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Chapter 1

Introduction

There any many technologies we use on a daily basis that make use of quantum mechan-
ics, such as the electronic device this thesis is likely being read on, that have drastically
shaped the way we live over the last hundred years. However, we have barely scratched
the surface of potential applications, with many phenomena being secluded to labora-
tory experiments or sometimes still only theoretical. There are many steps on the path
between explaining the underlying theory, and applying it to the everyday world. Even
at the time of writing, some 350 years after Newton wrote down the laws of classical
mechanics, engineers and physicists still find new applications of his theory.

Whilst there are surely many more years of development ahead, we wish to highlight
some of the most successful quantum applications up to the time of writing. Firstly
there is the field of semiconductor physics, which has played a fundamental role in our
advancement of electronics, allowing for smaller and more dense computing units [1—-
3]. Another quantum technology that has had numerous applications are lasers, which
have been used for studying quantum optics [4, 5|, applications in communication
networks [6, 7], and even in medical procedures [8, 9]. Applications of quantum phe-
nomena in measurement devices lead to the field of quantum sensing [10, 11|, with
resulting technologies such as atomic clocks [12, 13] and magnetometers [14, 15]. The
field of quantum communication [16], has explored the use of quantum cryptography
to protect our data [17, 18], and quantum entanglement to transfer information across

large distances [19]. Currently, one of the most sought after technologies is that of
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quantum computers [20, 21|, with the ability to overcome the exponential scaling of
quantum problems, either universally with digital quantum computers [22, 23], or more
specifically with analogue quantum computers [24, 25]. This lists a few of the key ap-
plications so far of quantum mechanics, but what steps need to be taken to further the
number of quantum applications? Of course, there are many answers to this question,
with many different interesting and useful areas of quantum physics, but we shall look
at one step in particular, namely the control over a quantum system [26, 27].

In almost all experiments, some parameter will need to be varied, whether to pre-
pare a state [28-30], or to look at out of equilibrium phenomena [31, 32]. However
many losses occur into unwanted states during these processes, for example arising
from coupling to a external environment [33, 34|, or from diabatic excitations [35, 36].
To combat environmental coupling, protocols can be developed to avoid states with
high loss such as with STIRAP [37-39], or feedback can be used to return the lost in-
formation [40, 41], alongside other methods [42-44]. However, even for a closed or near
to closed system, diabatic excitations still need to be accounted for by designing a pulse
to use the excitations productively [45, 46|, adding an extra feedback step to address
the populations of unwanted states [47, 48], or driving the pulse adiabatically to reduce
the effect of the excitations [49-51]. Narrowing down the topic of this thesis again, we
will look at adiabatic driving and how to increase driving speed whilst retaining the
adiabatic following. This field of speeding up adiabatic pulse are known as shortcuts
to adiabaticity [52, 53], and can range in application in many forms. Some example
include using invariants and scaling [54, 55], or fast-forward techniques [56, 57].

We in particular are interested in counterdiabatic driving [58, 59], where an extra
operator is added to the Hamiltonian to counteract any diabatic excitations. Coun-
terdiabatic driving first appeared as an idea in quantum chemistry by Demirplak and
Rice [60], but was also independently formulated under the name ‘transitionless driving’
at the same time by Berry [61]. The operator that provides the counterdiabatic driving
is referred to as the Adiabatic Gauge Potential (AGP) [36, 58]. The AGP can provide
significant insights into the dynamics of a Hamiltonian [36], which is still an ongoing

area of research, with current examples including the strength of diabatic losses [62], or
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a measure for quantum chaos [63-65]. As such the AGP is a very valuable operator to
compute, however it is often not straightforward to do so, as its dimension is near the
size of the full Hilbert space for most non trivial cases. In addition, whilst in principle it
is always possible to apply a counterdiabatic drive, in practise the AGP can be difficult
to implement [59]. This has led to approximate forms being developed, for example
using only local operators [58], generating relevant operators form nested commuta-
tors [66], or Krylov methods [67, 68]. Whilst these methods do not have the ability to
perfectly remain in a given eigenstate of a Hamiltonian, they can still greatly improve
adiabatic procedures [69], or be used in conjugation with other control methods to help
simplify the optimisation procedure [70, 71].

A large focus in AGP research has been targeted towards quantum information [62,
71-73], as improving quantum gate fidelity allows more accurate results, and shortening
pulse sequence prevents losses in current quantum hardware from decoherence [74-76].
This has been one reason why the majority of AGP research has been focused on
spin-1/2 models, such that qubits in quantum computers can be addressed. However
there any many models beyond spin-1/2 that are of interest to physicists, with some
implementations of quantum information using larger spins such as with qutrits [77, 78],
or including the environment in the equations for a true open systems description [34,
79]. As such to be able to describe other quantum systems such as bosonic or fermionic
physics, it is important to expand the current scope of AGP physics beyond spin-1/2
models, developing methods that work across many different types of systems. This is
a key theme of this thesis, expanding the current scope of physical models the AGP

has been applied to, and providing methodology within these new bases.

1.1 Thesis outline

The remainder of this thesis is divided in to six chapters, that take the reader step
by step through the physics of the AGP, allowing understanding of the results and
conclusions in the later chapters. Chapter 2 will explain the background theory, starting

from the Schrodinger equation and working the way to a definition of the AGP. To do
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this we look at what adiabaticity is, how diabatic excitations limit the speed of adiabatic
protocols, why the AGP can be used to resolve this problem, and some methods used to
compute the AGP. Then in Chapter 3 we explain the method we developed in Ref. [80],
that we use as a base method for the later results. The method highlights some key
aspects of the AGP, and how we can think about the underlying operators that form
the AGP. Whilst the majority of AGP research currently focus on spin-1/2 physics, due
to the wide range of applications and the relative simplicity compared to other models,
we also describe the necessary steps for tackling large spin models using generalised
Gell-Mann matrices.

Once the background theory and methods are explained, we move onto the three
results chapters. Each chapter focuses on a different type of physical system: Chap-
ter 4 for spin models, Chapter 5 for bosonic models, which are combined together in
Chapter 6 for hybrid models. This means there are a wide variety of models discussed
in thesis, each with its own complexity, unique problems and specific applications. A
large amount of work in Chapter 4 is focused on the spin-1/2 Ising model with different
graph configurations, which we previously presented in Ref. [80]. We also discuss the
XXZ model, comparing the results between having spin-1/2 and spin-1 particles. We
find as expected that the spin-1 model provides extra complexity, and far worse scaling
than the spin-1/2 version.

Computing the AGP in bosonic models leads to some signifiant differences to the
spin models, with issues from the infinite nature of bosonic Hilbert spaces and the
standard creation and annihilation operators being non stationary. In Chapter 5 we
discuss all of this, providing examples for a coherently driven bosonic mode, showing
it is possible to compute the AGP in bosonic systems. We find that all quadratic
bosonic models have a finite AGP of relatively small order, and provide a closed form
solution for Real Hermitian Hamiltonians. Using the information then of the previous
two chapters, in Chapter 6 we combine these together into hybrid systems of spins
and bosons. While care needs to be taken with each of the subsystems, no new issues
arise in the methodology, allowing computation in this new subset of models. Hybrid

systems are vital to our understanding of open quantum systems, meaning this is a
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crucial step in expanding AGP physics towards speeding up open system protocols.
We focus on a single spin-1/2 inside a bosonic cavity, with and without the rotating
wave approximation applied, giving results for the Jaynes Cummings and Rabi models
respectively. We find that even though the Jaynes Cummings model has a conserved
excitation number, this can be broken via varying the cavity frequency. In the Rabi
model, we approximate the cavity as a large spin, meaning the results can also be used
to describe pure spin models as well, with the result approach the bosonic case as the
spin size is increased. We provide an analytical form of the set of equations to solve for
the AGP in the Rabi model, which allows the spin size to be pushed high to ensure the
validity of the approximation. Finally in Chapter 7, we collect together our conclusions
from the results of the thesis. We see how the necessary ground work has been laid out
for the AGP to be computed and used in many new physical models, however much

more research is required to find practical applications in the new models.



Chapter 2

The Adiabatic (Gauge Potential

As outlined in the introduction, the main topic of this thesis is on the Adiabatic Gauge
Potential (AGP). This chapter will start from the time dependent Schrédinger to ex-
plain adiabatic dynamics, working through gauge potentials and counterdiabatic driv-
ing, giving a full explanation of the physics of the AGP. The last part of this chapter
then focuses on how to compute the AGP, before deep diving into the main method we

use in this thesis next chapter.

2.1 Dynamics of non static Hamiltonians

A static quantum system is described by a Hamiltonian H that is independent of time,
eg. H (t) = HVt. The dynamics of the system can be solved by the time dependent

Schrédinger equation

L d A
th— [U(8) = H|¥(1)), (2.1)

where |U(t)) is the wave function at time ¢. The general solution to this equation is
given by

(1)) =D In) e, (2.2)

0

where c;,

by

is a coefficient that represents how much of a particular mode is present, given

cn = (n|¥(0)), (2.3)
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|H(N)|
N
|Hy |+
|H;|1
l | >\
A A

Figure 2.1: Sketch of the parametrisation of the Hamiltonian by A, where the Hamil-
tonian is defined by A at all points. The control sequence can then be thought of
travelling along this line, at some arbitrary speed /'\(t), where the initial and final times
correspond to the respective initial and final Hamiltonians. By using this intermediate
variable A, further computation can be done independent of path and speed

and E,, |n) are energy eigenvalues and eigenstates of the time independent Schrédinger
equation

Hn) = E, |n). (2.4)

From Eq. (2.2) we see that there is no change in magnitude between eigenstates, as c2 is
time independent so | (n|¥(t)) | = |c!|. Instead only the relative phase of the eigenstates
varies, with it being dependent on the eigenvalue F,,. This means if a Hamiltonian can
be efficiently diagonalised, the dynamics are then trivial to compute.

The situation is more complex if the Hamiltonian varies with time [81, 82]. We
focus on the common case for quantum control [27], where for ¢ < 0 the Hamiltonian
will be given by H(t < 0) = H;, which will then undergo some variation up to some
final time ¢y, where for ¢ > ¢y the Hamiltonian will stay in the form I:I(t >tr) = ﬁf.
This is often written in terms of an intermediate control variable A(¢) which itself is
dependent on time. This variable is defined as being A(t = 0) = A\; and A(t = t5) = Ay,
such that the initial and final values of A correspond to the associated Hamiltonian

(H\ = X)) = H; and H(\ = Af) = fIf) A sketch of this is given in Fig. 2.1, which



Chapter 2. The Adiabatic Gauge Potential

illustrates how A defines a path that takes the Hamiltonian form the initial to the
final form. How this path is traversed is placed into the functional form of A(t) and
)\(t), allowing later results to be defined independent of path and speed for the same
Hamiltonian parametrisation.

The time dependent Schrédinger equation also describes the time dynamics of this

varying system, where now the Hamiltonian is dependent on A(t)
L d -
ih=, [9(t) = H (AR)) [¥(2)) - (2.5)
This means the general solution now has A(¢) dependence as well
[W(1) =3 en (A®) [n (A1) A0, (2.6)

where ¢, (A\(t)) and @, (A(t)) are the time dependent magnitude and phase of mode
the n eigenstate. Whilst it is true that this still describes all possible solutions to the
equation, without knowing the form of the A(¢) dependence, the only real information
this is saying is that the solution can be expressed in an eigenbasis at each time step.

As the Hamiltonian is varying with A(¢), so are the eigenstates |n (\(t))), as such
we have an instantaneous eigenbasis at each specific value of A(¢). These instantaneous
eigenstates can be calculated, similar to the static Hamiltonian case, using the time-

independent Schrédinger equation

H A1) [n(A#))) = En (A®) In (A1) - (2.7)

Using the idea of instantaneous eigenstates, we can now split the problem into three
different cases distinguished by the speed of the variation ()\(t)) Adiabatic dynamics,

Diabatic dynamics and Quench dynamics.

2.1.1 Adiabatic dynamics

The first case is when the variation of A(t) is sufficiently slow such that the dynamics

are adiabatic. In general, sufficiently slow means following the standard adiabatic
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condition, which can be stated as [83]

(ma| OxH ) )

S <1, (2.8)

with |my) the eigenstate closest in energy to the eigenstate |n)), with non zero matrix
element (my| @y H) |ny). If there are multiple degenerate |my) for which this is true, use
the |m,) state that maximises the expression, as this will have the largest contribution.
Note that we have dropped the explicit time dependence of A for clarity, and shall
continue this for the majority of the thesis. This expression is of the same form as
the second order correction in perturbation theory [84], as such this expression can be
read as “If the second order perturbation correction to the closest state is sufficiently
smaller than the inverse of ), the dynamics will be adiabatic”.

When this adiabatic condition is followed, we can apply the approximation that the
distribution between eigenstates stays constant, eg. ¢, (t) = ¢, (to = 0) = ¢,,. Note that
in the limit of ¢y — oo and )\(t) — 0, this approximation is exact, meaning the slower
the variation is applied, the better the approximation. We can then write a solution in

the form

[T(1)) & Y enln(A())) PO, (2.9)

n
As we are looking at the case of a quantum control sequence, the most important result
is finding out what the state is at the end of the variation (|W(t > tf))). At this point

the Hamiltonian is again static, in the form H ¢ meaning the solution is simply

E,{t/h-cbﬁ)

(U(t>tg)) ~ > enln), i , (2.10)

where Ej and In) ; are the eigenvalues and eigenstates of Hy, and ®f = O, (Af) is the
phase at the the end of the variation. This means the only remaining factor from the
variation is the the relative phase offset given by @fl.

Whilst it is possible to calculate this phase offset, often with adiabatic dynamics the
system is initialised in a particular eigenstate ng, such that ¢, = 6,5, is a Kronecker

delta function. In this case, the phase can be completely ignored as it is purely global,

10
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and will not affect any observables. As such we can state that the system will end in

the equivalent eigenstate of H ¢ that it was initialised in H;
if [U(t<0))=|no);, then |[¥(t>tf))~[ng);. (2.11)

We note that there are situations where following the adiabatic condition is not
possible, and these results will not work. If there is a phase transition that occurs with
the eigenstate that is being followed, then there is a energy gap to the nearest relevant
energy level closing. In such a case the denominator of the adiabatic condition is zero
in the thermodynamic limit, meaning the whole expression explodes towards infinity
unless A(t) — 0 at a rate related to the critical exponents such that the expression
stays finite, however then it will take an infinite amount of time to cross the phase
transition. As such, care must be taken to either avoid phase transitions, or to take
them into account with further calculations [85].

Whilst the above results do provide the relevant dynamics, we do this by enforcing
the adiabatic condition and as such limit the scope to only a group of relatively simple
dynamics, which follow the eigenstates up to a relative phase. So the question arises,
why would such dynamics be useful? We describe this partially in the introduction to
this thesis, but we will focus in on a specific case here. The simplest application of adi-
abatic dynamics in quantum physics, is that of preparing the ground state of a complex
Hamiltonian, where there is no trivial way to initialise in this state. It may be possible
to find a related Hamiltonian of a similar form, with a ground state we can prepare the
experiment in. Then the simple Hamiltonian can be used as the initial Hamiltonian
to a control procedure, which is driven adiabatically to the final Hamiltonian of the
complex Hamiltonian, meaning the resulting state will be the complex ground state we
wish to study. For example, suppose we wish to study an interacting Hamiltonian, so
we start by preparing the ground state with the interaction turned off, and then we
adiabatically turn on the interactions to reach the desired ground state. This allows
the study of more complex ground states, which for example can encode the solution

to combinatorial optimisation problems [86-89].

