaces of
H. Given a set of vectors {|n)}, we thus distinguish the real and complex span

spanc{[n)} = {3, ¥ In) [vn € C}

spang{In)} = {3, tn [n) | € R} . (23)

On a real vector space, [¢)) # 0 and i|¢) are linearly independent vectors, because
one cannot be expressed as linear combination with real coefficients of the other.
A real basis {|V},) } of H has therefore twice as many elements as the complex basis

{|n)}, such as

{3 ={11),11),12),112), ... } . (2.4)

Given any real basis {|V},)} of vectors, we can express every vector |X) as real
linear combination

[ X) = X" V), (2.5)

where we use Einstein’s index summation convention, as we will do in the rest of
the chapter.

A general real linear map is amap A : H — H that satisfies A(a | X)) = a A |X)
only for real a. If it also holds for complex «, we refer to A as complex-linear. The
imaginary unit i becomes itself a linear map, which only commutes with complex-
linear maps.
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The Hermitian inner product (:|-) can be decomposed into its real and imagi-
nary parts given by

<VM|VV> =

N .
Mg +iw) (2.6)

with g, = & Re(V,|V,), wu = 2 Im (V,|V,) and N being an arbitrary normal-
isation which we will later fix in (2.25). This gives rise to the following set of
structures, illustrated in Figure [2.1}

Definition 1 (Kahler space). A real vector space is called Kdhler space if it is
equipped with the following two bilinear forms

. Metricﬂ g symmetric and positive-definite with inverse G*, so that
G/wga,u - 5HV7

e Symplectic form w,,: antisymmetric and non—degenemteﬂ with tnverse
Q* so that Q*w,, = o+,

and such that the linear map J*", .= —G*°w,, is a
e Complex structure J",: satisfying J*> = —1.

The last condition is also called compatibility between g and w. We refer to
(g,w,J) as Kdhler structures.

In equation , clearly g is a metric and w is a symplectic form. Furthermore,
we will see that they are indeed compatible and define a complex structure J. For
this, it is useful to introduce the real dual vectors Re(X| and Im(X| that act on a
vector |Y) via

Re(X|Y) = ¥X*g,, V", Im(X|Y) = ¥ X'w,, V", (2.7)

as one may expect. The identity 1 = )" |n) (n| is then
1=2G"|V,) Re(V,| . (2.8)
Similarly, the matrix representation of an operator Ais

A, = Z G"Re(V,|AV,) . (2.9)

IHere, “metric” refers to a metric tensor, i.e., an inner product on a vector space. It should
not be confused with the notion of metric spaces in analysis and topology.

2A bilinear form b, is called non-degenerate, if it is invertible. For this, we can check
det(b) # 0 in any basis of our choice.
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Figure 2.1: Triangle of Kdhler structures. This sketch illustrates the triangle of
Kahler structures, consisting of a symplectic form w, a positive definite metric g
and a linear complex structure J. We also define the inverse symplectic form €2
and the inverse metric G.

Linear complex structure:
Squares to minus identity: J? = —1

J#,

Inverse Q% with Inverse G* with

Vowy, =00, fgr, — _Grog, \ G900 = 0"y
(compatibility)
Wiy guv
Symplectic form: Metric:
Antisymmetric Symmetric positive-definite
non-degenerate bilinear form bilinear form

In particular, we compute the matrix representation of the imaginary unit i to be
given by

Jh, = & G"Re(V,]i|V,) = —G"w,, (2.10)
as anticipated in our definition. From i? = —1, we conclude that the so defined J
indeed satisfies J? = —1 and is thus a complex structures. Therefore, g and w as

defined in (2.6) are compatible.

Example 3 (Hilbert space of a Qubit). A qubit is described by the Hilbert space
H = C? with complex basis {|0),|1)} and real basis

Vi) = {10}, 11),110),i[1)}. (2.11)

With respect to this real basis g,.,, w,, and J", are

_ 1 0 _ 0 1 ({0 —1
g/U/:_/%/’<0 ]l),ww/:/%[(_]l 0)7.]“,/:(]1 0)7 (212)
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where 1 is the 2 X 2 identity matriz. We can represent a complex-linear map
A=3  Gum 0) (], e, with [A, J] =0, as the matriz

Al = (‘g _AB) : (2.13)

where A = Re(a) and B = Im(a) in the above basis.

In summary, every Hilbert space is a real Kahler space with metric, symplectic
form and complex structure.

2.3 Projective Hilbert space

Multiplying a Hilbert space vector |¢)) with a non-zero complex number does not
change the quantum state it represents. Therefore, the manifold representing
all physical states is given by the projective Hilbert space P(H), which we will
define and analyze in this section. Variational families, which we will discuss in
the following section, should then naturally be understood as submanifolds M of
projective Hilbert space P(H).

The projective Hilbert space of H

P(H) = (H\{0}) / ~ (2.14)

is given by the equivalence classes of non-zero Hilbert space vectors with respect
to the equivalence relation

W) ~ ) & FeeC with |[P) =cly) . (2.15)

Thus, a state ¢ € P(H) is a ray in Hilbert space consisting of all non-zero vectors
that are related by multiplication with a non-zero complex number c.

Let us now consider the tangent space to the manifold P(#H). For a rigor-
ous definition of tangent spaces we refer the reader to any standard textbook of
differential geometry. However, intuitively 7,P(H) represents the space of linear
changes 1) around an element ¢y C P(H). Changing a representative |¢)) in the
direction of itself, i.e., |§1)) o [1)), corresponds to changing |¢)) by a complex fac-
tor and thus does not change the underlying state 1). Two Hilbert space vectors
|X),|X) € H therefore represent the same change |69 of the state 1)) € 1, if
they only differ by some « [1)). We define tangent space as

TeP(H) =M/~ (2.16)
where we introduced the equivalence relation

1X)~|X) & JeceC with [X)—|X)=cly), (2.17)
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leading to a regular (not projective) vector space.

We can pick a unique representative | X) of the class [|0¢)] at the state |1)) by
requiring (1)|X) = 0. Viceversa, two vectors |X) # |X) both satisfying (1| X) =
(1)| X) = 0 belong to different equivalence classes. We thus identify 7;,P(#) with

i = {|1X) € M| (v]X) =0} . (2.18)

Given a general representative |d¢) € [|d1)], we compute the unique representative
mentioned above as | X) = Qy [0¢)) with

Qu 190) = |06) — % Y (2.19)

There is a further subtlety: representing a change 01 of a state ¢ as vector
|07)) will always be with respect to a representative [¢). If we choose a different
representative W) = c|¢) € 1, the same change 07 would be represented by a
different Hilbert space vector |01)) = ¢|d1)). It therefore does not suffice to specify
a Hilbert space vector |d1), but we always need to say with respect to which
representative [¢)) it was chosen. This could be avoided when moving to density
operatorsﬁ

The fact we can identify the tangent space at each point with a Hilbert space
H,; enables us, given a local real basis {|V,)} at 1, such that H; = spang{|V,)},
to induce a canonical metric g,,,, symplectic form w,, and J*, onto the tangent
space, which thus is a Kahler space, as discussed previously. We see at this point
that on the tangent space TyP(H), it is convenient to choose N = (¢[¢) as
normalisation for the Kahler structures. The rescaled metric %g,ﬂ, is well-known
as the Fubini-Study metric |74, [75], while the symplectic form gives projective
Hilbert space a natural phase space structure.

Manifolds such as P(H), whose tangent spaces are equipped with differentiable
Kéhler structures, are called almost-Hermitian manifolds. In appendix [A.2] we
show that P(H) satisfies even stronger conditions, which make it a so-called Kdhler
manifold.

Example 4 (Bloch sphere). The projective Hilbert space of a qubit is P(C?) = S?,
equivalent to the Bloch sphere. Using spherical coordinates x = (0,¢) and the
complex Hilbert space basis {|0),|1)}, we can parametrize the set of states as

[Y(x)) = cos (g) |0) + €' sin (g) 1) . (2.20)

3We can equivalently define projective Hilbert space as the set of pure density operators, i.e.,

Hermitian, positive operators p with Trp = Trp? = 1. The state 1 is then given by the density

operator py = %%‘ and its change ¢ by dpy = 7|6w>(1€1|ﬁ/|}1§0(6w|.
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The elements of P(H) are the equivalence classes ¢ (x) = {c|i(z)) |c € C,c # 0}.
Consequently, the tangent space TyP(C?) = ’Hi of the Bloch sphere at x* = (0, ¢)

can be spanned by the basis |V,,) = Qy (32:) [¥(z)) with

Vi) = —1sin (£) |0) + & cos (%) [1)

0
: 2 o (2.21)
Vo) = —3sin (&) sin6 |0) + - cos () sind 1) .
Using the definition (2.6)) of the metric and symplectic form from the Hilbert space

inner product, we can compute the matrix representations

1 0 0 sin 6
9w = 2<O cin? 0) and w,, = 2(_ sind 0 ) ) (2.22)

We recognize g, datdx” = %(d@2 + sin®(0)d¢?) to be the standard metric of a
sphere with radius 1/v/2. Similarly, we recognize wdrtdr” = %sin 0dONdo to be
the standard volume form on this sphere. Finally, it is easy to verify that J* = —1
everywhere.

In summary, a given pure state can be represented by the equivalence class
1 € P(H) of all states related by multiplication with a non-zero complex number.
Similarly, a tangent vector [|X)] € T,P(H) at a state 1 is initially defined as
the affine space [|X)] of all vectors |X) differing by a complex multiple of [)).
A unique representative |X) can be chosen requiring (/|X) = 0. This leads to
the identification 7, P(H) ~ H;, such that the Hilbert space inner product (|-)
induces local Kéhler structures onto 7,P(H).

2.4 Generic variational manifolds

The most general variational family is a real differentiable submanifold M C
P(H). Similarly to what we did for the full projective Hilbert space, at every
point ¢ (z) € M, we can define the tangent space 7, M. This is the space of
tangent vectors |X), representing local linear variations of the state ¢(z) that can
be achieved by moving within the manifold M. As M is embedded in P(H), so
is Ty M can be embedded into TuP(H) ~ H.

More specifically, we can define a local basis |V},) v € Hi, such that

X), = X" [V,),, - (2.23)

Note that in general the tangent space Ty M = spang{|V,)} is only a real, but not
necessarily a complex subspace of Hi Thus, we will encounter families, for which
| X) is a tangent vector, but not i|X).
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Figure 2.2: Tangent vectors. We sketch the basis vectors |V,) of tangent space
Ty M for a manifold M parametrized by two coordinates (z', z?).

M

In practice, we often parametrize ¥ (z) € M by choosing a representative
|t(x)) € H. This allows us to construct the local basis |V, (x)) of tangent space
TyM as

V(@) = Quiay O [9(2)) (2.24)

at the state [¢)(z)), where Qy was defined|in (2.19). To simplify notation, we will
usually drop the reference to ¢(z) or # and only write |V,), whenever it is clear
at which state we are. The schematic idea behind tangent space is sketched in
Figure 2.2

Similar to projective Hilbert space, we define restricted Kahler structures on
tangent space T, M C T, P(H) as

C2ReVuV) 2V 2.25)

I = ) O T

There are two important differences to the corresponding definition (2.6)) in full
Hilbert space. First, with a slight abuse of notation, |V,,) here does not span the
Hilbert space, but rather the typically much smaller tangent space. Second, we

set N = (|1 just like for P(H), such that

(VulVi) = % (G + iwp) - (2.26)

4The projector Qy is important to ensure that |V,) can be identified with an element of
”Hi ~ T,P(H) as discussed in Section i.e., (¥|V,) = 0. For derivations, it can be useful
to choose a local coordinate system of x, in which [V},) = 0, [¢), i.e., the action of Qy can be
ignored. This can always be achieved locally at a point and any invariant expressions derived
this way, will be valid in any coordinate system.
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This has the important consequence that the restricted Kahler structures are in-
variant under the change of representative |1)) of the physical state. Namely, under
the transformation |¢)) — ¢[¢) with |V} — ¢|V,,), our Kihler structures will not
change. This ensures that equations involving restricted Kahler structures are
manifestly defined on projective Hilbert space and thus independent of the repre-
sentative [1)(x)) € H, we use to represent the abstract state ¢(z) € M C P(H).

Projectors on tangent space

For every two Hilbert space vectors |X),|Y) € H, we have the real inner prod-
uct Re(X|Y). This induces the norm ||| X)|| = y/Re(X|X) = /(X|X), which
is nothing more than the regular Hilbert space norm. We can then define the
orthogonal projector Py, from H onto 7y M with respect to this norm Re(:|), i.e.,
for each vector | X) € H we define the vector Py |X) as the vector in 7, M that is
closest to | X) in this norm. That is, we have

P, |X) = argmin [ X) — [0)]. (2.27)
|®)eTy M

We can write this orthogonal projector in two ways:

~ 2[V,) G"Re(V,|

P, . 2G"Re(V,|

(V1) Y W)y

such that we have Py, = [V,,) Py, The difference lies in the co-domain: while
Py : H — H maps back onto Hilbert space, e.g., to compute }P’i = Py, we have
that IP’Z : H — TpM is a map from Hilbert space into tangent space. Due to
TpM C TyP(H), we have

(2.28)

Pw = P¢Q¢ = prw and ]P)Z = PZQU’? (229)

which follows from Qy |V,,) = |V,,) and QL = Qy. In contrast to Q,, the projector
P, is in general not Hermitian.

Kahler structures

Provided that there are no redundancies or gauge directions (only changing phase
or normalisation) in our choice of parameters, g, will still be positive-definite and
invertible with inverse G*. We find that

2GH Re(V, [i[V,)
Jh, = —G"w,, =
(Yl)

=P4i|V,) (2.30)
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is the projection of the multiplication by the imaginary unit (as real-linear map)
onto Ty M. It will not square to minus identity if multiplication by i in full Hilbert
space does not preserve the tangent space.

If g, is not invertible, it means that there exists a set of coefficients X*
such that X*g,, X" = 0, that is || X#*|V,)| = 0 and therefore X*|V,) = 0. In
other words, not all vectors |V,) are linearly independent and thus also not all
parameters are independent. If this is the case, it is not a real problem as the
formalism introduced can still be used with little modifications. More precisely, the
projectors (2.28), as well as all other objects we will introduce, are meaningfully
defined if we indicate with G*” the Moore-Penrose pseudo-inverse of g, i.e.,
we invert g, only on the orthogonal complement to its kernel (orthogonal with
respect of the flat metric J,, in our coordinatesﬂ). Indeed, all directions in the
kernel correspond to a vanishing vector in the tangent space and therefore do not
matter. In this case, also Q*”, should be defined as the inverse of w,, on the
orthogonal complement to the kernel of gWﬂ However, it is still possible that w
and J are not invertible even on this reduced subspace.

In this case, in order to define €2 one has to reduce oneself to working on
an even smaller subspace, that is one that does not contain the kernel of w and
J. Here, however, the way in which we reduce these extra dimensions is not
equivalent, as these directions are not anymore just redundant gauge choices of
our parametrisation. The reduction here effectively corresponds to working on a
physically smaller manifold, as we will explain better in the next section. For what
follows we will always suppose that €2 is defined by inverting w on the tangent
subspace orthogonal, with respect to the metric g,,,,, to the kernel of J. That is, Q2
is the Moore-Penrose pseudo-inverse of w with respect to g, i.e., the pseudo-inverse
is evaluated in an orthonormal basis.

In conclusion, we see that we are able to define the restricted structures (g, w, J)
which, however, do not necessarily satisfy the Kahler property. This is due to the
fact that the tangent space, as we have pointed out, is a real, but not necessarily
complex subspace of H. Note that these objects are locally defined in each tangent
space Ty M for ¢ € M.

Example 5 (Two qubits). For the Hilbert space H = (C?)®? of two qubits, we can
choose the variational manifold M of symmetric product states represented by

o(2)) = [¢(2)) @ [¥(x)) (2.31)

5Tn the specific case of the manifold of matrix product states, there exists a different, more
natural definition of orthogonality [76).

SNote that the kernel of w,, itself does not necessarily correspond to redundant directions of
the parametrisation as X*w,, = 0 does not imply X*|V,,) = 0.
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with x* = (0, ¢), where |1(x)) is a single qubit state as parametrized in (2.20)).
The tangent space is spanned by

(W) = Vi) @ [9(2)) + () @ [V,) (2.32)

where |V,,) are the single qubit tangent vectors defined in (2.21)). With this, we find
according to ([2.25))

/10 /0 sing
G = (O sin? (9)) and @y, = (— sinf 0 ) (2.33)

leading to J?> = —1 everywhere. We therefore conclude that the tangent space
Ty M satisfies the Kdihler property everywhere.

Example 6 (Bloch sphere equator). For the single qubit Hilbert space H = C?,
we can choose the equator of the Bloch sphere as our variational manifold M.
This amounts to fixzing 0 = /2 in the single qubit state leading to the
representatives

[¥(9)) = 75 10) + ) (2.34)

ip
€_|1
V2

with a single variational parameter ¢. We have the single tangent vector |V') = |V1)
as defined in ([2.21). From the inner product (V|V) = %, we find g = 3 and w =0

4’
implying J = 0. Consequently, and not surprising due to the odd dimension, the
tangent spaces of our variational manifold M are not Kdhler spaces. Moreover,

neither w nor J are invertible.

Example 7 (Squeezed coherent state). We consider a bosonic system with two
degrees of freedom associated with annihilation operators a; and as. The vacuum
state |0,0) satisfies an,, |0,0) = 0, aj]0,0) = |1,0) and a}]0,0) = ]0,1). We
introduce

b = coshréy + sinhr b (2.35)

with canonical commutation relations [l;, Z;T] =1 and r being a fized constant (not
a variational parameter). We then define the states of our variational manifold as

() = e

0, (2.36)

parametrized by a single compler number . |1(«a)) is not the one-mode coherent
state o) = e*@ =" |0} because b|0) # 0. Our variational manifold has two
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independent real parameters given by x = (Rea, Imav). After some algebra taking
[b,b1] = 1 into account, we find

A% bt —a’b (coshr |1,0) — sinh7 |0, 1)),
V) = ea’;T_a*éi(coshr |1,0) 4+ sinhr |0, 1)) .

(2.37)

Metric and symplectic form take the forms

B 2 0 (0 2
gy = cosh 2r (0 2) and wu,,:(_Q O)' (2.38)

This gives rise to the restricted complex structure

J*", = sech 2r <(1) _01) : (2.39)

which only satisfies J?> = —1 for r = 0.

In summary, we introduced general variational manifolds as real differentiable
submanifolds M of projective Hilbert space P(H). By embedding the tangent
spaces Ty M into Hilbert space, the Hilbert space inner product defines restricted
Kahler structures on the tangent spaces, whose properties we will explore next.

2.5 Kahler and non-Kahler manifolds

We categorize variational manifolds depending on whether their tangent spaces
are Kahler spaces or not. We will see in the following sections that this distinction
has some important consequences for the application of variational methods on
the given family.

Definition 2. We classify general variational families M C P(H) based on their
restricted Kahler structures. We refer to a variational family M as

. Kc'ihlerﬂ if all tangent spaces TyM are a Kdhler spaces, i.e., J* = —1
everywhere on the manifold,

e Non-Kahler, if it is not Kdhler. If w is degenerate, we define € as the
pseudo-inverse.

"A general manifold M, whose tangent spaces are equipped with compatible Kihler struc-
tures, is known as an almost Hermitian manifold. However, if an almost Hermitian manifold
is the submanifold of a Kéhler manifold (as defined in appendix , then it is also a Kahler
manifold itself. Thus, due to the fact that P(H) is a Kéhler manifold, all almost Hermitian
submanifolds M C P(H) are also Kéhler manifolds, which is why we use the term Ké&hler in this
context.
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This classification refers to the manifold as a whole. In table we summarize
the properties of each class of manifolds.

Many well-known variational families, such as Gaussian states [55], coher-
ent states [62, (63, 77], matrix product states [78] and projected entangled pair
states [31], are K&hler. On the other hand, one naturally encounters non-Kéhler
manifolds when one parametrizes states through a family of general unitaries U(z)
applied to a reference state |¢), i.e.,

() = U(x)[9) - (2.40)

For example, this issue arises for the classes of generalized Gaussian states intro-
duced in [52], for the Multi-scale Entanglement Renormalisation Ansatz states [79)
or if one applies Gaussian transformations U(x) to general non-Gaussian states.

Example 8 (Kéhelr and non-Kéhler manifolds). We already reviewed ezamples for
these cases in the previous section. More precisely, example [ is Kdhler, example[(
is non-Kdhler with degenerate w and example[7 is non-Kdhler with non-degenerate
w.

Given a submanifold M C P(H), we can use the embedding in the manifold
P(H) to constrain the form that the restricted complex structure J can take on

M.

Proposition 1. On a tangent space TyM C H of a submanifold M C P(H) we
can always find an orthonormal basis {|V,,)}, such that g,, = 1 and the restricted
complex structure is represented by the block matrix

1
-1

C1

<
=

<

Il

o (2.41)

with 0 < ¢; < 1. This standard form induces the decomposition of Ty M into the
three orthogonal parts

ToM = ToM & TuM &DyM (2.42)
N————

TyM
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where Ty M is the largest Kdhler subspace and Ty, M is the largest space on which
J and w are invertible.

Proof. We present a constrictive proof in appendix ]

Proposition [1] is also relevant for classifying real subspaces of complex Hilbert
spaces. Interestingly, it is linked to the entanglement structure of fermionic Gaus-
sian states, as made explicit in [80].

The manifold M is Kahler if there is only the first block in everywhere.
The symplectic form w is non-degenerate if we only have the first two diagonal
blocks. The next proposition provides some further intuition for the non-Kéhler
case, which is also known in mathematics in the context of sub manifolds of Kéahler
manifolds [81].

Proposition 2. The Kahler property is equivalent to requiring that TyM is not
jJust a real, but also a complex subspace, i.e., for all | X) € TyM, we also have
i|X) € TyM. Therefore, the multiplication by i commutes with the projector Py,
i.e., Pyi = iPy, and Py is complex-linear.

Proof. We present a proof in appendix [A.T] ]

If a manifold admits a complex holomorphic parametrisation, i.e., a parametri-
sation that depends on the complex parameters z, but not on z*, then the manifold
will be Kahler. Indeed, taking Re z and Im 2 as real parameters gives the tangent
vectors

o) = e W) s i) = o () (2.13)
It is actually also possible to show that, viceversa, a Kahler manifold is also a com-
plex manifold, that is it admits, at least locally, a complex holomorphic parametri-
sation.

As mentioned before, in order to define the inverse of w it is necessary to restrict
ourselves to work only in a subspace of T, M. We now see that the definition
we gave previously of always defining €2 as the pseudo-inverse with respect to g
coincides with always choosing to consider only the tangent directions in

TyM = spang{|V;)} (2.44)

In order to apply variational methods as explained in the following chapters, it
may be necessary to at least locally restore the Kahler property. We can achieve
this by locally further restricting ourselves to

7:;,:./\/1 = SpanR{|§i>} . (2.45)
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Using the bases {]?,)} and {|V )}, we can define the restricted Kihler struc-

tures (g,w,J), which are compatible, and (g,w,J), where @ and J are non-
degenerate.

Our assumption on the definition of 2 can be understood as taking €2 to be
zero on the subspace Dy M, where w is not invertible, and equal to the inverse
of W on ﬁ—/\/l Note that this definition is only possible because the tangent
space is also equipped with a metric g, which makes the orthogonal decomposition
ToM = Ty M ® Dy M well-defined.

In summary, a general variational family M C P(#H) is not necessarily a Kéahler
manifold. We can check locally, if the restricted Kahler structures fail to satisfy
the Kéahler condition. If this happens, we can always choose local subspaces

TpM C TyM C TyM (2.46)

on which the restricted Kahler structures satisfy the Kahler properties or are at
least invertible. Defining €2 as the pseudo-inverse with respect to g is equivalent to
inverting w only on %—M In what follows, we therefore do not need to distinguish
between the non-Kahler cases with degenerate or non-degenerate structures, as we
will always be able to apply the same variational techniques based on 2.

2.6 Observables and Poisson brackets

Any Hermitian operator A defines a real-valued function (4) on the manifold M
and in fact on the whole projective Hilbert space. The function is given by the
expectation value

i (¢ (2)|Al(2))
A = = e, 240
It is invariant under rescalings of [¢)) by complex factors and is thus a well-defined
map on projective Hilbert space P(H). We will use the notation (A) and A(z)
interchangeably. For the function deriving from the Hamiltonian operator H, we
use the symbol E = (I:[ ) and call it the energy.
Given a Hermitian operator A and the representative |¢(x)), we have the im-
portant relation

PLA W) = G"™(0,A), (2.48)

which is invariant under the change of representative |¢) — ¢ |¢) and |V,) —
c |V,,). It follows from

2P“e<[#|‘1|¢> v A
o A="" T g PYAY) 2.49
! (Y|) 9uPeA 1) (249
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Table 2.1: Comparison: Kahler vs. Non-Kdhler. We review the properties of
restricted Kahler structures and their inverses in each case. See appendix for
a review of the conditions for a general manifold to be Kahler.

Kihler Non-Kahler
(non-degenerate) ‘ (degenerate)
. tric, . . .
Metric g poZirirxlfr:ilerfli(;n te symmetric, positive definite,
inverse G invertible invertible
Symplectic antisymmetric, . .
form w closed (dw = 0) antisymmetric, may not be closed
i Q
1nverse' non-degenerate non-degenerate degenerate
(or pseudo inverse) & & &
C 1
OThpex J? =1, 0>J2> 1,
structure J
inverse J~! = —Qg invertible with invertible pseudo-
(or pseudo inverse) Jt=-J invertible
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where we used product rule and .

The following definition will play an important role in the context of Poisson
brackets and conserved quantities. Every operator A defines a vector field given
by @Wzl |tb). If this vector field is tangent to M for all ¢ € M, the following
definition applies.

Definition 3. Given a general operator A and a variational family M C P(H),
we say A preserves M if

QuAlp) = (A= (A) [¢) forall €M (2.50)
lies in the tangent space TyM, i.e., QuA|) = PyA|e)).

The symplectic structure of the manifold naturally induces a Poisson bracket
on the space of differentiable functions, which is given by

{A, B} = (0,A) Q" (0,B). (2.51)
In some special cases this can be related to the commutator of the related operators.

Proposition 3. Given two Hermitian operators A and B of which one preserves
the Kahler manifold M, i.e.,

(A—(A)) ) € TyM or (B — (B)) [v) € TyM , (2.52)
the Poisson bracket is related to the commutator via
(YA, B]ly)
{A, B} =i——"——-~. (2.53)
(¥])
Proof. We compute
(WIABllY)  2Re(|(A—(A))i(B—(B))|y)
O Wl : (2.54)

As one of the vectors (A— (A)) [¢)) or (B—(B)) |¢) lies in the tangent space Ty M,
(2.7) applies, giving
i = PUA ) g, PUiB |¥)

19) (2.55)
= 9,A J",G"9,B = 0,A 29,8,

where we used (2.49) and J = —J ! = Qg for a Kihler manifold. O

~ For M = P(H), above conditions are clearly met for any Hermitian operators
A and B. For a general Kéhler submanifold M C P(H), however, the validity
of (2.53]) depends on the choice of operators considered. On a submanifold which

is not Kahler the statement is in general no longer valid.
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Chapter 3

Variational principles

In the previous chapter we have defined variational manifolds. In this chapter we
will now address how to apply these manifolds to the computation of properties of
quantum mechanical systems. The approaches which underlie these calculations
take the form of variational principles. We will show that they can be used to
compute several static, dynamical and spectral properties of quantum Hamiltoni-
ans.

Similarly to the previous chapter, much of the content of this chapter is derived
from reference [69:
L. Hackl, T. Guaita, T. Shi, J. Haegeman, E. Demler, J.I. Cirac,
Geometry of variational methods: dynamics of closed quantum systems,
SciPost Physics 9, 48 (2020), used under |cC BY 4.0.

3.1 Overview

Given a variational manifold M defined according to the observations of Chapter 2]
we can define several variational principles, which allow us to compute information
about a model of interest, while relying only on the use of states contained in M.
As discussed in Section [1.3] this is to be understood essentially as restricting the
laws of quantum mechanics to a non-linear subspace M of the Hilbert space. In
this chapter we will discuss four sets of variational principles which are particularly
useful for the study of quantum many body systems.

In Section [3.2] we will focus on variational principles for real time evolution.
These are often also referred to as Time Dependent Variational Principles. The aim
of these principles is to define an approximation of the Schrodinger time evolution
that is restricted to take place only inside the manifold M. For this reason we will
refer to it as projected real time evolution.

As we will see, there exist two fundamentally different principles to define this
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projected real time evolution. There is one based on defining a global Lagrangian
action principle on the variational manifold. We will refer to this as the Lagrange
principle. There is a second one based on minimising a local error measure, which
we will refer to as the McLachlan principle. We will discuss how these two princi-
ples are in general inequivalent and how they coincide only in those cases in which
the manifold M is a Kahler manifold, according to the definition given in the
previous chapter. Finally, we will mention how there also exists a principle that
in the literature often goes by the name of Dirac-Frenkel principle. This principle,
however, is well-defined only in cases in which the other two are equivalent and
then coincides with them.

At the end of the section, we will discuss two other related questions, namely
how conserved quantities of the dynamics are affected by the projection of time
evolution on M and how to take care correctly of the dynamics of the global phase
and normalisation of a state.

In Section we will then move on to the use of variational principles to
estimate the spectrum of excitations of a many body model. We will present
two alternative methods, both based on a variational manifold M and both with
some successful applications. The projection method is based on constructing and
diagonalising a restricted version of the system’s Hamiltonian, defined only on
the low-dimensional tangent plane of M. The linearisation methods is based on
finding the fundamental oscillation frequencies of the system around its ground
state: we achieve this through a linearisation of the projected real time evolution
discussed previously.

Ultimately, the two methods provide different approximations to the system’s
energy spectrum, with different characteristic properties. We will show the rela-
tionship between the two methods and discuss when each can be most advanta-
geous. In summary, the projection methods provides truly variational bounds on
the energy spectrum, while the linearisation method can reflect better the physi-
cally relevant properties of the system, especially when the natural symmetries of
the manifold and the system match each other appropriately.