11
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2.1.2 Quench dynamics

On the other end of the spectrum to adiabatic dynamics, we have quench dynamics,
where the Hamiltonian is changed almost instantaneously such that ¢y ~ 0. There are
in fact different scales within the class of quench dynamics, however in this thesis we
just mention abrupt quenches which are the fastest case, where the timescale of the
Hamiltonian change is the smallest in the problem [90]. In the case of a quench, there
is no time for the system to react to the change, and as such the state |¥(t =0)) =~
|W(t =tyr)). However, this now evolves under the new Hamiltonian H; and as such,
decomposing into the new eigenbasis allows us to write dynamics beyond ;.

We will again focus on the case of a single eigenstate |ng) for the initial state. The

solution is then given by

Wt > 1)) =Y slning), In) ;e 0, (2.12)

n

This can be seen as simply a decomposition into the new basis, where then each eigen-
state rotates according to its eigenvalue like in the static Hamiltonian case. For an
example of the use of quenches, suppose in an experiment we want to initialise the
system in some excited state |e). We can find a different Hamiltonian H; where |e) is
its groundstate, and then quench to our desired Hamiltonian Hy.

If the initial state instead contained a superposition of eigenstates, then the resulting
decomposition would be dependent on both the initial distribution and relative phases.
This would lead to interference between the states, but ultimately it will just change
the final values of the magnitudes of eigenstates and the phase. As such, it is far
easier to just adjust the single initial eigenstate, rather than combining more into a

superposition in most cases.

2.1.3 Diabatic dynamics

The final case, is everything in between adiabatic and quench dynamics, which we refer
to as diabatic dynamics. By using the adiabatic case as a reference point, we can think

of the speed in diabatic dynamics as causing excitations between instantaneous eigen-

12



Chapter 2. The Adiabatic Gauge Potential

states. These excitations can affect both the distribution of the eigenstates (¢, (A(2)))
and the relative phases (® (A(t))). As this case encompasses all other dynamics, there
again is no easy solution. However as we shall see soon, there are approaches to convert
diabatic dynamics to adiabatic dynamics whilst going faster than the adiabatic condi-
tion allows. To get to that result, we must first explore what are gauge potentials, to

build up the rest of the ground work.

2.2 Gauge potentials

When transforming between different frames of reference, the equations of motion can
change such that the resulting physics between the frames agree. In physics we always
assume our reference frame is stationary, and as such all our equations of motion be
it classical or quantum build from this assumption. This assumption however breaks
down if we try to describe the physics in multiple frames with relative acceleration, and
in this case we can use a gauge potential to ensure the physics remains the same.

For example lets consider the classical mechanics problem of a merry-go-round.
Imagine a person is riding on the merry-go-round; they will feel a force pushing them
outwards whilst they rotate around, however the outside observer would not be able to
detect the force. This discrepancy arises because there is relative acceleration between
the two frames, so the equations of motion in the two frames are different, although
they in the end describe the same outcome. These generators of these extra forces are
known as gauge potentials, and they ensure accelerating frames obey the same laws of
physics as stationary ones.

In quantum mechanics, different bases are the same as different reference frames.
As such, a basis varying in time will result in a gauge potential appearing in the
Schrodinger equation. To explain gauge potentials we shall outline the derivation as
shown in [72]. Let |tp) be a wave function, then it always has a decomposition into a

stationary basis |n), given by

o) = e ln)g- (2.13)

13
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There then exists a unitary transformation, to some other basis |m), such that

M)y = Unm(£) )y, (2.14)
Mo = Unm(£) Im),. (2.15)

We refer to |m), as the moving frame, as the basis is dependent on the value of ¢
which describes some parametrised path similar to the use of A in control procedures.
The values Uy, (€) can be thought of as matrix elements of a matrix U (¢), where each
column transforms a stationary basis state to the moving basis, and each row vice versa.

We can then write the wave function now in the moving frame
\w> = U (0) Im), =Y ém(l) Im), , (2.16)
nm m

with &, (¢) giving the moving frame distribution (¢,,(¢) =, Uy, (£)cn). We can then
write the shorthand of this as

[e) =07 lwo) (2.17)
o) =Tt [ ) (2.18)

With the description of the two bases complete, we introduce the gauge potential
Uy as generators of continuous unitary transformations, which are given by Uy = ihd,.

We then apply this to the moving state vector

1/3e> giving
ih (ag (@Z)g>> —ih (6( (Ug |¢0>)) , (2.19)

which as ¢, is independent of £, we can apply the product rule to extract it from the

derivative, and convert back to the moving basis
ih (&ﬁg) [tho) = ik ((%ﬁg) Ug )ng> . (2.20)
Now the derivative is split apart from the basis, we can define the resulting operator

14
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as the negative of the gauge potential Uy

ih (64(7}) 0y = Uy (2.21)
By noting the identity
o0 (0J02) = o =0 — 0} (a,0:) = - (0.0)) U, (2.22)

and dropping the explicit brackets, we get
Z/?( = ihﬁgagﬁg. (2.23)

This expression also shows that the gauge potential is a hermitian operator. Note we

can also transform the gauge potential into the lab frame to get
Uy = Ul U} = ihd,. (2.24)
These gauge potentials can both be defined via their matrix elements
({m|Us In)y = o(m| Us o (2.25)

As we discussed at the start of this section, these gauge potentials appear when
applying a unitary transformation to the Schrédinger equation. In the transformed

basis, we can write the Schrédinger equation as

ihd, (Ug ‘q@) —i (Ug Lz)g>) , (2.26)
<z‘h€8ﬂ7@+z‘hﬁgdt> )@ —AU, @. (2.27)

If we then apply from the left the operator U g we get

RO} 00,07 + iU} Oedy |4y <UL FO |3

iUy + ihd; ‘1@ —H, ‘1@, (2.28)

15
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where Hy is the transformed Hamiltonian. Rearranging this, we can see that in the

moving frame the Schrédinger reads as
ihd, W - (m - mg) )@ . (2.29)

This extra term of the gauge potential, is what leads to the diabatic excitations we
briefly discussed in Sec. 2.1.3. So if we can adjust the gauge potential, we can affect
the diabatic excitations of our time dependent system.

So to summarise, using Gauge potentials allows transformation between different
frames of reference without affecting the physics. To adjust our equations of motion,
the Schrodinger equation, we add in the extra resulting Gauge potential. This finishes
our discussion directly on gauge potentials, and we now turn our attention to bringing

together the past two sections, to define the Adiabatic Gauge Potential.

2.3 Defining the AGP, counterdiabatic driving and other

properties

When discussing gauge potentials so far we have allowed for any unitary transformation
U,. Now we limit ourselves to transformations that take us between the stationary lab
frame and the energy eigenbasis of the Hamiltonian. We denote this transformation
as Uy with the X signifying this difference, and we write the gauge potential as ./Zl,\,
which is the Adiabatic Gauge Potential. The reason for this name will become apparent
shortly when discussing counterdiabatic driving.

Due to the Hamiltonian represented in the energy eigenbasis being diagonal, we can
derive a more useful expression for the matrix elements of the AGP compared to the

general gauge potentials. We start with the expression

Alm| Hy ), =0, (2.30)
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which is clearly true if m # n. Then by differentiating this with respect to A we get

(On 2(ml) Hy In)y + y(m| (93H) I}y + y(m] iy (92 n),) = 0

Ea(A) (0 x(ml) )+ sl (9nFL) [, + E(N) sl (0a1m),) =0, (2:31)

where E,,(\), B, (\) are the eigenvalues of the associated eigenstates. We can use the

fact that ,(m|n), =0 to find
M (\mln)y) =0 = (Ox y(m]) [n), = — \(m| (Ox|n),) - (2.32)
Then using Eq. (2.24) to substitute the partial derivate with the AGP we get
Al 0x m)) = = sl Ax ) (23)

Finally putting all this together and rearranging, we get

Am| Ay n), =ik A(m| My [n)

BulN) — Bn(V)’ (2.34)

This expression may in fact look rather familiar, as we have seen an extremely
similar form for the adiabatic condition given in Eq. (2.8). This is no coincidence,
as the AGP can be seen as a measure of the adiabaticity of the system. In fact an
alternative wording of the adiabatic condition is the statement: If the largest element
of the AGP is much smaller than the relevant energy gap divided by the rate of change
of A, then the condition holds. We also note that this expression does not give the
diagonal elements of the AGP, as clearly it is divergent. The diagonal elements of the
AGP are in fact the Berry connections [61], and affect only the relative phase of the
eigenstates. As such, similar to what we did in the adiabatic dynamics, they are often
ignored and set to zero.

So now if we can easily diagonalise H,, we have an expression for the AGP, but why
is this useful? Well, the AGP provides a large amount of insight into the dynamical

properties of a system [72], and has applications as a signature of quantum chaos [65, 91,
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92], or as a measure of quantum phase transitions for simple models [93]. However, likely
the most common use case of the AGP is to compute the counterdiabatic Hamiltonian.

This is given by
Hep(\) = Hy + AAy. (2.35)

This Hamiltonian is interesting because if we apply the unitary to transform to the

co-moving frame, we get
fICD(A) — fIA + )\./i)\ — )\A)\ = ff}v (2.36)

We see the AGP added to the counterdiabatic Hamiltonian, cancels out with its counter-
part from the transformation. This means in the co-moving frame, the system evolves
under a purely diagonal Hamiltonian. If the Hamiltonian is then varied at any arbi-
trary speed A, it will experience no diabatic excitations, leading to adiabatic dynamics
for all speeds of driving. There is one small caveat, if a phase transition occurs along
the path varied across, the AGP will diverge and not be able to be implemented in the
thermodynamic limit. However outside of this case, any adiabatic procedure can be
sped up dramatically by adding these extra operators.

Whilst we have an expression for the AGP in the diagonal basis, this limits the
problems that can be addressed to where diagonalization at all instantaneous times is
feasible. If we again look at Eq. 2.34, we can rearrange and work back a few steps and

get

/\<m| A/\En()\) |n>)\ - >\<m’ Em()\)AA ’”>,\ =ih ,\<m| 8>\1£I/\ ‘”>>\
Am| AsHy n)y — y(m| HyAy [n), =il \(m| O\H) [n),,

Al [Ax, B n), = \(ml ihoxHy ), (2.37)

which as we already know represent the off-diagonal elements of the AGP. To build a

full matrix of ihdyHy, we include the diagonal elements My = — 3 8%’35’\) )y (1]
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to get
iﬁa)\ﬁ)\ = [A)\, f{)\} . ihM)\. (2.38)

If we then apply a left hand commutator with H A, We can see that [ﬁ 2 M ,\} =0 due

to the form of My, leaving just
[m,maxm - [AA,EIAH —0. (2.39)

The expression inside the right hand side of the commutator is often expressed, as
the quantity [94]
G (A)\> = ha)\f{)\ —1 [I:I,\,/l)\] , (2.40)

such that the condition simply reads as {I:I .G (.,Zl)\ﬂ = 0. This expression in Eq. 2.39
provides a general condition, as it is not basis dependent, which is exactly satisfied by
the AGP. It is also used as a building block for most methods of computing the AGP
without diagonalization, which we shall discuss in Sec. 2.5.

The AGP is an extremely useful quantity, however it is a operator of the size of the
Hilbert space. As such it is often useful to define an Lo norm which we shall refer to

as the AGP norm, defined as

LAY

Ay = A,
AP = oo

(2.41)

The exact form of the AGP norm is not important, and definitions differ by factors
between different papers. We decide to additionally normalise by the dimension of
the Hilbert space, to allow comparisons between different system sizes. There may
be more appropriate ways of normalising this expression in specific cases, to allow for
better comparison, but we are not aware of a better general expression for all types of
systems. For a physical description of the AGP norm, it can be seen as the measure of
the adiabaticity of a system, where the larger the value the more diabatic excitations
are present. It is related to the combined adiabatic conditions between all eigenstates,
and as such when it is zero all eigenstates behave perfectly adiabatically.

So far we have expressed the AGP as along a one dimensional path defined by

A, but sometimes having instead multiple directions can be useful. Suppose we have
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a Hamiltonian that is parametrised by A1, Ao, ..., A, which we write as the vector X
Then A is replaced by X = ()\b Ao, ... ,5\”>, and the AGP is expressed as a vector of
operators AX = (./l,\l,/l,\Q, .. ,/t,\"). This means the AGP can be broken up into
specific directions for simpler calculations in each direction, then combined later to get
the full result.

We have now introduced the AGP alongside some of its properties and shown how
it can be used to speed up adiabatic control sequences. We will now look at a small

example of a simple two level system, to see how these results are computed and used.

2.4 Example: 2 level system AGP

The 2 level system we wish to study for this example is given by Hamiltonian, expressed

in vector notation as

R A w
H= = A67 + wé®, (2.42)

w —A

in the basis of 1), ]}) which are the eigenstates of 6%, where 6* and 6% are the Pauli
matrices. Note that w is an energy as we are now using the natural units of A = 1,
which we shall continue onwards for the rest of the thesis. This system has two states
with energies of A and —A with a driving of w between them. When A > w the
Hamiltonian is effectively just a 6% operator, meaning the ground state is simply |]).
On the other hand when w > A the Hamiltonian is now effectively just a 6% operator,
meaning the ground state is now proportional to [1) — |}). This means we can drive
adiabatically between these two state by following the ground state whilst varying X.

To be explicit, the Hamiltonian has the eigenenergies

A = VA2 + w2, (2.43)

with corresponding eigenstates
[+) = cos(8) |1) + sin(8) 1), (2.44)
=) =sin(9) [1) — cos(8) |4) (2.45)
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where 6 is given by tan(20) = X. This shows how as the ratio of ¥ increases the

groundstate |]) gets closer to the superposition state [1) —|]).

We then compute the AGP for varying A = w, meaning we have

O, H = 6°. (2.46)
Then using Eq. (2.34), to give
i , (=]o"]+)
- Aw + =
A VATr o+ VALt
. cos(20)
— 9.47
12\/ A? + w? (2.47)
(] Ay =) =i—2D) (2.48)

OVAZ t il

Additionally we can simplify this expression by computing cos(26) in terms of A and

w, with the correct normalisation,

tan 26 :% - :;gz)) (2.49)
sin(20) :ﬁ, (2.50)
cos(260) :\/ﬁ. (2.51)
Applying this to the matrix element we now get
(HAs =) = = (+HAu =) == iwﬁ
=— Z;Nﬁw?‘ (2.52)

We can then express the AGP as an operator in the form of outer products this
gives
1 A
- —|=|- . 2.53
i3 ey () (=1 = 1) (+) (253)
Now we can transform back into the stationary [1),|]) basis, by computing and

applying the inverse transformation. The original transformation into the eigenbasis is
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given by

|+) _ cos(f)  sin(0) ) 7 (2.54)

=) \sin(@) —cos()) \I1

and this is a involutory matrix, so its inverse is itself. This means the inverse transfor-

mation is
) _ cos(f)  sin(6) |+) (2.55)
W) \sin@ —cos®)) \|-)
Applying this to the eigenbasis expression for the AGP we get
. cos(f sin (6 x [ cos(0 sin (6
i [em@ @) feost0) sin)
sin(d) — cos(#) sin(f) — cos(#)
1 A 0 -1
o 2 A2 + (.d2 1 0
1 A
——_ = sy
SAT 120 (2.56)

From this we can state the counterdiabatic Hamiltonian using Eq. (2.35) simply as

X L . . 1A
HCD:H+WAMZAUZ+WUx+W§mUy, (257)
which will have adiabatic like dynamics at any value of w.