In Section we then address the computation of a quantity that is of great
importance in quantum many body physics, namely the spectral function of the
system. This function is of great relevance because it represents an experimentally
measurable susceptibility, in particular in experiments where the system is per-
turbed with a small pump field and then its response is probed. In this section we
present a method for estimating this quantity based on performing linear response
theory directly on the variational manifold M.

Finally, in Section [3.5 we will present a method for finding within a manifold M
the state with the minimal energy expectation value, i.e., the state representing an
approximate ground state. This method goes by the name of projected imaginary
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time evolution and can be understood as a form of gradient descent method which
also takes into account some information about the geometry and curvature of
the manifold on which the optimisation is performed. Indeed, it is sometimes also
referred to as natural gradient descent.

Throughout this chapter we will always stress the importance of the under-
lying geometric principles for the understanding of each variational principle. In
particular, in each section we will highlight how the presented methods can lead
to different outcomes depending on whether the manifold M has a Kéhler or
non-Kéahler geometry.

3.2 Real time evolution

For what concerns real time evolution, we would like to approximate the Schrédinger
equation

. d y
i 0) = [10) (3.1)

on our variational manifold M. There are different principles, used extensively in
the literature, according to which this approximation can be performed. We will
see that only in the case of Kahler manifolds they are all equivalent.

3.2.1 Variational principles

Following the literature, we can define the following variational principles for |¢) =

(1))
Lagrangian action principle [82]. The most commonly used variational
principle relies on defining a Lagrangian action

' o pe WG — H)IY)
S= [ Ldt= [ dtR . : 3.2
[ = e o
Requiring that |¢(t)) extremises this action leads to
0 = Re (Quov|(is — H)|¢) (3.3)
for all times and all allowed variations |6t (t)) with Qy |dy) = |0¢) — %ﬁﬁ |v)

from (2.19)). This is equivalent to Schrédinger’s equation on projective Hilbert
spacdl}

!The fact that the projector Qy onto projective tangent space ’Hi appears, shows that the
resulting dynamics is defined on projective Hilbert space, while global phase and normalisation
are left undetermined. We will explain how to recover the dynamics of phase and normalisation

in Section
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If we restrict ourselves to having the dynamics only taking place on a variational
manifold M C P(H), we have that the allowed variations in (3.3) must satisfy
Qy [09()) € Typw M. So, we have instead

Py(igy — H) ) = Pyig ) =PyH[¢) . (3.4)
This gives rise to equations of motion which we will derive in Proposition [l For a
time-independent Hamiltonian, they always preserve the energy expectation value.

McLachlan minimal error principle [83]. Alternatively, we can try to
minimise the error between the approximate trajectory and the true solution. As
we do not know the latter, we cannot compute the total error, but at least we can
quantify the local error in state norm

made at each point in time due to imposing that £ |¢)(z)) represents a variation
tangent to the manifold, i.e., Qu<% |¢(z)) € TpM. According to (2.27), this error

is minimised if

Ly — (—iH) v, (3.5)

Qu 2 [p) = —PyiH [¢) . (3.6)

This gives rise to equations of motion which we will derive in Proposition [5] The
resulting equations of motion only agree with the Lagrangian action if M is a
Kahler manifold. Otherwise, they may not preserve the energy expectation value.

Dirac-Frenkel variational principle [84), 85]. Another variational principle
requires .

(00 — H)ly) =0 (3.7)
for all allowed variations |d1(t)). It is easy to see that the real and imaginary parts
of are equivalent to (3.4) and respectively. Therefore, this principle is
well-defined (and equivalent to the other two) only in the cases in which they are
equivalent between themselves, that is, as we will see, if and only if M is a Kéahler
manifold. Otherwise, the resulting equations will be overdetermined.

Expressing equations and in coordinates leads to flow equations for
the manifold parameters z(¢). We can then define a real time evolution vector
field X everywhere on M, such that

dxt u
e XH(x). (3.8)

The schematic idea is illustrated in Figure Integrating such equations defines
the flow map ®; that maps an initial set of coordinates x(0) to the values x(t) that
they assume after evolving for a time .
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In the case of the Lagrangian action principle, the vector field X takes the form
given in the following proposition. A similar derivation was also considered in [82].
Note that here, as well as elsewhere in this chapter, we will be using Einstein’s
summation notation for repeated indices.

Proposition 4. The real time evolution projected according to the Lagrangian
action principle (3.4) is
dz*

— = Xt =—-Q"(0,F). (Lagrangian) (3.9)

where E(x) is the energy function, defined in the context of equation (2.47). Such
evolution always conserves the energy expectation value.

Proof. From the definition (2.24)) of the tangent space basis, we have

d — — h <¢|%¢>
i [) = 3" 0 ) = it [Vy,) + il ) . (3.10)

We substitute this in (3.4]) and then expand the projectors using the relations ([2.28)),

(2.30) and Pyi|y) = 0 to obtain

2Re(V,| H [)
(¥[¥)

We further simplify the expression by using (2.49) and (J 1), = —Q#*g,, from (2.30).
This leads to

Jr,X = G (3.11)

Xt = (JHY,G"0,E=—-Q"0,E. (3.12)
To obtain the variation of the energy expectation value F we compute directly
dE dz*
= (0.5) - = ~(0,B)2"(0,F) = 0, (3.13)

where we used the antisymmetry of Q#”. If J (and thus also ) is not invertible,
one needs to restrict to an appropriate subspace. O

The most important lesson of is that projected time evolution on a Kahler
manifold is equivalent to classical Hamiltonian evolution with respect to energy
function E(x). As was pointed out in [86], already the time evolution in full
projective Hilbert space, i.e., M = P(H), follows the classical Hamilton equations
if we use the natural symplectic form Q#”. Let us point out that the sign in
equation depends on the convention chosen for the symplectic form, which
in classical mechanics differs from the one adopted here. One further consequence
of equation is that the real time evolution vector field X'(x) vanishes in
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stationary points of the energy, that is points x, such that 0,FE(xy) = 0. These
points will therefore also be stationary points of the evolution governed by X.

Let us here recall that, if w,,, is not invertible, 2#” refers to the pseudo-inverse,
as discussed in Sections [2.4] and This convention means that in practice the
Lagrangian evolution will always take place in the submanifold of M on which w is
invertible. There may be pathological cases where w vanishes on the whole tangent
space and therefore the Lagrangian principle does not lead to any evolution.

In the case of the McLachlan minimal error principle, the evolution equations
take the form given in the following proposition, which cannot be simplified further.
It is also in general not true that this evolution conserves the energy or that it has
a stationary point in energy minima.

Proposition 5. The real time evolution projected based on the McLachlan min-
imal error principle (3.6) is
2GRe(V, [iH|¢)
(¥l)

Proof. By substituting (2.24]) in (3.6]), analogously to what was done in (3.10)), we
have

Xt =

dz*
o (McLachlan) (3.14)

it =Pl (—iH 1)), (3.15)

from which the proposition follows by expanding the projector according to ([2.28]).
O

To perform real time evolution in practice, either based on for Lagrangian
evolution or based on for McLachlan evolution, we will typically employ a
numerical integration scheme [87, 88] to evolve individual steps. It is generally
hard to get rigorous bounds on the resulting error that increases over time, but in
certain settings there still exist meaningful estimates [89]. Let us now relate the
different variational principles, which has also been discussed in [90].

Proposition 6. The Lagrangian, the McLachlan and the Dirac-Frenkel variational
principle are equivalent if the variational family is Kdhler.

Proof. To prove the statement, it is sufficient to see that equations (3.4)) and (3.6))
can be written simply as applying the tangent space projector Py, to two different
forms of the Schrodinger equation, i.e.,

Lagrangian: Py(id — H)|[y) =0 (3.16)
McLachlan: Py (L +iH) [¢) = 0. (3.17)
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Figure 3.1: Real time evolution. We illustrate real time evolution on a variational
manifold M according to the Dirac-Frenkel variational principle (when Lagrangian
and McLachlan principles coincide). The time evolution vector —iH |1)) at a state
1 is orthogonally projected through P, onto the variational manifold M to define
the vector field X'*. The resulting evolution is guaranteed to take place on M.

—if |¢) M

These two forms only differ by a factor of i. However, as we discussed in Propo-
sition 2] one equivalent way to define the Kahler property of our manifold is that
multiplication by i commutes with the projector P. Therefore, if the manifold
is Kéhler, an imaginary unit can be factored out of equations and
making them coincide. If, on the other hand, the manifold is non-Kahler, this
operation is forbidden and they are in general not equivalent. O

As discussed in Section [2.5] if the chosen manifold does not respect the Kéhler
condition, we always have the choice to locally restrict ourselves to consider only
a subset of tangent directions with respect to which the manifold is again Kéahler,

i.e., TypM. Then both principles will again give the same equation of motion,

which will have the same form as where we just replace Q" with Q**, which
will conserve the energy and have stationary points in the minima of the energy.
We will refer to this procedure as Kdhlerisation.

We can compute explicitly how the vector fields of the Lagrangian and McLach-
lan variational principles differ. For this, we only consider the subspaces, defined
in Proposition [T} in which the complex structure fails to be Kéhler, i.e., where we
have

J= EB <_Ci Ci) , (3.18)

as in (2.41). If we enlarge the tangent space to include all vectors i|V,), the
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enlarged complex structure will have the form

ci 1—¢?
5 —¢; 1—¢?
J = v t 3.19
6? —/1-¢ Ci ( )
—/1-¢ —C;
which clearly satisfies J2 = —1. As the enlarged space is Kihler, we can unabigu-

oulsy define a time evolution vector field X = @®;(a;, b, ay, f;) on the enlarged
space, and we find the two distinct restrictions
XLagrangian = J_l]P)d) j')e
12 12 3.20
=& <Clz’— 1 lOém’%"‘%@) (3:20)

Cq

XMcLachlan = Pva = ®;(ai, b;), (3.21)

associated to the Lagrangian and the McLachlan principle, respectively. We see
explicitly that they agree for ¢; = 1, but also when o; = 3; = 0.

Kahler vs. non-Kahler. On a Kahler manifold all three variational prin-
ciples are well-defined and equivalent. They all give the same energy conserving
equations of motion . On a non-Kahler manifold, only the Lagrangian and
McLachlan variational principles are well-defined, but they give in general inequiv-
alent equations of motion given by and . Only the Lagrangian ones will
manifestly conserve the energy and have stationary points in the minima of the en-
ergy. In table 3.1}, we review advantages and drawbacks discussed in the following
sections. While in most cases, the Lagrangian principle appears to be a natural
choice, the McLachlan principle is often preferable if w is highly degenerate—in
particular, if w = 0 its pseudo-inverse is £ = 0 and the evolution would vanish
everywhere independent of H , such that the McLachlan principle appears to be
the better choice.

3.2.2 Conserved quantities

Given the generator A of a symmetry of the Hamiltonian H, ie., [I:I ,A] = 0,
the expectation value A(t) = (| A1) is necessarily preserved by unitary time
evolution on the full Hilbert space

() = U(t) [to) = e uby) . (3.22)

We now consider if this continues to be true for projected time evolution on a
manifold.
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Table 3.1: Action principles. We review the different action principles and how
they relate to the respective manifolds.

. Dirac-
Lagrangian McLachlan Frenkel
Definition Py(id —H) ) =0 | Pyu(d+iH)|y) =0 both
Kaihler .
manifold always defined and all equivalent
. defined for chosen
Non-Kéahler inverse O always defined ot defined

manifold (see proposition (see proposition

. conservation of
energy conservation

Advantage o symmetries both
tion {4 "
(see proposition (see proposition
Li isati . .
m::;llsr? dlon possible not possible ossible
ground state (see section [3.3.2]) (see section [3.3.2)) P

For a time-independent Hamiltonian H, we have seen that the energy expec-
tation value E is always conserved by Lagrangian projected real time evolution.
However, projected time evolution will not in general preserve expectation values
of an operator A with [ﬁ , fl] = 0. To guarantee this, one has to further require
that A preserves the manifold.

Proposition 7. Given a variational manifold M and a Hermitian operator A
such that [H,A] = 0 and A preserves the manifold in the sense of Definition @

1.e.,

QuAly) = (A= (A) |[¥) e LM Vo eM, (3.23)

the expectation value A(x(t)), defined as in equation (2.47)), is preserved under real
time evolution projected according to the McLachlan variational principle. It is
also true for Lagrangian variational principle, if the two principles agree, i.e., if
the manifold is Kahler.

Proof. We compute
d dxt

—At) = (0,A) — =PYA ) g, P (—iH |¢
A (u)Ath v 1) “% ) (3.24)

_ 2Re(ul(A=(A)(ilDlw) _ ilBAW) _

¥l¥) Wlv) ’
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where in the first line we used relation for the gradient of A, the definition
of McLachlan evolution and that P}, (A) [¢)) = 0, in the second step we used
that, thanks to the condition , the restricted bilinear form g in the first line
coincides with the full Hilbert space one in the second line of . O

This result only applies the McLachlan projected real time evolution, for which
the equation of motion (3.15)) holds. In the Lagrangian case, we would have

A= (0,A) X" = —(9,A) "0, E = {E, A}, (3.25)

which is in general not equal to i (¢|[H, A]|¢) (4|1) " on a non-Kéhler manifol
and thus not necessarily zero.

We see here the main advantage of the Kdahlerisation procedure described in
the previous section. Indeed, through Kdhlerisation we are able to define, even
for general non-Kahler manifolds, a projected real time evolution that shares the
desirable properties of both, the Lagrangian and the McLachlan projections, i.e.,
it is a symplectic, energy preserving evolution with stationary points in the energy
minima and at the same time preserves the expectation value of symmetry gener-
ators satisfying . Note that Kahlerisation may spoil the conservation laws

of observables A, for which wal |1) does not lie in the Kéhler subspace 7,M, in
which case we will need to enforce conservation by hand, discussed next.

For operators A where (3.23) is not satisfied, we have two options to correct
for this:

(a) Enlarge the variational manifold M, such that condition (3.23) is satisfied.

(b) Enforce conservation by hand, for which we modify the projected time evo-
lution vector field X'*.

While option (a) is typically more desirable, it requires creativity to find a
suitable extension of a given family M. Of course, if A is an important physical
observable that is relevant to the problem, a manifold that does not preserve it
may not be a good choice to approximate the system’s behavior. In practice,
however, it may still be worthwhile to check the predictions of an approximated
time-evolution adopting (b).

This is done by adding a further projection of the real time evolution flow onto
the subspace of the tangent space orthogonal (with respect to g) to the direction
IP):Z/AX |v) = G*0,A. This is equivalent to restricting ourselves to the submanifold

M={lp) e M| 4a = 40} < M, (3.26)

2For Kihler manifolds, as discussed in the context of Proposition {F,G} =
i (Q|[F, G)[¢) (¢]v) ™" only holds if either F' or G preserves the manifold.
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where A is the initial value (1(0)|A[(0)) (4(0)]1(0)) . Note that this modified
evolution may spoil other conservation laws (e.g., energy) that were previously
intact.

To preserve several quantities A 1, we can project onto the subspace orthogonal
to the span of X; = IEDU,A 1 |¥). If we also want to preserve the Kéhler property, we
should choose X; = (owll |v) ,iIP’wflI |4)). We can then define gr; = X/} g, XY
to define the projector

pr, =0, — XFGY X5 g,,, (3.27)

where G!7 is the inverse (or pseudo inverse, if not all vectors X; are linearly
independent) of g;;.
The modified Lagrangian evolution vector field X* is

B _Q(0,E) with @ — Pr P o (3.28)
while for the McLachlan evolution, we find
XM= Pr,XY (3.29)

where X'* represents the unmodified evolution vector field in the McLachlan case.
It will conserve all expectation values A;(t) by construction. In the Lagrangian
case also the energy will continue to be conserved by construction, which would
need to be enforced by hand for the McLachlan case.

Kahler vs. non-Kahler. On a non-Kéahler manifold, where we have two
inequivalent definitions of the evolution, only the one coming from the McLachlan
principle preserves the expectation value of symmetry generators satisfying .
Thus a key reason to Kéhlerise a non-Kahler manifold is to conserve these expec-
tation values also in the Lagrangian evolution.

3.2.3 Dynamics of global phase

Up to now we have always considered our variational manifolds M as submanifolds
of projective Hilbert space and thus the tangent space 7, M as a subspace of ’Hi
This means all states are only defined up to a complex factor. In practice, our
family ¢ (z) € P(H) will be described by a choice |¢(z)) € H, i.e., for every set of
parameters z, we will have a Hilbert space vector |i(x)) representing the quantum
state ¥ (x) € P(H).

If the parametrisation x happens to contain the global phase or normalisation
of the state as an independent parameter, we are overparametrising our family and
the evolution equations or will keep the evolution of these parameters

undetermined, leading to some gauge redundancy. This is due to the fact that
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normalisation and phase do not change the quantum state that [¢(x)) represents
and our equations of motion only determine the physical evolution of the quantum
state and not of its Hilbert space representative.

In those cases in which we actually are interested in computing the dynamics
of the global phase and normalisation of a state, we can first of all ensure that
they are included in the parametrisation by defining

U (@, K, 0)) = " (a)) (3.30)

where x and ¢ are two additional real parameters. If phase or normalisation were
already contained in x this will lead to an overparametrisation, but we have already
explained how to take care of this in Section

Then, on top of the real time evolution equations or , we can obtain
equations for these extra parameters by projecting Schrodinger’s equation on the
corresponding tangent space directions, i.e., |V,) = |¥) and |V,,) = 1|V), to find
the two equations

Re (U|(—id + H)|¥) =0, Re (V|4 +iH|¥)=0. (3.31)

Equivalently, we can use the Lagrangian action principle to find the same equations
by extremizing the alternative action

S — /t 4t Re (W()|(12 — )] (t)) (3.32)

for the full set of parameters (z, k, @) rather than S from (3.2)) for only x.
In both cases, the time evolution of () is unchanged, but we find the additional
equations

Re(| 2 |y)

. Re(yliz|)
= W)

o — E(t) and k=-—

(3.33)
relating the evolution of phase and normalisation with [¢)(z(t))). Interestingly, the
time evolution of x will ensure that |V(z, k, ¢)) does not change normalisation.

The procedure can be understood as follows. Global phase and normalisation
are conjugate parameters when considering Hilbert space as Kahler space, as can
be seen from |V,,) = i|V,). When considering a variational manifold M C P(H),
we have the following options:

1. When we are only interested in the time evolution of physical states v, we
must project out the information about global phase and normalisation using
]P’Z. Consequently, our evolution equations will not determine how to change
global phase or normalisation as this information is pure gauge. We followed
this philosophy until the current section.
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2. When we are also interested in the time evolution of global phase and nor-
malisation, we can always extend M to include both phase and normalisa-
tion as independent parameters. Given a generic parametrisation |¢(x)), we
can extend it to |U(z, Kk, p)) to ensure that it satisfies the Kéhler property
in the phase/normalisation subspace. Thus we find unambiguous evolution
equations for ¢ and k. This is what we explained in the current subsection.

Finally, let us emphasize that using equations (3.31)) or extremizing action (|3.32))
without first ensuring both phase and normalisation are included as independent
parameters may lead to unphysical results.

Example 9 (Unnormalised coherent states). We consider coherent states parametrised
as [Y(x)) = elP@nm)e@tied \0) - yhere the states are not normalised due to
(Wh(x)|[(x)) = e*1t%3. We chose intentionally a phase o(x1,x5) that is not an
independent parameter but rather depends on x. We further consider the Hamil-
tonian H = wata. The equation of motion on projective Hilbert space based on the
action (3.2) are

i1 = wry and To9= —wxy. (3.34)

However, if we use (3.32)), we find the action

S = / dt (z‘m — dyry — 2y — %";@) ettt (3.35)
which leads to the equations of motion given by
(14 22 + 22) (wzy + 32) = (g—;‘;wl — g—;’;l'g)jfg : (3.36)

They only agree with (3.34)) in the special case 33—;"2:51 S

3.3 Excitation spectra

We would now like to use a variational family M to approximate the excitation
energies F; of some eigenstates |E;) of the Hamiltonian. Typically, we are inter-
ested in low energy eigenstates, that is eigenstates close to the groundstate of the
Hamiltonian. Suppose then that on M we are able to find an approximate ground
state [1o), that is the state with energy wy that represents the global energy min-
imum on M (we will describe a method for finding such state in Section [3.5)).
Then there are two distinct approaches of deriving a spectrum: the projection of
the Hamiltonian and the linearisation of the equations of motion.
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3.3.1 Projected Hamiltonian

Given a tangent space Ty, M at a state 1)y € M, we can approximate the excitation
spectrum of the Hamiltonian H from its projection onto Tyo,M. This is a matrix
of dimension M which can be readily diagonalised.
Similarly to the case of real time evolution, we define can two different projec-
tions given by
H", = IPZOI;T Vi), (Lagrangian)

R", = —]P’goif[ |V,) . (McLachlan)

On a Kéhler manifold M, we will have R*, = —J/,H?, and [J,H| =
[R,H| = 0. In this case, H represents a Hermitian operator on tangent space
(which is complex sub Hilbert space) and R is anti-Hermitian. The eigenvalues of
H are real and come in pairs (wy,wy), while the ones of R come are purely imagi-
nary and come in conjugate pairs (iwy, —iwy). The two associated eigenvectors of
R are related by multiplication of J and also span the respective eigenspace of H.

On a non-Kahler manifold M, the relation between H and R as well as their
respective spectra is non-trivial. H will now represent just a symmetric linear
operator on the tangent space (understood simply as a linear vector space). Its
eigenvalues w, are therefore real, although not paired. R, on the other hand,
will represent an anti-symmetric linear operator and its eigenvalues will appear in
conjugate pairsE]7 but will not be related to the ones of H.

The projected Hamiltonian H represents the full Hamiltonian restricted to
the tangent space. The Courant-Fischer-Weyl min-max principle states that the
eigenvalues FE, of H and the eigenvalues wy of H satisfy

(3.38)

Ey <w < En_pes (3.39)

with N = dimg H and M = dimg 7Ty,M, where we assume that all eigenvalues are
sorted and appear with their multiplicity. Therefore, every approximate eigenvalue
wy bounds a corresponding true eigenvalue E; from above. How good this approx-
imation is will highly depend on the choice of variational manifold. Note that the
energy differences w;, — wy instead do not necessarily bound E, — Ej, because the
ground state energy wy might not be exact, i.e., wy > Ej.

Furthermore, the eigenvalues wy are variational in the sense that if X' is an
eigenvector of H such that H*, X} = w, X}', then the corresponding Hilbert space
vector | X,) = X' |V,) satisfies

(X[ H|X)

<Xg|Xg> = Wy . (340)

3This also implies that for an odd-dimensional manifold R*, must have a vanishing eigenvalue,
which is a pure artefact of the projection.
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Kahler vs. non-Kahler. On a Kahler manifold, H and R are related via
R = —JH and they will be the representations of a complex Hermitian and
anti-Hermitian operators, respectively. Real eigenvalue pairs (wy, w;) of H will be
related to imaginary eigenvalue pairs (iwy, —iwy) of R. On a non-Kéhler manifold,
the eigenvalues wy; of H could all be different and unrelated to the ones R, which
are still imaginary appearing in conjugate pairs.

3.3.2 Linearised equations of motion

A common alternative to projecting the Hamiltionian is to linearise the equations
of motion around a fixed point zy such that X(z¢) =0

o
ddit =X = %5:17“ ~ K", ox"” (3.41)
with dz# = x#—xf and K*, = 0,X"|,—,,. Here, dx represents a small perturbation
around an approximate ground state xy. The frequencies w, appearing in conjugate
pairs Fiwy, in the spectrum of K thus represent the frequencies with which such
perturbations oscillate around the ground state and provide an approximation to
the excitation energies Fy — Ey of the Hamiltonian.

As pointed out in Section [3.2.1] the fixed point xy only coincides with the
approximate ground state 1y if the real time evolution is defined in terms of the
Lagrangian action principle. We thus assume the equations of motion based
on Lagrangian action principle. In this case, we find

K", = 8,X" = —0,(Q9,E) = —Q"(3,d,E), (3.42)

where everything is evaluated at xy after taking the derivatives. We used that
0,F = 0 at the fixed poin’ﬂ

Provided that 1 is an energy minimum, the bilinear form A, = 9,0, F is pos-
itive definite. By Williamson’s theorem [91], K is diagonalizable and the resulting
eigenvalues appear in conjugate pairs (iwy, —iwy). Furthermore, by construction,
K is a symplectic generator, that is it satisfies K + QKT = 0, which implies
that M = e¥ preserves the symplectic form, i.e., MQMT = Q.

The geometric meaning of (3.41)), is that 6z represents a tangent vector [d1)) =
dz* |V,) living in the tangent space Ty, M at the approximate ground state |ty).

4Usually, defining a derivative of a vector field X' requires a way to relate tangent spaces at
adjacent points via a so-called connection. The resulting covariant derivative V,X* = 9, X" +
Iy, X? will depend on I'}, that encodes the connection. In our case X* vanishes at the fixed
point, so that the dependence of I'}}, drops out and the spectrum of K*, = V, X" at |¢)) is
canonically defined.
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The time evolution of such a tangent vector at a fixed point |ty) is described by
the linearised evolution flow?]

d®; : Ty, M — Ty M. (3.43)
K is the generator of the flow d®; leading to the important relation
dd, = ' (3.44)

which shows that d®, is symplectic.

Unitary evolution on Hilbert space leads to a flow on projective Hilbert space
that preserves all three Kéhler structures. However, when we project this flow
onto a variational manifold to find X', we will project out the part of the vector
field orthogonal to tangent space. When using the Lagrangian action principle,
the projected flow will continue to be symplectic, i.e., preserve €2, but none of the
other two Kihler structures’] Geometrically, this implies that the trajectories of
states near the fixed point 1y will be elliptic rather than circular, when measured
with respect to G.

Therefore, even if M is a Kéhler manifold, K will in general neither commute
with J nor be antisymmetric with respect to G, i.e., satisfty KG = —GKT. This
has the following consequences:

e Right-cigenvectors () with K*,E(\)=AE()) and left-eigenvectors E(N)
with K“Vgu()\):)\gy()\) are not related via £#(\) = G*E,()\), but need
to be computed independently. This is important when computing spectral
functions in section 3.4

e There does in general not exist a Hilbert space operator K , such that K is
its restriction in the sense of K*, =P K |V,) or K", =Py iK|V,). Thus,
K is not a restriction of a Hamiltonian.

Kahler vs. non-Kahler. On a non-Kéahler manifold, where we have two
inequivalent definitions of the equations of motion, it only makes sense to linearise
the ones coming from the Lagrangian action principle, as their fixed point coincides
with the approximate ground state. The resulting generator K will in generally
not commute with J, even for Kahler manifolds, which has important consequences
for its eigenvectors relevant for spectral functions.

SMathematically, the linearised flow d®; is defined as the differential (also known as push-
forward) of the flow map ®; defined after equation . In general it is a map from the tangent
space Ty(0)/M to the tangent space Ty ;) M. In the special case of [1) being a fixed point of the
time evolution, it reduces to a linear map from 7y, M onto itself. One can then show that this
map is generated by the linearisation K of the vector field X that defines the evolution flow.

6Note that due to the 2-out-of-3 principle, any linear map M satisfying two out of the three
conditions MQMT = Q, MGMT = G and MJM~! = J will satisfy all three. Thus, any
violation will necessarily affect at least two Kéhler structures.
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3.3.3 Comparison: projection vs. linearisation

In the following, we will compare the previously introduced approaches of approx-
imating excitation energy. This comparison is particularly illuminating in the case
of Kéhler manifold.

At a stationary point, i.e., 9, £ = 2Re <V#]I:I|1/J> = 0, we consider the symplec-
tic generator K defined as

K", = —Q"(9,0,E) = (J )", 0,(PSH |4 ), (3.45)
where we only have J~! = —J for Kihler manifolds. In the second step we
used (2.49). Evaluating the derivative in ({3.45)) gives the two pieces

0,(PLH [v)) =PLH|V,) + (0,P9)H |v) | (3.46)

where we evaluate everything at vy after computing the derivatives. We recognize

f{U” = PGH |V,) and define F7, = (9,P9)H |¢)) = 525G (9,V,| Hyo) leading
(0]

K=" (H + F) . (3.47)

In summary, we see that the linearisation K consists of the two pieces. The first is
nothing other than the projected Hamiltonian H. The second is the derivative of
the projector. These terms are then multiplied with the inverse complex structure
J L

In the case of a Kahler manifold there is a further deeper way to understand
these two term that make up K. We will discuss this now.

In the Kihler case, we can use J? = —1 to decompose any linear operator K
on Ty, M as K = K, + K_ with

K.=YK+JKJ), {K,J}=0, [K_,J]=0. (3.48)

We will see that this decomposition coincides exactly with the one of K in (3.47)).
To do this, we use the fact that a Kiihler manifold of dimension 2n always admit|
a parametrisation x = (x1,- -, Ty,) satisfying for 1 < j <n

Vi) = [Vis) - (3.49)
i.e., the coordinate z; is conjugate to ,;. In this basis, J and 2 are
(0 -1 1/ —Imnpt —Ren!

"This ultimately coincides with showing that a Kihler manifold is also a complex manifold,
that is it admits a holomorphic parametrisation in terms of complex parameters z* = x* + iy®.
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where 7, = (V;|Vi). Then the structure of matrices that commute or anti-
commute with J is

K_:(_abZ), K+:(Z—ba>' (3.51)

We can evaluate K to find exactly this form
K", = -Q"0,0,FE = (K )", + (K_)", (3.52)

where its two pieces are explicitly given by

Im(p~'h)  Re(n'h)
( —Re(n~'h) Im(n~'h) > ) (3.53)

_ (Im(n~'f) Re(n'f)
K_<Re(v71f) —Im<n1f>)’ (3:54)

where hj, = (V;|H|Vi) and fi = (9;Vi|H|tb). This clearly shows that the two
pieces are given by K = JH and K, = JF as defined before (3.47).

In conclusion, from the decomposition we immediately see again that
K has two contributions. One is related to the projected Hamiltonian H and
commutes with J. The other is related to the overlap of H |1o) with the double
tangent vectors |0,V3), which coincides with the one we previously described in
terms of the derivative of the projector and anti-commutes with J. Thus K_ is a
complex linear map, while K, is a contribution that makes K non-complex linear.