We can verify the result as well using the general condition given in Eq. (2.39)

A . A
[ o 1] = i gy (B0 =),
. o N Fy . w2 AT . Aw ol
10, H — [AW,H} _ZAQ—i—w?U +ZA2+WQU ,
PN PO s Ax,wg e Aw
.08 - | Ao, 2] Z[A" TRt Tt
0. (2.58)

Finally we can compute the norm of the AGP defined in Eq. (2.41) to be

A2

- 1
2_ - =
Ml =5 ae o

(2.59)
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This shows that if A is kept small compared to w, the AGP norm is small and the
dynamics are approximately adiabatic in nature. However when the A and w are
close in value, there is the largest amount of diabatic excitations. However, whilst
computing the AGP by its matrix elements for the two level system worked, it was
rather complicated computation for a simple final result, and was only possible due to

it having an exact analytical form for the eigenbasis.

2.5 Computing the AGP

In many systems, diagonalising the Hamiltonian is infeasible, as such we require meth-
ods to compute the AGP beyond the form of its matrix elements. There are a few
different approaches to this problem that differ in two main areas: how the basis is
generated, and how the operator coefficients are obtained. The first of these two differ-
ences refers to an approximate AGP which consists of a subset of the full operator space,
which we discuss in Sec. 2.5.1, with discussions of the exact case in Sec. 2.5.2. The
second difference will change the step taken during computation but will not change
the final output of the AGP, as this will be the same for a given operator basis. This
is shown in Secs. 2.5.3 and 2.5.4 where we show the two most common set of steps.
Note in the next chapter we also present the approach we proposed in Ref. [80] called
the Orthogonal Commutator Expansion (OCE) in Sec. 3.1, which combines different
aspects of previous methods, allowing a scale between the approximate and exact AGP

which can be computed numerically efficiently.

2.5.1 Approximate AGP

The AGP in general for given Hilbert space of dimension d, can contain as many inde-
pendent operators as the full operator space d2. It is important to note, the dimension
d scales exponentially with the number of degrees of freedom in many-body systems,
and such so does the number of operators needed to represent the AGP. To circumvent

this, a subset of operators can be chosen to define an approximate AGP, which we
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denote with X, given by

=Y (N0 (2.60)
k

Here ay () represents the coefficient of the kth operator Oy, in the chosen subset. An
optimal choice of this subset however is not clear a priori, with this being problem
specific and dependent on the degree of accuracy required.

One solution to this problem is proposed in Ref. [66], where they show that the

AGP can be equivalently defined as

o ~ ~ -7 ~
Ay = lim / dt e (e oy HpetD — M), (2.61)
0

e—0t

with My, cancelling the diagonal elements, which are not relevant in the formulation of
the AGP, from the first term. So only focusing on the off diagonal elements of the first
term in the integral, we can further expanded this using a form of the Baker-Campbell-

Hausdorff formula [95]

:i;‘ X% 159 :i[(Xi;Y} (2.62)
n=0 “—— n=0

where [(X )",Y} is shorthand for the nested commutators. This allows part of the

integrand to be written as

[(—iﬁﬂ)"v axffx}

n!

Mg

e—zH)\taAH/\ezHAt _

[ 8,\HA] (2.63)

Placing this back into the expression for the AGP (Eq. (2.61))

Ay = lim, /0 Tt e (> (Gl [(fh)", (‘)AFIA} — M)

n!
n=0

oo 2l+1
= lim dt et )@ 9. H, | . 2.64
HO*/O Z 25+1 [ (H)) 2! A} (2.64)
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As the even nested commutators give diagonal elements, we cancel them with M,
giving a new index [ which only covers the odd nested commutators. Now whilst this
expression is still not particularly useful for computing the AGP, Claeys et al. [66] note
that by combining all the scalar values into one coefficient «; for each [, this provides

an expansion of the AGP
Ay =iy o [(ﬁk)(%l), aAﬁIA} . (2.65)
1=0

This expansion can then be truncated at a finite order, giving an ansatz of the AGP
where the «; can be obtained.

Whilst this ansatz provides a full basis for the AGP, the operators at each value
of [ are not necessarily orthogonal to each other. This means there is an unnecessary
dependence between the operators, that complicates solving for the values of «; lead-
ing to unstable convergence of the results in even simple examples such as the one
dimensional Ising model.

In Ref. [96] they show how to enforce orthogonality in a Krylov based method of
generating the AGP basis [97]. The general idea is closely related to the nested commu-
tator ansatz, using repeated commutation with the Hamiltonian to give these operators,
but additionally subtracting previous operators. They define their approximate basis

over operators Oy, with odd values of k giving the AGP

l
AL =1 O (2.66)
k=1

where ¢ represents the order of the approximation. To facilitate a concise algorithm

they introduce the notation

L Tr(ATB

(A|B) = (d ) (2.67)
fl)= (Al4), (2.68)

£|O) :[ﬁa OA]? (2.69)
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with Hilbert space dimension d. Using these they provide an algorithm for the process of
computing the operators Ok, shown in Alg. 1. This provides an orthogonal constructed
basis for the AGP, that can be used to solve to a given order of approximation. At
the same time as this work on Krylov basis generation was being done, we created our
own approach to fixing this problem of orthogonalisation, which we discuss in detail in

Sec. 3.1.

Algorithm 1 Krylov basis generation

AO — 8)\ﬁ

b~ | 4o

Oo = Ao/bo

A1+ L|0y)

|4

Ol «— Al/bl

for ke€2...20 do R
Ay = L|Og—1) = bp—1|Or—2)
b 4]
Ok — Ak/bk

end for

2.5.2 Lie algebra

Now that we have disused what an approximate AGP looks like, lets briefly discuss the
structure of a basis that describes the exact AGP. Whilst in many cases it is not possible
to compute the exact AGP, having some understanding about the form of it can help
point towards optimal approximate forms. We have seen in Eq. (2.65), all operators
that the AGP consist of can be computed via commutation with the Hamiltonian.
This operator space is known as the dynamical Lie algebra [98], where the Lie bracket
is given by

L=[H,] (2.70)

All forms of the AGP are defined over this Lie algebra, with different approximations
only differing by which subset is chosen up to a basis transformation. Previous works
have shown there are links between the size of the Lie algebra, the controllability of a

system [99], and also the degree of quantum chaos in the system [100].
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2.5.3 Variational approach

We now turn our attention to the problem of solving for the coefficients of the AGP for
a given basis, where we shall use the form given in Eq. (2.60) for consistent notation.
There are two commonly used approaches to this problem, the first of which is a
variational approach developed in Ref. [94]. The idea of this approach is to define an
appropriate cost function S (the action) for the AGP coefficients to be minimised over,

which is defined as

G(Xy) =00H — i [HXA} : (2.71)

S(Xy) =Tr [é(ﬁcx)ﬂ . (2.72)

The values of the oy that minimise this cost function, will give the best AGP for a given
basis, whether that is approximate or the full AGP basis in which case it be equivalent
to the exact condition given in Eq. (2.39) . To help motivate this form, we can define
the quantity

F(R0) = dimlm Tr ([HA 6] 2) . (2.73)
This quantity F(Xy) is the norm of the condition in Eq. (2.39), and gives a measure of
how far away from the exact AGP we are. In Ref. [72] it is shown that this quantity
is proportional to the average rate of change of eigenstate populations. Therefore the

smaller this quantity is, the more adiabatic the dynamics are, giving a measure of the

success of an approximate expression for the AGP.

2.5.4 Algebraic approach

The second approach to computing the coefficients of the AGP, was first developed in

Ref. [93], where by writing the equation

Md = 4, (2.74)
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with @ being the vector of AGP coefficients ay, they turn the problem into a matrix

equation. The matrix M and condition @ are given by

M;; =Tr ([ﬁ, OH, @j]) , (2.75)

wp, =i Tr ([ﬁ,@ﬁ]@@ . (2.76)

Note that this equation is not always directly solvable due to either symmetries in the
operators or diagonal elements being arbitrary. The authors solve the first issue by
reducing equivalent operators in the operator basis by taking into account the sym-
metries of the Hamiltonian. Then enforcing the diagonal elements are zero, which is
the normal choice for the AGP as seen previously in Eq. (2.61), an extra condition is
obtained

Tr [HX)\} — 0. (2.77)

Both the variational and algebraic approaches provide the same result, but have
different cases where each is appropriate. As such a combination of any of the basis

shown in Sec. 2.5.1 and approaches here can be used interchangeably.

2.6 Summary of AGP background theory

In this chapter we have built up to a basic understanding of what the AGP is, and how
it can be used in different cases. We looked at the different rates of change of time
dependent Hamiltonian lead to different general dynamics, where when the change is
near instant, a quench occurs that acts like a basis change. On the other hand, if the
change is slow we get Adiabatic dynamics that follow the time independent solution,
and in between these two extremes we have diabatic dynamics where there are some
excitations between eigenstates induced from the changing Hamiltonian.

We described the use of Gauge potentials to facilitate computing physics in different
accelerating reference frames, with the special case of the AGP being the transformation
to the co-moving frame. This showed how adding the AGP to our Hamiltonian in our

stationary lab frame, leads to cancellation in the co-moving frame resulting in adiabatic
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dynamics, and we refer to this process as counterdiabatic driving.

We have looked at what methods there are to compute the AGP in different sce-
narios, ranging from approximate to exact representations. These different methods
have each got their own benefits and drawbacks, but there has been little comparison
between different methods, as different research groups tend to stick to one particular
method. During this thesis, we try to apply a range of different methods to explore
the different strengths of these methods. However the OCE method we developed,
which the next chapter is dedicated to, will appear the most often as we have the most

familiarity with it.
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The Orthogonal Commutator

Expansion

In the previous chapter we have described the AGP, some useful properties and ap-
plications for it, and also some methods to computing the operator. One method we
left out of that chapter is the Orthogonal Commutator Expansion (OCE), which we
developed in our publication Ref. [80], and this current chapter is dedicated to and
based on. The main goal of the OCE was to have a method that can systematically
compute the exact AGP, whilst having different degrees to approximation when this
is unfeasible. We build from the approximate AGP described in Sec. 2.5.1, and in
particular the nested commutator ansatz given in Eq. 2.65, with the goal of addressing
the difficult optimisation problem that arise from the non-orthogonality between the
different ansatz operators.

To address this problem, we decompose the nested commutators into an trace-
orthogonal basis and remove any duplicate operators from the ansatz, which we discuss
in Sec. 3.1. This leads to being able to define a matrix equation similar to the algebraic
approach described in Sec. 2.5.4, but with a simpler final form of the matrix due
to the added conditions of trace-orthogonality and operators ordered by the nested
commutator expansion. The name Orthogonal Commutator Expansion arises from
these key differences to the previous methods, whose effect will be discussed in Sec. 3.2.

In this thesis there are some common bases we shall use when defining the AGP, so we
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outline a few of these in Sec. 3.4, to provide a single point of reference for calculations
done later in the thesis. We then end this chapter with a discussion of how to implement
the OCE numerically in Sec. 3.3.2, including a general algorithm for those interested

in implementing the method themselves.

3.1 Deriving the OCE

The first steps of this chapter is to illustrate how the OCE works, and alongside this
derive the necessary equations for the method. We will use an example two site Hamil-

tonian to help explain the steps, which is of the form

H =J6565 + A (67 +65) + X\ (65 +63), (3.1)

ONH =67 + 63, (3.2)

where 6 is the Pauli matrix v acting on site i. This Hamiltonian is a very simple two
site spin-1/2 Ising model, where the AGP can also be computed using any of the other
methods described in this thesis, and as such is a good model for comparisons. As we
discussed in the introduction to this chapter, there are two key details that define the
OCE: trace-orthogonality and the generating of operators via nested commutation.

Tackling the first detail then, trace-orthogonality is defined as
Tr (OZOJ> = ti’jdi,j, (3.3)

for two operators Oi, Oj in the Hamiltonian Hilbert space, where ¢; ; is some scalar value
and ¢; ; is the Kronecker delta function. By enforcing this condition, it leads to a sim-
plification in the elements of matrix equation, which reduces the overall computational
complexity of the problem. As the trace product can be viewed as two dimensional
generalisation of the one dimensional inner/dot product, so trace-orthogonality can be
analogously compared to the orthogonality condition for state vectors (m|n) = 0y, p.
Whilst strictly speaking only the trace-orthogonality property is required, to save on

tracking each of the values ¢; ; in the equation, it is easier still to use a trace-orthonormal
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basis, meaning ¢; ; = 1V 4,7

Tr (010;) = 6. (3.4)

If a basis is trace-orthogonal, it is always possible to normalise the operators to enforce
the stronger condition of trace-orthonormality. Additionally in the case that the scalar
factors are the same for all basis vectors ¢; ; =t V 4, j, it will not affect the final result
of the OCE, meaning it can be ignored for the convenience of not needing to normalise
the basis. In fact we shall use this in our example calculation, as the basis of the Pauli
matrices is trace-orthogonal but not trace-orthonormal, with the scalar factor being
tij =2 V1,7, so we can work directly in this basis without extra factors begin added.
Returning to our example Hamiltonian, we turn to look at the second detail of
generating the AGP operators via nested commutation. As we discussed in Sec 2.5.2,
we can see this step as generation of a Lie algebra (our basis) via repeated use of
the Lie bracket (the commutator) with the Hamiltonian. By ordering our basis/Lie
algebra by when they first appear in the nested commutation/Lie bracket, we are able
to compute that many of the matrix elements we find later are exactly zero, so there
is good reason for this structured ordering of the basis. We can compute the first two

nested commutators to be

[ﬁ, akﬁ] = —iA(6Y +6Y), (3.5)

[ﬁ, [H aAﬁH = — JA(676% +6763) + A2 (67 +63) — MA (6T +63). (3.6)

This shows our first example of the non-orthogonal nature of the original commutator
ansatz given in Eq. (2.65), as 67 and 635 have appeared in both O H and [I:I, [ﬁ, 8>\H'” .
In fact for the Pauli matrices, every single previous operator seen in even (odd) nested
commutators will appear in all future even (odd) nested commutators. It will become
more clear why this is the case shortly when we describe commutators in terms of
structure constants, where the reversibility of commutation is made apparent. As in
the OCE we are decomposing the nested commutators into the given basis, we only
need to track an operator the first time it appears. As such we find the set of operators

By that appear after £ nested commutations (taking odd operators to be Hermitian) to
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be
By ={i6%,i63} (3.7)
B, ={6Y,6Y}, (3.8)
By ={i616%,i6%6%,i67,i65}, (3.9)
By ={6763,6163,6163,6165}, (3.10)
By ={i6}65,i676%,i6Y55} . (3.11)

As seen previously in Eq. (2.65), the AGP is then defined over all the sets where ¢ is
odd. We also note the action (see Eq. (2.72)) is defined on the sets where /¢ is even,
as it is computed via a single commutation with the AGP. This hopefully makes clear
what we mean by decomposing the nested commutators into a given basis.

The resulting matrix equation given in the OCE, is effectively a special case of
the algebraic approach, which results in simpler matrix elements. Commutation can
be expressed in the form of structure constants f,, which are totally antisymmetric

values, such that commutation between two operators Oa,Ob as
[Oa,éb] =i> 150 (3.12)
C

This means the commutation relations of all operators in the Hilbert space can be
defined via all the non-zero values of the structure constants fS. For example the
Pauli basis commutations is defined by f7, = 2, where all other non-zero values are
given by swapping the order of the indices and flipping the sign for every swap eg. f7, =
2 — yzx = —2.