Finally, if we complexify tangent space, i.e., treat complex linear combinations
of |V,,) as linearly independent, there exists a basis transformation that makes
J diagonal and brings K, and K _ respectively, into block diagonal and block
off-diagonal form, given by

it 0.
r=i(5 %) o <n1h> ) (3.55)
K+:i<—nq1f (n of)*>,

i.e., for Kahler manifolds the terms in decouple nicely. For a non-Kihler
manifold, neither H nor F may commute with J, but even the decomposi-
tion (3.48)) will not work for J? # —1.

In the next section, we will see that the term K, = JF' can be a blessing and
a curse: on the one hand, it can ensure that in systems with spontaneously broken
symmetry the eigenvalues of K contain a Goldstone mode. On the other hand, for
unfortunate choices of the variational family M we may encounter such massless

K,
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modes even if there is no spontaneously broken symmetry (spurious Goldstone
mode).

Kahler vs. non-Kahler. We can relate the linearisation K with the pro-
jected Hamiltonian H via (3.47). For Kahler manifolds, this decomposition be-
comes particularly geometric, as the two pieces correspond to its complex linear
and complex anti-linear part.

3.3.4 Spurious Goldstone mode

The spectrum of K is not variational. In contrast to a variational approximation
of an eigenstate, our eigenvector |E())) of K with

K", E"(\) = XEX(N), (3.56)
and |E(N)) = E¥(N) |V,,), does not satisfy
A=+ (EN|IHIEN)) . (3.57)

The expectation value of the full Hamiltonian with respect to |£())) is in general
not easily related to A, as it would be for a variational state. It is also not true
that for every eigenvalue pair +iwy, there exists a true eigenstate |E,) of H with
excitation energy E, — Ey < wy.

In fact, there are situations, where the true ground state | Ey) is non-degenerate,
but K still has a zero eigenvalue associated to a massless Goldstone mode. This
typically occurs if we have a conserved quantity A with [A H | = 0, such that
—iA |[¢)) € TyM everywhere as discussed in the context of Prop081t10n At this
point, the question is if the global energy minimum |¢g) on M is invariant under
e74 or not. Whenever the global minimum on vy on M is not invariant, i.e., there
is a whole family |¢(¢)) = 74 |¢)y) of approximate ground states, the generator
K will have a massless Goldstone mode

gl =P (—iA) [1hp) with K", E4=0. (3.58)

Whenever the true ground state |Ey) of the system is invariant under e‘iA, this
Goldstone mode is spurious and merely an artefact of a spontaneous symmetry
breaking on M, but not on full P(H).

We illustrate this issue in Figure where the Hamiltonian is spontaneously
broken only on the variational manifold M, but not in the full Hilbert space, where
it has a unique ground state | Ejp).

This was pointed out in [92] as an important problem of approximating the
spectrum via linearised equations of motion rather than using the projected Hamil-
tonian. However, we also found that sometimes this can also be desirable to capture
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Figure 3.2: Spurious Goldstone mode. Even if the Hamiltonian has a unique
ground state |Ey) without a spontaneously broken symmetry in full Hilbert space,
on a chosen submanifold M there may be inequivalent states |1y(p)) = e~ivA |1o)
that all minimise the energy. This leads to a spontaneous breaking of the symmetry
generated by A and the appearance of a spurious Goldstone mode.

|Eo) € H

physical features of models with spontaneous symmetry breaking. In Chapter [6]
we will discuss an application where the gapless Bogoliubov excitation spectrum
of the Bose-Hubbard model can be shown to result from the diagonalization of the
generator on a suitable variational manifold.

3.4 Spectral functions

Next, we would like to use the variational manifold M to estimate the spectral
function of a system with respect to the perturbation operator V.
Given a Hermitian operator V', the spectral function is

Aw) = —% Im GF(w), (3.59)

where G is the retarded Green’s function

(ol [V (1), V]Ito)
(¢0lo)

with ©(t) being the step function and V(¢) the Heisenberg evolved operator under
the system Hamiltonian H.

The definition in terms of the retarded Green’s function stems from linear
response theory. Indeed, let us suppose that a small external perturbing probe
field ep(t) couples to our system through the operator V. That is, the system
state |1)c(t)) evolves under the perturbed Hamiltonian H + ep(t)V. Then, let

G (w) = —i / dt e“'0(t) (3.60)
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us measure the response of the system through the expectation value of the same
observable V. As the perturbation is ideally infinitesimally small, we only consider
such response up to linear order in e. Consequently, we define the time-domain
linear response as

A @dOIVIe)
V= el L o) (361)
Then in frequency domain we have that
5V (w) = / dt 18V (1) = G(w)GR(w). (3.62)

That is, G is exactly the so-called linear susceptibility of the system, which is an
experimentally accessible quantity.
Given a variational manifold there are two possible paths to trying to approx-

imate A(w).

1. We can calculate the quantity (3.61) after having projected the evolution of
|te(t)) on the manifold. In other words, we perform linear response theory
directly on the variational manifold. This leads us to express A(w) in terms

of the eigendecomposition of the generator of linearised real time evolution
K introduced in (|3.42]).

2. Alternatively, one can try to approximate on the manifold the quantity
eV o) (3.63)

that appears in equation . In this case one should note that in general
1% |1hg) does not belong to the variational manifold, so one has to perform
some truncation even before applying the time evolution operator e~iHt The
other subtlety here is that one must make sure that the quantity (3.63) is
calculated with the correct global phase, as we explained in Section [3.2.3]

It seems to us that method 2 captures less the spirit of variational manifolds.
Indeed one has that the quantity 1% |tbp) would morally represent a small pertur-
bation around the groundstate |¢) and would thus naturally live in the tangent
space to the manifold of states at |ig). Representing V [t) as a vector of M
therefore is only meaningful if the manifold itself is a good representation of its
own tangent space. But this is not true for general manifolds and indeed there
is no uniquely defined method for representing 1% |tg) on M. The first method,
on the other hand, can alternatively be thought of precisely as representing the
perturbations generated by V on Ty M. Furthermore, we will show that method
1 leads to a closed expression for the spectral function from which it is immediate
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Figure 3.3: Linear response theory. We consider an approximate ground state
1o € M. While |1)g) does not evolve in time, certain trajectories of nearby states
are approximately elliptic. A finite perturbation at time t' changes the state to
[V () = €V |¢hy). This state will then evolve according to the equations of
motion. We linearise by taking the limit ¢ — 0, where we find that the tangent
vector [01h(t)) = <& [1he(t)) |e=o Totates in a way defined by the eigenmodes of K.

to see that sgnA(w) = sgnw (as it is in the full Hilbert space), while this cannot
be shown in general for method 2.

For these reasons in the next subsections we will focus on the details of the
first method, giving a final expression for the spectral function estimated in this
way in Proposition [10]

3.4.1 Linear response theory

A possible way of calculating spectral functions is thus to perform linear response
theory directly on the variational manifold. In this subsection we will then briefly
explain how this can be done. The idea is illustrated in Figure |3.3|

Let us consider a possibly time-dependent perturbation fl(t) of our unperturbed
Hamiltonian Hy, such that H.(t) = Hy + €A(t), and an observable B, whose
response we are interested in. For spectral functions, we will be interested in the
particular case where A(t) = ¢(t)V for arbitrary functions ¢(t) and B = V, but
we will for the moment keep our treatment general.

Our perturbed Hamiltonian gives rise to the time dependent real time evolution
vector field X (t), which is

X.(t) = Xy + e Xalt), (3.64)

wherg Xo anq X4(t) are the evolution vector fields associated to the Hamiltoni-
ans Hy and A(t) respectively. The solution of this perturbed evolution is |¢(t))
satisfying

Qu g [¥e(t)) = XL(t) Vi) - (3.65)
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For the following Proposition [8| it would not be important whether the evolu-
tion vector field is defined according to the Lagrangian or McLachlan variational
principles, as long as it has the form . However, later we will be interested in
the case in which the perturbed evolution happens around the approximate ground
state |1p) and it will be important that this state is also a fixed point of the time
evolution. So, as was the case in Section [3.3.2 from now on we will suppose that
the evolution vector fields are defined according to the Lagrangian evolution .

We are interested in the response in expectation value of the observable B at
linear order in €, that is

e (Pe@®Ye(t) | (3.66)
= 0a"(t) 9, B(x(t)),
where we defined the propagated perturbation
5t(1) Vi) = Quik 108} | € TuM (3.67)

which can be evaluated as follows.

Proposition 8. Given a variational manifold M we define (according to the La-
grangian action principle) the free projected real time evolution | (t)) as governed
by the free Hamiltonian Hy and the perturbed projected real time evolution [1e(t))
as governed by the perturbed Hamiltonian H.(t) = Hy+ €A(t), both with the same
initial state [¢(0)). Then, the propagated perturbation, defined according to (3.67)),

15 given by

t
Sah(t) = — / dt' (d_p)", 2 D, A 0 (3.68)

where d®, is the linearised free evolution flouf|

Proof. This can be shown in a standard way by using the interaction representa-
tion. We sketch a proof in Appendix [A1] O

Put simply, dz* is the superposition of all propagated perturbations, i.e., a
perturbation

—J7 Pl AW [ () = 7P 9,A| (3.69)

at time t’ is evolved with the linearised free evolution d®,_, to time ¢t where it
contributes towards dz*(t).

8See footnote
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If we now take as initial state [¢(0)) the approximate ground state [i), that
is a fixed point of the projected evolution, we have that the free evolution is trivial
[1(t)) = [vo). It also follows that d®; is a linear map from 7y, M onto itself given
by

dd, = Xt (3.70)

where K is the generator of the linearised flow introduced in (3.42). The map d®;
can therefore be evaluated in terms of the spectral decomposition of K.

Proposition 9. The linear response to a perturbation fl(t), measured in terms of
the observable B, for a system initially in the state ¥y € M is given by

0B(t) = =1 sgn(iA)[E"(A\)0,B]
¢

t
X / dt’ M [EY(\)D, AN

—00

(3.71)

where all derivatives are evaluated at |1)y) and E* () is an eigenvector of K such
that
K", (o) = MEH (o), (3.72)

and normalised so that EM(\e) wE”(Ne)™ = 1sgn(id).

Proof. We can always decompose K in terms eigenvectors £(\) with eigenvalues
A and dual eigenvectors E| E(N), such that

K", =Y NEM M) E(N). (3.73)
V4

The eigenvalues A\, will come in conjugate pairs +iw,, which implies that the associ-
ated eigenvectors and dual eigenvectors are complex and mathematically speaking
lie the complexified tangent space.

However, as K is a real map, we must have £*(iw) = £#(—iw)*. We then no-
tice that €, (—iw) is an eigenvector of K with eigenvalue iw. To see this it is
sufficient to apply K to it and use the symplectic property KQ = —QKT. It
is then always possible to normalise the eigenvectors £ such that the relation
QE,(—iw) = —isgn(w)&*(iw) = —isgn(w)EH(—iw)™ holds. ['] From this, invert-
ing © and exploiting its antisymmetry, we have EM(—iw) = isgn(w)&¥(—iw) wy,.

9The dual vector g#()\) is defined by gu()‘) EH(N) = oA

0Doing this rescaling while maintaining the property &#(iw) = £#(—iw)” is actually only
possible if £/ (—iw)w,, ¥ (iw) = ia with a > 0, Yw > 0. But this is always true because by
definition K = —Qh, where h,, = 0,0, F is positive definite (Hessian at a local minimum). It
follows that —wK > 0 and therefore 0 < —&H(iw) w,,, K?,E (iw) = —iwEH (—iw)w,, EY (iw) =
wa.
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Using this and (3.73)), we can rewrite (3.70)) as

(AP, =1 _sign(id) eM' EX (M) E7(Ne)" wyu. (3.74)
¢
Combining this with (3.66]) and (3.68)) we have (3.71]). O

3.4.2 Spectral response

To calculate spectral functions we now just need to evaluate the result (3.71]) for
A(t) = ¢(t)V and B =V and then take the Fourier transform.

Proposition 10. The spectral function with respect to the perturbation operator
V', estimated by performing linear response theory on the variational manifold M,
18

Alw) = sgn(w) > [E"(iwy) 9,V [* 6(w — wy) | (3.75)

where E'(iwy) are the eigenvectors of K, normalised such that
EF(iwy)" w, & (lwp) = isgn(wy), and the sum runs over all possible values of wy
(appearing in pairs of opposite signs).

Proof. Evaluating the Fourier transform of (3.71)) and comparing with (3.62)) leads

us to the estimate for the retarded Green’s function
GR(w) = —ingn(wg)lé'“(iwg) V| /dt el=wdtQ ()
‘

= sgn(w)|E" (iwp) 0,V (3.76)
¢

1

W — Wy

X {P —imd(w — wg)] :
where the Sokhotski-Plemelj formula has been used. The imaginary part of this
expression can be then be inserted into the definition of the spectral function (3.59)),

leading to the result (3.75)). O

Spectral functions calculated in this way have the desirable property sgnA(w) =
sgn w.

Kahler vs. non-Kahler. On a non-Kéahler manifold, where we have two
inequivalent definitions of the equations of motion, it only makes sense to perform
linear response theory with the ones coming from the Lagrangian action principle,
as their fixed point coincides with the approximate ground state.
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3.5 Imaginary time evolution

In the previous sections we have assumed we knew the state [1)g) that minimises
the energy on the variational manifold M. Solving this optimisation problem is
often non-trivial and different methods may be appropriate in different situations.
However, we would like here to present a method, known as projected imaginary
time evolution, that makes use of the same geometric notions introduced in Sec-
tion B.2] for real time evolution.

On full Hilbert space, imaginary time evolution is

d X
5 [9(0) = —(H = E(7)) [¥(7)) , (3.77)
which can be integrated to the solution

)
V ((0)e27[4(0))

[¥(7)) = (3.78)

This will converge in the limit 7 — oo to a true ground state if and only if the
initial state |¢(0)) had some non-zero overlap with it.

Given a variational manifold M, we can approximate imaginary time evolution
on it and hope that it will also converge to the approximate ground state |ty).
This can be done by projecting onto tangent space. Contrary to real time
evolution, there does not exist a formulation of imaginary time evolution in terms of
an action principle, so the projection can only be done according to the McLachlan
minimal error principle.

We would like to minimise the local projection error

| 1wy - -y, (3.79)
imposing that - [¢(7)) € T;M, which leads to
T [0(7)) =Py (E = H) [¢(7)) (3.50)
= Py H (1)) ,
where we used Py, 1)) = 0.
This leads to the projected evolution equation
dxt .
e Vi) = =Py H [9(7)) (3.81)
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Figure 3.4: Imaginary time evolution. We illustrate, analogously to Figure |3.1]
the imaginary time evolution vector field F* on the variational family M which
is given by the orthogonal projection of —H 4) through Py, onto M. This vector
field flows towards the global minimum 4 of the energy function.

from which we can define the imaginary time evolution vector field F everywhere
on M, such that

dxt P
— =FH(x) = —Py [(x)) . (3.82)
dr v
This vector field can be understood as follows.
Proposition 11. Given a manifold M, the projected imaginary time evolution is
given by
drzt
dr
where E(x) is the energy function, defined in the context of equation (2.47). Its
solution x(T) monotonically decreases the enerqgy.

Proof. We apply the projector P in (3.82)) to find

Fi(z) = -G"™(0,E), (3.83)

Fr— _PAH | = —WQWGW Re (V| H 1) (3.84)

We simplify this by using (2.49)). Plugging this back into the previous equations,
we arrive at (3.83). To show that the energy monotonically decreases, we find

dE dz#
= - = — g < .
which follows from the positivity of G*”. [
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We thus recognize projected imaginary time evolution as gradient de-
scent of the energy function E(z) with respect to the natural geometry encoded in
the metric G on the manifold M, as illustrated in Figure [3.4] It is our experience
that solving numerically has better convergence properties than perform-
ing a naive gradient descent, where we just try to minimise the energy E(x) as a
function of x assuming a flat metric.

When replacing the fixed time step by a line search, imaginary time evolution
becomes equivalent to Riemannian gradient descent. More specifically, the litera-
ture on Riemannian optimisation [93-96] describes how the Riemannian geometry
(i.e., the metric) of a manifold can be taken into account in each of the standard
optimisation algorithms such as the gradient descent method, Newton’s method,
the conjugate gradient method, and quasi-Newton methods such as the (limited
memory) Broyden—Fletcher-Goldfarb —Shanno scheme [97-100].

Kahler vs. non-Kahler. The results discussed in this section do not rely
on the manifold M being a Kahler manifold. The McLachlan projection principle
is the only one that can be resonably defined for imaginary time evolution and
leads to the desirable gradient descent result for any real differentiable manifold,
independently of the Kahler property.

3.5.1 Conserved quantities

In many situations, one would like to further constrain our variational manifold
by requiring that certain operators A; have fixed expectation values A;. Geomet-
rically, this amounts to restricting the search to the submanifold

{2/1 e M| Wi _ 4, \ﬂ} c M. (3.86)

For example, for Hamiltonians commuting with the total particle number op-
erator N, one often wants to find lowest energy state within an eigenspace of N
with N W) = N |[¢). To approximate such a state on a non-linear variational man-
ifold M, we can search for minimal energy state on the submanifold of states with
(N) = N.

In general, this manifold M will not satisfy the Kéhler property anymore. In
particular, if we only fix a single expectation value, we will generically reduce the
dimension of a Kahler M to an odd dimension, which cannot be again a Kahler
manifold. However, we have seen that for the purpose of finding the state of
minimal energy, we can apply formula on the reduced manifold, regardless
of the Kahler property.

Instead of finding a new parametrisation of the reduced variational manifold,
as long as we choose an initial state for the imaginary time evolution that satisfies
the desired constraints, we can also just implement them locally. We can indeed
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modify the imaginary time evolution vector field F by further projecting it onto
the restricted tangent space 7M. In this way the respective expectation values
are preserved by construction. .

If there are several quantities A; that we wish to fix, TyM is given by the sub

tangent space orthogonal to the span of X} = Pﬁfl[ |1). To project onto it, we
define

grs = XV g, XY, (3.87)
which gives rise to the projector
P, =", — X'GY X% g,,, (3.88)

where G/ is the inverse of g, (or pseudo inverse, if not all constraints are inde-
pendent). The modified imaginary time evolution vector field is then

Fh = P Fv. (3.89)

which will conserve all the expectation values A;(7). In analogy to (3.28)), this is
equivalent to

F'=-G"(0,E) with G" =P',P",G". (3.90)

If we want to fix the expectation value of the number operator N, we have the
scalar function N(x) = (N) with X# =P N [¢)) = G""0, N, such that

G (3, N)

TH _ TH _
= BN G0,

(L N)F, (3.91)

which clearly satisfies 4% = (9, N )FH = 0.
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Chapter 4

(Gausslian states

In this Chapter we will introduce a very important family of variational states,
namely Gaussian states. We will see that both fermionic and bosonic Gaussian
states can be understood as examples of a much larger class of states, known as
group-theoretic coherent states, and we will derive some of their most important
properties.

Part of the material presented in this chapter was published in reference [101]:

T. Guaita, L. Hackl, T. Shi, E. Demler, J.I. Cirac,
Generalization of group-theoretic coherent states for variational calculations,
Phys. Rev. Research 3, 023090 (2021), used under cC BY 4.0.

4.1 Overview

As already mentioned in the Introduction in Section[1.4] Gaussian states represent
a very successful variational set of states. They can be defined for both bosonic
and fermionic systems and in both cases represent exact ground states of non-
interacting Hamiltonians. From the perspective of variational methods, they can
be readily used as ansdtze for an approximate description of the physical states
of systems which are weakly interacting. This approach lies at the heart of many
widely applied methods such as the Hartree-Fock methods for fermionic systems
or the Bogoliubov theory for bosonic systems. Furthermore, Gaussian states are
exceptionally easy to handle computationally, as most relevant quantities can be
expressed in very simple forms through the use of Wick’s theorem.

In this chapter we will introduce the necessary formalism to define and ma-
nipulate bosonic and fermionic Gaussian states. However, to set these states into
a broader perspective we will first take a step back and introduce a more general
class of states, known as group-theoretic coherent states. These states were in-
troduced independently by Gilmore [62, 102] and Perelomov [63, |103] and can be
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constructed for a wide range of different quantum systems. We will see that Gaus-
sian states represent one particular example of group-theoretic coherent states in
systems made up of bosonic or fermionic modes. We will also see that many of the
advantageous computational properties of Gaussian state derive in fact from more
general properties of group-theoretic coherent states. Finally, understanding the
structure of group-theoretic coherent states will prove itself very useful when ex-
ploring the possibilities of defining variational manifolds that go beyond Gaussian
or coherent states, which will be the subject of Chapter

Therefore, in Section .2 we will first focus on defining group-theoretic coher-
ent states. The only requirement to construct a set of these states is to have a
Hilbert space on which acts a unitary representation of a Lie group. Given such
a space and such a representation, we will show a construction which ultimately
defines a well-behaved submanifold of the Hilbert space. For states of this mani-
fold, computing expectation values of operators and doing other manipulations is
particularly efficient thanks to the group-theoretic structures with which they are
endowed.

In Section we will then move on to define bosonic Gaussian states. Their
understanding will be made easier by using the language of group-theoretic coher-
ent states introduced in the previous section. We will collect a series of results
that, combined appropriately, allow to make an efficient use of Gaussian states as
a variational manifold. In Section [4.4] we will then repeat the analogue construc-
tion for fermionic Gaussian states, highlighting the parallelism with their bosonic
counterparts.

Additionally to bosonic and fermionic Gaussian states, in Example [10] we will
introduce another important example of group-theoretic coherent states, namely
spm-% coherent states. These states have many useful applications and we will
elaborate on them further in Chapters [5] and [7]

4.2 Group-theoretic coherent states

In this section, we review the basic definition and properties of group-theoretic
coherent states, basing ourselves mostly on [60].

We consider a semi-simple Lie group G with Lie algebra g. Let U be a unitary
representation of G on the Hilbert space H, i.e., U(g) is a unitary operator on H
for every group element g € G, such that

U(g1)U(g2) =U(g192) V91,92 €G. (4.1)

The representation of the group induces a corresponding representation of the
algebra. Indeed, for group elements g sufficiently close to the identity, it is pos-
sible to write U(g) = exp(K'Z;), where Z; is a set of anti-Hermitian operators
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representing a basis of the algebra g and K* are real coefficients. We have the
commutation relations

(2, 2] = s 2o, (4.2)

fixed by the structure constants c of the algebra. Note that here, as in the rest of
the chapter, we use Einstein’s conventlon of summing implicitly over all repeated
indices.

The action of U(g) on the operators Z; follows the adjoint representation of
the group. More precisely, we have

U (g) ZiUU(g) = Ad(9)] Z; (4.3)

i.e., U (g) ZiU(g) is just a linear combination of operators Z; with the coefficients
given by the adjoint matrix Ad(g)!, which is a fixed property of the groupl

The set My of group-theoretic coherent states is then defined as the set of
states obtained by acting with all possible U(g) on a fixed reference state |¢) € H,
i.e.,

My ={U(g)|p) - g€ G} CH. (4.4)

My is determined by the choice of the group G, of its representation ¢ and of
the reference state |¢). The elements of M are parametrized by group elements
g. This parametrization may entail some redundancies, as there might exist in G
a stabilizer subgroup for |¢)

Se=1{g: Ulg)|e) =€’ |o)}, (4.5)

i.e., a set of group transformations that leave |¢) unchanged up to an overall phase,
which is irrelevant for what concerns the definition of quantum states. The set
of inequivalent group-theoretic coherent states is then isomorphic to the quotient
G/Sy.

For our purposes, it is necessary to restrict the possible choices for the reference
state |¢). We will indeed assume that |¢) is a so-called lowest weight state of the
representation . To understand what is meant by this it is necessary to give
some more details about the structure of the algebra operators [104} (L05]. We will
explain this in the rest of the section.

It is always possible to pick a set of £ linearly independent mutually commuting
anti-Hermitian operators H, = HgZi, defined by H! € R for a = 1,...,/, such
that [ﬁa,f[b] = 0. In the standard theory of Lie algebras, the space spanned
by real linear combinations of FIa, which we will indicate with b, is known as a
Cartan subalgebra of g. The choice of b is not unique, however all possible choices

1In_ particular, if we can write U(g) = exp(K'Z 7;), then it is straightforward to see that
Ad(g)] = [expad(K)]] where the matrix ad(K) is given by ad(K)! = K*c}...

7
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are isomorphic and will therefore have the same dimension ¢, known as the rank
of the algebra. A given a choice of Cartan subalgebra identifies the following
structures:

e There exist real vectors n = (1y,...,7m;) € R® and corresponding operators
E, such that

[H,, B, = in.E, . (4.6)

The operators En will be linear combinations of Z;, however they will in gen-
eral be complex linear combinations and therefore will not be anti-Hermitian
operators.

e The vectors n are known as roots of the algebra and the operators En as root
space operators. There is a finite set of non-zero roots which we indicate as
A. The roots always come in pairs (1, —n). One can choose a conventional
ordering of the roots such that they split into the two disjoint sets of positive
roots A, and negative roots A_, with A = A, UA_ and —n € A_ for every
neA;.

e Let us indicate with g© the space of all complex linear combinations of al-
gebra elements Z-, which is known as the complexified Lie algebra. The
operators H, together with the operators En span g© under complex linear
combinations.

A Hilbert space vector |u) € H is called a weight vector of the representation
if it is a common eigenstate of all Cartan subalgebra operators ﬁa, i.€., H, ME
ipte | ) for some number p, € R Va. Among the weight vectors |u) there is a unique
one, called the lowest weight vector, such that En |y = 0 for all negative roots
n € A_. From now on we assume that the reference state |¢) that appears in the
definition of group-theoretic coherent states is a lowest weight vector |u) for
a given choice of Cartan subalgebra and root ordering.

Example 10 (Spin—% coherent states). sz’n-% coherent states are defined with re-
spect to the group SU(2) and algebra su(2), represented as complex 2-by-2 matrices.
For the algebra, we choose the basis Z; = i0; with ; being the well—kpown Pauli
operators. The rank of su(2) is 1 and, as conventional, we choose H = 563 as
basis of the Cartan subalgebra . For this choice, we have the roots £1 = £1, with
the respective root space operators

By = 64 = — (61 % i6) = ——(—i%1 + ) (4.7)

=0y =——=(01 £i69) = —=(—i . .
+n =5 /5 1 2 22 1 2

The resulting weight vectors are 1) and |]) because they are the eigenvectors of
H = 165. Due to E_,||) =0, the state ||) is the lowest weight vector, which we
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thus choose as reference state. The family of group-theoretic coherent states results
then from applying all possible group elements U € SU(2) and is given by

Mgy = {57 |]) : K e R}, (4.8)

This construction can be readily extended to a system of N spz'n-%, i which case
the Cartan algebra will be composed of N operators H, = %6;}, one for each spin
n, and the lowest weight vector will be |pu) = || ... ]). In such case, spin coherent

states take the form

N
ST .. ) = H <eiKiv"€ri
n=1

with the coefficients K" taking values fori = 1,2,3 and for each spinn =1,...,N
and a}' representing the i-th Pauli operator acting on the n-th spin. In other terms,
the set of spz'n-% coherent states for a system of multiple spins is simply the set of
all normalised product states.

) - (4.9)

4.2.1 Group-theoretic coherent states as variational man-
ifolds

We now enquire on the use of the manifold of group-theoretic coherent states M
as a variational submanifold for the Hilbert space H according to the methods
discussed in Chapters [2] and [3] As discussed in the Introduction in Section [1.3]
the practical usefulness of any set of variational states depends on the possibility
of manipulating them in a way that is computationally inexpensive. This depends
on two considerations.

First, the dimension of the manifolds of group-theoretic coherent states is
equal to the dimension of the corresponding Lie algebra g. Indeed, the states
are parametrised by Lie group elements, and the Lie group is itself by definition a
manifold of dimension dim g. Although there are in general no constraints on the
dimensions that the algebras can have, in most cases of practical interest the Lie
algebras defined on H have a dimension that scales polynomially in the system
size N, guaranteeing an efficient parametrisation of the manifold. In Example [10]
for instance, the algebra has dimension 3/V.

Second, we must evaluate the practicability of computing expectation values of
relevant observables. Again, in most cases of practical interest, the system’s most
relevant observables (e.g., the Hamiltonian) can be expressed as polynomials in
the algebra operators Z:. This means that relation can be used to compute
expectation values efficiently. Indeed, the expectation value on U(g) |u) of any
monomial of order d of algebra operators can be expressed as

(WU (9) Ziy Zi, -+ ZiU(g) 1) = Ad(g)] -+ - Ad(9)* (ulZy, -+ Zylp) . (4.10)
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where (uu|Z;, -+ Z;,|p1) is a d dimensional tensor that can be computed using stan-
dard algebra properties. The sum then requires evaluating order M? terms,
where M is the dimension of the Lie algebra. In other words, provided that the
observables of interest can be expressed as polynomials of a fixed — and possibly
small — degree d, then evaluating expectation values for group-theoretic coherent
states scales polynomially in the manifold dimensions.

4.2.2 Tangent space and Kahler structure

In the previous chapters we have also explained how the geometric properties of
a variational manifold play an important role in its application within variational
methods. In particular, the tangent spaces to the manifold and their Kéhler prop-
erties are a key aspect. We will therefore conclude our discussion of group-theoretic
coherent states by analysing their tangent spaces.

Let us consider the tangent space 7jy(4) M at the state [¢(g0)) = U(go) |11,
parametrised by the group element go € G. To better understand this space it
is convenient to introduce a new local parametrisation of the manifold of group-
theoretic coherent states

[ (x)) = U(go) exp(a'Zi) ) - (4.11)

Because of the group property (4.1) this parametrisation locally gives rise to the
same manifold as (4.4). However, it is easier to take derivatives with respect to
the parameters x, allowing us to compute the corresponding tangent space basis

of Tjy(g0)yM according to ([2.24)), that is

Vi) = Qugoy = 10(2)) |, (4.12)
= Qu(g0)U(90) AME (4.13)

We are thus able to compute a simple closed expression for the tangent vectors
at a given point |¢(gg)). Of course, if we wanted to compute tangent vectors also at
other points, i.e., at x # 0, then the parametrisation would no longer be very
helpful. However, in practice such a local description is often already enough, for
two reasons. First, for many applications it is enough to focus on one tangent space
— usually the tangent space at the approximate ground state. This is for instance
the case when computing excitation spectra or spectral functions with the methods
discussed in Sections and [3.4l Second, even when computing time evolution,
in numerical applications this is normally done through a series of small discrete
time steps 0t. At each time step the local tangent space Tjy(g))M can be used
to compute &, which determines the increment of the local parameters 6t . The
group multiplication rule can then be used to define a new group theoretic coherent
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state [1(g(to + dt))) through g(ty + dt) = g(to) exp (575 xZZZ) The procedure can
then be repeated at each step only involving the local tangent space.

Concerning the Kahler structures and geometric properties of the manifold of
group theoretic coherent states, it is possible to also obtain simple closed formulas
for the metric and symplectic forms.

Proposition 12. The restricted Kdhler structures of the manifold M,, at the point
1U(g)) = U(g) |1), expressed with respect to the tangent space basis (4.13)), are

ZiQuZi+2;QuZ;
gij — _<H‘ W <]M|M>J wZilp) ’ (414>
wij — (Wl Z;Qu ) QuZzj|w , (415)

which are independent of g and thus everywhere the same.

Proof. We can straightforwardly compute

(ViIV;) = (ul 25U (9)QuioU(9) Z;111) (4.16)
= —(ulZ:QuZ;|p) (4.17)
where we used U'(g)Qy U (g) = Q, and Zl = -7, O

Whether these structures give rise to a Kahler manifold or not is more compli-
cated to assess. In reference [69] we have shown the following:

e Semi-simple compact algebra. If the group G is compact (and so also
the Lie algebra g is compact), then the manifold M, is always Kéhler, if |z)
is the lowest weight state of the representation.

e Semi-simple non-compact algebra. If the group is non-compact, not all
choices of Cartan subalgebra and lowest weight vector give rise to Kéahler
manifolds. This has to be assessed by analysing the root structure of the

algebra and in particular the imaginary or non-imaginary nature of roots.
See Chapter 5B of reference [69)].

4.3 Bosonic Gaussian states

We consider a system of IV bosonic modes with creation and annihilation operators
bl and b,. The index n = 1,..., N labels the modes. For each mode we define the
following Hermitian operators, known as quadrature operators,

i e s

(b +ba),  Bn= == (Bl —bu). (4.18)
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and collect them in a single vector

A

)A(:(l’l,...,i‘N,ﬁl,...,ﬁN)T. (419)
They satisfy the commutation relations
X', %] =19y, (4.20)

where (2 is the anti-symmetric matrix

Q= ( _%N ]léV ) : (4.21)

We identify the vacuum state |0) as the state for which b, [0) = 0 for all n.

On the bosonic Fock space defined by these modes it is possible to identify two
different group representations. We can consider the group of unitary operators
S = €9, where @ is any anti-Hermitian homogeneous order 2 polynomial in the
operators X. We will refer to them as squeezing operators. Or we can consider the
group of unitary operators D = e*, where Lis any anti-Hermitian homogeneous
order 1 polynomial in the operators x. We will refer to them as displacement
operators.

Both squeezing and displacement operators give a unitary representation of
a Lie group. Squeezing operators S represent the real symplectic group, while
displacement operators D represent the Heisenberg group. Thus in both cases we
can use them to construct a corresponding manifold of group-theoretic coherent
states, according to the principles set out in the previous section. As for both rep-
resentations the lowest weight state is the vacuum |0), we can define the following
sets of states:

MCoherent = {D ‘0> VD} ) (422)
MSqueezed - {S |0> \V/S}, (423)
Meaussion = {DS|0) VD, ¥S} . (4.24)

We will refer to the states , generated by acting on the vacuum with any
possible displacement operator, as bosonic coherent states and to the states ,
generated by acting on the vacuum with any possible squeezing operator, as bosonic
squeezed states. Finally, we will also consider the states (4.24)), generated by act-
ing on the vacuum with any possible combination of displacement and squeezing
operators. We will refer to these as the full set of bosonic Gaussian states.

On a more technical side, note that only the real symplectic group, repre-
sented by squeezing operators, is a semi-simple Lie group. The Heisenberg group
represented by the displacement operators is not semi-simple. Therefore, strictly
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speaking, only squeezed states are truly group-theoretic coherent states accord-
ing to the definition of Section 4.2 Nonetheless, we will see that for the non
semi-simple Heisenberg group it is still possible to make constructions almost fully
analogous to the ones that underpin group-theoretic coherent statesﬂ To what
extent this procedure can be generalised and whether there exists a systematic
way to define group-theoretic coherent states also for generic non semi-simple Lie
groups is a very interesting question, which however goes beyond the scope of the
present work.

In the next sections we will now study more in detail at the two sets of operators
— squeezings and displacements — that we have just defined.

4.3.1 Squeezing operators

The squeezing unitary operators § that we have defined give a unitary represen-
tation of the Lie group of real symplectic matricesﬂ

Sp(2N,R) = {S € GL(2N,R) : STQS = Q}, (4.25)

with €2 defined in (4.21]). Similarly, the set of anti-Hermitian operators Q give a
representation of the symplectic Lie algebra

sp(2N,R) = {K € gl(2N,R) : QK + KTQ =0}. (4.26)
Indeed, for each matrix K € sp(2N,R), one can construct a symmetric matrix

h = QK and the corresponding anti-Hermitian Hilbert space operator
QUE) = 5 XThsk =

Similarly, for any matrix S € Sp(2N,R) that can be written as S = e for some
K € sp(2N,R), one can define the corresponding unitary

XTOKX . (4.27)

S(5) = S(eff) = Q) (4.28)

The operators S(S) constitute a group representation, in the sense that one can
show thatf!] ~ ~
S(5)S8(S) =S8(59). (4.29)

2Indeed, the manifold of bosonic coherent states is a very well-behaved set of states that
shares all the desirable properties of group-theoretic coherent states and, as the name suggests,
represents the original source of inspiration that led to the definition of group-theoretic coherent
states.

3To be completely precise they are a unitary representation of the double cover of the group
Sp(2N,R), known as the metaplectic group Mp(2N,R).

4As discussed in footnote [3| they rigorously constitute a representation only of the double
cover of the group. In practice this means that relation may be valid only up to a sign.
For more detail on how to compute such sign see [106].
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Furthermore, the adjoint action of squeezing operators on the quadratures is given
by
SH(S)x'S(9) = 57, % . (4.30)

The algebraic structure of the quadratic operators Q can be further highlighted
by noticing that among them we can choose the Cartan operators

A e 1
Hy = (Bl + 5). (431)
and root space operators
A_;’_n(n,m) - lbILbin7 E_n(n,m) - 1 nbm, n S m

corresponding to the root vectors 'r](g m (Oan + Oum) and ﬁ%"’m) = (6an — Oam)-
All algebra operators Q can be expressed as complex linear combinations of the
Cartan and root space operators. The lowest weight vector of this representation
is indeed the Fock vacuum |0) as it is an eigenstate of all H, and is annihilated by
all B_.

Finally, a generic squeezing operator S(S) can always be split as

S(S)=8Tu)=8(T)S(u), (4.33)
with u and T satisfying
S(u)|0) =€?]0) and QT =T7'Q. (4.34)

These requirements actually fix a unique solution give by T = v/SST and
w = T~'S. Supposing that T = e’ for some symplectic generator K, the con-
dition on T is then equivalent to {K,Q} = 0. Considering that K is also
symplectic, it must then have the form

K= ( P ) (4.37)

5Indeed, considering that T should also be symplectic, i.e., TTQT = Q, we have that QT =
T71Q implies T = T7. The condition S(u)|0) = €!? |0) on the other hand implies vuT = 1, as
can be seen by considering

1 = 2Re (0]x XT|0) = 2Re (0|ST (u) X X7 S(u)|0) (4.35)
=u (2Re (0|xXT|0)) uT = wuT. (4.36)

Using these two properties one immediately has SST = T2,
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with A and B real symmetric N x N matrices. Therefore
S(T) = exp (% Oy K7, Xxk> (4.38)
— exp ((m)nm b bt — (K ) Bni)m) , (4.39)

with K, = $(A+1iB). This implies in particular that a squeezed state S(S) |0) =
e?S(T) |0) does not actually depend on all the information contained in S but
rather only on T (or equivalently K,). It is nonetheless for many applications
convenient to keep in mind the formalism involving the full symplectic group.

4.3.2 Displacement operators

The displacement operators can be parametrised as
D(B) = exp(ifK) (4.40)
by the set of real numbers 5 € R?Y. They fulfil the group relation
D(B)D(F) = DB+ §) exp (—%@W;) , (4.41)
and, on the quadrature operators, they have the adjoint action
D'(B)x' D(B) = %' — Qy;f; - (4.42)

It may also be useful to split D(/3) into terms that contain only creation or
only annihilation operators. For this, it follows from (4.41]) that

D(B) = D.D_Dy, (4.43)
with
D, = exp (i P, %) = exp (iﬁz BL) , (4.44)
D_ =exp (iﬁi P Xj) = exp (iﬁf I;n) , (4.45)
i i ! L oq

Dy = exp 56’ Py QP 5 | = exp —§B+ﬁ_ , (4.46)

where we have introduced the projectors

1 Iy Fily ) 1 :

Fe=3 ( sily 1y )2 FI (447)

which project X on the subspace containing only bt or b respectively. That is,
Bi ]P_,_'j )A(j = ﬁi b;rl and Bz P_ij )A(j = BE bn
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4.3.3 Expectation values and overlaps

Computations with Gaussian states are particularly convenient. It can be shown [59)
that the full manifold M Gaussian 0f bosonic Gaussian states can be parametrised by
M = N(N + 3) real parameters. That is, the number of parameters is polynomial
(quadratic) in the number N of bosonic modes of the system.

Furthermore, as discussed in Section for generic group-theoretic coherent
states, computing the expectation value on a Gaussian state of a product of d
quadrature operators requires order M? operations. However, in the case of Gaus-
sian states this can be made even easier by a result known as Wick’s theorem [42].
Thanks to it, expressions like can be further simplified and decomposed into
factors involving only up to two quadrature operators at a time.

Proposition 13 (Wick’s theorem). Consider a product of d operators
AAy - Ay, (4.48)

where each term is a linear combination of quadrature operators, i.e., A= A0 4
Agl)fci. Let us then take the expectation value of this product on a bosonic Gaussian
state |S, B) = D(B)S(S) |0). Such expectation value can be expressed as

(. BlA1Ay - AdlS, B) = (Ar) (Az) - (Ay)
+ (A1 Ag) -+ (Ag)
+ ... (Sum over all possible contractions). — (4.49)

Here, by contractions we mean all possible ways to subdivide the operators in prod-
uct (4.48) into groups of one or two operators, and then defining

(Ai A) = (S, BlA;, A |S, B) — (Ay,) (Ay,) - (4.51)

Proof. For a full proof see, for example, Chapter 8 of reference [107]. The proof
essentially relies on decomposing the product (4.48) into terms involving products
of creation and annihilation operators and then using their canonical commutation

relations to show that the result (4.49) holds for these terms individually. ]

This result does not directly improve the scaling of the computation with re-
spect to the degree d of the operator . Indeed the total number of possible
contractions scales factorially in d. However, if d is small, as is usually the case,
the number of terms in the sum is limited. A great reduction of the overall
computational cost is then achieved due to the fact that each term in this sum can
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be evaluated just by knowing the one and two point functions
(x') = =48, (4.52)
o 1 . .
(x'x7) = 55”;@5]1 (Ot + 1) , (4.53)

where we have again assumed that the Gaussian state is parametrised as D(5)S(.5) |0).
Notice that the one point function always vanishes if the state contains no displace-
ment operator.

Calculations with Gaussian states can often be performed easily also because,
on top of expectation values, it is possible to compute overlaps between different
Gaussian states efficiently. This is in fact a feature Gaussian states share with
all group-theoretic coherent states and which, we will see in Chapter [3] is crucial
for defining useful generalisations of Gaussian and group-theoretic coherent states.
The procedure that we will sketch now can be indeed seen as a special case of the
general one for group-theoretic coherent states contained in Section [5.4]

Proposition 14 (Overlap of bosonic Gaussian states). Given two bosonic Gaus-
sian states |S,5) = D(B)S(S)|0) and |5, ") = D(F)S(S’)|0), their overlap is
given by

o = <Sa /B|S/7/6/>
= exp —itr(Qlog VATAA™Y) + %WQB’
1 = BrSRRIS( - )

ot 2VATA
ATA+1

1
1

d (4.54)

)

where A = S71S" and R =1 — P (ATA — 1)(ATA + 1) 'P_, with Py are defined
as in (4.47).

Furthermore, the overlap can be computed efficiently even if a product of quadra-
ture operators is inserted between the two states:

(S, BIx™ - %S BY = ro (0% - - - X'4|0) . (4.55)

Here, the operators X are specific linear combinations of the regqular quadrature
operators therefore their expectation value can be computed using Wick’s theorem
based on their one and two point functions

2T 1 .
(0]x x|0) = ES/R(II +iQ)RTST (4.56)
(0]x]0) = SRQPT RTS7(5' — ) — Q' (4.57)
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Proof. These quantities can be computed by making use of the fact that any
squeezing operator of the form (4.39) can be further decomposed as

S(T) = 8,85, (4.58)
where

S, = eAt)mahal (4.59)

Sy = e(A0)nm h am (A nm n (4.60)

— 2(A0)um af am+trAg (4.61)

S — e~ ADmmanam (4.62)

(4.63)

We have that A, is defined by the relation

9 ( ReA+ ImA+

_ 2 2 -1
ImA, —Red, ) = tanhlogT = (T* ~ 1)(T* +1) (4.64)

and Ay is calculated as
1 1
Ay = 2 log(l —4A,A%) = trd,= gtr log 2T (T* +1)7'] . (4.65)

We further have that S_ x* = R'; X’ §_. Using there relations repeatedly together

with (4.33)), (4.43) and (4.41]) we can first decompose the displacement and squeez-
ing operators in (4.55) and then commute their components left and right in order

to exploit the fact that (0|S; D, = (0] and D_S_|0) = |0), leading to the final
result. ]

4.3.4 Tangent space and Kahler property

Comparing the general discussion on the tangent space of group-theoretic coherent
states with the particular form of Gaussian states and especially with the decom-
position , one finds the following structure for the Gaussian tangent space.
The tangent space of the full manifold of bosonic Gaussian states at a point given
by the state |5, ) = D(5)S(S) |0) is given by the real span of the following tangent
vectors

WS,B)MGaussian == Span]R {D(B)S(S)BL |O> ) D(ﬁ)S(S)ElBL |O> )
D(B)S(S)0} [0}, ID(B)S(S)BLE, 10y, ¥ <m}
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Firstly, notice that this tangent space can be interpreted as containing essen-
tially one and two particle excitations on top of the base Gaussian state. The one
particle excitations are due to the displacement operators while the two particle
excitations are due to the squeezing terms.

Second, we have highlighted that, for each tangent vector |V'), alsoi|V') is in the
tangent space. In other words, 7|5 3 M Gaussian 1S @ complex linear space. According
to Proposition [2] this ensures that bosonic Gaussian states are a Kdhler manifold.

4.4 Fermionic Gaussian states

We consider a system of N fermionic modes with creation and annihilation opera-
tors ¢! and ¢,. The indexn = 1,..., N labels the modes. For each mode we define
the following Hermitian operators, known as Majorana operators,

A~ A ~ A A o
n — Cp +Cn), n — Cp —Cn)- 4.67
gl \/5( ) gl \/5( ) (4.67)

They play a role analogous to the quadratures in the bosonic case. We collect
them in a single vector

A

)A(:(’3/17"'7’3/N7%/17'--a’7N)T- (468)
They satisfy the anti-commutation relations
(%} =6 (4.69)

We identify the vacuum state |0) as the state for which ¢, |0) = 0 for all n.

On the fermionic Fock space defined by these modes it is possible to identify
a group representation given by the unitary operators U = e%, where Q is any
anti-Hermitian homogeneous order 2 polynomial in the operators x. We will refer
to them as fermionic Gaussian unitaries.

These unitaries belong to a representation of the real orthogonal group. Thus
we can use them to construct a corresponding manifold of group-theoretic coherent
states, according to the principles set out in Section For the representation
the lowest weight state is the vacuum |0), so we can define the following set of
states:

Mf.Gaussian = {Z/{ |0> y vu} . (470)

We will refer to these states as fermionic Gaussian states.
In the next sections we will now study more in detail the fermionic Gaussian
unitaries that we have just defined.
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4.4.1 Fermionic Gaussian unitaries

The fermionic Gaussian unitaries U belong to a unitary representation of the Lie
group of real orthogonal matrices

O(2N,R) = {G € GL(2N,R) : GG =1} . (4.71)

Similarly, the set of anti-Hermitian operators Q gives a representation of the special
orthogonal Lie algebra

50(2N,R) = {K € gl2N,R) : K + KT =0} . (4.72)

Indeed, for each matrix K € s0(2N,R), one can construct the corresponding
anti-Hermitian Hilbert space operator

~

O(K) = - XKx. (4.73)

DO | —

Similarly, for any matrix G € O(2N,R) that can be written as G = e for some
K € s0(2N,R), one can define the corresponding unitary

UG) = U(F) = QE) (4.74)

Here, it is important to notice that, contrarily to the bosonic case, the group
O(2N,R) is not fully connected. There exist two disconnected components, cor-
responding to matrices with det G = £1. It turns out that they generate two
disconnected components of fermionic Gaussian states, corresponding to states
with even and odd fermion number parity. Only the matrices in the component
connected to the identity, i.e., the subgroup SO(2/N,R), can actually be written
as G = eX. In order to be able to represent also the elements with det G = —1,
we can choose any 2/N-dimensional vector v, normalised such that vTv = 2 and
introduce the unitary U(G,) = v;X’, representing the matrix G, = voT — 1. We
see that det G, = —1 and that, for any G € O(2N,R) with det G = —1, we can
write U(G) = U(G,,)U(eX) for some K € s0(2N,R).

The operators U(G) constructed this way constitute a group representation, in
the sense that one can show that

UG UG) =UGE). (4.75)

Furthermore, the adjoint action of fermionic Gaussian unitaries on the Majorana
operators is given by
U(G)XUG) =G % (4.76)
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The algebraic structure of the quadratic operators Q can be further highlighted
by noticing that among them we can choose the Cartan operators

1

and root space operators
E ) = i), E_ym) = 1nlm, n<m
E nm) = &} e, E_sm = Eul, n<m (4.78)

corresponding to the root vectors 77((7 m (Oan + Oam) and ﬁ%”’m) = (Oan — Oam)-
All algebra operators Q can be expressed as complex linear combinations of the
Cartan and root space operators. The lowest weight vector of this representation
is indeed the Fock vacuum |0) as it is an eigenstate of all H, and is annihilated by

all B_.
Finally, a generic squeezing operator U(G) can always be split as

UG)=UTu)=UT)U(u), (4.79)
with v and T satisfying
U(u)[0) =€?10) and QT =T7'Q. (4.80)

These requirements actually fix a unique solution givenﬁ by T'= /—-GQGTS2 and
u=T"'G, with Q defined as in the bosonic case . Supposing that T' = e,
for some anti-symmetric generator K, the condition on 7' is then equivalent
to {K,Q} = 0. Considering that K is also anti-symmetric, it must then have the

form 4
B
K:(B—A) (4.83)

with A and B real anti-symmetric N x N matrices. Therefore

1 .y
= exp (K4 )nm &l &l + (K5 )nm €nlim) (4.85)

6Indeed, considering that T should also be orthogonal, i.e., TTT = 1, we have that QT =
T—1Q implies TQ = QT'T. The condition S(u) |0) = €i? |0) on the other hand implies uQuT = Q,
as can be seen by considering

1 = 2Im (0[% XT|0) = 2Im (OUT (u) X XT U (u)|0) (4.81)
=u (2Im (0|xXT|0)) uT = uQuT. (4.82)

Using these two properties one immediately has —GQG'Q = T2.
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with K = 1(A+1iB). This implies in particular that a gaussian state U(G)|0) =
eU(T) |0) does not actually depend on all the information contained in G but
rather only on T (or equivalently K,). It is nonetheless for many applications
convenient to keep in mind the formalism involving the full orthogonal group.

4.4.2 Expectation values and overlaps

Computations with fermionic Gaussian states are as convenient as in the bosonic
case. The manifold M gaussian Of fermionic Gaussian states has dimension M =
N(N —1) [59]. That is, the number of parameters is polynomial (quadratic) in
the number N of fermionic modes of the system. Similarly to the case of bosonic
Gaussian states, the evaluation of the expectation value of products of d Majorana
operators requires order M9 operations are greatly simplified by Wick’s theorem

Proposition 15 (Wick’s theorem). Consider a product of d operators
AjAy - Ay, (4.86)

where each term is a linear combination of Majorana operators, i.e., A=A0 4
Agl)f(i. Let us then take the expectation value of this product on a fermionic Gaus-
sian state |G) = U(G) |0). Such expectation value can be expressed as

(5,81 A1ds -+ Al B) =(=1)" (A1 da) - (Ag-1 Ad)
+(—1)" (A1 As) (A Ay) - (Ag-1 Ag)
+ ... (Sum over all possible contractions).  (4.87)

Here, by contractions we mean all possible ways to subdivide the operators in prod-
uct (4.86) into groups of two operators, and then defining

(A A) = (G1A, A,|G) . (4.88)

The signs s are given by the sign of the permutation that is necessary to reorder
the initial product (4.86|) into the contractions.

Proof. The proof is based on the same ideas as in the bosonic case. See, for
example, Chapter 8 of reference [107]. O

The total number of possible contractions scales factorially in d. However, if d
is small, as is usually the case, the number of terms in the sum is limited.
A great reduction of the overall computational cost is then achieved due to the
fact that each term in this sum can be evaluated just by knowing the two point
functions

<)A(Z)A(J> = észG]l (5kl + ile) , (4.89)
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where we have again assumed that the Gaussian state is parametrised as U(G) |0).
Notice that the one point function always vanishes on fermionic Gaussian states.

Calculations with Gaussian states can often be performed easily also because,
on top of expectation values, it is possible to compute overlaps between different
Gaussian states efficiently. This is in fact a feature Gaussian states share with all
group-theoretic coherent states and which, we will see in Chapter [5 is crucial for
defining useful generalisations of Gaussian and group-theoretic coherent states.

As in the bosonic case, there exists a procedure to compute efficiently the
overlaps of different fermionic Gaussian states. This is a special case of the general
one for group-theoretic coherent states contained in Section

Proposition 16 (Overlap of fermionic Gaussian states). Given two fermionic
Gaussian states parametrised as |G) = U(G) |0) and |G'Y = U(G") |0), their overlap
s given by

m} » (490)

where A = G71G" and R =1 — P (QATOQA + 1)(QATQA — 1) 'P_, with Py are
defined as in the bosonic case (4.47)).

Furthermore, the overlap can be computed efficiently even if a product of Ma-
jorana operators is inserted between the two states:

(GIX™ - X4|G") = 7o (0% - - - X'4|0) . (4.91)

ro = (G|G') = exp itr(Qlog \/—QATQAAl)] {d t2 —Qiarea

Here, the operators X are specific linear combinations of the reqular quadrature
operators therefore their expectation value can be computed using Wick’s theorem
based on their two point functions

T2 1 / . /
(0]x x|0) = §G R(1+iQ)RTGT (4.92)

Proof. These quantities can be computed by making use of the fact that any
unitary operator of the form (4.85)) can be further decomposed as

UT) = U, UpU_ (4.93)
where
U, = Am ekl (4.94)
Uy = e A0)nm eh ém—(AT)nm én el (4.95)
— 2(A0)nm el em—trAo (4.96)
U = A entm (4.97)
(4.98)
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We have that A, is defined by the relation

9 < ReA, ImA,

_ 2 2 —1
ImA, —ReA, ) = tanhlogT" = (1" — 1)(I" + 1) (4.99)

and Ay is calculated as
1 1
Ap = Jlog(T —4A AT) = trdo = Strlog [T (T*+1)7'] . (4.100)

We further have that /- X" = R'; X/ U_. Using there relations repeatedly together
with ([£.79)), we can first decompose the unitary operators in and then com-
mute their components left and right in order to exploit the fact that (0|Uy = (0|
and U_ |0) = |0), leading to the final result. O

4.4.3 Tangent space and Kahler property

Comparing the general discussion on the tangent space of group-theoretic coherent
states with the particular form of Gaussian states and especially with the decom-
position ([4.78)), one finds the following structure for the Gaussian tangent space.
The tangent space of the manifold of fermionic Gaussian states at a point given by
the state |G) = U(G) |0) is given by the real span of the following tangent vectors

75, Mi.Gaussian = spang {U(G)eélel 10) , iU(G)elel, 0y, Vn<m} (4.101)

Firstly, notice that this tangent space can be interpreted as containing essen-
tially two particle excitations on top of the base Gaussian state. Second, we have
highlighted that, for each tangent vector |V'), also i|V') is in the tangent space. In
other words, 7|5 gy M Gaussian 15 @ complex linear space. According to Proposition
this ensures that fermionic Gaussian states are a Kdhler manifold.
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Chapter 5

Beyond Gaussian states

In this chapter we will discuss the possibility of defining classes of variational
states that go beyond Gaussian states, while maintaining some of their most useful
properties, in particular the easiness of computations.

Most of the material presented in this chapter was published in reference [101]:

T. Guaita, L. Hackl, T. Shi, E. Demler, J.I. Cirac,
Generalization of group-theoretic coherent states for variational calculations,
Phys. Rev. Research 3, 023090 (2021), used under cC BY 4.0.

5.1 Overview

In Chapters |2 and [3| we have discussed the important role that sets of variational
states play in the classical simulation of quantum many body systems. In Chap-
ter 4] we have discussed the example of bosonic and fermionic Gaussian states
as variational states, stressing particularly how they allow to perform variational
calculations at a low computational cost. However, Gaussian states also have lim-
itations. For example, Gaussian states have only limited forms of correlations,
similar to the ones of free systems. Also other commonly used variational ansdtze
present drawbacks, for instance the use of MPS is limited to 1D geometries.

The goal of this chapter is to define extensions of some existing variational
ansatze, that continue to satisfy the property of efficient computations, but contain
more correlations or can be used for higher dimensional systems. To do this
we will be inspired by two observations: (i) there exist known classes of states
that extend Gaussian states [52] or spin product states [68, |108] to contain more
correlations while continuing to admit easy computations of expectation values; (ii)
Gaussian states, bosonic coherent states and some classes of product states can
all be understood within a unified framework, namely the framework of group-
theoretic coherent states, that we have anticipated in the previous chapter in
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Section 4.2

The group-theoretic perspective provides some very powerful tools that allow
us to show how all the properties of the constructed families of states are actually
encoded purely in the algebraic structures of the chosen groups and representa-
tions. Conveniently, several frequently used families of quantum states can be
understood as instances of group-theoretic coherent states resulting from different
choices of Lie groups. Standard bosonic coherent states arise from the Heisenberg
group, bosonic and fermionic Gaussian states arise from representations of the
groups Sp(2N,R) and O(2N,R), while atomic coherent states [64] arise from the
two dimensional representation of SU(2).

Exploiting these available group-theoretical structures, in Section [5.2] we thus
consistently define an extension for all families of group-theoretic coherent states,
which we will refer to as generalised group-theoretic coherent states. We achieve
this by applying to the coherent states a single unitary transformation V(M) =
exp(—%M “bﬁaﬁb), where H, represents Cartan subalgebra operators and the ma-
trix M contains additional variational parameters.

In Sections[5.3|and 5.4}, we will then show how the specific form of this extension
is designed to preserve the desirable feature of being able to compute expectation
values efficiently. In fact, all necessary operations are performed in terms of objects
(matrices and vectors) whose dimension is at most the one of the Lie group. In
most examples, this dimension scales polynomially with the size of the considered
system, making our methods feasible even for studying large systems and exploring
the thermodynamic limit.

While satisfying this constraint, the extension also enlarges the range of avail-
able types of quantum correlations, going thus beyond mean field treatments. In-
deed, the exponent of V(M ), which is quadratic in algebra operators, can represent
structures not present in coherent states. For example, it can be used to introduce
non trivial density-density correlations in Gaussian states or spin-spin correlations
in spin systems. Furthermore, in composite systems it can produce entanglement
between different types of degrees of freedom (spins, bosons, fermions) as it can
contain products of Cartan subalgebra operators from the different sectors, as
sketched in figure 5.1}

The proposed construction is very general, in the sense that it can be applied
to group-theoretic coherent states associated to any choice of Lie group. For this
reason, we will give all definitions in a sufficiently general language that does not
refer to a specific Lie group and algebra, but rather makes use of the general nota-
tion introduced in Section of the previous chapter. To make the rather formal
construction more concrete, we will illustrate each step for two paradigmatic ex-
amples, namely spin—% coherent states and bosonic Gaussian states. In Section
we then give a more complete discussion of the applications where we believe this
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construction could reveal itself most promising.

Figure 5.1: We show schematically how a unitary operator V(M) (edges of the tri-
angle) can generate entanglement in composite systems between different sectors,
e.g., bosonic, fermionic or spin sectors (vertices of the triangle).

A(S)pins:
HI: = é&g
i (b)) (s i n 17(s) fr(f
exp(—i M H" H) exp(—s M H HD)
V(M)
X Bosons: Fermions:
1" = i(aja +3) 1 = i(@Elen — )

exp(—%M’”ﬁl(b)I{[T(f))

5.2 Generalised group-theoretic coherent states

In this section, we will define new families of states, which we refer to as generalised
group-theoretic coherent states, that extend the families of group-theoretic coherent
states described in Section 4.2l

Definition

We choose a Cartan subalgebra b C g, spanned by the operators H, as defined in
Section [4.2] Let us then consider the unitary operator

V(M) = exp (%M“b]:]a]:]b) : (5.1)

where, as we will do in the rest of this chapter, we used Einstein’s convention of
implicitly summing over repeated indices. The real symmetric matrix M defines a
bilinear form on h and contains ¢(¢+1)/2 real parameters that define the operator.
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The exponent of is not an element of the Lie algebra g, as it is quadratic
in the basis operators Z;. Consequently, V(M) is not a group transformation and
the product of more operators of this type does not follow a group multiplication
rule. Furthermore, the action of a transformation V(M) will in general take an
element of M, out of the set of group-theoretic coherent states.