Whilst the full structure constants define all the values we require for computation
in the OCE, they are actually overly expressive for our use case. This is because we

only take commutations of the form [H, -], so one index is always fixed. To simplify the

form, first lets express the Hamiltonian H in our chosen basis as
H=> h;0;, (3.13)
J

33



Chapter 3. The Orthogonal Commutator Expansion

where h; are real valued scalars, as we take Oj and H to be Hermitian. Similar results
are be able to be computed for a non-Hermitian basis and Hamiltonian where h; can
be complex valued, but we will not explore that case here.

We can then insert this expression of the Hamiltonian into Eq. 3.12, with O,=H

and the other indices rewritten as b, ¢ = k, [, this gives
[H,Ok} =i hifhon. (3.14)
L J
From this expression we can define what we call the reduced structure constants cgf as
! !
& => hilj (3.15)
J
reducing the expression for the commutation to

[FI, Ok} =iy don. (3.16)

l
Whilst it is useful to define the reduced structure constants in terms of the full
structure constants, it is also helpful to have an expression based purely on the operators
themselves. To achieve this we take a trace product of Eq. (3.16) with a specific operator
Oy € By, which means OA;, = +O0p depending on whether ¢ is odd or even. Applying

this trace product we get,

(.0 0f) = 13400}

l
516 . |
+Tr ([H,Ok} O, ) + Ty (Ql:ckolo, ) (3.17)

so the 4+ ends up just cancelling anyway. Finishing the calculation we get

Tr ([ﬁ, Ok] Ol/) =1 Z cﬁc Tr <OZOZ/)

l
=il (3.18)
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which we can relabel I’ back to [ to give simply
R ([H Ok} O,) . (3.19)

We have previously described our basis in terms of the sets By, where B, commutes
onto the sets By_; and Byij. As such, if the operators Ok € By then []:I, OAk} S
By_1 U Byy1, which for now we will simplify to just OE °dd and OlB even - This means the
elements of the matrix M first described in the algebraic approach to the AGP, see

Eq. (2.75), can be written as

A~

My =Tx ([H,0,][H,O1))

@)
T ( ILLEDY c;:ég;even>
m
( Z Z oo OlBevenOTﬁeven>
Z Z e Ty (OFQVG“O£EVG“> . (3.20)

l

A B, . .. . .. . .
As O is even we know it is an anti-Hermitian operator meaning we can write

Tx (Ofen O ) = — Ty ((OFGV&H)T Of;ven) S . (3.21)

Combining this back into our expression, results in the final expression of
My =) cd. (3.22)

Similarly we can compute % by using Eq. (2.76), where we first need to get an

expression for 9y H. Using the decomposition of H given in Eq. (3.13), we can find

OH = 0\hOf. (3.23)
l
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We can then substitute this expression into Eq. (2.76) to get
up =i 'Tr ([ﬁ, 8,\137]0{50“)
—=iTr (Z N [H OZBD] Ofodd>
l
=1 Z O\h; Tr ( [ﬁ, OAZBO} O]ded)
!
=i oy (ict

l
l

We note that the expression for the matrix elements M, ;, in Eq. (3.22), are defined
going from odd operators (k) to even operators (), so we wish to swap the indices in cf.
To do so we can look at the definition in Eq. (3.15) and see that swapping [ and k will
flip the sign of the full structure constant f]l.k,, and as such cf = —cfc. So we can write

the initial condition in terms of odd to even reduced structure constants equivalently

as

up ==y hid,. (3.25)
l

This result combined with Eq. (3.22) defines the matrices required to solve the matrix
equation of the different coefficients of the AGP in a given basis, as was seen in the
previous chapter in Eq. (2.74).

With this the steps of the OCE have been laid out, with now only the matrix
equation is left to be solved. This provides a complete set of instructions to solve any
Hamiltonian that is desired, however it is not guaranteed to be computationally feasible.
As such we shall now look at some of the details of the OCE, what generalisations about
the method can we make, and how to approximate the result when the computational

demand grows beyond reach.
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3.2 Exploring the details of the OCE

The form of the matrix elements given in Eq. (3.22), is reasonably straightforward
being made up of reduced structure constants only. However, if we look at the scaling
of how many operations are required to compute this matrix, we see quickly that the
problem is still computationally expensive in its current form. Let B; have Neyen and
Nogq operators for [ even and odd respectively. Then the matrix is of size Nygq X Nodd
where each element required a sum over Ngyen Operators. This naive computation leads
to scaling of the form O(N2;Neven), which at first appears to be polynomial and not
too bad. However for general systems Neven,Nodqd X d?, where d is the Hilbert space
of the system, which itself grows exponentially (d = 2V for N spin-1/2 particles), it is
clear that this scaling should be reduced as much as possible.

Over these next few subsections, we will explore different simplifications and details
of the method: the shape of matrix in Eq. (3.22), how symmetries can be used to reduce
the size of computation, creating approximate AGP by truncating the matrix equation,

and dealing with complex valued Hamiltonians.

3.2.1 The block tridiagongal form of the matrix equation

The first step to simplification, is to remove all elements where it is known a priori
they are zero valued. As we have described OCE organises the operators into operator
sets B; that are ordered by number of nested commutation. This means that the
commutator of any given operator set exactly maps on to operators in its consecutive

sets, given mathematically as

~

[H,00 € Bj_1 U Byy. (3.26)

As such, the structure constants are zero between any non-consecutive operator sets.
Using this fact, we can note Eq. (3.22) has only non-zero elements between operator
sets that share a consecutive set, or more simply put, the matrix elements between
any two non consecutive odd operator sets are always zero. Similarly Eq. (3.25) is

only non-zero for operators in the first set Bj, as this is the only consecutive set to By
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where 9y H is defined. This means that the matrix M is block tridiagonal, which can
be efficiently solved [101], with additionally only non zero u for the first block. This
is one of the key results of OCE, that by ordering the operator sets in this particular

way, the complexity of the resulting matrix equation is reduced dramatically.

3.2.2 How to exploit symmetries in the Hamiltonian

In many cases the Hamiltonian will have some form of symmetry that it is invariant
under. This can be related directly to the type of Hamiltonian (the Ising model has
a Zo symmetry) or the geometry the Hamiltonian is on (a chain having a reflection
symmetry). We find that symmetries present in a Hamiltonian are also present its
associated AGP, which can be used to reduce the complexity of computing the AGP.

Firstly, we show that the AGP respects the same symmetries as the Hamiltonian,
by considering the condition given in Eq. (2.39). For clarity we restate the condition
here

[H,0\H —i[H, A]] = 0. (3.27)

Suppose we apply a transformation such that H ,./i transforms to H’ ,/V respectively,
and we specify that the transformation is symmetry preserving such that H=H.

Under this transformation the condition becomes
[H,05H —i[H, A']] = 0. (3.28)

However as the AGP is unique up to a basis transformation, we can state A=A , and
can conclude that the AGP shares the Hamiltonian symmetries.

The main consequence of the AGP sharing symmetries, is that all its individual
operators can be rewritten in a symmetric form. To do this we would combine non-
symmetric operators together to form new symmetric operators. For example, suppose
we have a two spin-1/2 particles coupled together, such that there is a geometric reflec-
tion symmetry between the two particles. In this case, the operator 6165 is symmetric,
but 6145 is not. However we can combine this non-symmetric operator with 6755, to

get 6707 + 6703, which is now symmetric.
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Ideally the Hamiltonian is already written in a symmetric basis, or can easily be
transformed into it, and then the OCE can be applied in this basis. However as the spe-
cific symmetric basis is dependent on a particular Hamiltonian, the structure constants
may not be a known result and have to be calculated for that specific Hamiltonian.
As the OCE relies heavily on the reduced structure constants, it is often easier to pick
a basis where the structure constants are already known, and then make use of the
symmetries during the method itself.

The most straightforward approach, is to express the symmetric reduced structure
constants in terms of their non-symmetric parts. This is only necessary for the AGP
operators (B; where ¢ is odd), as the matrix elements in Eq. (3.22) already sum over
the even operators. So we can write the symmetric odd operators as a sum over the

non-symmetric odd as discussed previously,

ABodd _ 3B,
Ogetd = > O, (3.29)
k’E{Sk}
where { S} is the set of symmetric indexes to be combined. Substituting this form into

Eq. (3.19) we get

clSk = —iTr | |H, Z O,]ded O | = Z —iTr ([I:I, OA,]ded} Ol> = Z .
k'e{Sk} k' e{Sk} k'e{Sk}
(3.30)
The linear nature means we can simply add together the structure constants to get the
values for symmetric operators.

This symmetric combination of odd operators reduces the number of AGP coeffi-
cients that need to be solved for, which reduces the size of the matrix equation. When a
Hamiltonian has a very high degree of symmetry, this greatly reduces the overall scaling
of the problem. In the next three chapters where we discuss results of computing the
AGP in different systems, we will see how this allows the computation to be pushed

much further than may be naively expected from the inherent exponential scaling of

the operator space.
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3.2.3 How to approximate via truncation

One clear approximation that can be applied, is truncating the generation of the Lie
algebra, meaning we take a maximum number of nested commutations, giving B; a
maximum [ value of lyne which is smaller than the true maximum. This gives a
structured approach to building an approximate AGP, however we have not studied
the effect of this approximation outside of computing it for some simple examples. In
many cases the size of the full Lie algebra will be unfeasible to tackle, so this at least
gives an approach to solving these problems even if there is a better approximation

that can be made.

3.2.4 How to handle complex valued Hamiltonians

Most of the reasoning we have presented so far has partially assumed a real Hamilto-
nian. This has not been an explicit assumption, and all the results are still true for a
complex Hamiltonian, however there are some oddities that arise. A key fact is when
a Hamiltonian is fully real, its AGP is fully imaginary [72]. For every case the AGP
must be hermitian, so this limits the overall operators for real Hamiltonians, for exam-
ple to operators with an odd number of ¥ for spin-1/2 systems. Due to the nature of

commutation, the commutator of any two hermitian operators Ol, 0? is anti-hermitian:

[01,07]' = (010> - 0?0t = ~(0'0* - 00N =~ [01.07] . (33)
This means that the sets By alternate between hermitian and anti-hermitian oper-
ators. We can always multiply an operator by i to change between hermitian and
anti-hermitian, so we are free to choose that odd values of ¢ have hermitian operators.
This ensures the AGP defined over odd ¢ values of B, operators sets is hermitian with
real « coefficients.
When the Hamiltonian is real, the limits on the operators leads to even and odd
values of [ containing completely different operators, so the distinction of factors of ¢
is not necessarily required. However for complex Hamiltonians the AGP can also be

complex, meaning the same real operator can appear in both odd and even values of
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[, with a difference of a factor i. As such, when dealing with complex Hamiltonians it
is important to treat the complex nature of the operators, and track both 6% and i6*
separately.

To show an example of this, lets consider a simple spin-1/2 Hamiltonian of the form

~

H =6"+6Y + \6”. (3.32)

We can see that 8>\ﬁ = 67, so lets take this as By = {*} and ignore factors of i to see

the problems that occur. We can find B; to be
By ={6% 5%}, (3.33)

and there are no more non-repeating operators that are generated from nested com-
mutation. This result suggests the AGP is of the form Ay = a,6% + ay,0Y with no
component of 7.

However, if we instead track the factors of ¢ that appear from commutation, we find
a conflicting result. Starting from i6* such that By is Hermitian for odd ¢, we find the

operator sets to be

By = {ic*}, 3.34

Bl - {a_w’ &y} )

w
w

5

w
w

(3.34)

(3.35)

By = {i6",i6Y}, (3.36)
By ={6%}. (3.37)

3.37

This shows that the AGP is actually of the form Ay = 6% + ay6Y + 07, showing

how ignoring the complex nature of the coeflicients can lead to incorrect results in the

AGP.

3.2.5 Diagrammatic description of the OCE

It can be helpful to visualise the OCE with a diagrammatic representation, which is

shown in Fig. 3.1. Here the operator sets By are represented by the rectangles and
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HhH HH H §<:>
1 = 1 2 = 1 2 3 B
()1 ! !

2 2

Figure 3.1: Graphical illustration of the OCE algorithm, with rectangles (ovals) rep-
resenting operator sets B; with odd (even) I, with lines showing the connection of
commutation. To solve for the coefficients of the AGP which are defined over the odd
operator sets (rectangles), a matrix equation is created. This matrix has elements that
involve a sum over consecutive even sets (ovals), which gives the matrix a block tridi-
agonal form.

ovals for odd and even values of ¢ respectively, with lines between them showing the
commutation from operators in one set to the next. Note that only the odd sets here
are labelled, as these are the operator sets that make up the AGP. As discussed in
the previous paragraph, there is only commutation between consecutive sets, meaning
only consecutive odd sets have non-zero matrix elements between them. Going from
left to right in this picture we see how we grow the basis, and compute the matrix
elements at the same time as they both require the same process of commutation with
the Hamiltonian. Eventually there will be no new operators generated and the final
By

will be reached, which means the entire Lie algebra has been spanned and solving

max

the matrix equation will give the exact AGP.

3.3 Computation of the OCE

When implementing a method, whether that be analytically or numerically, there are
practical details of the computation that arise. We write this section to try and collect
together some of the mathematical details around commutation that are needed to use
the OCE in practise. We will explain how to compute the commutator in coupled
bases, where the structure constants are only known for operators on single sites. We

then give an overview of different ways of implementing commutation numerically, to
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be able to automate the process of generating By and the reduced structure constants
required. To conclude this section, we then give a step by step algorithm of the OCE,

for a short form summary of all the steps highlighted in this chapter.

3.3.1 The commutator in coupled bases

In many-body physics, it is common to represent the Hamiltonian as a Kronecker/ten-
sor product over the individual sites/particles. However it is unlikely commutation is
directly defined across this many-body space, and instead is defined for each site. If
this is the case, we need a way of commuting operators in terms of the single site, such
that we can apply the OCE.

First lets define two generic operators 0% and O in terms of a Kronecker product

over N sites/particles. We write these as
0" =01" 005" ... 08 =R O’ (3.38)
k

where the subscript k indicates the operator on the kth site.
We then use the mixed-product property of the Kronecker product [102], to be able
to multiply together O® and OY,

00" = Q) 0105 (3.39)

[0°,0" = 0°0" — 0°0" = (R) 010}, — (X) 0305 (3.40)

We can then express the products on each sites as additions of commutators and

anti-commutators

(jor.01] + {or.o)). 5.a)
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1 A ~ A A
=5 (—|or. 01| +{ow0t}). (3.42)

where {O,‘;, O,g} is the anti-commutator between Og and OAz To simplify the notation,
we define C’k = [Og, O,’;] and Ak = {Og, 02} We can then express the commutator
in Eq. (3.40) as

(Ak - C*k) . (3.43)

DO | =
N =

0%,0" =)

(Ak + ék> -
k k
The Kronecker product does not have a mixed sum property, meaning ), ) Qs O,l; #*
Xy <Og + Og), so we will simplify this expression in a different way.

First we define p to be a ordered permutation of the form
p=@Q)pr where p = A or Cy. (3.44)
k

Then we let P be the set of all possible permutations of this form. Using this, we can

write

@;(Ak—i- ):(> > b, (3.45)

peEP

L/ 1\~ b

X 5 (Ak - ck) = <2> Z(_l) P, (3.46)
k pEP

where nf is the number of commutators (C’k) present in p.