We now define the class of generalised group-theoretic coherent states as the
set of states of the form

[¥(91, 92, M)) = U(g1) V(M) U(g2) |11) - (5.2)

The states are conveniently parametrized by two group elements g; and g, and one
bilinear form M, although this parametrization will contain several redundancies.
Similarly to group-theoretic coherent states, this class of states is determined by
the choice of the group G and of its representation & on Hilbert space. In the case
of compact Lie groups any choice of Cartan subalgebra and lowest weight state
1) will define the same family of statedT]

Example 11 (generalised spin—% coherent states). Based on Example we con-
sider a system of N spm-% degrees of freedom with Cartan algebra spanned by

H, = s0%. The unitary operator (5.1) takes the form

i

V) = exp (- Lm0 ) (53)

for any given N x N real symmetric matrix M. The generalised spm—% coherent
states take the form

(K, Ky M)) = U(K) VM) UR) -+ 1) (5.4)
where, similarly to Example the group unitaries are defined as
U(K) = exp (iIK""67) | (5.5)

with the coefficients K" taking values for i = 1,2,3 and for each spin n =
1 N.

g e ey

!This is because in this case all Cartan subalgebras and lowest weight states are equivalent
up to group unitary transformations, which can be absorbed in to the parameters g; and go.
In the case of non-compact Lie groups there may instead exist unitarily inequivalent classes of
Cartan subalgebras. Their choice is therefore relevant. Note that the Cartan subalgebra choice
with respect to which operator is defined may even be different from the one with respect
to which the lowest weight state |u) is defined.
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Example 12 (Generalised bosonic Gaussian staj:es). We consider a system of N
bosonic modes with Cartan algebra spanned by H, = i(blb, + %), as discussed in

Section .3 The unitary operator (5.1) takes the form

V(M) = exp (—%MW(B;B” + (01 b + )) , (5.6)

N =

for any given N x N real symmetric matriz M. The generalised bosonic squeezed
states take the form

W(Sh SzyM» = S(Sl) V(M)S(Sz) ‘0> ) (5-7)

where S(S) are the squeezing unitaries discussed in Section |4.3.1. We recognize
that these states constitute one of the classes of non-Gaussian states previously
introduced in [52).

Entangling degrees of freedom in composite systems

The construction of group-theoretic coherent states is possible also in the case in
which different groups act on different sectors of a composite system. In this case
the construction of generalised group-theoretic coherent states is particularly use-
ful, because, as mentioned in the overview, it enables us to entangle and correlate
the different types of degrees of freedom in the system, such as spins, bosons and
fermions. This provides a distinct advantage over coherent states alone, which
are always product states over the different system components, described by the
different groups (special unitary group for spin, symplectic group for bosons, or-
thogonal group for fermions).

More precisely, let us assume that we have two semi-simple Lie groups G; and
Go, such that the respective representations act on a tensor product of Hilbert
spaces H = H; ® Hs and thus commute with each other, i.e., we have a represen-
tation of the product group G = G; X G, with Lie algebra g = g1 ® g». By applying
the construction of group-theoretic coherent states, we will find that the Cartan
subalgebra h = by @ by is the direct sum of the respective Cartan subalgebras.
Following our definition of generalised coherent states, the transformation V(M)
will contain three terms, i.e.,

Lo rab gy Lo rab £r(1) 7701 ab £77(2) 772 ab (1) 772

S M H, Hy = 5 (Mg HY 1Y+ M AP + 2ME, AV, (5.8)
where Héi) € h;. We thus see explicitly that the last term is a product of Cartan
generators associated to the two different original groups. As our representation
acts on a tensor product, this last term in V(M) will be responsible for entangling
degrees of freedom associated to different parts of a composite system. This is
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particularly relevant when G, and G, are associated to different types of physical
degrees of freedom, such as spins, bosons and fermions.
Example 13 (Entangling spin—% and bosonic systems). Let us consider a system

composed of N spm—% degrees of freedom, as described in Fxample and N
bosonic modes, as described in Section[].3 The total Lie group acting on it will be
given by G = SU(2)Y x Sp(QN,R). The corresponding Cartan subalgebra is given
by the span of all the operators

Tha+ ). (5.9)
Consequently the unitary V(M) takes the form

V(M) = exp |~ M3, 6563

~

QM(Q) (bLbn + 3)(bL b + 3) (5.10)

)

In particular we see that the last term generates entanglement between the spin
and bosonic degrees of freedom.

—§M(12) 57 (b by,

N |—

5.3 Standard form of expectation values

Our definition was carefully chosen, such that we can efficiently compute the expec-
tation value of physical observables O of interest (e.g., Hamiltonians). To achive
this, we first show that these expectation values can be brought into a standard
form, which can then be evaluated efficiently.

Here, we assume that the group was chosen, such that O can be expressed
as a polynomial in the operators Zi, which can be accomplished in most physical
systems. Then, any such expectation value can be brought into the standard form

WIOW) = Ch' {u|U(ga) Ziy -+ Ziy 1) - (5.11)
d,{i}
To reach this standard form, we need to commute Uy = U(g1), V and Us = U(gz)
through the operators Z; that appear in O according to

W12 23, 0) = (VU] Zi, . 2l (5.12)

This will only transform the operators Z; or generate additional group unitaries
U(g;), which can all be collected to the left to form the single unitary U(gq). To
do this, we need the following two commutation rules:
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e Commuting I/ with Zi:
From (4.3)) we have that commuting group transformations with algebra
operators only gives rise to linear combinations according to

Z;U(g) = Ad(g)]U(g) Z; (5.13)

e Commuting V with Zis
Even though V(M) is not a group transformation, its action on algebra
elements has a simple form. Indeed, from relation (4.6)) it follows that

E, V(M) = V(M) neM " Ho=gnaMm fr (5.14)

=V(M) e U(emN)E,, (5.15)

where in the second line we have recognised that the exponential can be
decomposed into a complex phase factor 0, = —%%M ap, and the expo-
nential of a real linear combination of algebra operators K, = n,M"H,.
Furthermore we have that

~

H, V(M) =V(M)H,, (5.16)

as V(M) is a function exclusively of Cartan subalgebra operators and there-
fore commutes with H,. As all algebra operators Z: can be expressed as
complex linear combinations of operators of the types H, or En, it follows
that the commutation of V(M) through Z; will be a linear combination

of (E10) and (5.15).

By combining a series of operations of these kinds, we can always commute the
unitaries Uy, V and Us in through any monomial of operators Z;. They
will then combine with the corresponding Z/{lT , VI and L{QT coming from the bra
vector (| yielding identities and leaving a linear combination of terms of the form
Ug) Zj, -~ 2,

More specifically, the unitaries V(M) will give rise to a series of group trans-
formations e (") according to (5.15]). Then one has to commute all ¢ (e ) to
the left using using , which will produce linear combinations of U (eX) Zj e Zj ”
Once all the group transformations are on the left side, they combine with U(g) =
U(e™ i) U(e"ma). Thus, the action of V(M) on a monomial of algebra oper-
ators Z; will give rise to a polynomial of the same order multiplied with a single
group transformation U(g) from the left.

In summary, any expectation value of an observable O can be brought into
the standard form , whose efficient evaluation will be subject of the next
section. This enables the application of the full range of variational methods
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when using generalised group-theoretic coherent states as an approximation of
the true state of the systemﬂ. The specific form of definition (5.1) — which at
first sight may appear somewhat arbitrary — was fundamental for achieving this.
Indeed, the inclusion in the exponent of of algebra elements outside of the
Cartan subalgebra or of non-quadratic terms would make it impossible to express
the transformations and exclusively in terms of algebra and group
operators, and thus would prevent the subsequent calculations.

Example 14 (Commutation rules for generalised spin—% coherent states). The
operators U(K') and V(M), defined in Ezample|11| satisfy the following relations:

oy _ o7
67 | UK) =UK)e 5" | 60 ], (5.17)
3 3

corresponding to (5.13)), where we have the 3-by-3 matrices (L;) = €ix1, with €y
being the totally antisymmetric tensor; and

&2 V(M) = V(M) 62, (5.18)
&;@ V(M) = V(M) e 2 Mo Mumds g0 (5.19)

corresponding to ) and -

Example 15 (Commutation rules for generalised Gaussian states). The commu-
tation of the operators S(S), discussed in Section and Example with any
creation or annihilation operator can be achieved through

S1(9)%8(S) = 5%, (5.20)

where X = (q1, - .., 4, P1s - - Dn)T and G, = (0, +b,)/v/2 and p, = 1(b}, — b,) /2
are canonical quadrature operators. The commutation of V(M), discussed in Ex-
amples with creation or annihilation operators can be achieved through

VM )by V(M) = ¢~ 5™ MM g
(5.21)

i EM™) (bl bt §) ) bbom

VT(M)EILZSmV(M) _ o= S prm_pgmn g pmm)

n 5.22
gornie gy, O

2The careful reader will know by now that to apply the full range of known variational methods
to a given family of quantum states (e.g., as described in Chapters [2] and 7 it is not always
sufficient to be able to compute the expectation values of the Hamiltonian. It is also necessary
to compute quantities involving so-called tangent vectors. In appendix however, we show
that for generalised group-theoretic coherent states also these quantities can be simply brought

to the standard form ((5.11)).
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and the corresponding conjugate relations, which follow from . Combining
transformations of these types, the expectation value on the states of any
polynomial of creation and annihilation operators can be brought to the standard
form of linear combinations of

(01S(S)%i, - - %1,]0) . (5.23)

5.4 Efficient evaluation of expectation values in
standard form

Generalised group-theoretic coherent states will only be useful as variational fam-
ilies if we can efficiently evaluate expectation values (w]@]w In the previous
section, we have shown that any such expectation value can be reduced to the
standard form (5.11). To evaluate this standard form, we need to be able to
compute its building blocks of the form

(ulU9) Ziy - Zif) - (5.24)

In this section, we will discuss how to compute ([5.24) efficiently and thereby eval-
uate arbitrary expectation values from the standard form ([5.11)).

BCH decomposition

Computing can be achieved by performing a normal ordered Baker-Campbell-
Hausdorff decomposition, also known as Gauss decomposition, of the group unitary
U(g) that appears in it. Let us assume that (g) can be written as an exponential
of algebra elements. We therefore have

U(g)=exp | Y KIE,+KiH,+ > K'E_, | | (5.25)

nEAy nEAL

where we have used that the algebra operators Z; can be decomposed on the basis
If[a, E,, and we have introduced the corresponding complex coefficients K§, K.
We would like to split the exponential appearing in into the product of three
terms and rewrite U(g) as

Ulg) =T, T 7", (5.26)

where Tl and T} are operators of the forms

T, = exp Z Al Ein : Ty = exp (AS fla) , (5.27)

UISTASS
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for some appropriate choice of the coefficients A%, A7.

The specific functional dependence of A% and Al on K§ and K and the extent
to which it can be calculated analytically will depend on the given choice of the
group G. However, let us point out that the decomposition only depends
on the abstract group and algebra properties and not on the specific choice of
representation. It may therefore be convenient to perform such decomposition
working in a smaller representation than the one of the physical system, e.g., the
fundamental or adjoint representation.

Once the decomposition of U(g) has been performed the computation
of the expectation value becomes relatively straightforward. Indeed, one
can commute 7 to the right of the algebra operators Zil T , just giving rise
to new linear combinations of algebra operators. To do this one needs a relation
analogousﬂ to equation (|5.13)), i.e.,

~ DN

T Z; =R} Z;T_. (5.28)

In this way, one reduces (5.24)) to the form

RE - RY (WlT T 2, 23, T |n) 50

= e RY R (u| 2, - Ziglu) '
where we used that the lowest weight vector |p) is left-invariant by T on the right,
right-invariant by T+ on the left and is an eigenstate with eigenvalue iy, of the
operators H, that appear in Tp. Let us stress again that the eigenvalues u, are the
only object in this derivation that depends on the choice of representation that we
are using.

The information on the group element g appearing in the original expres-
sion ([5.24]) is contained in the linear coeflicients R{ (which will depend on A")
and in the coefficients A that appear in the first factor of . The factor
(| Ziy -+ Zi|p) is instead independent of g and thus needs to be computed only
once. This can be done using the standard algebra commutation relations.

Example 16 (BCH for spin-3 coherent states). AsU(g) is always a tensor product
over individual spin degrees of freedom, we can evaluate the standard form of the
expectation value for each one individually. We thus consider

WX %6, .. 63, 0L) - (5.30)

*Formula (5.28) and the form of matrix R can be derived in the same way as (4.3) and (5.13)
as explained in footnote [I} Note that we have here the quantity T (instead of U(g)) which is
not a unitary operator, but is still the exponential of complex combinations of algebra elements.
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The BCH decomposition of Ko s well-known 164, 1109] and explicitly given by
6K+a++i%a34<jr&_ _ €A+&+e%&3€A_&_ 7 (5.31)
where the respective coefficients are given by

Ay = —2log (cosgp — %KOSinT“’) (5.32)

. . -1
A= A% = =ik, 22 (cosp — LR, ™22 ) (5.33)

)

with ¢ = \/| K, |” + 1KZ. To find the equivalent of (5.29), we can use (5.17) to

deduce e*=- 6; = Ry; 6; €=~ with

1 i
e e
R = ZIAL 1 + AL —5A- | (5.34)
_TEA— A 1
Combining these results, we thus find
<¢|eiK16i€7i1' o OA’id |¢> = %o Ri1j1' o Ridjd <¢|5-j1' o &jd |¢> (5'35)
with s = —% for spz'n—%, which generalises easily to larger spin.

Example 17 (BCH for bosonic Gaussian states). To evaluate (5.23) via BCH we
first can decompose the unitary as S(S) = S(u)S(T), where (0| S(u) = ¢~ (0| and

S(T) = exp (I Y 1, 6, + (K)o 1bbin) (5.36)

for a suitable K. For this type of unitary the decomposition U(T) = T+TOT_ 18
known analytically [45]. Using this decomposition one can obtain the final result

<O’ S(S)f{u T )A(id’0> = 7nUR'iljl e Ridjd <O‘)A(j1 e )A(jd|0> ) (5'37>
where rq is given by
rg = e~ (@8 VSIS qot(] — 44, A%)T (5.38)

and R is the 2N x 2N matrix

[ 1—AT —iAr
R—( A ]1+A1)' (5.39)

The matriz Ay can be derived analytically from S according to (4.64). See Sec-
tion [{.3 for more details.
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Time evolution of the BCH decomposition

In the previous section, we showed how to compute (5.24)) which required a normal
ordered Baker-Campbell-Hausdorff decomposition of U(g) for every g. For many
standard Lie groups, the needed formulas already exist in the literature. However,
this decomposition can also be computed by solving a corresponding set of dif-
ferential equations. This approach can be used if the respective closed analytical
formulas are not known or difficult to implement and is especially convenient in
settings where one performs time evolution.

Time evolution is an important application of generalised group-theoretic co-
herent states, where one uses them to simulate the dynamics of quantum systems,
either in real time or imaginary time. A similar setting is the one where one applies
gradient descent methods to our family of states. In all these applications one has
the need to compute a certain set of expectation values at each time step of the
evolution, then update the state to a new one which is (theoretically) infinitesi-
mally close and repeat the procedure. Therefore, it is required to calculate the
decomposition ([5.26)) at a series of subsequent time steps as g evolves as a function
of time (more precisely, ¢ is a function of the variational parameters which in turn
evolve as functions of time). In these settings, it would be useful if one could
compute the BCH decomposition for U(g(t + dt)) based on the decomposition of
U(g(t)) at the previous time step, instead of having to compute it from scratch
at each step. We will now show how this can be done. As already mentioned
above, this will also lead to a general method for computing (5.26), that, although
not always the most efficient, can be useful in cases where a closed formula is not
available.

Let us assume that U(g(t)) can be written as

Ug(t)) = <O % (5.40)

and that we want to decompose it as

A A

Ulg(t)) = T:(t) To() T-(t) , (5.41)

where T_(t), Ty(t) and T, (t) are operators of the forms

T (1) = eXnear ALO B (5.42a)
To(t) = MO He | (5.42D)
T (t) = eZnear MO B (5.42¢)

We now take the time derivative of U(g(t)) and multiply it by U~(g(t)).
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From (5.40)), we have

U g(0) o) = [ drem OB SR 2] 0B )
— /0 1d7 eTad(K(t))I%Kj(t) Z; (5.44)
= [ad(K ()" (e — 11)}; %KJ( t) Z; (5.45)

where ad(K(t)) represents the matrix
[ad (K (1))]; = K*(t) iy , (5.46)

similarly to what explained in footnote For the expression used in ([5.43)) see,
e.g., the appendix of [52]. From ([5.41]), we instead have

U (g(1)) S Ug(0) = T (1) To(t) | PILICEALCEE
s [do()eT [Zd” ] (5.47)
The coefficients d§(t) and d1(t) are defined byf] -
%T_ (1) = T (1 :n;d" (B, (5.48a)
ST = o) [d3(1) L] (5.450)
%ﬂ(t) — 7 (t) :nezAfz(t)En] | (5.48¢)

By applying relations analogous to ((5.28), equation (5.47) can be brought to the
form of a linear combination of the algebra basis operators Z;, similarly to (5.45]).

Finally, comparing these algebra elements, one can write di(t) and dJ(t) as
functions of dKa and 4K and of A3(t) and A%L(t). More precisely, equat-

ing and leads to

d" (t)
M{[Ag(t), A_(£)] 3s<(t>)
" (t
R (5.49)
= [ad(K ()~ (0@ —1)] © | Kg(r) ] .
W\ K@)

*Note that in general d'](t) # 4 A"l (), because not all E,, commute among themselves.
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where M[Ay(t), A_(t)] is a matrix of the dimension of the algebra, that depends
on Ay(t) and A_(t) through the adjoint representation of the corresponding group
elements, and which we need to invert.

Note that here the derivatives %K (t) depend only on how we update the vari-
ational parameters at the given time step and how this update influences g¢(t).
We therefore assume them to be known. Similarly, the quantities K (t), Ay(t) and
A_(t) depend only on the group element ¢(t) and on its BCH decomposition at
the current time step. Having found d§(t), d1(t) from equation (5.49), we can
then integrate equations ([5.48al) to ([5.48¢c|) for one time step to obtain the BCH
decomposition at time t 4 dt.

If instead we just want to compute the Baker-Campbell-Hausdorff decomposi-
tion for a fixed group transformation of the form (5.25), we can write K(t) = tK*
and integrate from ¢t = 0 to ¢t = 1 the corresponding differential equations
to as described in this section to obtain the desired decomposition ([5.26]).

5.5 Applications

In this manuscript, we have introduced generalised group-theoretic coherent states
as a new family of pure quantum states. This family is defined on top of the well-
known group-theoretic coherent states by applying an additional unitary V(M).
There exist many examples of group-theoretic coherent states, defined by different
choices of Lie groups and representations, and this makes our construction quite
general and applicable in various contexts.

The transformation V(M) is defined as the exponential of a quadratic expres-
sion in the so-called Cartan subalgebra operators H,. This introduces quantum
correlations not contained in traditional group-theoretic coherent states, thus al-
lowing the treatment of problems beyond mean-field. The dynamics of regular
group-theoretic coherent states correspond to the group-theoretic version of semi-
classical Landau-Lifshitz (LL) equations for SU(2) spin models [110]. Our new
class of wavefunctions allows in this sense to go beyond semi-classical dynamics.
In particular, we expect generalised coherent states to be suitable for systems with
interacting Hamiltonians containing terms also quadratic in Cartan operators. For
these, it will be interesting to explore whether the many exact theoretical results
that have been proven for the Landau-Lifshitz equations, such as existence of soli-
tons in one dimension, will be be robust to going beyond the LL factorizable wave-
function ansatz. We further emphasized that generalised group theoretic states are
particularly powerful when we want to correlate different types of degrees of free-
dom (e.g., spins, bosons, fermions) in composite systems, as the transformation
V(M) can be used to entangle them by including Cartan generators of different

types.
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While going beyond coherent states, we showed in section that generalised
coherent states still allow for an efficient evaluation of generic expectation val-
ues. We stress, however, that computing the overlap (1[1)) between two arbitrary

generalised group-theoretic coherent states [¢)) and |¢)) remains in general a hard
task.

We gave two key examples of how our construction can be applied in different
settings, namely for spin—% coherent states and bosonic Gaussian states. However,
the range of applications of our proposal is by no means limited to these examples:
they can be extended, combined or complemented in many ways. The SU(2)
construction can, for instance, be extended to higher spin representations, for
example to atomic coherent states [64] obtaining so-called spin squeezed states [6§].
The Gaussian state construction can be repeated for fermionic Gaussian states,
defined in Section [4.4]

It is also straightforward to apply the described generalisation to more elabo-
rate Lie groups and algebras [111],112]. This is particularly useful as many lattice
systems can be described as an SU(N) problem, where N is the dimension of the
Hilbert space at a site [65, 66]. Our approach can thus be used to study dynamics
with variational states that have non-trivial entanglement utilizing this SU(XN)
perspective. Finally, a further interesting possibility is that of defining V(M) in
terms of a choice of Cartan subalgebra different from the one with respect to which
the reference state |u) is a lowest weight state, which can be done for non-compact
Lie groups, such as Sp(2/N, R) for bosonic Gaussian states.

We currently restricted ourselves to semi-simple Lie groups, as those are the
ones studied systematically in mathematical physics and for which the construction
of Cartan subalgebra and root system is fully understood. While this enabled us
to present a systematic framework of generalised group-theoretic coherent states,
we know that in special cases we can follow the same philosophy also for Lie
groups that are not semi-simple. The most prominent example is the Heisenberg
group associated to displacement operators for bosonic degrees of freedom, which
plays the key role in the definition of regular bosonic coherent states. It will
be an interesting exercise to explore the full extent to which this group can be
incorporated in our formalism and consider whether the same can be done for
other non-semi-simple groups.

Some of the examples discussed above have already been proposed and stud-
ied [52]. A few of them already have a history of successful applications. For
example, by choosing a fermionic number operator n¢ and a bosonic quadrature
operator p = \/#i(lA)Jr — b) as Cartan-type generators we obtain a V(M) that corre-
sponds to the well-known Lang-Firsov Polaron transformation [113], often used for
correlated boson-fermion systems. However, the presented framework can lead to
a whole spectrum of new generalisations which we believe can be of great interest.
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In terms of concrete applications, we believe that interesting developments can
come from two directions. First, as our states are particularly amenable to being
produced in common experimental implementations and their expectation values
can be computed efficiently by classical computation, they provide an ideal setting
for benchmarking experimental set-ups and quantum computer prototypes. Sec-
ond, they can be applied as variational states to describe and understand ground
state and dynamical properties of many quantum many-body systems. Some fam-
ilies of states that can be understood as generalised coherent states have already
been successfully employed to perform both exact and variational calculations [54,
71,1108, [114], testifying to the large spectrum of potential applications of the con-
struction. In particular, they include systems that contain bosons or fermions or
both, for which our construction allows to go beyond a Gaussian approach and
also caters for the necessity of entangling the bosonic and fermionic sectors. One
can also consider systems where a spin impurity is coupled to a bosonic, fermionic
or spin bath, such as the paradigmatic Kondo [115, |116] and Bose polaron mod-
els [117] |118]. We can finally take in consideration pure spin problems for which
tensor network methods do not give satisfactory results, e.g., in higher dimensions.

Some specific systems of the types above for which we believe generalised coher-
ent states would represent an interesting novelty include the case of fermions with
bi-phonon coupling [119], where the interaction is given by H._ ph = D Q f)Q(b)
where Q( and Q( ) are respectively fermionic and bosonic quadratic operators.
Of interest is also the case of the Jahn-Teller polaron [120] where, after a Lee-
Low-Pines transformation [121], the Hamiltonian takes the form H, ph =D Fig 3.
Here, the §; are quadratures of a bosonic bath and the F} are a set of fermionic op-
erators realizing an su(2) algebra, which could be described by generalised spin—%
coherent states.
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Chapter 6

Application: the Bose-Hubbard
model

Here, we will present a concrete application of the methods discussed in the pre-
vious chapters. We will show how the variational methods of Chapters 2] and
can be applied to the manifold of bosonic Gaussian states, defined in Chapter [4]
to study the well-known Bose-Hubbard model. This will highlight how, using the
full power of variational methods, even a relatively simple manifold like Gaussian
states is enough to reveal many non-trivial properties of the model in its superfluid
phase.
Most of the material of this chapter was published in reference [122]:

T. Guaita, L. Hackl, T. Shi, C. Hubig, E. Demler, J.I. Cirac,
Gaussian time-dependent variational principle for the Bose-Hubbard model,
Phys. Rev. B 100, 094529, (©) 2019 American Physical Society.

6.1 Overview
The Bose-Hubbard model provides a theoretical description of interacting cold

atoms in optical lattices [123], which in the last years have proven to be a promising
experimental platform. Its Hamiltonian is given by

fe_ <Z> bib + g Z b bt by — 1 z b, (6.1)

where BIL and b, are the bosonic creation and annihilation operators for a particle
on site n of a square lattice. The model has been analysed theoretically with a
several different methods, ranging from the historical Bogoliubov theory [47] to
later approaches based on the Gutzwiller ansatz [124].
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For different choices of the model parameters U and p, the system exhibits two
different phases in the thermodynamic limit: a superfluid phase (small U) and a
Mott insulator phase (large U). One characterization of the superfluid phase is that
the U(1) symmetry generated by the particle number operator N = 3 bib, [125]
is spontaneously broken for N — oco. This leads to both a gapless Goldstone
mode and a massive Higgs amplitude mode in the excitation spectrum around the
transition. The properties of these have both been described theoretically, e.g.,
with methods based on the Gutzwiller ansatz [126-128], strong coupling [129, [130],
the variational cluster approach [131], the random phase approximation [132] or
the ladder diagram approximation for the continuum theory [133], and observed
in experimental realizations of the model [134-136].

The aim of this chapter is to describe a systematic study of the superfluid phase
based on variational methods using the variational family of bosonic Gaussian
states — including both squeezing and displacement (see Section . This can be
seen in some way as a generalisation of the Bogoliubov mean field theory, which can
be understood as based on the smaller variational family of bosonic coherent states.
Bogoliubov theory describes the model by suitably truncating the Hamiltonian to
a quadratic non-interacting mean field Hamiltonian. This mean field Hamiltonian
can be diagonalized using Bogoliubov transformations and its spectrum describes
the dispersion relation of the gapless Goldstone mode of the model. This last step
is in fact equivalent to applying the linearised time dependent variational principle
to coherent states (coherent TDVP).

The minimal energy of the Bogoliubov Hamiltonian approximates remarkably
well the exact ground state energy and the spectrum captures the gaplessness of
the model. Bogoliubov theory, however, also presents several drawbacks. First,
the Bogoliubov ground state energy approximation is not variational, i.e., the
mean field ground state does not minimise the expectation value with respect
to the full Hamiltonian. Second, it does not capture other excitations beyond
the Goldstone one, such as the Higgs amplitude mode or bound doublon states.
Third, the Goldstone quasiparticles are non-interacting and thus, the decay of
quasiparticles excitations can only be studied by re-including the initially discarded
Hamiltonian terms as a perturbation |137]. By instead applying linearised TDVP
to an extended variational manifold, i.e., the larger class of Gaussian states in
place of just coherent states, we overcome all of these drawbacks.

First, in Section [6.2] we compute a variational ground state approximation
given by the Gaussian state |t),) with minimal energy expectation value. We show
that |i,) can be efficiently computed in any dimension from two self-consistent
equations.

Second, in Section we study the linearisation of the projected real time
evolution on the variational manifold to obtain an expression for the system’s
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excitation spectrum. The approximate spectrum captures both 1- and 2-particle
states, which include the gapless Goldstone mode, a doublon mode and a gapped
mode which may be interpreted as a Higgs amplitude mode.

Third, in Section we apply geometric linear response theory to capture how
linear perturbations couple to different parts of the spectrum. As the Gaussian
tangent space naturally captures the interaction of quasi-particle excitations in the
1- and 2-particle sector, this allows us to compute the decay and time evolution of
excitations.

We conclude in Section [6.5) with a summary of the methods we have discussed.
In particular, we point out how the Gaussian variational method is related to and
generalises simpler methods such as Bogoliubov theory or variational methods
based on coherent states.

6.2 (Gaussian ground state approximation

As first step of applying our variational methods, we compute the best Gaussian
state |t)g), i.e., the normalised Gaussian states whose energy expectation value
Ely,) = (¥g| H |1pg) on the full Hamiltonian is minimal.

6.2.1 Variational manifold

We generalise the Bogoliubov theory of the Bose-Hubbard model by extending
the variational manifold for the system state to the full manifold M gaussian Of
bosonic Gaussian states. This is in contrast to regular Bogoliubov theory, where
the variation is only done with respect to bosonic coherent states. The manifold of
Gaussian states can be conveniently defined by first squeezing and then displacing
the reference vacuum |0), as discussed in Section [4.3]

In practice, we use a variant of the parametrisations and , namely

MGaussian = { ‘57 )\> = u(ﬁv )‘) ’0> } ) (62>
with unitaries U (5, A) = D(8)S(A) defined by

8 ) )
D(B) = exp |3 D (5@ - ﬁkbk)] , (6.3)
L™ &
3 - o
SO =exp |53 (Ak,qb,i_qbg - )\Mbkqbq)] , (6.4)
L kg
where by = \/Lﬁzn e~tkenh are the momentum space annihilation operators.

Here, 3} is a complex vector and )y 4 is a complex matrix invariant under ¢ — k—gq.
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The indices k£ and ¢ run in the reciprocal lattice. The only redundancy contained
in this parametrization is the symmetry of A. For a system with N bosonic degrees
of freedom, we count N (N + 3)/2 complex coordinates (S, A\ 4) or N(N + 3) real
coordinates

T = (Re(ﬁk), Re(Agq), Im(By), Im()\;ﬁq)) . (6.5)

We will use the shorthand notation U (z,) for the choices of z, such that U (z,) |0) =
|tg)-

The manifold is closed under the action of any subgroup generated by any
operators that are linear and quadratic in creation/annihilation operators. In par-
ticular, this applies to the U(1) symmetry group generated by the total number
operator N = 3 bib,. Here, for any Gaussian state [¢)) other than the vacuum

|0) we find a whole ring of inequivalent states el |1y with the same energy ex-
pectation value. Therefore, we expect this variational manifold to be well suited
to capture spontaneously broken U(1) symmetry phase of the system, i.e., the
superfluid phase, and its features, such as the massless Goldstone mode.

While the symmetry of the Bose-Hubbard model is known to be only sponta-
neously broken in the thermodynamic limit (N — o0), our ansatz already gives
rise to a family of non-symmetric approximate ground states at finite N. We
furthermore point out that, while finite temperature spontaneous breaking of a
continuous symmetry at zero temperature is ruled out in one dimension, there
might still be quasi-long range order, therefore a broken symmetry ansatz can
turn out to be a reasonable choice also in one dimension.

The manifold contains a submanifold of states which are translationally invari-
ant, namely the set of states |¢)(5k, Aiq)) With B; = 6060 and A4 = dg 00,4 For
the ground state search, it is sufficient to restrict ourselves to this submanifold as
we expect the ground state to preserve the translational symmetry of the problem.
For the study of excitations around the translationally invariant ground state, we
will then use the full manifold in order to capture also excitations with non-zero
momentum.

The tangent space Tjy)M Gaussian Of the variational manifold at the point |¢) is
spanned by the tangent vectors |V,,), which naturally include states with 1- and
2-particle excitations (compare with Section [4.3.4):

Tty Mausinn = spanc{ U(@)BL10), U@L B10)} (6.6)

Put differently, the variational class of all Gaussian states captures accurately the
1- and 2-particle quasiparticle excitation sector of our model.
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6.2.2 Ground state search

The first step of our procedure to exploit the given choice of variational manifold
is to find within it the best approximation of the ground state, that is the state
with the lowest energy expectation value.

Our strategy to do this is simply to look for the stationary points of the energy
function. That is to find states [¢)(z)) in the variational manifold such that

0 .
0= B()= EV:QWIP’Z@)H ¥ () (6.7)

where E(z) = E(B,\) = (8,\|H|B,)\) is simply the energy function and we
have applied (2.49). Notice that it is not necessary to actually compute g,, =
2Re (V,|V,), since its positive definiteness guarantees that (6.7)) is equivalent to

Py H [¢(2)) = 0, (6.8)

where Py, is the orthogonal projector onto the tangent space to the manifold
at [1(z)). For Gaussian states, we find simple equations for this stationary point
and see that they only admit a single solution up to the redundancy generated by
el

This solution |¢,) can be characterized analytically, independently of the sys-
tem size or dimensionality, in terms of two parameters A and B, which can be
efficiently computed numerically as the fixed point of two coupled self-consistent
equations. For more details on this calculation and on how to parametrize the
approximate ground state see Appendix

6.2.3 Ground state properties

Having obtained an analytical expression for the approximate ground state, it is
then possible to calculate the predictions of our model for ground state properties
such as the energy and particle densities. The quality of our method can be
benchmarked by comparing these quantities with the ones obtained through other
methods, such as Bogoliubov theory or, at least in one dimension, with a numerical
DMRG calculation [36] (see Figure. Our variational energy Ejy,y = (1] H 1,
is higher than the DMRG one, as expected, but lower than the one obtained by
other variational choices, such as the coherent state |35) with minimal energy
Ejgey. The energy obtained as the ground state energy of the Bogoliubov mean
field Hamiltonian is generally lower than ours and remarkably close to the DMRG
result. However, it is important to emphasize that this energy Epogoliubov 1S Ot
variational as it is computed with respect to the truncated mean field Hamiltonian,
which actually does not admit a well defined ground state in the zero momentum
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Figure 6.1: Comparison of ground state energies in 1D. We compare the following
approaches: (a) Minimal energy on manifold of coherent states g, (b) Bogoli-
ubov ground state energy Epogoliubov = Ejgey — A° from (6.16)), (c) DMRG energy
Epyre and (d) minimal energy Ejyoy of all Gaussian states, in the limit N — oo.
The DMRG results were computed for finite systems with open boundary condi-
tions and then extrapolated to the thermodynamic limit N — oco. The Gaussian
state energy E),q) appears to have saturated to the thermodynamic limit value by
N = 500.
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mode. More precisely, the state minimising the mean field energy is infinitely
squeezed, which would lead to a diverging energy expectation value with respect
to the full Bose-Hubbard Hamiltonian.

Thus, the Gaussian variational family provides a consistent class to approxi-
mate the ground state of the Bose-Hubbard model in the superfluid phase. Its
ground state energy estimate is reasonable, although worse than the one obtained
from Bogoliubov theory. The strength of our extended variational family, however,
lies in its prediction of quasiparticle excitations and their properties, such as life
time and linear response.

6.3 Quasi particle excitations
We can derive an approximate excitation spectrum from the perspective of our
Gaussian variational manifold by using the method of linearised projected real time

evolution (see Section|3.3.2]). As our variational class generalises the coherent state
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manifold used in standard Bogoliubov theory, we will be able to capture higher
excitation modes of the model.

The projected real time evolution is computed as prescribed by the time de-
pendent variational principle (TDVP)

 W(0) = Py (~i) [0(1)) (69)

Note that, as bosonic Gaussian states are a Kahler manifold, this is equivalent to
both the Lagrangian and McLachlan TDVP (compare with Section . The equa-
tion of motion generates a Hamiltonian time evolution flow ®; : Magaussian —
MGaussian that, linearised around the stationary state [¢)g), reduces to a sum of
phase rotations. From the perspective of our variational manifold, the frequen-
cies of these rotations provide a natural approximation of the lowest excitation
energies.

6.3.1 Linearised TDVP

We calculate the excitation energies, shown in Figure as the eigenvalues of
the linearisation of the equations of motion , that can be understood as a
generalisation of the well-known Gross-Pitaevskij equations |48 |49).

In particular, we consider the linearisation of the projected real time evolu-
tion around the stationary point |¢,). Given our real variational parameters x
from , the projected Schrodinger equation takes the form

> % () = Plogay (—1H) [ (2)) - (6.10)

m

The projector Py, projects onto the tangent plane 7}y (,)MGaussian Spanned by
the vectors a% |t(x)). We can therefore in particular introduce the component
Pﬁl)(x)) referring to the projection onto the specific direction corresponding to the
coordinate z#. This leads to the coordinate time evolution equation

i = X0 (@) = Py (1) [(2)) | (6.11)

which can be compared to (3.14). We then linearise the equations of motion
around the stationary point z,, i.e., where X*(xy) = 0. The linearisation is based
on taking z# = zf + dz* and expanding (6.11)) to first order in dz* leading to

Sit = 82‘:W ZK“ ox” (6.12)
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Figure 6.2: Excitation spectra for p = 0. We compare the quasiparticle excitation
spectrum computed from Gaussian TDVP with Bogoliubov theory. The results
are shown for © = 0 and two different values of the interaction strength (U = 0.1
and U = 1) in 1, 2 and 3 dimensions. The spectrum was computed as eigenvalues
of K*, from , where we interpolated the continuum part of the spectrum.
The computations were performed for N = (501,1012,413) for dim = (1,2,3)
respectively.
U =0.1 U=1

1: =\
; 4\ /

dim =1

dim = 2

dim =3

=

bid bid 3 n n %4
0 " > y 0 i 2 "

21k /N 2wk /N
Excitation continuum (TDVP) — Continuum boundary (TDVP)
— Goldstone mode (TDVP) —— Doublon mode (TDVP)

- - - Goldstone mode (Bogoliubov)

where we introduced the N(N + 3) x N(N + 3) linearisation matrix K*,. The
approximate excitation spectrum is then found as the eigenvalues of K*,. We
construct K*, explicitly in Appendix

Another formal expression for the matrix K can be shown to be

o 0
K", ==Y aw 5.0 90 E (@), (6.13)
p

where E(x) is the energy expectation value of the state [1)(x)), and the matrix Q
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Figure 6.3: Comparison with Bogoliubov spectrum. We compare the spectra from
Gaussian TDVP (left figure) with the one from Bogoliubov theory (right figure).
For this, we overlap both figures (middle figure) and zoom into the narrow light
strip around the Bogoliubov dispersion relation & (red dotted line). We see that
the Goldstone mode merges into the TDVP continuum spectrum in the same re-
gion, where free Bogoliubov theory predicts & to lie inside the 2-particle continuum
(indicated by arrows). The TDVP was performed in 1 dimension for N = 501,
pw=0and U = 0.01.

Gaussian TDVP spectrum Combined figure (zoomed onto light strip) Bogoliubov spectrum
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is the antisymmetric symplectic form defined as

Q= ( —?IN ]lév ) : (6.14)

The evaluation of the matrix K*, = J,X*(x,) reduces to calculating expec-
tation values using Wick’s theorem and taking derivatives, therefore it can be
calculated analytically in terms of the ground state parameters obtained in the
previous section. More details on the form of K can be found in Appendix [A.4.2]
K is a symplectic matrix whose eigenvalues come in complex conjugate pairs +iw.
The values of w are our estimates of the excitation energies of the model.

Due to the translational invariance of H the matrix K is block diagonal, with
each block acting on the span of tangent vectors with fixed total momentum, which
we labeled by £ in . The approximate excitation energies w can therefore also
be labeled by the total momentum k their respective eigenvector. The size of each
block grows linearly in N, and therefore in the thermodynamic limit N — oo
there is an infinity of eigenvalues wy, for each k, which can arrange themselves in
a continuum plus possibly some discrete excitations that represent bound states.

119



CHAPTER 6. APPLICATION: THE BOSE-HUBBARD MODEL

6.3.2 Excitation spectrum

In Figure 6.2, we show the dispersion relations obtained by diagonalizing the ma-
trix K numerically. For momenta close to zero, we always find a gapless isolated
mode that agrees well with the Bogoliubov dispersion relation £. However, we
also find a continuum of states that have energies above this Goldstone mode and
that always shows a gap around £ = 0. Finally, for certain parameter choices, e.g.,
for strong interactions, our spectrum also contains another isolated state above
the continuum, which can be interpreted as a doublon state.

We point out that the fact that our method gives a gapless mode was to be
expected. Indeed, N commutes with the Hamiltonian and the vector N [1)) is
part of the tangent space for all [¢)) € Mgaussian, because N is quadratic in the
bosonic creation and annihilation operators. Therefore there exists a direction in
the manifold along which the energy is constant. In this direction, the Hessian
% %E () has a vanishing eigenvalue and thus, because of equation , also
K does.

Our method captures the tangent space generated by displacements and squeez-
ing, i.e., it is spanned by 1- and 2-particle excitations. A generic eigenvector |E})
of K*, with momentum k£ is

By = U(z®) [C o+ qu),iﬂz}*_q} 0) (6.15)
q

where C,C, € C. We should therefore compare our results with the 1- and 2-
particle excitation spectrum obtained from Bogoliubov theory.

Traditional Bogoliubov theory constructs the excitation spectrum from the 1-
particle dispersion relation & of the mean field Hamiltonian

[H]jge) = Elgey — A+ > & (ob)Tob, (6.16)
k

as reviewed in Appendix [A.4.1] The dispersion relation & is independent of the
interaction strength U and becomes exact in the limit U — 0. General eigenstates
of [HJ|gey consist of non-interacting excitations created by (db5)". A general 2-

particle excitation with momentum k is therefore given by (6b§ +q)T(5ISZ_q)T 155)
and has energy &y + kg

Because of the gapless nature of the 1-particle Bogoliubov dispersion relation,
the continuum of non-interacting 2-particle excitations is never separated in en-
ergy from the 1-particle dispersion, as seen in Figure (right) and discussed in
Appendix . The gap between the isolated bound state (Goldstone mode) and
the continuum of higher excitations is therefore a new feature of Gaussian TDVP
due to the fact that it implements the interaction within the 1- and 2-particle
sectors.
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While the Goldstone mode continues to be well-described by the Bogoliubov
dispersion relation &, the spectrum of 2-particle excitations from Gaussian TDVP
starts to divert as we increase U. In particular, we see that for sufficiently large
U both, the Goldstone mode and the doublon mode are completely separate from
the continuum.

In figure 6.3}, we compare Gaussian TDVP and Bogoliubov theory in the regime
where the Goldstone mode partially intersects with the continuum. We observe
that this intersection appears for small U in the Gaussian TDVP results only
in those regimes where also the in Bogoliubov theory the 1-particle mode lies
partially above the bottom of the many particle continuum. This phenomenon
occurs for choices of 1 and system dimension such that the dispersion relation &
is not convex, i.e., there exist ¢, k, such that £, +&; < Egqx. In Appendix[A.4.1], we
show that this can only happen for p < 6 —2dim. When going to the full Gaussian
TDVP, these simple kinematic considerations are no longer sufficient, due to the
interaction between 1- and 2-particle excitations. The Gaussian TDVP continuum
(light orange) agrees well with the Bogoliubov 2-particle spectrum (light red),
where it intersects with the Goldstone mode, i.e., roughly for 2mk /N € (7 /4,37 /4).
Outside of this region, the two disagree: While the Gaussian TDVP gives rise to a
finite gap between continuum and isolated Goldstone mode, 2-particle continuum
and 1-particle dispersion relation necessarily touch for the non-interacting mean
field Hamiltonian from Bogoliubov theory.

Gaussian TDVP can describe the decay of single particle excitations into a con-
tinuum of higher excitations for those momenta k, where the excitation continuum
and the Goldstone mode intersect. The absence of isolated bound states for those
momenta k leads to an excitation spectrum composed only of finite width peaks.
This in turn means that every excitation that couples to the continuum will com-
pletely decay and thus have a finite lifetime. This phenomenon is known as Beliaev
damping [137] and is not captured by the standard Bogoliubov theory, but so far
has been typically obtained from perturbative expansions by re-including higher
order terms of the Hamiltonian. We will further investigate this decay behaviour
of excitations into the continuum in Section [6.4.21

6.3.3 Higgs mode

Another suggestive observation can be made on the physical interpretation of the
gapped mode at the bottom of the continuum. A possible interpretation is that
it is a remnant of what, near the superfluid to Mott insulator transition, becomes
known as the Higgs mode. It corresponds to oscillations of the amplitude of the
order parameter (130> (while the Goldstone mode is interpreted as oscillations of
the order parameter phase) and it has been observed experimentally by coupling
to it through modulation of the tunneling amplitude [134].
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Figure 6.4: Continuum/Higgs gap as function of 1/U. This figure shows the gap
between the gapless Goldstone mode and the continuum of excitations as a function
of 1/U in 1D and 2D and for different system sizes. The asymptotic value for large
N and small U obtained in equation is also indicated for N = 1001 in 1d
and N = 101? in 2d.
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The prediction of our model for the continuum gap, which because of this
possible interpretation we will label as Fpgqs, can be studied numerically through
the diagonalization of the matrix K described in the previous paragraphs. At
fixed non-zero U, Epiggs converges to a finite non-zero value in the thermodynamic
limit.

We are also able to give an analytical asymptotic result for the limit in which
U — 0 while p varies so as to keep a constant particle number density of the
ground state n = (N) /N (see Appendix . In this limit, we have that the
gap goes to zero linearly in the interaction strength U, namely

lim —EHiggS

Jim :a(N,n)NQ%n%N_% as N — o00. (6.17)
o

Note that it is instrumental that we took here first the limit U — 0, before studying
the large N asymptotics.

In Figure [6.4] one can see the numerical results for the behaviour of the ratio
between the Higgs gap and U and notice how it indeed approaches a constant
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asymptotic value for small U. In the large U region, it has instead an unexpected
divergent behaviour (the gap should close at the SF/MI transition [127]), however
this can be understood as a breaking down of our model at the transition where
Gaussian states are no longer a good description of the system’s ground state.
It is instead interesting to see how the constant small U behaviour matches the
experimentally measured value of the Higgs mode gap [134] even better than the
previous theoretical results obtained with Gutzwiller theory.

6.4 Linear Response

We use our variational manifold and the real time evolution projected onto it
to study the response of the system to small perturbations. We achieve this by
applying the linear response framework discussed in Section[3.4] This is significant,
as it provides possible connections to actual experiments, where certain system
responses can be probed and measured.

6.4.1 Spectral Functions

We model an external perturbation by considering the time dependent perturbed
Hamiltonian

H(t)=H+ept)V, (6.18)

where H is the unperturbed Bose-Hubbard Hamiltonian (6.1)), ¢(t) is a classical
external field that couples to the system through the Hermitian operator V and €
is a small real parameter. We shall then consider the projected real time evolution
[1(t)) of the system under such perturbed Hamiltonian and evaluate its response
in terms of the expectation value of the same coupling operator V. In particular,
we consider this response in the limit of small perturbations, i.e., we compute
quantities only up to first order in the parameter e. Thus, we consider the response

V(1) = L (w011 (1) (6.19)

e=0

to the perturbation V.

As discussed in Proposition [10] the Fourier space response 6V (w), calculated
on the variational manifold as explained above, takes the form §V (w) = ¢(w) x(w),
where @ is the Fourier transform of the perturbing field ¢(t) and Ay (w) = —2Imy(w)

is the response function of the system with respect to the perturbation V. Such
response functions are expressed in terms of the spectral decomposition of the
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Figure 6.5: Spectral functions for the density variation V(i(fgsity from . We
show, as colour plots, the values of the spectral response function Ay(w) in the
relevant range of values of k£ and w. In the first column, we show more logarithmic
graphs of A (w) for fixed slice of £ (indicated by vertical lines of the respective color
in the second column). The computations were performed for N = (501, 1012, 413)
for dim = (1,2, 3) respectively. To extract a continuous response functions, we
performed a binning in energy intervals of Aw = (0.13,0.2,0.37) for dim = (1,2, 3)

respectively.
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Figure 6.6: Spectral functions for the lattice modulation f/ig]gice from . We
show, as colour plots, the values of the spectral response function Ag(w) in the
relevant range of values of k£ and w. In the first column, we show more logarithmic
graphs of Ay (w) for fixed slice of k (indicated by vertical lines of the respective color
in the second column). The computations were performed for N = (501, 1012, 413)
for dim = (1,2, 3) respectively. To extract a continuous response functions, we
performed a binning in energy intervals of Aw = (0.13,0.2,0.37) for dim = (1,2, 3)

respectively.
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linearised real time evolution K defined in Section [6.3] as

Ay (w) = %sign(w) et (w) dV, > 6(|w]) (6.20)

where dV is the gradient differential form of the real valued function on the man-
ifold (1(8, \)|[V]1(8,N)), e(w) are the eigenvectors of K (as defined in Appendix
with eigenvalue w and 0(w|) is a normalisation of the eigenvectors such that
the conditions of Proposition [J] are satisfied.

For the Bose-Hubbard model, we consider the following types of perturbations:

Vi) wtiate = D U (28) (ib], — iby) U (25) . (6.21)
k
‘/d(erzsity = Z b;[zbn COS(k’J}n) (622)
Vibhe = 3 (Blbyn + b1,by) cos(ka) - (6.23)
(n,m)

In , we use a linear operator to create a single particle perturbation of mo-
mentum k. The other two perturbations are quadratic in creation and annihilation
operators, such that the excitation consists in general of both single and 2-particle
excitations. In , we consider a spatial density variation by modulating the
chemical potential with momentum k£, which couples directly to the local particle
density. In , we consider a spatial modulation of momentum k of the hopping
constant. This can be achieved through a modulation of the lattice depth [13§].
Such perturbation naturally couples to the kinetic energy operator.

The different response functions Ay (w), obtained by evaluating for dif-
ferent types of perturbation operators of momentum k and at energy w, give us an
indication of how strongly each type of perturbation couples to different regions of
the spectrum. Some of the resulting response functions are plotted in Figure [6.5
and [6.61

A first observation we can make is on the behaviour of the isolated Goldstone
mode in those situations when it merges with the continuum part of the spectrum.
In Figure 6.7, we see how the isolated peak of the response function broadens into a
wider feature inside the continuum. This indicates how, even when the Goldstone
mode is not an isolated eigenstate, it still survives as a finite lifetime excitation of
the system.

We can then also compare how the different perturbations considered couple to
the system. In Figure[6.8] we see how the perturbation that couples the strongest
to the continuum modes at £ = 0 is the lattice modulation operator. Although
it has to be mentioned that the definition of the normalisations of the pertur-
bations and is not free of some arbitrariness, the large difference in
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Figure 6.7: Peak merging into continuum. We plot the spectral response function
Ap(w) relative to a density perturbation for a set of different momenta k. The
function is calculated for a set of parameters (dim = 1, U = 0.01 and g = 0) such
that for some values of k£ the Goldstone mode merges into the continuum spectrum.
The plot shows how the delta-like peak of the Goldstone mode transforms into a
finite width feature when this merge occurs (purple line).
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these coupling strengths provides a further element of support to the identification
of the lower continuum modes as the Higgs excitation. Indeed it is known that
the Higgs mode should be excited most easily through perturbations of the kinetic
energy term of the Hamiltonian, while the Goldstone mode through perturbations

in the particle density [127].

6.4.2 Real time evolution

The analysis of the response function can also give indications on the real time evo-
lution of perturbations of the system. Indeed, we can interpret the operator V as
creating a perturbation described by the tangent vector |[§14(0)) = Pjy,) (—=iV) |ibe)
at t = 0, which is equivalent to giving the system a kick by choosing ¢(t) = ().
The evolution in the tangent plane of this perturbation vector is then given by
d®; at |1y), i.e., the push-forward of the real time evolution flow ®; around the
stationary point. d®; is a linear map on the tangent space at |1),), explicitly it is
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Figure 6.8: Comparison: Density variation and lattice modulation at
k = 0. We compare the response functions from density variation with the one from
lattice modulations. The response to the lattice modulation is by several orders
of magnitude stronger. Note that we rescaled the data by factors of 10¥* to fit
into the same range. The computations were performed for N = (501,1012,413)
for dim = (1,2, 3) respectively. To extract a continuous response functions, we
performed a binning in energy intervals of Aw = (0.5,1,1) for dim = (1,2,3)
respectively.
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given by the matrix e®* with respect to the basis .

We consider an initial perturbation |01,(0)) in the 1-particle sector of the
tangent plane, i.e., we require [0¢,(0)) to be only spanned by 1l-particle states
in basis (6.6). In particular, this is accomplished by the perturbation created by
\71(k) The time evolution of |01,(0)) under the map d®, will either describe the

—particle*
full decay with finite life time or a partial decay leading to a remaining excitation
with infinite lifetime. This was already mentioned in Section where we
argued that full decay only occurs if there is no bound state, i.e., for those momenta

where the Goldstone mode intersects with the 2-particle continuum.

Indeed we observe that if the perturbation is created at a momentum value
where there exists an isolated Goldstone state with a strong coupling to the 1-
particle sector (quantified by the 1-particle response function), the perturbation
will persist indefinitely. If, instead, the excitation has a momentum at which the 1-
particle perturbation couples sufficiently strongly to the continuum, a part of it will
decay into the continuum modes, disappearing in a time proportional to the inverse
of the width of the response function. Finally, if there is no isolated Goldstone
state at the chosen momentum, but only the continuum, the perturbation will
have a finite lifetime and decay completely into continuum excitations.

In Figure we show the overlap of the time evolved perturbation with the
1-particle sector of the tangent plane, for different total momenta of the initial
perturbation. A perturbation with momentum k corresponding to an isolated
Goldstone state will maintain a large overlap with the 1-particle sector. For pertur-
bations with momentum £ closer to the region where the Goldstone mode merges
with the continuum, a larger part of the overlap with the 1-particle sector will
decay in time. Finally, if the perturbation has a total momentum k, for which
no isolated Goldstone state exists in the spectrum, the single particle overlap will
decay completely to zero after a finite lifetime. Such decay behavior is similar
to what can also be seen in quantum optical systems coupled to unconventional
photon baths [139].

This behaviour of the evolution of perturbations can be interpreted as a rem-
nant in lattice systems of what in continuum Bose-Einstein condensates (BEC) is
known as the Beliaev damping of excitations, i.e., the decay of 1-particle excita-
tions into the continuum of many particle excitations due to scattering interac-
tions. Our variational scheme successfully captures at least part of this behaviour,
namely the one associated to the 1- and 2-particle sector that are fully included in
our tangent space. This is in contrast to the traditional Bogoliubov theory that
is restricted to the non-interacting l-particle sector. In particular, standard Bo-
goliubov theory cannot describe the interaction with the continuum consistently,
which can only be incorporated by re-including the previously neglected terms as
perturbations [137].
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Let us emphasize that our method does not allow us to infer the properties of
excitations three or more particles. In particular, it is possible that by including
three and more particle excitations, the gap between 1-particle Goldstone mode
and 2-particle continuum may become filled. If this were the case, the respective
1-particle excitations would have a finite lifetime as they now could decay into the
continuum of higher excitations.

Figure 6.9: Time evolution of I1-particle weight. We show, for different momenta
k, the real time evolution of the I-particle weight Wi, (t) = | (10x(0)|x(t)) |°, where

) = V)

1 particle
tangent plane.

|1g) is a perturbation vector in the one particle sector of the

dim=1,up=0,U =0.01

0 100 200 300 400 200

6.5 Comparison between methods

Our study is based on the time dependent variational principle, where we project
the equations of motion on a given variational class and linearise them around the
stationary state that provides the best approximation of the ground state. While
we focused on the class of all Gaussian states, the method can be applied to any
suitable family of states, so it is natural to compare the results between different
variational classes. In the context of Bogoliubov theory, it is natural to compare
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our larger manifold of all bosonic Gaussian states D(5)S(A) |0) with the smaller
sub manifold consisting only of coherent (or displaced) states D(f3) |0).

(i) Coherent TDVP around |5§). If we apply linearised TDVP to the manifold
of coherent states, we obtain the same excitation spectrum as the single-particle
spectrum &, of Bogoliubov mean field theory (see Appendix |A.4.1). However, we

should point out that [H], gy contains more information than the linearised TDVP,
as it gives us a Hamiltonian operator whose minimal energy Epogoiiubov 1S @ better
estimate of the system’s ground state energy than just Ejg). On the other hand,
this energy is not variational, i.e., it cannot be expressed as the expectation value
of an ansatz state on the full system Hamiltonian. Furthermore, the truncation of

~

H] 5y is not self-consistent, because |35) is not its ground state.
|Bo> 0 g

(ii) Coherent TDVP around |¢,). After finding the best Gaussian ground
state approximation |t),), we can linearise around it the equations of motion re-
stricted to the space of displaced states D(3)|1,). The 1l-particle spectrum &
obtained this way is gapped and consequently not a good approximation to the
Goldstone mode. However, we can use & to construct the 2-particle continuum of
the quadratic Hamiltonian []:I |y Interestingly, the resulting 2-particle spectrum
provides a good approximation to the continuum with Gaussian TDVP. In this
way, we can understand the gap &5 as already encoding the interaction energies
between two particle excitations that is required to approximate the interacting

2-particle spectrum.

(iii) Gaussian TDVP around |f,). In order to obtain a self-consistent ground
state, we enlarge the manifold of states and introduce general Gaussian states,
which also allow for squeezing. Indeed, the Gaussian state of minimal energy |t,)
can also be identified as the state that fulfills the property of being the ground
state of the corresponding mean field Hamiltonian [I:I Jj)» i-€., the quadratic trun-
cation of the full Hamiltonian when normal-ordered with respect to |¢g). If we
apply linearised TDVP to the extended manifold of Gaussian states, we obtain
the spectrum which was the main object of this chapter, which naturally contains

both 1- and 2-particle excitations (see Section [6.3)).

Projected Hamiltonian. Finally, there is a well-known alternative based on
the projected Hamiltonian (see Section to compute excitation spectra from
a tangent space. Instead of linearising the equations of motion, we can directly
take the tangent space as variational ansatz for eigenstates by projecting the full
Hamiltonian onto it, i.e., H = Py, HIP)|w>, and then computing its spectrum. The
eigenstates |E;) with energy E; of the projected Hamiltonian H are manifestly
variational, i.e., their expectation value with respect to the full Hamiltonian is
equal to E; and there exists a true eigenstate of the full Hamiltonian with smaller
energy. This is not necessarily the case for the eigenvectors of K in the linearised
TDVP. In [92], it has been further pointed out that — in contrast to the projected
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Hamiltonian method — the linearised TDVP may incorrectly predict massless ex-
citation modes. This occurs whenever the approximate ground state within the
chosen variational family spontaneously breaks a symmetry which is not sponta-
neously broken in the exact ground state. In the case of the Bose-Hubbard model,
this is actually a desirable feature: while the true ground state only breaks the
U(1) symmetry in the limit N — oo, the family of Gaussian states already breaks
this symmetry for finite NV and is thus well-suited to study the superfluid phase in
the thermodynamic limit.

In conclusion, our Gaussian TDVP method naturally generalises Bogoliubov
theory to describe the superfluid phase of the Bose-Hubbard model. The presented
methods provide systematic framework to compute (a) approximate ground state
energies, (b) excitation spectra and (c) linear response functions for general vari-
ational families.

The one of our predictions that calls most for further inquiry is the gapped
2-particle continuum above the Goldstone mode. It will be interesting to further
explore with other methods whether the identification of the lowest continuum
mode as the Higgs mode is correct and whether the gap that separates it from
the Goldstone mode survives, once one also considers excitations of three or more
particles.

The presented scheme is self-consistent and requires no other assumptions than
the choice of variational manifold. It can be easily applied to other variational
families, such as non-Gaussian states [52] or Gutzwiller states. In particular, it
would be interesting to find a simple variational family with which it is possible
to perform a similar study also in the Mott phase of the Bose-Hubbard model.
Even more interesting would be a single variational set which can capture both
the Mott and superfluid phases.
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Chapter 7

Application: the
Sherrington-Kirkpatrick model

In this chapter we will present another application of the methods discussed in this
thesis to a physical model. We will construct an explicit example of the generalised
group-theoretic coherent states introduced in Chapter |5 and show how they can
be used to successfully describe the ground state of the Quantum Sherrington-
Kirkpatrick model, a paradigmatic model for quantum spin glasses.