As shown Eq. (3.43), the commutator is the difference between these two expres-
sions. This means when ng’ is even, the two expressions cancel, and we are left with
only the odd values of n’ca. If we let Pyqq be the set of p with odd n?, then we get the
final expression

1\ N1
Na Aby _ [ = ~
(0,0 = <2> 2P (3.47)
PEPodd
With this general expression in hand, we can work out how many permutations (p)

are needed. For a given N sites/particles, there are 2"V different permutations, of which

approximately half will be odd. Clearly this exponential scaling is not feasible to use
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Chapter 3. The Orthogonal Commutator Expansion

in general, however there are cases where we can simplify the form further to a more
practical number.

The simplest case occurs when the commutator and anti-commutator are disjoint,
meaning C, # 0 = A, = 0and A, #0 = Cj, = 0. This implies that only
one permutation (p) is non-zero, and as such the scaling goes from exponential to
exactly order one. The Pauli matrices are an example that satisfy this condition, so all
many-body spin-1/2 models are accessible with this approach.

Another simplified form can be found for two-body operations. We can write

0'=1Iw @0 ® 004, ol (3.48)

where k; and ko are the sites/particles the operator interacts with. As [ﬁ, O} =0 and
{ﬁ, O} =20 for any operator O, we can reduce Eq. (3.47) to

. 1 /- . . )
(0%, 0] =5 (O’{@---@Ckl®-~®Ak2®---®0?\,

+O‘{®---®Ak1®---®C’k2®~-®0§’v). (3.49)

So only the result is completely dependent on the operators at sites k1 and ko, and can
only affect those sites. This again is a large reduction from a exponential number of
permutations down to simply two.

There are of course other cases where the form of commutation will be simpler
than the general expression, for example any n-body operator where n < N. As such,
it is feasible to build up larger many-body Hilbert spaces, even if the commutation
relations are only known for single site operators. However in all cases, knowledge of
both the commutator and anti-commutator is required. Where the fully anti-symmetric
structure constants f<, we have defined in Eq. (3.12) describes commutation in a given

basis, the fully symmetric structure constants d, can describe anti-commutation as
{O“, Ob} =206, + > d5,0°. (3.50)
C

With the values then of fS and d,, it is possible to extend single site/particles bases
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Chapter 3. The Orthogonal Commutator Expansion

to describe many-body Hamiltonians.

3.3.2 Numerical representation of bases

The OCE algorithm can be used analytically, but due to the large dimension of the AGP
this often is not possible. In general the algorithm will be implemented numerically for
a basis, that can then be used for multiple Hamiltonians. The first step in the OCE is
to decide how the chosen basis will be represented on the computer.

The simplest general representation is to use an array of integers, where each array
index represents a different site, and the integer represents the type of operator for that
site. This can also equivalently be done with string values to make them more readable

to the user. Lets show this for the Pauli matrices on four sites
[1,2,0,3] = 6" @ 6Y @ I ® 6°. (3.51)

Here the integers 0, 1, 2, 3 represent ]T, 6%, 6Y,6% respectively. Depending on implemen-
tation in code, the size of the integers is different, so we shall assume the code uses
U8 (unsigned 8-bit) type integers. This means we can represent up to 256 operators,
which is more than sufficient for each site in most cases. With this the memory usage
for a N-body operator is N bytes, however clearly this greatly overuses memory for
small local site dimension.

One implementation that is slightly more efficient for memory, but is more cum-
bersome to use, is to collect multiple sites into the same integer. Lets stick with the
spin-1/2 example, so we have an operator dimension of four per site. We can group
together every four sites, such that every two bits of the integer represents a different
site. For example

01100011 =109 = 6" ® 6¥ @ T ® &°. (3.52)

With such a representation, we have at most less than one byte of memory inefficacy.
In almost all modern architecture, a byte is the smallest size anything can be, so we
have maximum memory efficiency for representing a generic operator.

To be able to apply the OCE we also require the ability to commute operators.
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In general this can be done by hashmaps or dictionaries, where the key represents the
input operator and the value is the commuted result. To save on needing to define
every single operator, we can define the dictionary only over the size of the largest
many-body operator in the Hamiltonian and then combine the results together. For

example if we wish to define a commutation of [6% ® 67, ] we can write a dictionary

{Ix: zy, ly: zx, xI: yz, xz: yI,
yl: xz, yz: xI, zx: Iy, zy: Ix},

with a default value of zero for all other two-body operators. The key of the dictionary
represents the operator the commutator is applied to, and the value that returns is the
commuted operator, so for example {Ix: zy} represents [&Z ®6%1® &’”} =6 ®aoY.
This provides a very flexible approach commuting an operator, which can be refined
for specific cases to reduce overhead, like using the symmetry of a given operator.
However this does require the generation of a new commutator dictionary for each new
Hamiltonian operator, but these dictionaries are often quite small due to their local
nature.

There are certain representations that provide both memory efficient implementa-
tion, and simple approaches to commutation without dictionaries. The most important
example of this, due to the prevalence of spin-1/2 models, is the Binary Symplectic Form
(BSF) [103]. In this form an operator is written out in terms of 6* and 6% on each site.

Let P be a many-body Pauli operator
P =) b, (3.53)
k

where Py, is a Pauli operator on site k.

We can then write each Pk as
B = (=) (5%)7(67)" (3.54)

where there is a real valued phase # € Z, and small x and z are either 0,1. The

extra factor in the phase is to account for the fact 0.0, = i0,. As the phases of all
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the individual P, are multiplied together in the Kronecker product, we only need to
track the global phase of P which we denote 6p. Lets define P* and P* to be binary
numbers, where the kth values are given by the x and z values for the associated kth
site. This means that a general N-body Pauli operator can be written with a global
phase 0p and two binary numbers P*,P? of length N.

When commuting two operators in BSF, there are a few different values we need to
compute. We will quote these values and explain their importance here, and show our
full working out for these results in App. A.1. Firstly we let A,B be BSF operators,

we can then write their commutator as
¢ = [A, B] . (3.55)

In Sec. 3.3.1, we showed the commutator between coupled Pauli operators is only non
zero if there are an odd number of commutations on individual sites. It is possible to

show that the number of commutations is given by
Necom = countones ((A* A B*) @ (B* A A%)), (3.56)

where A is an AND operation, countones counts the number of ones in the binary
representation. As such only when Ncon, is odd, the commutator is non-zero, so Neom
mod 2 is a effective boolean value for whether commutation is non-zero. Then it can

also be shown that the x and z values for C' are given by using the XOR (®) operations

C® =A" & B®, (3.57)

C* =A* @ B*. (3.58)

The final value required is the new global phase 6¢, which is a combination of the
globals phases of A and B, with the addition of tracking the factors of +4¢ and —i that

arise during commutation. This results in the expression

00 — 9A . QB . (+i)Npositive(_,L')Ncoms*Npositive’ (359)
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where Npositive 1 the number of +i factors that occur (we omit the form of Npositive, as
it requires quite a few steps to compute).

The BSF as such provides a very handy representation for Pauli operators, that
can commute any two coupled Pauli operators using simple binary operators. For more
complicated bases, where the Hamiltonian is reasonably local the dictionary approach
is also a good approach. These approaches provide a suitable way of computing the

needed reduced structure constants and ordered operators sets By.

3.4 Structure constants in some example bases

In the following three chapters we discuss results obtained for different Hamiltonians
using the OCE, which are defined over a few different bases. As the OCE requires
commuting operators, and as such understanding of both the fully anti-symmetric and
symmetric structure constants, & (Eq. (3.12)) and d¢, (Eq. (3.50)) respectively, we
list here these values for the majority of bases used in the thesis: the Pauli matrices,
Gell-Mann matrices and generalised Gell-Mann matrices. The one basis omitted in
this section which is used elsewhere in this thesis, is the creation (a') and annihilation

operators (a), due to added complications we shall discuss in Chap. 5. Due to the

Cc

o> swapping any two indices will flip the sign of the

fully anti-symmetric nature of
value, meaning any permutation of the same indices can be figured out, for example
fi = — b = 15, In the other case d, is fully symmetric, so all permutations of the
indices share the same value. This ability to permute values of f5, and d;, allows us to

only state one value per unique combination of indices, where all other related values

can be calculated when required.

3.4.1 The Pauli matrices

The Pauli matrices are generators of the SU(2) group, and in physics represent spin-
1/2 systems, which are prevalent in a large majority of AGP calculations in the lit-
erature [69, 92, 94]. In many of the examples already shown, we have used the Pauli

matrices, so the basis should be familiar to the reader at this stage. For completeness,
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and to have a single reference point, we briefly recap the results here. The basis is

given by

67 = 6V = 67 = . (3.60)
10 i 0 0 —1

The non-zero values of the fully anti-symmetric structure constants are

oy = 2- (3.61)

The fully symmetric structure constants are zero valued for all indexes, because the
anti-commutator is only non-zero when two indexes repeat

{6767} = 25; L. (3.62)
Lastly the spin-1/2 operators are directly proportional to each of the Pauli matrices

)= —¢g7 (3.63)

3.4.2 The Gell-Mann matrices

The next basis we state here is the Gell-Mann matrices, which is used to describe the
physics spin-1 particles or other three level systems generally [104]. These matrices
are analogous to the Pauli matrices but for the SU(3) group. Whilst they have many
similarities to the Pauli matrices there are major differences, importantly for the OCE
the commutator and anti-commutator are no longer disjoint, so the simplified form for

spin-1/2 systems is lost. The matrices are defined as

010 00 1 000
M=110o0[.M=|0o0 0], X=]00 1],

000 100 010

0 —i 0 00 —i 00 0
NM=]i 0 of.N¥=|oo0 o]|.N=]0o o0 —il,

0 0 0 i 0 0 0 i 0
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1 0 0 10 0

A 1

M=lo -1 0 ,Agzﬁ 01 o] (3.64)
0 0 0 00 —2

The non zero elements of the fully anti-symmetric structure constants are

fa=fls=fo=fis=1,

f?? :27
f354 :f§7 =1,
fis =18 = V3. (3.65)

Lastly, the non zero elements of the symmetric structure constants are

d?4 :dzs = dg5 =1,
7
doy =—1

4
d34 :d§5 =1,

dgG :d§7 =-1
i) =dSy = dy = =
11 22 33 \/g’
1
dyy =ds5 = dig = d%; = L
2
dig = — 7 (3.66)

When writing a spin-1 Hamiltonian, they will often be expressed in terms of the

spin operators S%, 5%, 5%, so we note here the conversion to the Gell-Mann matrices as

010
N Borey -
ST =— 1] =—= (M +25), 3.67
Nl \/i( ) (3.67)
010
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0 — 0
- h h /- “
SY=—_1|; il === (N+)7), 3.68
\/5 0 7 \@ < > ( )
0 2 0
1 0 O
S“=nlo 0o o |=n (5\3 + \/55\8) . (3.69)
0 0 -1

3.4.3 The generalised Gell-Mann matrices

The Generalised Gell-Mann matrices (GGM) [105, 106] is a basis for all su(N), being
the generalised version of both the Pauli matrices (su(2)) and the Gell-Mann matrices
(su(3)). As such they can be used to represent any N level system, so they are ideal
for higher order spin models. They are split into three classes: Symmetric (Sym),

Anti-Symmetric (Ap,,) and Diagonal (D,,), which have the forms

SSum =5 (Im) (n] + n) (m]) , (3.70)

DO =

S = iy (jm) n] — [n) (), (371)
) 1 n—1
Sp, =—F———— k) (k 1—n)|n){n|], 3.72

where |n),|m) are number states, with the condition 1 < m < n < N. To make it easier

to index each of the matrices, the indexes Sy, Anm,Dy can be written as

Spm =n? +2(m —n) — 1, (3.73)
Apm =n% + 2(m — n), (3.74)
D, =n? —1. (3.75)

As such all numbers between 1 and N2 —1 represent an index for different basis vectors,

with each number uniquely falling into one of the three classes.
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The non-zero values of f;;;, are given by [106]

f&kmg, =faims = fans, = %7 (3.76)
FA o =31 (3.77)
Form g == mT;Lla (3.78)
I8 aom = ﬁ (3.79)
F 4 = _ 1 m<k<n (3.80)

mAnm [ 2k (k = 1)

For the first two lines, the range of values of k can be figured out by using the condition
1 <ig <i1 < N, where i1, 49 are the first and second indexes respectively (this is just
a generalisation of the condition 1 <m <n < N).

Anti-commutation is then completely defined by the non-zero values of d;;, which

are given by [106]

1
S, m _ A m o An o
A g, =dgima, =dg 4 = 5 (3.81)
1
A m J—
Agomay =~ 3 (3.82)
D D, m—1
1
D D
Asp S =D A A = m,m <k <n, (3.84)
2—n
dg? 5, =0, = 3.85
2
D D
2
dpip, =\| -k 3.87
Dn Dy, TL(TL _ 1) ’ < n, ( )
D Dn n(n—1)

Like commutation, the exact range of k where it is not clear, can be figured out by the

condition 1 < iy < 41 < N, where i1, iy are the first and second indexes respectively.
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Similar to the Gell-Mann matrices, these are often used in higher order spin models.

The general form for a spin operator for a spin-s particle, have matrix elements (a, b)

. h

(Sx)ab =5 Gaprr + 1) V(s + Da+b—1) —ab, (3.89)
N B

(5%) =5 Gapst = barr) V(s + Dla+b—1) —ab, (3.90)

(s) | =h(s+1=a)dus = h(s + 1= b)dus, (3.91)

where 1 < a,b < 2s+ 1, meaning N = 2s+ 1. The total spin s can take on any integer
or half integer and s > 0.

Converting 5% and SY to the generalised Gell-Mann matrices is

N-1

S =h> /(s +1)(2k) — (k+1)(k)Ss, .. (3.92)
N

SY=h > /(s +1)(2k) — (k+ 1)(k)Sa,,,, (3.93)
k=1

For 5% we can show the result is (see App. A.2)

N
. k(k —1) -
g7 = hk§_2:,/2s,3k. (3.94)

This concludes this section on a few example bases, and simultaneously the end
of this chapter. The OCE can be summarised as a simplification to the more general
algebraic approach, resulting from the restriction on a trace-orthogonal basis, and the
ordering of the operator sets By. As such, the OCE provides the best results when
the major computational difficultly is arising from solving the matrix equation or min-
imising the associated action of the AGP. However, for simpler systems it is clear the
more general algebraic approach will be quicker to implement, and may perform faster
overall. In the following chapter we shall make use of different methods depending on
which we think is most applicable to the problem, so the results of Chap. 2 will also be
highly relevant. We now begin the results chapter of this thesis, looking at computing

and using the AGP in different spin models.
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Chapter 4

The AGP in spin models

In this chapter we compute the AGP in different spin models, and analyse the results
to gain insight into the models diabatic excitations. Any spin model can be expressed

only using the spin operators S , Sy, 5% which obey the commutation relation [107]

—

SJSk} = il (4.1)

where € is the Levi-Civita symbol. Spin is an intrinsic angular momentum that is
quantised to a number of levels depending on the maximum value of spin S. For spin-
1/2 particles, they have two possible spin states, up and down, making them a two
level system. As we saw in the previous chapter (Sec. 3.4.1), the spin-1/2 operators
are directly proportional to the Pauli matrices and as such we often simply use Pauli
matrices and not the full spin operators. For a given spin-S, there are exactly 25 + 1
levels, ranging from —S to S in steps of one, and can be represented by the generalised
Gell-Mann matrices (Sec. 3.4.3).