Most of the material of this chapter was published in reference [140]:

P.M. Schindler®, T. Guaita*, T. Shi, E. Demler, J.I. Cirac,

A Variational Ansatz for the Ground State of the Quantum Sherrington-Kirkpatrick
Model, arXiv:2204.02923| (2022)

* Co-first authors

7.1 Overview

Spin glasses are an important paradigm in statistical physics. Besides their rele-
vance in describing disordered classical magnets [141} 142}, it was shown that opti-
misation tasks, such as the travelling salesman problem, can be mapped to solving
for the ground states of spin glass systems [141, [143| [144]. Classical spin glasses
can be promoted to quantum models by introducing a transverse field. The result-
ing quantum spin glasses form by themselves an important playground to study
the interplay of disorder and frustration with quantum effects [145]. Moreover,
there is evidence that the quantumness can be exploited to shortcut optimisation
tasks, for instance through quantum annealing [146-150].
The textbook example of a quantum spin glass model is the Quantum Sherrington-

Kirkpatrick (QSK) model, a generalisation of the classical Sherrington-Kirkpatrick
(SK) model [151] 152]. The QSK model has been studied extensively in the lit-
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erature both analytically [152-156] and numerically [157167]. While the famous
Parisi solution [168|, [169] provides a full solution to the classical SK model, many
open questions remain for the quantum SK model. Since the QSK model is an
all-to-all coupled model one might assume that a mean-field product state ansatz
well describes the ground state. However, this ansatz predicts a quantum phase
transition (QPT) from a quantum spin glass phase to a paramagnetic phase at a
critical transverse field gc ~ 2.J |163]|. Field theory approaches [155, [156] using
the replica method suggest instead a phase transition at gc ~ 1.5J. Numerical
calculations at small system sizes [161} [162] or obtained at finite temperature [157,
158|162, |166] confirm the latter. So far no good ansdtze have been found which
can describe the zero temperature regime for large system sizes, preventing the
study of further properties of the ground state, such as entanglement.

To tackle this problem, in this chapter we propose a variational family which
extends the product state ansatz, introducing a richer entanglement structure.
This ansatz is constructed according to the generalised group-theoretic coherent
states formalism defined in Chapter 3 Indeed, we are dealing with a spin system,
where product states represent the notion of group-theoretic coherent states. Our
generalised construction therefore provides a natural way to go beyond that. As
previously discussed, the special structure of the generalised states allows us to
introduce non-trivial quantum correlations while at the same time being able to
efficiently find variational ground states for large systems, in this case of up to
N = 200 spins.

In Section [7.2] we will introduce the QSK model in detail and present the
generalised coherent state ansatz that we will use to study it. Thanks to these
variational ground states, we obtain a significantly improved description of the
model compared to plain product states. Indeed, we observe an extensive im-
provement in terms of ground state energies with respect to product states. More
importantly, generalised coherent states predict the quantitatively correct critical
transverse field of the spin glass phase transition, while product states fail to do
SO.

In Section [7.3] we further exploit our ground state ansatz to study some previ-
ously unexplored properties of the model. In particular, we develop a method to
study the entanglement structure of the ground states. We numerically compute
the entanglement entropy of subsystems of varying sizes with the rest of system
and compare the results with some related models. Our results show a volume law
of entanglement, which indicates that entanglement monogamy does not provide
a scaling constraint despite the fact that the QSK model involves all-to-all spin
interactions. Finally, we discuss how the observed entanglement structure admits
an even simpler description. Indeed, a qualitatively analogous entanglement struc-
ture can be observed in an ensemble of states that have been introduced in the
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Quantum Information Theory context, namely random weighted graph states [170]
with normally distributed phase gates.

In Section we address a further unresolved aspect of the model, namely
the existence of a spin glass phase transition at non-vanishing longitudinal fields.
It has been conjectured that such transitions exist, but the conjecture is debated
and decisive evidence has yet to be collected in its favour. The power of our ansatz
helps to provide a contribution to answering this question. Indeed, we show that,
according to our analysis of both the order parameter and of the entropy data,
there is no evidence of a phase transition at finite longitudinal fields.

7.2 Model and variational ansatz

Concretely, we consider a system of NV spin—% degrees of freedom. The QSK model
corresponds to a mixed field Ising model with all-to-all couplings and quenched
disorder in the couplings and longitudinal field,

N N
Hosk = —= Z Jam66T =gy 6% =Y haol, (7.1)
n,m=1 n=1 n=1

where 7' is the ¢-th Pauli-matrix acting on the n-th spin. The longitudinal field
h,, and the couplings J,, are independently normally distributed numbers with
zero mean and variance h2 = h% and J2 = J/N, respectively. Here and in the
following we use the convention that an overbar - indicates disorder average.

For such a system, the natural group-theoretic coherent states are atomic co-
herent states (CS) [64], which we already introduced in Example [10] They can be
written as

() = ()!T,---,T% (7.2)
where &, [1) = + 1) and U(z) = exp(—i ), ; 2,,07") rotates each of the N spins in-
dividually on the Bloch sphere. This construction makes explicit use of the SU(2)¥
group representation that exists on the Hilbert space. The simple CS ansatz is
parametrized by the real parameters xr = {x;}izw,z; n—=1...~ and corresponds to
the set of normalised product states.

To these states we can apply the generalisation procedure defined in Chapter 5]
which leads to the set of generalised atomic coherent states (GCS),

W (z, y, M)) =Uy)V(M)[o(x)) , (7.3)

where 2%, y* and M,,, (n < m) are the variational parameters. U and |¢p) are
defined as in equation (7.2)) and the entangling unitary V(M) is given by

n<m

.....
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for any real symmetric matrix M. The states have previously been studied
in References |29, 171] and can be seen as a one-layer QAOA-ansatz [9, [172].

The entangling unitaries V(M) contain two-spin terms which give the states
a non-trivial correlation structure. However, as extensively discussed in Chap-
ter [B] this structure is chosen so that it is still possible to efficiently compute
the expectation values on |¢(z,y, M)) of any polynomial of Pauli operators. In
the present case, when computing expectation values of Pauli operators we have
V(M)16m V(M) = 6% exp(i/4>, M,,,6™), that is the two-spin terms cancel
and we are left just with products of single spin operators [101} [108]. This crucial
property allows us to find analytical expressions for the energy and the gradient
of the energy with respect to the variational parameters [173](see Appendix [A.5.1]
for more details). Thanks to this, we can apply the imaginary time evolution
algorithm (see Section to efficiently obtain the variational ground states of
individual disorder realisations for large system sizes of up to N = 200 spins.

In order to demonstrate the expressivity of the GCS ansatz, we first consider
the approximate ground state energy. For small system sizes we can compare the
variational energies with numerically exact results, obtained via a Lanczos Exact
Diagonalization method (ED) [174], see Figure [7.1 We find good quantitative
agreement of the variational ground state energy with the exact ground state
energy over a broad range of transverse and longitudinal field values. In particular
a notable improvement of the GCS ansatz upon the CS ansatz becomes visible. For
larger systems it is no longer possible to compare to an exact solution. However, we
observe an extensive improvement in energy upon the CS ansatz, suggesting that
the GCS ansatz gives a non-vanishing improvement even in the thermodynamic
limit, see inset of Figure [7.1]

Quantum phase transition

Our variational ansatz also allows us to study the QPT on the h = 0 line of the
model’s parameter space. In Figure we depict the spin glass susceptibility
Xsg = N1 > nm (6?62”}2, which is independent of the system size in the paramag-
netic phase (large g) and scales with the system size in the ordered spin glass phase
(small g) [141} 161}, 164, [175] [176]. For small system sizes we find good quantita-
tive agreement of the variational results with numerically exact (ED) results, see
left panel of Figure [7.2] However, importantly the variational ansatz also enables
us to study the phase transition at much larger system sizes, see right panels of
Figure Strikingly for the larger system sizes N > 100 finite size effects are
almost absent allowing us to read off the critical field value directly. Notice, that
both variational ansdtze clearly indicate the existence of a phase transition. How-
ever, in agreement with the literature [163] we find that the CS underestimate the
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Figure 7.1: Awerage error in energy density € = AFE/W as a function of the
transverse field. AFE is the difference between the variational energy and the exact
ground state energy for different methods (CS in orange, GCS in blue and ED in
purple) and for different system sizes N = 8, 12, 16 (light to dark). It is normalised
by the spectral bandwidth W, i.e. the difference between the highest and lowest
energies in the exact spectrum. Inset: Difference between CS and GCS energies
per site (Ecs — Ees)/N as a function of the system size N for different transverse
field values ¢g/J = 0.1, 1.0, 1.5, 2.0, 3.0 (light to dark grey). All data is for h =0
and averaged over Ngumples = 1000 disorder realisations. Results of similar quality

can be obtained also for other longitudinal field values h > 0.
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quantum fluctuations leading to a phase transition at roughly gc ~ 2.J. In con-
trast, the GCS capture the true critical point at gc &~ 1.5 J. Thus, the additional
entanglement structure introduced in the GCS not only leads to an improvement
in energy but also seems crucial in capturing the physics of the QSK model in the
thermodynamic limit.

7.3 Entanglement structure of the ground state

The findings above suggest that the GCS ansatz describes the ground state of the
QSK model very well for all system sizes up to the thermodynamic limit. Having
such an explicit expression for the ground state wavefunction allows us to study in
detail its entanglement properties. Before looking into the numerical results, we
will consider some hypotheses about the expected entanglement behaviour.

First, let us try to understand the role of the additional two-spin entangling
gates contained in V(M) by taking a closer look at the matrix elements M,,,.
Considering the probability distribution p(M,,,) over many disorder realisations,
we observe that it resembles a Gaussian distribution with zero mean and variance
scaling as 1/N. In addition, we find that the mean level spacing ratio averaged
over many realisations yields W ~ 0.53 roughly independent of the transverse
field value g > 0 and system size N, which is in agreement with the result of the
Gaussian Orthogonal Ensemble (GOE) |177].

This implies that most two-spin entangling gates approach the identity as N —
oo. This may seem compatible with the naive hypothesis that, due to the mean-
field nature of the model, product states should well describe the ground state, at
least in the thermodynamic limit. This assumption would predict the entanglement
entropy between any two subsystems going to zero as N — oo.

However, we emphasize that the number of entangling gates acting on each
individual spin diverges in the thermodynamic limit, suggesting that a non-trivial
entanglement structure is still possible also in this limit. Indeed, let us consider a
subsystem A composed of the first L spins. We quantify the entanglement between
these L spins and the rest of the system by computing the second Rényi entropy
Sa(L) of the subsystem’s reduced density matrix. Given the all-to-all connectivity
of our ansatz, there exist L(N — L) two-spin entangling gates acting between spins
in A and in its complement A¢. Each of these gates individually generates a two-
spin state with an average entanglement entropy proportional to M—gm ~ 1/N. The
cancellation of these two scalings could lead to a second hypothesis, i.e. that the
entanglement entropy between A and A¢ is proportional to L in the thermodynamic
limit N — oo. This expectation can also be made more rigorous with an argument
based on the Central Limit Theorem (see Appendix [A.5.2)).

As a third alternative, we may compare the model to a related but analytically
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Figure 7.2: Spin glass quantum phase transition. Left Panel: Spin Glass sus-
ceptibility x5, as a function of the transverse field ¢g for ED (purple circles)
and GCS (blue squares). Right Panels: Spin Glass susceptibility per site
Xsg/IN for GCS (top, blue) and CS (bottom, orange) for different system sizes
N = 20, 100, 200 (from light to dark). All data is for A = 0 and averaged over
Ngamples = 1000 disorder realisations.
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solvable model, namely a model with all-to-all interactions and invariant under any
permutation of the spins. Notice that in our case, due to the disordered nature
of the QSK model, individual realisations of the couplings J,,, and h, are not
permutationally invariant. However, invariance is present upon disorder averaging,
so the permutationally invariant case may still provide a useful comparison. In
such case the ground state |¥) must possess a Schmidt decomposition

0) = > Melow) o) (7.5)

where |¢g) and |n;) are orthonormal states of A and A€ respectively. Due to
the permutational invariance of the system, the states |¢x) must in particular
belong to the subspace of permutationally invariant states of A. Such subspace
has dimension L + 1, so there can be at most L + 1 terms in the sum . It
follows that the entanglement entropy of A is bounded by Sy(L) < log(l + L).
This scaling of the entanglement can be viewed as a consequence of entanglement
monogamy [178,179].

We would like now to compare our results with these hypotheses. To do this
we have developed an efficient method to numerically compute Sy(L) for the
states , reducing the problem to the one of computing averaged properties
of a related classical model using Monte Carlo methods (see Appendix for
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Figure 7.3: Ground state entanglement entropy. Top panel: Average Renyi-2 en-
tanglement entropy of the QSK ground state as a function of the subsystem size L,
computed for g = 1.J, h = 0 and various total system sizes (N = 50, 100, 150, 200
from light to dark blue markers). The data is fitted with the function (7.6) (or-
ange dashed lines). Fits of similar quality can be obtained also for other values
of the fields g and h. Bottom panel: Average Renyi-2 entanglement entropy of
an ensemble of weighted graph states as a function of the subsystem size
L, computed for various total system sizes (N = 50,100, 150,200 from light to
dark green markers). Also in this case the data is well fitted by the function (7.6
(orange dashed lines).
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details). The results for the average entropy, see top panel of Figure are well
fitted by the empirical functional form
So(L;N) = A(N)log |1+ BIV) sin(E) : (7.6)
m N
Notice that, in the large N limit, this functional form may alternatively represent
a Sy(L) ~ L scaling, a So(L) — 0 scaling or a Sa(L) ~ log L scaling of the entropy,
depending on the behaviour of the fit parameters A(N) and B(N).

In the range of system sizes that we were able to explore (N < 200), we observe
that the parameter B(NN) converges to a finite constant as N — co. Similarly, the
product C(N) = A(N)B(N)/N also converges to a constant C'. This suggests the
asymptotic behaviour

So(L; N) =CL+ O(1/N), (7.7)
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Figure 7.4: Entropy coefficient C(N). The coefficient C(N) = A(N)B(N)/N,
extrapolated from the Rényi entanglement entropy fit, is plotted as a function of

the transverse field g at h = 0 for different system sizes N (different shades of
blue).
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in the thermodynamic limit. In other words, we observe an entanglement scaling
larger than both the one of a product state description and the one of a permuta-
tionally invariant model. It instead scales proportionally to the volume L of the
considered subsystem.

Finally, we point out that the entanglement structure of the ground states
appears to encode very clearly some information about the phase transition of the
model. More specifically, if we compute the fit coefficient C(V) defined above as a
function of the transverse field g at h = 0, we will see that this function develops,
in the thermodynamic limit, a discontinuity in its derivative at the critical value
gc ~ 1.5J, as shown in Figure [7.4]

Comparison to random weighted graph states

The uncomplicated form of the matrix M, which appears to be distributed ac-
cording to a GOE, suggests that the entanglement structure of the QSK ground
states could be described in an even simpler way. Consider indeed the set of states
parametrized as

(W(M)) =V(M)|+,....,+), (7.8)

where |+) = \%(H) +4)). These are a subset of the full variational class (7.3|) and,

in the context of Quantum Information Theory, are referred to as weighted graph

states |170]. Let us then consider a random ensemble of such states constructed
1

by drawing the matrix M from a GOE with variance M2 = .
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We can compute the average subsystem entanglement entropy Ss(L) for this
ensemble of states, similarly to what we did for the ground states. We find that
this entropy is fitted by the same functional form and that the fit parameters
A(N) and B(NN) obey the same large N scalings as in the ground state case. It is
also possible to show analytically that the entanglement of these states must scale
according to a volume law, as confirmed by these fits (see Appendix .

Let us stress that the actual ground states contain more elaborate features
than the states (7.8)). The state |¢(z)) appearing in the variational ansatz (7.3)
is in general not equal to |+,...,+). Rather, we observe that |¢(x)) transitions
from being polarized in the z-direction at small transverse fields g to being almost
fully polarized in the zy-plane of the Bloch sphere for large g. Furthermore, the
proportionality constant between M—,%m and % also shows a non-trivial dependence
on g and h.

Nonetheless, the qualitative entanglement structure that we observe in the
ground states appears to be present already in the simplified form if one
samples M from a GOE. In view of this, we conclude that the ground state of the
QSK model can be seen as a weighted graph state, where the entangling weights
are random variables taken from a Gaussian distribution, while the underlying
product state encodes information about the model’s phase.

7.4 Phase transition at finite longitudinal fields

Another non-trivial feature of the QSK model which can be studied thanks to our
method is the presence of a phase transition at A > 0. It has been conjectured that
the model’s spin glass phase survives also for non-vanishing longitudinal fields h.
This would suggest the existence of a line of quantum phase transitions between
the spin glass and paramagnetic phases that extends from the ¢ = go, h = 0
critical point into the h > 0 plane (often referred to as the quantum de Almeida-
Thouless line) [166, |180|. This conjecture is however debated and decisive evidence
has yet to be collected in its favour.

Our analysis can provide a new contribution towards answering this question.
Indeed, we can extend our analysis to variational ground states in the whole pa-
rameter space of the model, including A > 0. What we observe is that all indicators
of a phase transition vanish as soon as h > 0.

More specifically, the spin glass susceptibility sz becomes a smooth function of
g whenever h > 0, no longer presenting the discontinuity in its derivative typical of
a phase transition, even at large N. Similarly, the coefficient C' characterizing the
entropy behaviour of the ground states clearly shows a singular behaviour at h = 0
but not for finite h. These results are illustrated in Figure [7.5 In conclusion, our
analysis was not able to identify any sign of the presence of a phase transition in
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Figure 7.5: Analysis at finite longitudinal fields. Behaviour of the spin glass sus-
ceptibility per site xse/N (green squares) and entropy coefficient C' (blue circles) as
functions of g for different values of h/J =0, 0.1, ...1 (dark to light) at N = 150.
We observe that both functions develop a singularity typical of a phase transition
only in the A = 0 limit.
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the A > 0 region of the model’s parameter space.
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Chapter 8

Conclusion

In this thesis, we have made contributions to the development and understanding
of variational methods for many body physics. These contributions have been
directed both at understanding variational methods from a general perspective
and at the development of specific new tools, especially in the context of Gaussian
methods. Taken all together, they provide a robust set of techniques to circumvent
the curse of dimensionality of the many body Hilbert space and derive predictions
about quantum systems using classical computational resources efficiently.

In the first part of the thesis, we have presented a geometric perspective of vari-
ational methods. In Chapter [2, we have shown how a variational set of pure states
M can be understood as a differential geometric manifold embedded in the Hilbert
space H. This point of view facilitates the definition of a series of geometric struc-
tures associated to M. These structures encode information about the manifold’s
curvature, its linearity, its complex structure and provide important insights on
the correct application of variational methods to it. The most important notion
that one can consider is whether the manifold M is a Kahler manifold or not.
This has significant impact on the definition of variational principles, especially
for time evolution.

We have then looked more closely at these variational principles, in Chapter 3]
defining them on a manifold M which we assumed to have been characterised
in the way described above. We have derived a geometric equivalent for all the
most relevant quantum mechanical calculations. We have shown how ground state
search can be implemented as a natural gradient descent method on a Rieman-
nian manifold. We have given geometric principles for defining time evolution on
a curved variational surface and discussed how the geometry of this surface cru-
cially impacts the inequivalence of different time dependent variational principles.
We have described how the excitation energies of a Hamiltonian are encoded in
the linear response theory of these time evolution equations on the manifold. In
summary, we hope to have convinced the reader of how the toolbox of differential
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geometry allows us to construct a complete, self-consistent and rigorous theory
of variational methods on any given set of variational states, including ones with
exotic but nonetheless useful geometric structures.

In the second part of the thesis, we have shown how one particular class of
states — Gaussian states — fits into the variational paradigm. In Chapter [d] we have
discussed how the characteristics of Gaussian states are well-suited for an efficient
numerical implementation of variational methods. We have in particular focused
on how this property stems from a special group-theoretic structure encoded in
Gaussian unitaries. This structure is not unique to Gaussian states, indeed we
have identified group-theoretic coherent states as the larger category of states in
which these properties can be identified.

These observations have led us to realise that these group-theoretic structures
can be exploited further than what is normally done in plain Gaussian or coherent
states. In particular we have shown how to use them to define sets states which,
thanks to their group structures, allow for efficient numerical computations, while
at the same time extending the variational manifolds beyond purely Gaussian
states. We have provided a rigorous construction of these states, which we called
generalised group-theoretic coherent states, in Chapter [, proving the efficiency of
the related computational methods.

In the third part of the thesis we have then given some examples of the results
which can be obtained using the variational methods described above. In Chap-
ter [6]| we have shown how the superfluid phase of the Bose-Hubbard model can
be analysed using pure Gaussian states as a variational ansatz. Many non-trivial
features of this phase can be observed even with such a relatively simple approach,
provided one uses the full range of variational principles available. In Chapter
we have illustrated the power of the generalised group-theoretic coherent states.
Indeed, we have shown how this construction in the context of spin systems pro-
vides a very reliable ansatz for the ground states of the paradigmatic Quantum
Sherrington-Kirkpatrick model.

We believe that using the approaches described in this thesis many more such
applications could be found, testifying the usefulness of variational methods. A
full understanding of the geometry of variational methods will pave the way to
applications involving more elaborate manifolds. Indeed, many variational ansdtze
can be though of that could potentially provide interesting solutions to relevant
problems — for example, applying various kinds of parametrised unitaries to fixed
reference states. These manifolds will, however, in general have complicated non-
Kahler geometric structures. Their naive application will then lead to inconsistent
results that only a precise understanding of the geometric nature of variational
methods can resolve.

Generalised group-theoretic coherent states can themselves represent a prolific
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source of new variational ansdtze and replicate in other contexts their success at
describing the Quantum Sherrington-Kirkpatrick model. We believe in particular
that their most unexplored potential lies in the application to systems which con-
tain mixtures of different types of degrees of freedom — for example, spins, bosons
and fermions. The generalised group-theoretic construction allows to define states
which present non-trivial correlations between these different degrees of freedom
which are not normally found in common variational ansdtze.

Mixed quantum states have not been addressed in this thesis, even though
they represent a fundamental tool for the description of open quantum systems.
A comprehensive description of the geometry and the variational principles for
families of mixed states is most likely a non-trivial task, however it would provide
a valuable extension and completion of the present work, which we hope will one
day be addressed.
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Appendix

A.1 Proofs

In this appendix, we present several technical proofs of selected propositions from
the main text, whose proof would have interrupted the reading flow.

Proposition 1. On a tangent space TyM C H of a submanifold M C P(H) we
can always find an orthonormal basis {|V,)}, such that g = 1 and the restricted
complex structure is represented by the block matrix

1
-1

&1

S
T
<
Il
>
N

(&)

with 0 < ¢; < 1. This standard form induces the decomposition of Ty M into the
three orthogonal parts

ToM = TyM & TyM &DyM (A.2)
—_———

ToM

where Ty M is the largest Kdhler subspace and Ty, M is the largest space on which
J and w are invertible.

Proof. We focus on a single tangent space 7,M C H and refer to the Kahler
structures on H, rather than the restricted ones on 7yM, as (g,w, J). To shorten
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notation, we define A := 7, M and B as its orthogonal complement in ‘H with
respect to g, so that H = A® B. We will refer to the restricted Kahler structures on
Aor Bby (ga,wa, Ja) and (gp,ws, Jg), respectively. The relation J = Gw = —Qg
implies g = —w.J or, equivalentlyff} g(v,w) = —w(v, Jw), and also g(Jv, Jw) =
g(v,w) for all v,w € H. From here, g(Jv,w) = —g(v, Jw) follows and we can
derive for a,a’ € A

ga(Jaa,a") = g(Ja,d") = —ga(a, Jad'), (A.3)

which implies that J4 is antisymmetric with respect to g4 and thus is diagonaliz-
able, has either vanishing or purely imaginary eigenvalues with the latter appearing
in pairs +¢;. Furthermore, we can always choose an orthonormal basis, such that
ga = 1 and J4 is represented by .

Next, we show that ¢; € (0,1]. We define the orthogonal projectors P4 :H — A
and Pg:H — B, such that

Ja: A= A, a— Py(Ja),
J— JA JAB JBZ B—)B bHPB(Jb), (A 4)
B Jea | JpB JABZ B—)A bHPA(Jb), '
JBA: A—)B ar—>IP’B(Ja)
We write J?2 — 1 = 0 in blocks to find
( JA+ JapJpa —1a| JaJap+ JapJs ) _0 (A5)
JpJpa+ Jpada | Ji+ JpaJap —1p ' '

We consider an eigenvector a € A of J4 with Jya = ica for non-zero ¢, which
implies J3 a = —c? a. We compute

g(a,a) = g(Jaa + Jpaa, Jaa + Jpaa)
= g(Jaa, Jaa) + g(Jpaa, Jpaa) (A.6)
> g(Jaa, Jaa) = —g(a, Jf_,a) = CQQ(CL’“)

where we used that A and B are orthogonal which eliminates crossing terms. This
implies the inequality ¢ < 1 and thus, we can choose ¢; € (0,1] as in (A.1]). O

Proposition 2. The Kdahler property is equivalent to requiring that Ty M is not
jJust a real, but also a complex subspace, i.e., for all | X) € TyM, we also have
i|X) € TyM. Therefore, the multiplication by i commutes with the projector Py,
i.e., Pyi = iPy and Py is complex-linear.

n the following notation we will treat g and w as bilinear forms. In other words, g(v,w) =
vtg,w” for any two vectors v,w € H
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Proof. We want to show that J3 = —14 implies that for all a € A, we also have
ia = Ja € A. Therefore, we need to show that Ja = Jya, which is equivalent to
Jga = 0. For arbitrary a € A, we compute

g(Jpaa, Jpaa) = g(Ja, Jpaa) = —g(a, JJpaa)

A7
= —g(a, JABJBACL). ( )

This expression vanishes if J3 = —1 4, because in that case JapJps = J5—14 =0
follows from the first block in . Since g is non-degenerate, this implies Jpq4 =
0. Similarly, we can use the last block in to conclude J3 = —1p, which
implies Jg4 = 0. With vanishing Jsg and Jg,, J is block diagonal and commutes
with the projectors. In the language of complex vector spaces, this implies that
Pyi = iPy. m

Proposition 8. Given a variational manifold M we define (according to the La-
grangian action principle) the free projected real time evolution |1 (t)) as governed
by the free Hamiltonian Hy and the perturbed projected real time evolution [ (t))
as governed by the perturbed Hamiltonian I:_fe(t) = Ho + EA(t), both with the same
initial state |1(0)). Then, the propagated perturbation, defined according to (3.67)),
1S given by

t
St (t) = —/ dt' (AP ), Q7 DA (A.8)

—0o0

where dP®, is the linearised free evolution flow.

Proof. Let us define the perturbed evolution flow ®§ as the map that sends the
coordinates of an initial state z#(0) to the coordinates z#(t) of the state time
evolved under the projected perturbed real time evolution. It is governed by

d € € €

(@) = XD () = (@) + X (5()), (4.9)
where Xy and X4 are the evolution vector fields associated to the Hamiltonians
H,y and A respectively. We define the free evolution flow ®? analogously by just
setting € = 0 in the previous expressions. _

Let us now define the interaction picture flow ®¢ = ®%, o ®¢. It has the useful
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property that its time evolution only depends on the perturbing vector field:

() = (5 () + 2 X (2) (8.10)
= — X (5 (2)) + dD° Xp(Pf(x)) (A.11)
+ € dP? Xa(P5(2)) |
= —Xo(a):(l’)) + % t/:()q)(itq)g/q);(x) (A12)
+ € dD° , Xa(P5(2))
d 0
— X (B(x)) + 2|, Do Pi(@) (A.13)
+ e dd° XA((I)G( )
= — X (DL () + Xo(D°,DE(x)) (A.14)
+ € d®®, X, (P(2)) |
= € dP?,X(P(2)). (A.15)
We are interested in the propagated perturbation
o)~ |t~ a0t (] _w). o

The quantity 5 ‘ <I>€( ) is for all times a vector of Ty )M and its time evolution
can be obtained by using (A.15]) after having commuted derivatives:

d[d ~ d d ~
— || & = — — o A7
dt Lze e=0 t(x)} de le=o [dt f(x)} (A.17)
2ol e dP° X4 (P (2)) (A.18)
= dd°, X, (D) (x)). (A.19)
The solution to this equation follows from integrating as
d . t
7 e=oq)§<x> = / dt' dd° , X, (®)(2)) . (A.20)
Combining this with (A.16)) and the expression (3.9) for the Lagrangian real time
evolution vector field X4 () (x)) leads to the result (A.§). O

A.2 Kahler manifolds

Kahler manifolds play a central role in this manuscript. For completeness, in this
appendix we will discuss their definition and properties. More information can
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be found in [81]. A Kéhler manifold is a manifold M equipped with a metric g
and a symplectic form w that satisfy several properties. These include some local
properties, that is that J*, = —GHw,,, verifies J?> = —1 at all points, and also
some non-local properties (closedness of w and vanishing Nijenhuis tensor). The
precise definition is as follows.

Definition 4 (Kéhler manifold). A real manifold M is called Kdhler if each tan-
gent space is equipped with a positive definite metric g and a compatible symplectic
form w as in Definition such that J*, = —G*w,, with J*> = —1, and the
following conditions are satisfied:

e Symplectic form w is closed (dw =0) with

(dw);wo = % (a,uwya + aywou + aaw,uy

(A.21)
— 0oy — OyWye — OpWyy) -
e Nijenhuis tensor N; vanishes (Nj =0) with
Nyt =T, 0hJ", — J*, OhJ",
(No)is ’ ’ (A.22)

+ JHA (0, — 0,T7).

In essence, a Kahler manifold is simulteneously a Riemannian, a symplectic and
a complex manifold, such that the respective structures in every tangent space are
compatible in the sense of Definition [I}

For the purpose of the methods presented in this manuscript, it is of inter-
est only whether the restricted Kéahler structures on M satisfy the compatibility
conditions from Definition [I} If they do, the manifold is known as an almost-
Hermitian manifold. We do not use the additional properties of w being closed or
Nj vanishing.

However, as shown in the following proposition, if an almost-Hermitian mani-
fold M is also a submanifold of a Kahler manifold, the additional non-local condi-
tions are automatically satisfied and M is itself a Kahler manifold. In the context
of this manuscript we always deal with manifolds M C P(H), where projective
Hilbert space P(H) is known to be a Kéhler manifold [181]. For this reason, for all
the manifolds we encounter, the local compatibility conditions from Definition
are sufficient conditions for the manifold to be Kéhler and we will therefore refer
to manifolds that satisfy them as Kéhler.