There are many different spin models of interest to researches, but for this thesis
we will look at two types: the transverse field Ising model, and the XXZ model. The
first part of this chapter will focus on the transverse field Ising model, with different
geometries defined by an associated graph. Then in the second part, we shall explore
how the XXZ model compares to the Ising model, finding completely different forms

of scaling for the number of operators needed for the AGP. Additionally we will look
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16765 + 6567 + 6367 + 656F
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Figure 4.1: A schematic of the transverse field Ising model, where connections are
defined by edges on the associated graph. The exact positioning of graph nodes and
edges does not change the Hamiltonian, only which edges are present.

at the differences between spin-1/2 and spin-1 XXZ models, showing the increase in

computational complexity as the size of spin increases.

4.1 Spin-1/2 Ising model on graphs

The first model we discuss is the widely used transverse field Ising model [108-110], with
arbitrary connections between different spins defined by an associated graph. One in-
teresting property of the Ising model is the ability to express combinatorial optimisation
problems in terms of finding the ground state of a particular associated graph [111—
114]. As such, quantum annealing can be used to adiabatically vary the Hamiltonian,
from starting in a trivial ground state, to a solution to a combinatorial optimisation
problem [86-89]. To map between the different Hamiltonians we require the ability to
turn on or off the connections between different spins. We define connections on an as-
sociated graph so we can include graphs that go beyond the usual crystalline structure
studied in condensed matter physics. There are a range of experimental setups that
have tried implementing this quantum annealing problem, including superconducting
qubits [115-117], trapped ions [118-120], and Rydberg atoms [121, 122]. As such un-
derstanding the diabatic operators in such systems is of great importance to improving

these procedures, so this provides a useful example to study.
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We can write the Hamilton of the transverse field Ising model for a given graph as

N
H(\) =—J) 6765 +A) 67, (4.2)
(4,3) i
where ¢ and o® are the usual Pauli matrices, J is the coupling constant which can be
positive or negative giving a ferromagnetic or antiferromagnetic interaction, N is the
number of sites or vertices in the graph, and (4, j) are the indexes of sites connected by
an edge on a given graph. In Fig. 4.1 we show an example schematic of this Hamiltonian,
where the operators each edge is associated with are shown by colour coding. For the
Hamiltonian, we use spin-1/2 particles but larger spins are also possible, but will be
more computationally expensive. We wil only look at ferromagnetic interactions so we
set J = 1, but the complexity is equal for computing the AGP in an antiferromagnetic
setup. If the underlying graph is a chain, the Hamiltonian becomes the 1D transverse
field Ising model, which has a ground state phase transition when N — oco. Ground
state phase transitions are also known to appear in the all-to-all Ising model, which is
given for a complete graph of connections, so there are multiple examples that can be
studied within this model as well. We shall look at four different graphs: the Ring, the
Chain, the Complete and a specific Asymmetric graph. Note that the results here are

reproduced from our paper Ref. [80].

4.1.1 Scaling of the number of diabatic operators

The first quantity we can compute is the maximum number of diabatic operators re-
quired for a given graph. The largest number of non linear dependent operators in a
given system is the Hilbert space dimension (d = 2VV) squared, which gives our most
strict upper bound in this case of 4. Likewise the most strict lower bound is always
zero, for the case where no diabatic excitations occur and the system is always adia-
batic. However as we discussed in Sec. 3.2 the dimension of the AGP is reduced by a
few different factors. For the case of the Ising model, the Hamiltonian is fully real and
as such the AGP must be fully imaginary. The only Hermitian and imaginary Pauli

operator is 6¥, and as such a valid diabatic operator must contain an odd number of
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oY across the sites of the graph. Another general non graph dependent reduction is the
Z,» symmetry, which leads to the symmetry operator S = ®); 67 which performs a spin
flip on all sites, such that STHS = H. As such both 6% and I are symmetric under S
but 6% and 6% are not (ST6¥S = —o and S167S = —07). This is addressed by an even
total of 6¥ and 6% across all the sites, which alongside the limitation of ¥ from the
real Hamiltonian this means the number of both 6¥ and 6* must be odd, to combine
to give a total even number. Therefore, using combinatorics we can find the maximum

number of individual operators/coefficients to solve for, to be

N N—-n
N — Z Zy N! oN—ny—n. (4.3)
ny!n (N —ny —ny)! ’

ny Nz :

where N is the total number of sites, n,, n. are restricted to odd values and represent
the number of 6Y, 6% respectively in a given string of operators. This can be simplified

to
Npex = oN=1oN=1 _ 1y, (4.4)

Asymptotically, this gives 4V ! operators so this is a reduction of about four times from
the strict upper bound. We note this form is not derived from Eq. (4.3) , but from
matching the numerical results, please see App A.3 for further details. Whilst these
reductions reduce the complexity of the problem, they do not affect the fundamental
exponential scaling of the problem. However specific graphs will fall somewhere between
this maximum and the minimum value, with better scaling for highly symmetric graphs.

To illustrate the generic scaling of small sized graphs, Fig. 4.2(b) shows the number
of diabatic terms (/N 4) for all non-isomorphic graphs up to size N = 8. This is done nu-
merically by generating the Lie algebra from repeated commutation, and then grouping
any operators that are equivalent under graph symmetries. The numerically computed
values are indicated by black dots, with solid lines for scaling of graphs derived in the
following subsections. The value of N4 lies within the purple region which is bounded

by the maximum N}'**, and a new lower bound given by the most symmetric graph
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Figure 4.2: a) Diagrams of three classes of graphs studied (Ring, Chain, Complete), and
a specific asymmetric graph which has the maximum possible number of coefficients for
N = 6. b) The scaling of the number of unique operators (/N 4) required to construct the
exact AGP vs. graph size. Black dots represent values for specific graphs, the coloured
lines represent the three special cases and the maximum. The purple region shows the
possible values of N4, yellow shows the region between the maximum possible for the
Ising model studied here and the full size of operator space, and red region shows values
larger than the operator space. c) For all N = 6 graphs, the number at each value of
N 4. d) Same as c¢) but with N = 8.

structure, the ring graph. We also note that for N > 6 there are points that lie on
this upper bound, which are asymmetric with enough connectivity to span all possible
operators (see Sec. 4.1.5).

Figure 4.2(b) shows the possible values N 4 can take, but not the amount of graphs
those values have. This information is given for N = 6 and N = 8 in Figs. 4.2(c)—(d),
where the larger bar indicates more graphs of that value. We find that the distribution
of values skews towards the maximum value as N increases. This is to be expected,
as a known result from graph theory states the portion of asymmetric graphs increases
along with graph size [123]. Due to this fact, large random graphs are effectively always

asymmetric graphs, and as such are almost always the most difficult problems to solve.
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Figure 4.3: a) Coefficients of unique operators in the thermodynamic limit of the
ring graph. Blue and red differentiate between operators with even and odd length
respectively, the color fades as the length of the operator increases. The critical point
is indicated at A = 1 b) Coefficients of unique operators in the N = 100 chain graph,
with the same colouring as before. Panel ¢) shows what happens when the operators
are limited to those which only have support on the middle 10 sites for the N = 100
chain, same colouring as before, d) Norm of the AGP for the ring graph and e) AGP
norm of the N = 100 chain graph.

As such, approximations must be made to make the computation feasible, but these
must be done case by case for the best results. However many models of interest have a
high degree of symmetry, in which the computation is far simpler and more tractable,

as we will see in the following subsections.

4.1.2 The Ring graph

The first type of graph we shall discuss is the Ring graph, which has connections
between sites (i,7 + 1) and a connection between sites (1, V), making it equivalent to
the 1D ising chain with periodic boundary conditions. This model has been well studied
in the literature [124, 125] and serves as a good first graph to study, in fact we find
evidence that this is the simplest type of graph for computing the AGP for the Ising
model. The Ring graph has a N-fold rotation symmetry by the operation of i — ¢ 4+ 1
(mod N) (starting counting at 1, such that N4+1 (mod N) = 1), and also N reflection
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symmetries around any single site j giving the operation i = j+1 — i = jF1 (mod N).
This provides a high degree of symmetry to the graph, greatly suppressing the number
of diabatic operators that appear.

Another form of suppression of operators arises from the 1D nature of the graph,
which we will find when studying what operators appear from repeated commutation.
One way to represent these commutations is represent the different Pauli matrices by
colour, which can help visualise the operators (if the reader struggles to distinguish
the operators here, please see App. A.4 for a non colour based derivation). We use the

colour representation

[ ]
I
\.'=‘)
[ J
I
Q>
[}
I
Q>
\.Qﬁ
[}
I
Q>

0
—~
N
ot
~

This means we can represent our Ising Hamiltonian by

H=Jo o+ e, ONH = . (4.6)
Note we have used the symmetries of the graph to group together all the 6°6% and 6*
operators, as all sites are equivalent here, such that e—e = ,ZCV 0707,1- This allows a

simpler representation where we do not need to write unnecessary identities and sums.
Ignoring the coefficients, we define a truth table to show us how to apply commu-

tation

[0, 0] =s, [0, 0] =,
[0, 0-0] o, [o-0,0-0] o,
[0, 00] o, [o-0,0-0] =0,
o0, 00| o, [o—0,0-0] =o—s,
o0, 00] =os, [o—0,0—0] =o—s.

This can give helpful intuition that we can think of the commutators as just swapping
colours.

We can then compute the first seven applications of the commutator for the Ising
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Hamiltonian on a ring graph, to work out the general pattern of applying the commuta-
tor. We will only retain new operators to get the operator sets By, which we discussed

in the previous chapter. Doing so gives the result

By:  [e-e+e,6 =ee+tos, (4.7)
By: [eete Bj=eteeteeieee (4.8)
By: [e—e+e By —e-e-o+oes (4.9)
By: [e-e+e B3l =e-eeteeee (4.10)
Bs: [e-e+ e By —e-e-e0-+ e 00 (4.11)
Bg: [e-e+ e Bs] —e-e-e9o+e e e e (4.12)
Br: [e-e+e Bl =eeeeeteeees (4.13)

We see that the operators are limited to chains with 6 operators in the bulk, indicated
by the blue dots, and either 6¥ or 6% on the ends, indicated by the green or red dots.
The operators that appear at odd number of nested commutations that give the diabatic
terms, have a 6¥ at one end and 67 at the other, that are equivalent under the reflection
symmetry.

Using this result, means the AGP can be represented as

N-1

A= a,Og, (4.14)
k=1

Op =) (676F11 - 6Fip105n + 676711+ 654164y - (4.15)

For an explicit example of what these operators look like, for N = 3 we can write out

Oy, as

7, (4.16)

+
O _AYrx sz ~AZ AT AY ~AY AT Az ~AZ AT AY ~AY AT Az ~Z AT AY 417
9 =010503 + 010505 + 050307 + 050507 + 030105 + 050705. (4.17)
As each value of k has a single operator Oy, and there are N — 1 values of k, we
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can state that the number of diabatic terms in the Ring graph is exactly
N =N-1 (4.18)

This is clearly a signifiant reduction from the exponential scaling of the worst case, and
in fact we believe this to be the lower bound for the Ising model, as seen in Fig. 4.2.

With the simplicity of the Ring graph so far, it may not come as a surprise that
the values of oy has a closed-form analytical solution

A\k-1 AQ(ka) -1
TR AN

(4.19)

For the derivation of this result please refer to App. A.5.
Due to the closed form solution, we can study the thermodynamic limit of this
result taking N — oo, and explore the phase transition. Applying the limit we find
(-1 0<a<

lim = s . (4.20)

N—o0 -
(—1)F2g—, A>1

These values are displayed in Fig. 4.3(a), where we see the split between operators of an
odd or even length leading to positive or negative values respectively. Additionally we
see that the magnitude of the values drop as the length (I = k + 1) increases, showing
the lesser importance of many body terms on the diabatic effects. However at the
critical point all the coefficients share the same magnitude of |ag())| = %, showing
how all operators instantaneously become relevant as the length scales at the critical
point change.

We can then use this to also compute the norm of the AGP, which should diverge
with a critical exponent at the critical point due to the discontinuous change in the

ground state. We find the value to be

. L
lim AN 32122 0<A<1
N L
e A> 1
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Defining 9§, as the difference to the critical point, we get:

Sy =X — A (4.22)

AN 11
] — 49
0 N 640y (423)

In Fig. 4.3(d) we show the divergence of the norm around the critical point at A = J.
Additionally we see how the values are non-zero for all values of A < J, whereas the
values asymptotically reach zero for large values of A\. As such on the small scales
there are large diabatic effects that take place, however once )\ is far greater than the
energy scale of J, the Hamiltonian is effectively just N separate spin-1/2 particles in a

magnetic field, leading to no diabatic effects.

4.1.3 The Chain graph

The next case we shall look at is the Chain graph, which is similar to the Ring graph,
but without the periodic boundary conditions that couple together the sites labelled
(1, N). This greatly reduces symmetry of the graph to just a single reflection symmetry
around the centre point of the chain. Thankfully the argument of the form of the terms
in the Ring graph applies also to the chain graph as it only depends on the 1D nature
of the problem. This means we need to count the number of operators of the form of
each individual operator in Eq. (4.15), that exist on the chain of length N. There are

exactly N 4+ 1 — [ operators of size [ leading to scaling of the form

N
Ngain — S (N =1). (4.24)

Note that the factor of two from the symmetry cancels out with the two types of

z 52 5T 5T 5Y
Cpand 6707 0F 1074

operators possible (6767, ...67,, 67, :

There is no closed form solution to the computation of aj in the Chain graph,
however we can efficiently compute this numerically allowing large sizes of N. Results
of these calculations are shown in Fig. 4.3(b) for N = 100. Similar to the Ring graph,

the coefficients flip sign dependent on odd/even length of operator, however operators of
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a given size [ have a splitting between there values. There is another peak in the values
near to where the critical point would be in the infinite limit, however the derivative at
this peak is not discontinuous as would be expected in an infinite limit. This is further
shown in Fig. 4.3(e) which shows the norm of the AGP, which does appear to diverge
near the critical point. The result is very similar to the result of the Ring graph as may
be expected.

One interesting result can be shown if we limit the allowed sites of the diabatic
operators to near the centre of the chain. This means we discard any operator which
is not the identity outside of a defined central region. We show this for the middle 10
sites of a N = 100 long chain in Fig. 4.3(c). This result now looks much closer to the
Ring graph, which is to be expected as near the centre of the chain, operators have very
little influence from the edges. As such we can see this in the infinite limit as the local
operators not being able to tell the difference between the periodic and non periodic
boundary conditions. Whilst we would expect the results between the Chain and Ring
graphs to be different, we can see that for the bulk of the graphs, there is no effective

difference once N is large enough.

4.1.4 The Complete graph

Another graph type that is of interest is the Complete graph, which is more commonly
referred to as an all-to-all model. This graph consists of all possible connection between
sites, such that each site and edge is equivalent to every other site and edge respectively.
This large degree of symmetry, in fact, allows a description in terms of disjoint collective
spin operators. Notably the ground state of the model lies within the % total spin
sector, so often this model is simplified to just being a single large spin, which transforms
the Ising all-to-all model to a Lipkin-Meshkov-Glick (LMG) model [126]. The LMG
model possesses a ground state phase transition, and as such shows the Ising all-to-all
model also posses the same phase transition. Whilst it is sufficient to describe the
Hamiltonian in this collective spin model, this mapping breaks down if the symmetry
of the graph is broken at all. This leads us to want a full description of model in terms

of the spin-1/2 operators as well, to allow for the possibility of changing the strength of
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Figure 4.4: Coefficients of the different operators in the AGP for the complete graph
for a) N = 6 and b) N = 8. The dominant operator in both cases is 6¥6%. Panel c)
shows the AGP norm for N = 6 graph. Along with this are the norms obtained for
relevant LMG models as described in the main text. Panel d) gives the AGP norm for
the N = 8 graph.

specific connections. We shall as such show the calculation in terms of both collective
spin and spin-1/2 operators.
The collective spin hamiltonian is given by

N/2
Hcomplete = Z Cg{vHngy (425)

S

where the spin s takes positive integer or half integer values for each of the disjoint spin
sectors, and the multiplicity C2 is the number of ways ti arrange N spin-1/2 particles

to get a total spin s. The individual LMG Hamiltonians are given by

. J /N2 .

Hine = 5 (s) +AST, (4.26)
where we note a factor of % has been added to ensure the critical point of the ground
state transition is not dependent on N. As the collective spin model is mainly for

comparison in this section, we limit the computing of the AGP to using diagonalization

to compute the matrix elements given in Eq. (2.34).
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Focusing now again on the spin-1/2 representation, we can figure out the number of
diabatic operators required for an exact AGP. As the Complete graph has all possible
connections, we can expect that the Lie algebra is not restricted in the way we saw
for the 1D models and in fact should consist of all possible operators (excluding the
identity operator, as this always has a commutator of zero). Whilst this may seem
catastrophic for the scaling at first glance, the symmetry in the graph means that the
position of different spin operators does not matter, only the total number. We know
that the base restriction is the number of 6¥ and 6% operators must be both odd, but
there is no restriction on 6% and I other than the overall total operators must be equal

to N. So we can express this as

N N-ny
Neemelete — 3™ ST (N 41—y, — ) (4.27)
Ny Nz

This expression can then be simplified to

N(N N+l _ N4l
NgmPlete — (7 +D (557 - 57), Neven (4.28)
~1N+1 (N+1 _ N
2 2 ( 2 ?) ’ Nodd

where we see a different scaling between odd and even values of N. This can be
best explained by thinking in terms of the collective spin operators. When N is even
the collective spin takes integer values, giving bosonic particles, whereas when N is
odd the collective spin instead get half integer values, giving fermionic particles. This
difference in the nature between the two types of particles changes how the counting
statistics works, leading to different forms of the expression but the general scaling is
still cubic. For an alternate explanation from a more mathematical point of view, note
that number of odd integer values between 1 and N is given by floor %, meaning the
sum in Eq. (4.27) only gets more terms every other increase in N, however the value of
the summand still increases. This difference in scaling means when comparing between

different NV values, we should stick to either even or odd values.

Using the OCE to numerically solve the Complete graph and numerical diagonal-
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ization for the LMG model, we plot these results in Fig. 4.4. The «; values here are
non coloured as it is difficult to distinguish between different lines with so many terms,
however we note the major contribution comes from the 6¥5% operator for both N =6
and N = 8. This seems to indicate that, even in this highly non-local model, the
two body operator is still the most important term. In Fig. 4.4(c) we compare the
AGP norm values between the different representations, where the results for the dif-
ferent spin sector include the multiplicity factor CV, meaning the total is equal to the
complete graph as expected.

An interesting feature of these results, is in contrast to what we saw for the Chain
and Ring graphs, the critical point in the ground state of the LMG model (which occurs
at A = %) does not appear as a peak in the AGP norm for the Complete graph. Now
these are very small models studied here, so we do not expect a strong indication of
the phase transition, but we would expect the first signs of a divergence appearing.
This effect is coming from a washing out of the higher spin LMG models from the
large multiplicity of the smaller spin sectors. Each of the individual LMG models has
a divergence appearing at their respected critical points S/N, but for small N the
multiplicity CN grows faster than the divergence. As such the AGP norm is dominated
by contributions from S = 1 and S = 2 sectors, which have peaks around zero, that
skew the peak of the overall norm. The phase transition does still occur in the ground
state, but observing this divergence in the results for the full Complete graph is far

more difficult.

4.1.5 Example of an Asymmetric graph

In the previous three subsections we have looked at the classes of graph that have
desirable properties such as high symmetry or suppression of terms from the 1D na-
ture. We now turn our attention to the most difficult problems to solve, where we
have zero graph symmetries and there are no suppression of terms occurring, meaning
the maximum number of diabatic operators are present. This describes a subset of
the Asymmetric graphs, as some Asymmetric can still suppress terms due to 1D like

geometry. One particular graph that fits into this subset is shown in Fig. 4.2(a), where
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Figure 4.5: Coefficients, ay, a)-d) and AGP norm e)-h) obtained for the asymmetric
graph (as illustrated in Fig. 4.2(a)). Each column represents a different threshold value
for removing entries from the Hessian matrix. The values for these thresholds are
indicated at the top of each column.

there is one extra connection added to a N = 6 Chain graph. This graph has 992
individual diabatic operators to optimise over, making it difficult to solve but still very
feasible if the matrix equation can be found.

We use OCE to automatically solve this problem the same as with any of the other
graphs, which removes any of the major complexity of the problem. However we must
be careful with the numerical implementation as the solution to the matrix equation is
extremely sensitive to floating point error. In Fig. 4.5 we show the results for both the
ay, values and the AGP norm, for different threshold values, where all matrix elements
below this relative threshold are set to zero. We see that if the threshold is too large
at 10~* we miss some of the features present at smaller threshold values and have an
instability near zero. On the opposite end, if we have no threshold at all, the results
are widley unstable varying in orders of magnitude, but only increase the value of the
norm and never decreases compared to larger thresholds. The general shape of the
curves is then reasonably similar for thresholds 10~® and 10~'2, indicating this is a
good approximation for the true result of the calculation. Further in depth numerical

study can be done to figure out how to converge the result towards the true values.
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Whilst these results appear to show an extremely unstable solution to the diabatic
terms for this Asymmetric graph, the fidelity of following the ground state seems to
indicate otherwise. We find that for all the threshold values shown, the groundstate
fidelity achieved during simulation to be approximately 1—107° for A = 10. This shows
that whilst the AGP norm and the oy values are very sensitive to numerical errors,
the adiabatic following of the ground state is rather robust. This is likely due to the
ground state not being influenced by the operators that are numerically unstable.

It is important to emphasise again that this asymmetric graph is only one connection
away from the chain graph, but exhibits widely different behaviour. If we however scale
up this Asymmetric graph by continually adding one site on either end of the graph, we
can preserve the asymmetric nature of the graph, whilst decreasing the influence of the
extra connection. We as such, expect the chain graph to be a good approximation for
large N. This approximation of changing a single connection of the graph we believe is
an incredibly interesting area for further study, to see if this can be used to approximate
more difficult graph geometries.

With this result, we conclude our study on the Ising model on different graph
geometries. We have shown how within the same family of Hamiltonians, different
associated graphs lead to vastly different computational complexity computing the
AGP. For the simplest case of the Ring graph, we computed the AGP in thermodynamic
limit, allowing us to find the critical exponent of the AGP at the phase transition. In
the other one dimensional model, the Chain graph, we found quadratic scaling to the
number of coefficients of the AGP, allowing large but still finite computations. The
Complete graph provided a rather unexpected result, as the norm of the AGP did
not clearly show the presence of the groundstate phase transition, highlighting the
difference between the LMG model and the Complete graph (all-to-all model). Finally
we look at a small N example of the worst scaling graph type, the asymmetric graphs,
where extra care was needed to be taken to ensure numerical stability for measure of
the AGP, but the counter diabatic behaviour was more resilient to numerical errors.
As such, the Ising model has provided a wide range of interesting results, but we now

wish to look at a different type of spin model, to further expand our understanding of
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the AGP.

4.2 Exploring the AGP in the XXZ model

The majority of our spin studies have involved the Ising graph Hamiltonian shown in
the previous section, however we wish to push to other Hamiltonians. By doing so,
we explore the limitations of the OCE method and begin to identify which features
are general to all spin models and which are specific to the Ising model. One model
which is of particular interest is the XXZ model, which consists of 6 ® 6%, 6Y ® Y and
6% ® 6% operators connecting sites, with the magnitude of the x and y directions being
equal [127, 128]. This model provides a simple description of magnetisation, from the
spins aligning in the z direction, when the z connection is strong enough [129, 130].
There are also many other properties/features of interest in the XXZ model such as:
ballistic spin transport [131], the existence of long range order [132], or entanglement
in the ground state [133].
The general XXZ model is described by the Hamiltonian [128]

Hyxz=-JY (S*;fﬁf +SYSY 4 ASfS;) : (4.29)
(4,9)

where Sf, S’f, S’f are the spin operators for a spin of size s, (7, j) are all the connections
between sites which are defined by an associated graph, J is a constant positive energy
scale (J > 0), and A varies the model between ferromagnetic (A > 0) and anti-
ferromagnetic (A < 0). There are two key models which are limiting cases of the above
Hamiltonian: the XX model (A = 0) [134], and the Heisenberg model (A = 1) [135].
Depending on the size of the spin operators, the nature of the model varies. For
example, a spin-1/2 ring, there is an spontaneous symmetry breaking at A = 1, where
the system is gapped for A > 1 and has a degenerate ground state for A < 1 [136].
There exists a similar transition for spin-1 particles, however there is an extra phase
that appears, and in fact a triple point that occurs [137]. In the following subsections
we will look at both the spin-1/2 and spin-1 cases, exploring what are the lower and

upper bounds on the number of coefficients for the AGP, and how these vary when
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adding extra operators beyond the XXZ model.

4.2.1 Computing the AGP in the all-to-all spin-1/2 XXZ model

The spin-1/2 XXZ model is the simplest of these family of models, but what graph
gives the best scaling for the AGP? We can use our knowledge gained from the Ising
model, to make a naive guess that the Ring is also the simplest model. However there is
a trivial graph that has zero diabatic affects for the spin-1/2 XXZ model, the complete
graph. The simplest way of showing this is to look at a collective spin picture of the
model.

Similar to the Ising model, we have a set of disjoint collective spin Hamiltonians,

however in this case they are of the form
. > A\ 2 A \2
A =g <S - (s) +A (s) ) , (4.30)

where the total spin operator S is given by 92 = (S“)Q + (5@)2 + (Sz>2As the value J
only determines the energy scale, it will not affect the diabatic dynamics of the model,
unless the sign changes, so we shall take the value as being constant. On the other
hand, A will cause diabatic excitation in the XXZ model in general, with it being the
control parameter for a ground state phase transition in certain geometries. For this
reason, we choose to vary A and find the AGP associated with this.

We can find that the commutator of H(®) with the partial derivate with respect to

A, is equal to zero
LEENCIE [—J (32 () 4 a (3z)2> - (SZ)Q] —0,  (431)

as [5’2,5’3} = (0. This means that the dynamical Lie algebra is the empty set, and
as such there are no diabatic operators. This can also be seen from the fact the
Hamiltonian is already diagonal, and as such no diabatic excitations are expected to
occurs.

Another approach to this is to compute the same quantity in the Pauli basis. The
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commutator now looks like

> ([676%.6757) + |o¥eY. 6757 ) (4.32)
Z‘?.j7l7k“
The commutations are zero if i =1 and j = k or i = k and j = [, so we need only one
pair to be the same, and the others remain free. So we combine one index (j = 1), and

write

> ([6767,6767) + |6¥6Y, 6367) ) - (4.33)
1,5,k

We can then also swap the indexes around in the second term (as all index combinations

occur from all-to-all coupling) to get
> ([oror.650%) + |66V, 6757 ) (4.34)
Computing the commutators then leaves us with

3 (—&fﬁ’&,ﬁ + A?&f&,ﬁ) = 0. (4.35)
1;7j7j7k
As such this result also agrees that there are no diabatic terms for the spin-1/2 complete
graph. Note that for larger spins this proof does not work, as {S’x ® S’x, S§% ® §%| and

Sv @ 8Y, 8% @ gz] are not always zero, and spin-1/2 is a special case.

4.2.2 Scaling of the AGP in the spin-1/2 XXZ model

As we have just seen the best graph for the XXZ model is in fact the Complete graph
rather than the Ring graph. So the question arises, what is the scaling of the number
of coefficients needed for the AGP in the spin-1/2 XXZ on the Ring graph? We do not
strive to derive an analytical expression in this case, but instead look at this purely
numerically. Previously with the Ising model, we studied how many counter diabatic
operators are needed to represent the exact AGP over all different graphs, and we can
repeat this for the XXZ model.

We previously found a maximum in the Ising model that took into account the
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symmetries of the model, notably being a real Hamiltonian and having parity symmetry
from spin flips, given in Eq. (4.4). We will now additionally note the different upper
scaling limit of the number of coefficients of the AGP for a real Hamiltonian without
any symmetry, is given by

N () = (2N 1) (@Y — 1), (4.36)
for N sites (see App A.3 for derivation). These two limits of real valued Hamiltonians
with and without parity symmetry, will be plotted alongside the Hilbert space dimen-
sion on all the following plots, to provide a upper limit on the number of coefficients.

The upper left plots in Fig. 4.6 shows the number of operators required to represent
the AGP for the base XXZ model. We note that due to the y axis being a log scale,
the complete graph does not show due to being zero for all N. Somewhat surprisingly,
the XXZ model has better overall scaling compared to the Ising model, with it not
reaching the real parity limit the Ising model did. This is explained by the XXZ model
having a U(1) symmetry which is stronger than the parity symmetry, leading to further
suppression of the number of coefficients. However the results for the Ring and Chain
graphs are significantly worse than in the Ising model, showing how if limited to one
dimensional models, the XXZ model is far more complicated to apply counter diabatic
pulses.

We wish to explore the family of closely related models to the XXZ, to see how
breaking different symmetries affects the overall scaling of the graphs. To do so we look
at adding one body operators to every site, which will not affect the graph symmetries,
but these terms can break the U(1) symmetry and the assumption of a real Hamiltonian.
As all directions in the x-y plane are equivalent, we distinguish operators by being
parallel or perpendicular to this plane. The perpendicular direction is 67 for this setup,
however the exact choice of operators parallel to the plane is not directly important,
as long as they are orthogonal to each other, so we choose to first add an 6% then a V.

We note each of these fields are independent and can vary like any other operators we
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have treated before, giving an overall Hamiltonian that looks like

HSe% =~ > (6767 + 606Y + AN)6767)
(,9)

+7:(\) Z&f + 7y () Z&g +7.(\) Z&f. (4.37)

Returning to Fig. 4.6, the rows and columns vary which single body operators
are included, with rows changing perpendicular operators (6*) and columns changing
parallel operators (6%, 6¥). We see that for all the operators added, we can even reach
what appears to be the Hilbert space dimension, although it is limited to at most 4 —1
as I never has any affect on the diabatic dynamics. There is similarity between scaling
when the number of fields added is equal. For example looking at the bottom left plot
(6%) and the top middle plot (6%) which both have one term added, the maximum
points appear roughly the same. However specific graph types are affected by the
operator being perpendicular or parallel, notably the complete graph which when the
plane symmetry is broken by % its AGP is no longer zero valued, unlike when adding
6% as it is diagonal and commutes with the operators.

To help illustrate this point further, we observe how the three different special
graphs we have pointed out before, namely the Ring, Chain and Complete graphs, vary
with the different operators added. Some of the lines are the same across the different
plots, showing how certain operators do not affect the scaling at all, for example the
complete graph adding 6% keeps the zero AGP (seen in the two plots on the left). On
the other hand, some graphs vary massively, with the Chain and Ring graphs having
five distinct scaling lines. We note that the Complete graph is the lower bound of
all the Hamiltonians in each case (at least up to N = 10), indicating that the Ring
graph being the lower bound for the Ising model may be a special case. This could be
interpreted that more generally we may expect the Complete graph to be the best case

graph in other Hamiltonian types.
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Figure 4.6: Plot showing the scaling of number of AGP terms for the spin-1/2 XXZ
model. The different rows and columns have different extra one body operators addi-
tionally added. The first row has no perpendicular (to the XY plane) field added and
second row adds a 6% field. Similarly the first column has no parallel (to the XY plane)
field added, the second column has a 6% field added, and the third column has both
6% and ¥ fields added. All the extra fields have independent magnitudes, and as such
break up the different symmetries of the model leading to worse scaling as more fields
are added.