Proposition 15. Given a Kahler manifold M with compatible Kdihler structures
(g,@,J), a sub manifold M C M equipped with the restricted Kdhler structures
(g,w,J = —Gw) is itself a Kihler manifold provided that J*> = —1.
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Proof. M satisfies all local Kéahler conditions. We therefore only need to show
that w is closed and Ny = 0. We consider local coordinates #* on M, such that
o = (z*,2"") where changes in 2# preserve the submanifold M, while changes
in #’* are orthogonal to it. We can further choose z* and z/* locally, such that
the matrix representations of the Kéhler structures (w, g, J) with respect to the
decomposition i = (u, p') are

which is a consequence of J 2 = —1, as proven in proposition . Thus, this implies
that J = J & J’ with respect to this decomposition TyM = Ty M @& (TuM)*.

e Symplectic form is closed. In the above basis, (dw),.» corresponds to a sub
block of the array (dw)zss. Consequently, dw = 0 implies dw = 0.

o We restrict Nj on M to M to find

( ~JN)'IL/LO' = JAO' aj\']#l’ - JAV 85\J'U'U (A 24)
+ J*5(0,J 5 — 0,d7,)

which is not obviously equal to (Ny)",, due to the contraction over A, which
takes the full manifold into account. However, our previous considerations
showed that J = J @ J’. This implies that J A, = J*,, which proves the
equality. Consequently Nj = 0 implies Ny = 0.

We therefore conclude that any submanifold M of a K&hler manifold M with J2 =
—1 everywhere is again a Kahler manifold. Note that this implies in particular
that M is also a complex and a symplectic manifold. O

A.3 Variational methods with generalised group-
theoretic coherent states

The main application of a family of states |i)(x)) such as the one defined in ([5.2))

(where we indicate with x collectively all the parameters defining the state) is to

use it as the ansatz for a variational calculation. In this appendix we show that all

the relevant quantities one needs to compute for such application can be brought
to linear combinations of terms of the form

(| U9) Ziy -+ Zigl) - (A.25)
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To do this we use the result of section [5.3| that the adjoint action of V(M) on any
polynomial of operators Z; gives rise to a linear combination of products of group
operations and algebra operators.

Civen a Hamiltonian H defined on H, an ansatz |1(z)) may be used both to
approximate the ground state of H and to simulate the real time dynamics of the
system. This can be done according to different variational principles, as discussed
in Chapters [2[ and [3| and reference [69] and illustrated for Gaussian states in [52,
122} |182]. To do so it is necessary to be able to compute the following quantities:

(@) Hlp (@), (V@) Hl(@) , (V@) V(@) , (A.26)

where |V,(20)) = 32 [¥(2)) |s=s, is a so-called tangent vector of the variational
manifold.

Here, we have assumed that the group G and its representation have been
chosen so that H can be expressed as a polynomial in the operators Z:. For
what concerns the computation of the tangent vectors, it can be shown (see Sec-
tion and reference |69]) that the derivatives of U(g) with respect to a suitable
parametrization of the group can be written as linear combinations of terms of the
form U(g) Z;. Similarly, it holds that

0 i oo
WV(M) - 5 V(M)HaHb . (AZ?)

Consequently, we have that for generalised group-theoretic coherent states tangent
vectors have the form

|V, (2)) =C% U(g1) ZV(M)U(go) |12)
+C4 u(gl)V(M>u(92)2i ) (A.28)
+C5" U(gr) V(M) Ho Hyd (g2) |11) -

With this in mind, one sees immediately that the quantities are made
up of terms where one has to evaluate repeatedly the adjoint action of U(g) or
V(M) on products of operators Z; and then compute the expectation value of the
result on |u). Using the results and these give rise to linear combina-
tions of further products of operators Z; and potentially of group transformations
U(g). Using then as explained in Section to commute all the group
transformations to the left, they can thus be all brought to linear combinations of
terms of the form ((A.25)).
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A.4 Calculations for the Bose-Hubbard model

A.4.1 Review of Bogoliubov theory

In Chapter [0, we generalise the well-known Bogoliubov theory of the Bose-Hubbard
model by extending the underlying variational family from coherent to Gaussian
coherent states. To allow for a fair comparison, we review here the three steps
involved in traditional Bogoliubov theory.

For later computations, it is useful to write the Bose-Hubbard Hamiltonian
in momentum space

= ngb b+ o Zb,ﬁq}, Jbrby (A.29)
k’pq

where we defined Z;k = \/—IN >on e*ik'x"i)n on the reciprocal lattice and introduced
the non-interacting dispersion relation

e = —22(}052%% — (A.30)

where Ny refers to the number of lattice sites in the d-th direction, such that

N =TI, M.
Step 1 (coherent variation). Bogoliubov theory approximates the ground state
within the class of translationally invariant coherent states, i.e., the states

Bo) = D(By) [0)  with D(gy) = Pt (A.31)

satisfying (Bo|bx |Bo) = Bodok. Within this class, the average energy value is
minimised for |f5y| equal to

By =+ —eoN/U (A.32)

leading to the expectation value

e N
2U
provided that ep < 0. There is a larger set of solutions given by fy = Sje i
associated to the spontaneously broken U(1) symmetry generated by N = 3 k b bk

Step 2 (mean field Hamiltonian). We can use |5§) to define the mean ﬁeld
Hamiltonian

E\BC = (B H 185) = €0 |ﬂ0|2 + |Bo|4 (A.33)

& 1 c(s7c XS csic Sic
[H]WS) = E|58>—|— 52 (Uk (5bk)T(Sbk —+ Vk: (Sbk(Sb—k + H.C.) , (A34)
k
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where 605 = by, — 0085, US = er + B2 = ex — 289 and V¢ = L (5)? =

~

—eo. Here, we define [H]y) to be the quadratic Hamiltonian resulting from the
quadratic truncation of H written as normal ordered polynomial in creation and
annihilation operators 652 and &by, associated to the Gaussian state |1}, i.e., in our
case, 0by |35) = 0.

Step 3 (squeezed ground state). The mean field Hamiltonian [H J|55) is quadratic,
implying that we can diagonalize it by applying the Bogoliubov transformation

S(\) = exp (% S AR bibt, — A z}ké,k)) . (A.35)

We perform the transformation by expressing by in terms of new creation and
annihilation operators

3By, = D(B)S(N) b S'(A\)DH(8) (A.36)
= Uk(l;k - ﬁk) - Uk@T_k - ﬁk) ) (A-37)

with u; = cosh A\, and v, = sinh A\;. The diagonalization is accomplished by
B = 5 and \j, given by

VC
tanh 2)\{ = — -~ (A.38)
Uy
such that the Hamiltonian takes the form
[Hljse) = Ejsey — A+ > _ &R (0B;)10B; (A.39)
k

where the energy shift A and the excitations &£ are

1 g2
A° == 0 , (A.40)
Q;a?k — 2e0 + \/(250 —ep)? — &k

& = W2 = (Vo2 = (e — 2202 — &3, (A41)

The formal ground state of this Hamiltonian is given by a state |55, A°) = D(55)S(A) |0),
such that 5@,‘; |85, A°) = 0. The Bogoliubov spectrum is gapless, i.e., we have
& =0.

The full spectrum of the mean field Hamiltonian [H Jigsy is constructed from
the 1-particle Bogoliubov spectrum &5, whose excitations are non-interacting. De-
pending on the shape of the function &, i.e., if there exist k, ¢ with & > & +&7,
it is possible to find a superposition of excitations with total momentum k& whose
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total energy is less than &;. To get the lower bound on the excitation continuum,
we need to compute

Emin — ypj E° with k= A.42
k H(l]in; q; w1 Zq ( )

For the system in one dimension, it is sufficient to compute the slope for k = 0,
namely &}, to find the explicit form of the lower bound to be given by

. ok
£Min = min (5k, VAt 2 %) . (A.43)

We can derive the condition on p, such that there is some range of k, for which
Emin Jies underneath the Bogoliubov spectrum &°. This condition is given by
02E¢(n) = 0, i.e., the second derivative of £ must vanish. Its solution is

2rk 8+ 3u — /dHu? + 32 48
z —cos_1< 30— o 32 >, (A.44)

N 4
which only exists for ¢ < 4. In higher dimensions, we can consider the slice
k = (k4 0,...,0), which leads to an effective rescaling of p — p + 2(dim —1).
In this case, we therefore have the condition y < 6 — 2dim to have part of the
continuum spectrum to lie underneath the 1-particle dispersion relation &.

Let us make the following three important remarks. First, the Bogoliubov
energy

EBogoliubov = E|58) - A° (A45)

is not variational, i.e., it is not the expectation value of the state |G, \°) with
respect to the full Hamiltonian, but rather the minimal energy of the mean field
Hamiltonian []:]]Iﬁ(%)' Only the energy Fge is variational, i.e., it minimises the
energy expectation value within the class of coherent states.

Second, the state |Gf, A°) is actually ill defined in the zero mode, due to A, — oo
for & — 0. Put differently, the minimal energy Epogoliubov 1 only reached in
the limit of an infinitely squeezed state, whose energy with respect to the full
Hamiltonian actually diverges.

Third, we could have computed the Bogoliubov dispersion relation without
defining the mean field Hamiltonian [I;T Jigsy, but rather just by studying the real
time flow of the full Hamiltonian projected on the manifold of coherent states and
linearised around the stationary coherent state |/35)

To see this last point more in detail, consider the manifold of coherent states

8) =D(B)|0) with D(5) = eZx(Bubl-hibe) (A.46)
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Here, (§ is a vector written in the momentum basis, i.e., its components are la-
beled by k. The tangent plane at the state |3) is spanned by vectors of the form
D(B)b! |0). Therefore, the projected real time evolution can be computed from the
quantity

hi(B) = (0|6, DY (B)HD(B)|0) , (A.47)

which for the Bose Hubbard model evaluates to

U
hi(B) = exBr+ 5 D Byks B B - (A.48)

k1,k2

Expressed in real components, the resulting evolution is

(Red )= (i Yondor (20),

where we introduced the transformation matrix

ro Lt ). a50)

The symbols  and h denote the column vectors that group the values of 8 and
hy, for all values of k.
The linearisation around |f3§) is then given by

K= (5 ﬁ)(iﬁé) (A.51)
V2 #) (s )T
i () (V) )T (A52)

where we expressed the derivatives with respect to Refs and Img in terms of deriva-
tives with respect to 5 and *, taken as independent variables. All derivatives are
evaluated at [, = 0 00;. The matrix iK, whose eigenvalues £w represent the
TDVP estimate of the 1-particle excitation energies of the model, is then, up to
similarity transformations, equal to

k=% ) ( ﬂmwg' (A5
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This matrix decomposes into blocks of the form

_( Ui W
K, = ( Ve U ) (A.54)
with U, = ¢ — 2¢¢ and V{ = —¢¢ as before. The eigenvalues +wy, are given by
wr =1/ (Ug)?2 — (V)2 =&, (A.55)

which is in full agreement with Bogoliubov theory (A.41)).

A.4.2 Computation of Gaussian ground state and equa-
tions of motion

Here, we review the underlying analytical and semi-analytical methods associated
to Section that enabled us to compute the best Gaussian state, i.e., the Gaus-
sian state |1),) with the lowest energy expectation value with respect to H. We can
restrict ourselves to searching for the ground state in the translationally invariant
submanifold, which is parametrized by f; and A, := Ao . Due to the U(1) invari-
ance, it is always possible to find a ground state in which both these parameters
are real. It turns out to be very convenient to parametrize the state in terms of
the Bogoliubov parameters [, ux, = cosh A and vy = sinh A, such that

5By, = U(B,\) b (B, \)
= uy,(by, — Br) — vx (BT}, — By)

will annihilate the Gaussian state |3, \) = U(5, \) |0).

The stationary point |¢),) is characterized by vanishing IP’WQ(—I;T ) |tbg), which
translates into the conditions

(A.56)

(0lbold (B,

VH (B, A))
(0[brb_ Ut (3, A

0, (A.57)
VH[Y(B,A)) = 0.

A
A (A.58)

Rewriting these conditions in terms of our parameters (S, \x) gives

U
g0 + N(ﬁg +A+2B)=0, (A.59)

2U U
€k + W(ﬁé + B) | uxvr + W(ﬁg + A)(ui+v3) =0, (A.60)

160



APPENDIX

where we defined A = Y, upvy and B = Y, vf and ¢, is the dispersion relation

in (A.30)). Equations (A.59HA.60|) are solved by
NEQ

82— 0 _A-2B, A.61
1 1

& -~ \J(1-T2)"24+1, A.62

ui = —=\/(1-T) (A.62)
1

vy = —sign Ty \/(1 -T2~ 3 1, (A.63)

V2

where we introduced the convenient parameter

2U B er 2UA+ B\ !
T.=——(1+2=") (2222 . A.64
k ( + N€0)( 60+ N o ) ( )

This expression for the solution depends on the final values of the quantities A
and B which have to be obtained from the coupled equations

B 2BU + N¢gg
T2 Z VQRU(A+2B) + N(3g9 — 1)) QAU + N(gg — &1))
N (e — 2g0) — 2(A+ B)U N
Z VQU(A+2B) + N(3eo— 1)) 2AU + N(zo — 1)) 2

(A.65)

which can be solved numerically efficiently independently of the dimensionality of
the system and with a linear dependence on the system size.

We can similarly express the energy E and particle density n of a Gaussian
state [¢) in terms of By, ug, v, A =D, upvy and B =Y, v as

E = Z&tkvk — 0 _(A+2B)gy — %(QA + B)B,

A.66
(N) g0 A+B ( )

n=-—=———

N U N

In particular, we can use (4§, uf and v} to compute Ejy, .

Next, we present a comprehensive derivation of the linearisation matrix K*,. It
is here convenient to consider a slightly different parametrization of the manifold
than the one used in Section namely [¢(Z)) = U(z,)U(Z)|0). Note that
this is an example of the parametrisation discussed in Section [4.2.2| The physical
quantities we are interested in, i.e., the spectrum of K, are independent of the
choice of parametrization.
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Using the parametrization [¢(Z)), we can write the projected Schrédinger equa-
tion as

0@ = 0, [0(@)) = Biogay () (&) (A67)
The tangent vectors |v,(Z)) = 0, [¢(Z)) define the metric
9,v(Z) = Re (v,(2)|v,(T)) , (A.68)

whose inverse G*” is characterized by the property G**(Z)g,.(z) = 0*,. Note
that we we use Einstein’s sum convention where we sum over repeated indices.
We point out here that we are employing a real formalism in which we use the real
parametrization and we consider the tangent plane as a real vector space,
i.e., we consider the vectors [W) and |[W’') = i|W) to be linearly independent (and
orthogonal with respect to the real inner product Re (W |W’)).

Using G*¥, we can solve for the time evolution of the coordinates

dz#
dt

The choice of parametrization is convenient because it implies G*(0) = ¢, as
0,(0)) = U(y) W), where

(W)} = {810y, 51,05 10y ,ib [0, ibf._, 5 [0) } (A.70)

is a set of orthonormal vectors. For a generic & # 0, the vectors |v,(Z)) will not be
orthonormal, but still form a basis of the tangent space Tjyz)M = span {U(xg)U(Z) |W,)}.
We can expand them as

— B4(#) = G (&) Re (v, (2)| (—iH) [$:(&)) . (A.69)

|0 () = M, () Uz )U(T) W) (A.71)

with respect to the orthonormal basis U (z,)U(Z) |W,). The expansion coefficients
are encoded in a matrix M”,(Z). For our purposes it suffices to see that M",(0) =
0”,. Indeed, exploiting this and the fact that the approximate ground state is also
the stationary point of real time evolution, i.e.,

2(0) = Re (WU () (—iH)[4:(0)) = 0, (A.72)

we can linearise the equation of motion (A.69)) around # = 0 finding

[ 2— a Vi
R A
ai Re (W U (@)U () (—1H) [$(2)) - (A.73)
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This is equivalent to linearising the equations of motion for z# around z% as de-
scribed in (6.12)).

Evaluating the matrix K from reduces to calculating expectation values
using Wick’s theorem and taking derivatives. It leads to the form

K = —iT7'ST (A.74)

where the matrix 7' is defined in , taking the subdivision into blocks to refer
to the split between real and imaginary parameters in (6.5]).

The matrix S is block diagonal with each block Sy referring to a fixed total
momentum. Each block can be written as the sum of a diagonal matrix and a
rank 5 matrix, that is S, = F 4+ C'R, with

1 0 0 O
By 00 0 0 0 1 0
E = 0 Agg 0 0 ,R=10 arg 0 apg |,
0 0 —E; 0 b ’ ’
0 0 0 —Ay 0 brg O Cig
o 0 ceg 0 brg
0 Gr Fbolux+uvr)  Thovw o
co— | Ik N g avlkg  anCha
-G 0 —%ﬁo(uk + ) —]\%ﬁouk —%50%
—F, —F — 2 — o Cha  — bk

with newly introduced parameters

2U 2U
Ep = (e + W(BS + B))(u} +v}) + W(ﬁg + A)uguy,
Agg= (5q,i1' + 5q,fi1')<E§+q + Eg_q)v
_ ﬁ 2 Q 2 2 2
Gr =2(ex + N (85 + B))urvr + N(ﬁo + A)(ui + vy),
U
F, = Nﬁo [Qaqu(uk + ’Uk;) + bk,qvk + ck,quk] ,
_ U
Fk = Nﬂo [Zak,q(uk —+ Uk) + bk,quk —+ ck,qvk] s

Akyg = Uk qUk_ o+ UL_Vk g

where uy and v have to be evaluated at the solutions corresponding to the ground

state approximation defined in Appendix|A.4.2] i.e., at 55, uf and v§ from (A.61
A.63)), and ¢, is the dispersion relation in (A.30)
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Given the simple structure of the blocks S, it is easy to diagonalize them
numerically. Their eigenvalues are the zeros of the function f(w) := det[l +
R(E —w)~'C]. Evaluation only scales linearly with the system size N and more-
over, we can characterize analytically some properties of the spectrum in the ther-
modynamic limit.

More specifically, the function f(w) presents a series of poles, given by the
diagonal elements of E. Its zeros (i.e., the eigenvalues of the system) are positioned
one in between each pair of subsequent poles. One subset of the poles, that is
the diagonal elements of Az, for N — oo come closer together, creating in the
thermodynamic limit a continuous line. The zeros that are in between such poles
will therefore also come together to a continuum that represents the continuum
in the spectrum of S;. The boundaries of this continuum can thus be inferred by
computing the values of the minimal and maximal diagonal elements of A, ;. In
particular, we can identify the minimum, given by 2FE}, with the Higgs excitation
mode. In order to give an expression for the Higgs gap at zero momentum, we
need to evaluate 2E.

We want to do this at constant filling n, which is equivalent to imposing ey =

—U (n+ 4£8), due to (A.66). Substituting this condition into equations (A.65)),
we find equations for A and B at fixed n. These equations admit constant solutions
in the limit U — 0. Inserting these solutions in the expression for Ey, we find the
asymptotics of the Higgs gap at constant density for U — 0

2Ey ~a(N,n)U as U —0. (A.75)

The function o has a complicated analytical expression that admits the large N
asymptotics

a(N,n) ~ 2V2niN"3 as N — oo, (A.76)

Finally, notice that K has eigenvectors e#(w) appearing in complex conjugate
pairs satisfying

K", e’ (w) = +wet (w) ,
K", e"(w) = —iwe™(w). (A.77)

We assume to normalise them such that §(w) = £1, where
d(w) = [Ime"(w)]€2,, [Ree”(w)]. (A.78)
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A.5 Calculations for the Sherrington-Kirkpatrick
model

A.5.1 Variational Method

In this appendix we will present the algorithm used to find the variational ground
states for the generalised atomic coherent states of the form

(W) = U(y)V(M)[o(x)) (A.79)

defined in Chapter [7}

The GCS variational ground state is described by the parameters (o = (vo, o, M)
which minimise the energy E(¢) = (¥(¢)| H [¥(¢)), where H is the Hamiltonian
of the system. For optimisation of the parameters we used the natural gradient
descent (natural GD) algorithm (also known as imaginary time evolution, see Sec-
tion [3.5]). Like for standard gradient descent (GD), natural GD starts at some
initial state and iteratively updates the parameters, with an update based on the
local structure, until a minimum in the energy is reached. However, while the pa-
rameters in GD are updated in the direction X of the energy gradient X = —VE,
the direction for natural gradient descent is defined by

gX = —VE (A.80)

and encodes additional information on the curvature in terms of the local metric
9w = 2Re (V,|V,), where the tangential vectors |V,) are specified below. Natural
GD in general leads to enhanced convergence compared to GD, however, like GD
can get stuck in local, non-optimal minima of the energy. In order to avoid this,
we employ an adiabatic updating procedure. Thereby, we start at g = 0, where
the system is exactly described by a product state and apply the natural GD
algorithm to a large number of random initial CS (usually 10.000) and use the
state with minimal energy as the variational ground state for both CS and GCS
at ¢ = 0. Then, iteratively for increasing transverse field values g > 0, we use
Co(g) +m, that is the variational ground state parameters of the point g with some
small perturbation 7, as the starting point of the natural GD algorithm to find
the optimal parameters (o(g + dg) for the point g + dg.

In order to perform the optimisation procedure described above, we will need
to compute quantities of the form

(U|H W), (W H V), (V.V,) (A.81)

corresponding to the energy of the state, the derivative of the energy with respect
to the variational parameters and the local structure of the variational manifold,
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respectively. The |V,) are the so called tangential vectors, describing the change
in the state |¥) upon infinitesimal change in the variational parameters

V) = Qwa—@ ), (A.82)
where we take the derivative with respect to the u-th variational parameter. The
projection Qy |¢p) = |¢) — (¥|¢) |¥) removes all directions which lead only to a
change in phase or amplitude of the state |¥), i.e., which would not change the
physical state.

There are three different kinds of tangential vectors

10) = Qutd(y) V(U () i7) 1)
Mo = Qup)V(01) (202 o) (A.59)
%) = Qud () o)} V(M) [0(2)

corresponding to the three kinds of variational parameters x’, M,,, and y’, re-
spectively.

To evaluate the quantities let us first observe that the adjoint action of
the rotation unitaries ¢(z), defined below equation (7.2)), on a product of Pauli
operators simply results in independently rotating each Pauli operator according

to
U)o .. . Ux) = (Z R:’;”&;}) (Z Rﬁ{'&ﬁ) - (A.84)
j/

7:/

with the orthogonal matrices R, (z) = R,(x,) depending only on the parameters
for the n-th spin z‘, where i = x, y, z. Hence, for any of the quantities in equa-
tion , we can take care of the action of U(y) simply by rotating the Pauli
operators that appear in H.

Let us now consider product operators O = ®7le:1 On, where O,, acts only on
the n-th spin, since any operator is a linear combination of such product operators.
Another direct consequence of equation is that for two CS |¢) and |x) the
quantity (¢ O |x), where O is an arbltrary product operator, factorizes into a
product of N single-spin terms

(X1 O1¥) = [T (xal Onle0a) (A.85)

n

and is thus efficiently calculable.
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Finally, in order to compute expectation values for GCS, the key observation
is

V(M)T6V(M) = 67 exp(— Y My 67") (A.86)

for a € {+, —, 0} and 6,—0 = J.. Note that in what follows Greek subscripts
a, B, ... will refer to +, —, 0. The relation is a direct consequence of the
commutation relations [67, 67" = ad,md?.

Notice that the operator @g(M ) is a product operator. Moreover, for multiple
Pauli operators we can insert identities 1 = VV*, such that

Vigrey ...V =Vielvvispyyt. .y (A.87)
=008 ... (A.88)

is again a product operator.

Thus, using the special relation , as well as the explicit form of the
GCS and the tangential vectors (|A.83), one immediately finds that the quan-
tities are simply sums of expectation values of product operators with
respect to the CS part |¢(x)) of the GCS and can thus be computed efficiently.

Let us point out that the procedure described above for the computation of
expectation values (6767 ...), with respect to a GCS |¥) scales polynomially
in the system size, but at the expense of scaling exponentially in the number of
Pauli operators. However, for the present application one will have to compute
expectation values of products of at most 4 Pauli operators, so this scaling does

not pose a problem.

A.5.2 Rényi-2 entropy

In this appendix we will present a method that can be used to efficiently estimate
numerically the second Rényi entropy of entanglement for states of the form

(W) = U(y)V (M) [o(x)) (A.89)

that is GCS as defined in . Let us consider a system of N spins and a partition
of the spins into two sets A and A° constituted of L and N — L spins, respectively.
We are interested in computing the Rényi-2 entropy S = — log,(q4) of the reduced
state p4 = trac | ) (U], where g4 is the purity ga = tr(p%). Notice that the local
unitaries contained in U(y) do not modify this quantity in any way, so in what
follows we will assume them to be all equal to the identity.
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We will show that the quantity g4 can be rewritten in terms of a sampling
problem of a set of L classical spin-1 variables, taking values —1, 0 and +1. That
is, we have

ga= Y PG Pul)FG,. i), (A.90)

J1rejr=—1,0,41

for a certain function F and certain probability distributions P,. Thus, one
can estimate g4 by sampling configurations of the classical spins {j,} according
to the product probability distribution P; --- P, and computing the expectation
value as the mean value of F'. To achieve an error € on g4 it is sufficient
to sample ~ 1/€? configurations, rather than compute all the exponentially many
terms in the sum . Notice, that the entropy S is invariant if one exchanges
the sets A and A€, so we can always choose A to be the smallest of the two.

To rewrite g4 let us consider an ancillary system also made up of N spins and
prepared to be in a copy of the state |W). We will denote quantities relative to
this ancillary system with primes. We then have

qa = <‘1/, \IJ|SAA/|\I/, \I/> s (Agl)

where S44/ is the swap operator acting between the spins in A and the correspond-
ing ancillas in A’.

Note that the terms in V(M) that only connect spins within A or within A®
do not contribute to (A.91]). We can therefore replace V(M) with

V(M) = exp(—% S 60 Y Mno™). (A.92)

neAc meA

We will also assume that [¢(z)) = @_, [¢,) with |¢,) = & |[1) + L [1).
We can then write
qa = ($(2), ()| VIVISAaVV S [6(a),

where we exploited the fact that Sqa |6(z), ¢(2)) = |b(z),
swap operator. We then act with the swap operators on V
and ancilla operators in A) to obtain

), (A.93)

oz
¢(z)) to add an extra
V' (exchanging system

Q=VVIS1u VYV Sun (A.94)
7: "TL/ "m "m
= exp(; > (61 =62 My (67— 67)) (A.95)
neAe meA
7; AN ~n/ Am ~m/
= H eXp(Z(O_z — 0 ) Z Mnm(az — 0 )) (A96)
neAe meA
=[] @ (A.97)
neAc
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Each operator Qn has support on the single spin n € A° and on all of A. We
can therefore first take the expectation value of each Q,, on the term | b, )
corresponding to the spin n (of the system and of the ancilla) within the product
state |p(z), ¢(z)). We easily find

(B, &nl Qn |dn, dn) = 1 — 4p,, sin® }l > Muw(67 = 67| | (A.98)

meA

where we set p, = [¥|?|c}]?.

We then proceed to take the expectation value of [], 4 (fn: &0l Qn | D, )
on the remaining part of the state |¢(x), ¢(x)) corresponding to the subsystem A
which leads to the expression (A.90f), once we define

P (0) = lem] " + lep | (A.99)
Po(+1) = Pru(=1) = |en[le, | (A.100)

which gives rise to a well-defined probability distribution. The function F' turns
out to be

, (A.101)

. . ) 1 .
F(j1,...,jn) = H [1 — 4p,, sin® (5 Z Mnm]m>

neA¢ meA

which can be evaluated efficiently for any configuration of js. Note how the classical
spin-1 variables j,, emerge as the possible eigenvalues of the operators (67" —
& 2.

The form of the purity can also be used to prove that the ensemble of
random weighted graph states discussed in Section around equation (|7.8]) must
have a volume law scaling of the entanglement.

For this, let us use the fact that Sy is invariant under exchange of A and A€ to

rewrite ((A.90]) as

So(L) = —log, | > Plira) - PUN)F (s, -, in)
0
= —log, [ Y P(jrs1) - PUn) [[ F(X0)| (A.102)
K n=1

where f(z) =1 —sin?z and X,, are random variables defined by

N
1 .
Xu=3 > My - (A.103)

m=L+1

169



APPENDIX

Notice, that in the case of weighted graph states where we fix |p(z)) = |[+---+)
the probability distributions P, are all the same for each j, and are given by
P(0)=1/2, P(£1) = 1/4.

The variables X, are the sum of a large number of independently distributed
random numbers. By the Central Limit Theorem we can therefore assume that,
in the limit of large N (and fixed L), the variables X,, are distributed according
to normal distributions with mean and variance given by

(X,) =0 (A.104)

2 1« 2
(X2) = 3 S oM, (A.105)
m=L+1
where by ( - ) we denote averaging over the variables j. Note that each entry M,,,
of the matrix M is an independent identically normally distributed variable. We
can therefore assume that in the large N limit the sum Y M2 will approximate
the variance of M,,,. More precisely

N
— 1
S M~ (V= D)V = (N D)%
m=L+1
It follows that (X?) — 1/8 for N — oo.
We can also assume that the variables X,, are independently distributed. In-

deed, their correlator is given by

(A.106)

N
1
X, X)) == MM, . A.107
( ) SI—ZL-:H 1Mo ( )

For n # m this correlator has vanishing average with respect to the disorder of
M. Tts variance is a function of M? and can be seen to decay as 1/N.
From all these considerations we can conclude that equation (A.102]) will ulti-

mately reduce to

So(L) = — log, <H f(Xn)> (A.108)

— —log, [T (F(X0) (A109)
= o, (F(X) (A.110)
— ; log, ~ ¢ " 6;2<X£> . (A.111)
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The factorisation in (A.109) is valid only up to corrections containing the correlator
(XnXm), however we have seen that this correlator will go to zero at least as 1/N
in the limit N — oo. In step we have simply computed the average of
f(z) over a normally distributed variable with zero mean and variance (X?).

In the preceding paragraphs we have seen how, in the large N limit, the vari-
ances (X?) actually neither depends on n nor on the specific realization of M, but
rather all tend to 1/8. We can therefore arrive at the result

_— 14+ e i
So(L) = L (—log2 +2€ > ~CL (A.112)

which shows that the volume law entanglement entropy scaling holds in the limit of
large N and fixed L. The value of the constant C' that we have derived analytically
here coincides numerically with the one that can be extracted from the functional
fits discussed in Section [7.3l

A similar behaviour can be expected also in the case of the QSK ground states.
There, however, the product state |¢(z)) has some structure which will make the
distributions P,(j) depend on n. It follows, that the variances (X?) will also
depend on n in a non-trivial way. However, they will still be of order 1 in the large
N limit and therefore the expression remains extensive in L.
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