4.2.3 Exploring the AGP in the spin-1 XXZ model

Now we look at the spin-1 XXZ model, and as such we are required to use a different
basis than the Pauli basis. For spin-1 we can use the Gell-Mann matrices, which are
described in Sec 3.4 alongside the forms of the spin operators. Using this information,

we can write the model (with 7= 1) as

Axxz = —Ji @ (33 438) (Ma + A% ) +5 (4 47) (2, +47,)
J
+a (34 vER) (M, +vBR,)) (4.38)

We setup the OCE using a array of numbers from 0 to 8 representing the Gell-Mann
matrix on each site. As the Hamiltonian is only made of two body operations, we can

define our commutation dictionary as being applied to a tuple of values. We can then
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Figure 4.7: Panel a) shows plots of the following of the ground state with and without
a counter diabatic pulse being applied, for a chain of spin one particles with XXZ
connections. We see that like for the Ising model spin-1/2, we can achieve perfect
ground state following, up to numerical errors. In panel b) we show scaling of the
spin-1 XXZ model with all non isomorphic graphs. We see similar to results to the
spin-1/2 case, with the chain being near the worst and the complete being the best
case. We are far more limited in the number size we can achieve due to the increase in
the number of operators spin-1 Hilbert spaces contain.

use this implementation to automate everything from this step onwards. However due
to the scaling of the operator space dimension of this problem 9% it is already rather
difficult to compute even small sized graphs. As such, outside of special cases where
the symmetry of specific graphs reduces the scaling, computing the result in general
for large N is unfeasible.

In Fig. 4.7-a we show the results of computing the AGP for a chain graph. As
expected, when applying the AGP to the Hamiltonian to get a counter diabatic Hamil-
tonian, we follow the ground state of the system up to a numerical error on the order of
10712 which scales with system size. We see that this gets worse as the dimension gets
larger, leading to larger numerical errors. When looking at all the graphs, we are much
more limited in how large we can go due to the 9V Hilbert space scaling for spin-1.
As such in Fig. 4.7-b we only show the results for up to N = 5, again highlighting
the three special case graphs. We see the same similar pattern to the spin-1/2 results,

except the complete graph having a non zero AGP. Again the chain is near the worst
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possible graph for such a Hamiltonian.

With this result, we reach the end of the section and the chapter on spin models.
We have shown that even in relatively simple models like the Ising and XXZ models,
the AGP is a computationally difficult quantity to calculate outside of specific high
symmetry graphs. The scaling of the number of coefficients varies widely amongst
different graphs, with almost the full Hilbert space dimension begin reached in the
worst cases. Now that the AGP has been computed in these spin models, it can be
used to gain insight into the dynamics, and how to optimise adiabatic pulse sequences

to reduce losses in these models.
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The AGP in bosonic models

In the previous chapter we have explored multiple spin models, and seen how the
AGP can be used to improve control procedures and understanding of the systems
in question. Now we wish to broaden our scope of models, to also describe bosonic
physics which have many applications in areas such as quantum optics [4] and ultra-
cold gases [138]. In addition to purely bosonic models, in many experiments it is very
difficult to fully separate the system from its environment, which are often modelled
as bosonic in nature [79]. We leave the discussion of open systems to the next chapter,
where we discuss hybrid models, however it is important to note the main motivation
of this chapter is to build the perquisite understanding of bosonic models required to
compute the AGP in hybrid models.

For these reasons we shall study bosonic models, starting with describing the main
differences of bosonic AGP physics compared to spin. The large majority of research for
the AGP is focused on spin (especially spin-1/2), so this is not a particularly developed
field in terms of the AGP. That being said, we will link back to some counter-diabatic
results where possible, however many of the questions raised in this section are still
active areas of research. Once we have a rough description of bosonic AGP physics,
we shall look at the simplest non-trivial model, the harmonic oscillator. We will then
expand this model to an exact description of quadratic bosonic models, providing a
near closed form solution. This will then give the ground work on bosonic models to

be used for the hybrid systems described in the next chapter.

79



Chapter 5. The AGP in bosonic models

5.1 Comparing bosonic and spin AGPs

As may be expected, there are differences between computing the AGP for spin and
bosonic models. To be able to compute a bosonic AGP it is important to take two
key factors into account: the creation and annihilation operators are non-stationary,
and the Hilbert space is always infinite. Without carefully taking into account these
differences, it is easy to make mistakes when computing the AGP, so we shall briefly
outline these in the next two subsections. We shall then follow this with an example of

a simple bosonic mode with the addition of a positional driving.

5.1.1 Non-stationary basis vectors

The first difference we shall discus, is how the creation and annihilation operators are
non-stationary, specifically with respect to the boson frequency w. As these operators
are not independent of w, when computing the AGP for varying w we need to take this
dependence into the partial derivative.

To work out the dependence for a, we can write it in the canonical co-ordinates

position (Z) and momentum (p), which are stationary with respect to w. This gives

i — e (o b
awa—8w< 2h< +mwp)>
_Llym (o1
2V 2hw . mwp

1
_ -t 1
2w’ (5-1)

where m is the mass. Similarly this can be computed for af, where we find the result
as expected is the Hermitian conjugate of the expression in Eq. (5.1), Oyal = id.

In addition to this extra term in the partial derivative, when simulating a bosonic
Hamiltonian with varying w, a stationary basis such as £ and p must be used. This
is because the Schrodinger equation implicitly assumes the chosen basis is stationary,
so anomalous results will otherwise occur. For example, if you simulate the harmonic

oscillator with the Hamiltonian wa'a, you will find the simulation has no diabatic exci-

tation. However when simulated in the & and p basis, there will be diabatic excitations
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that occur [139].

5.1.2 Infinite sized Hilbert space

The other major difference to the spin AGP that we have seen previously, is that the
Hilbert space of bosonic operators is infinite in size. This affects two parts of the
computation of the AGP: taking the trace, and the effect of commutation. As the trace
involves a sum over all diagonal elements in a given basis, for infinite sized operators
this can lead to infinite values of the trace. If the number of non-zero diagonal values
are finite, and the values themselves are finite, then the trace will also be finite. In

fact, even if the number of non-zero diagonal values is infinite, if the infinite sum of

these values converges, then the trace will be finite, for example However many

1
(ata)””

operators that appear during the computation do not abide by this, for example afa.
To overcome this problem, we first evaluate the trace for a finite number N of Fock
states in the truncated bosonic Hilbert space. We can then normalise this partial trace
by some factor that converges with respect to N to zero, faster or equally, making the
limit limpy_,o of this renormalised trace to be finite. Taking the example of Tr (&TEL)
again, we can compute the the trace up to N values being 25:1 n = M This
expression scales quadratically with NV, so we can normalise the trace by a factor ﬁ,

such that the result is now ﬁ Efj:l n= (]\;X,U, which has a limit limpy_, (]\2[;1) = %

As such ﬁTr (de) is finite, and can be used to compute the AGP. This step of
normalisation leads to extra computations in the calculations, but fundamentally just
changes the process of computing the coefficients of the AGP, which can be accounted
for.

However, the problem with commutators is much more fundamental, the results for
commutation of bosonic operators is only true in the infinite Hilbert space size limit.

Lets take the simplest bosonic commutation relation
[a, aT] ~1 (5.2)

If we instead take any two operators in a finite Hilbert space, we call O” and Ob, we can
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find the trace of their commutator must always be zero. This can be shown by using

the fact that the trace is a linear mapping and its cyclic property, giving the result

Tr ([Oa, ObD —Tr (OaOb — 00"

N—

11 (0°0) - e (000)
1 (0°0) - e (0°09)
=0. (5.3)

However clearly Tr{1} # 0, so something is wrong.
The way this commutation is normally derived is to expand the commutator in

terms of its operators. By then multiplying the matrices we find

01 0 0 0 0
00 +v2 ...111 o o
00 0 0 V2 0
0 0 0 01 0
1 0 0 00 vV2 ...
0 V2 0 00 0
100 ... 0 0 0
02 0 ... 010
00 3 ... 00 2
100
010

= (5.4)
00 1
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If these operators are truly infinite then each diagonal entry of aal is exactly one more
than a'a. However if there is a maximum mode N, then the final diagonal entry of
aa’ shall be zero because af [N — 1) = 0 as |N) does not exist. This means the final
diagonal entry will be 1— N from the final diagonal element of &' —a. In this finite case,
we see that now the trace is indeed zero, but the operator is no longer the identity.
This fact about the commutation plays a pivotal role in simulating these systems,
as truncating the bosonic mode and treating it as a large spin, makes the Hamiltonian
finite. This means diagonalization and other numerical techniques can be used. This
approximation is extremely useful for simplifying bosonic physics, and can be well
applied if the state of the system stays near to the vacuum state. To help illustrate
this and the other complications mentioned in this section, we will now have a look at

a simple bosonic model, to show examples of these complications in action.

5.2 Example model: a driven bosonic mode

We now wish to apply the ideas from the previous section into a model to see the
complications in practice. This will help further the understanding of computing the
AGP for bosonic Hamiltonians, giving example to the ideas we have just laid out. We
will use a bosonic mode with the addition of a position based driving, which is given

by the Hamiltonian in the Fock basis as
ﬁ:waTa+e(a+aT) (5.5)

where w is the energy gap, € is the strength of the driving. We refer to this as po-
sition based driving, as the driving operator is proportional to the position operator
(a+a') oc 2. As such when e < w the ground state is the vacuum state |0), but when
€ > w the ground state is given by the position state |z = —oco) = d(z + o0). This
means the driving localises the ground state towards the negative = direction, and has

maximal uncertain for value of momentum p.
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5.2.1 The zero driving limit: harmonic oscillator

For the first case, we will take ¢ = 0, such that the Hamiltonian is the same as the
harmonic oscillator. As there is only one parameter, we will choose w to be our control
parameter, and compute the AGP with respect to it.

As with all the calculations of the AGP, we start by taking a partial derivate of the
Hamiltonian, 9, H in this case. We have discussed how the creation and annihilation
operators are not stationary basis, and instead depend on the cavity frequency w. To
illustrate this point, lets follow through with the false assumption of d,a = 0, and
see if the calculation works. If 9,4 = 0 is true then d,H = afa, and [f[,awI:I] =
0. This instantly leads to the AGP being zero, which can be seen from Eq. (2.65),
however the harmonic oscillator is in fact affected by diabatic dynamics which generates
excitations [140]. This shows a clear example of the problem of the non stationary basis.

If we use the correct derivate of G and a! given in Eq. (5.1), we get
T ata+ Latet + aa
OuH =a'a+ 5(@ a' + aa). (5.6)
We then commute with the Hamiltonian to get the first AGP operators

. 1
[H, awH} - {w&Td, ala+ ;(alat + aa)]
-2 ([ata.afat] + [afa,aa])
_“ (2&*&* — 2&&)
2

—w (aTaT - aa) : (5.7)

As the a'a part commutes with the Hamiltonian, only the double creation/annihilation
operator part remains. Notably outside of extra factors, the operator only changes by

the sign of aa, meaning it forms a closed two cycle of commutation
[ﬁ, (aTaT + aa)} —w (a‘f at ¥ aa) . (5.8)
As the AGP must be fully imaginary and Hermitian, we can conclude that only
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i (deT — d&) is the only operator in the AGP. As such we can then solve the problem

using the ansatz
Ay = ia (aTaT - a&) . (5.9)

We then solve for « using the variational approach, by computing the action

=ata+ %(&W +aa) + 2wa (a*a* +aa), (5.10)
S:Tr{éi}

B o0 ) 1 2 o) o]

_Z:()n + <2aw~l—2 Z:On(n—l)—l—z:o(n—i-%(n—i—l) . (5.11)

The first term in this expression is independent of «, and as such we focus on the
second term. The infinite sums are both positive, meaning we need to minimise the

coefficient of this term. The « that minimises the second term, and as such the action,

is then given by

1
=——. 5.12
a=— (5.12)
We can transform to the Z,p basis, by expressing aa as
ao (7 (54 s me (L
a= 2h . mwp 2h v mwp
mw (o T 1
_nw . - i 1
o (&4 i i) - i) (5.13)
As such the AGP can be written as
A =" (AM )
w=——\a'a" —aa
4w
I L O R P S
B 4w<2 ( mw(xp—l—px) m2w? >
ez b assey L o
2h (:c e (#p+p2) m2u2’ ))
i mw T
__4wh< ¢ px))
1
=—— (Ip+px). 14
Lo @+ i) (5.14)
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This result then agrees with the standard result for counter diabatic terms of the

harmonic oscillator [140].

5.2.2 Varying the positional driving

Now that we have given example of the non-stationary basis affecting the results, we
now look at the effects of the infinite basis. We now choose to vary e, such that we

change the strength of the driving. We find the partial derivate to be
O = (a + aT) . (5.15)

From this we can see that no complications will arise from the basis being non-
stationary, as w is kept constant.
We shall then commute this derivate with the Hamiltonian to generate the first

order AGP terms. This gives

—

waTa+e(a+aT),a+&T] — —wil twa—ete

—w (eﬂ . a) . (5.16)
Repeating this commutation on (dT — &) now, finds

[w&Td—l—e(d—f—&T),dT—&] =wa + wa + €+ €

—w (a + aT) + 2. (5.17)

The only new operator generated is 2¢l, which trivially commutes with any other
operator.

Using this information, the AGP of this model has the form
A = ia (aT - a) . (5.18)

Like before, we can use the variational approach to solve for . We have already
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calculated the commutator in Eq. (5.17), so substituting this into the action we get

=a+a +wala +&) + 20e
= (1 +wa) (dT + A) + 20, (5.19)
S = Tr{@i}
=1 +wa)2i(n+ (n+1))+ imze? (5.20)
n=0 n=0

Unlike with the case of the harmonic oscillator, both terms now are dependent on «,
so we need to be a bit more careful minimising the expression. As the first term scales
with n, we can expect that minimising the first coefficient will minimise the overall
expression, which we will now verify. We can evaluate the sums for a finite maximum
value of n which we denote as N and then take the limit of N — oco. The expression
now looks like

§= lim (1+ wa)? (N(N +1) + N) + N4a?e2., (5.21)
—00

By dividing both sides by N? we get

lim S lim (14 wa)?

2 2 2
N—oo N2 N—oo <(1+wa) +4a%e )

() 4

(14 wa)?, (5.22)

showing clearly that minimising the first coefficient will minimise the overall expression.

The « that minimises the action is then
a=——. (5.23)

Surprisingly, this value is not dependent on ¢, although the counterdiabatic Hamil-
tonian will of course involve ¢ as ﬁCD = H+ é.fle. This occurs because of the linear
nature of the e driving that appears in the Hamiltonian, meaning dcH is independent

of e. If the functional form of the driving was any different in the Hamiltonian, the
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Figure 5.1: Plots showing control sequences of a linear é = 1 ramping between two
values of €. The left plot initialises in the ground state, and then 1 - F' is then measured
against the instantaneous ground states of the system. The right plot show similar but
instead with the maximally excited state.

result would be different. Let € = f(v), and f/(y) be the derivative with respect to 7,

then if we repeated the above steps we would find Eq. (5.22) would become

.Sy 2
A}gnoo Nz = (f'(7) + way)”. (5.24)
This would lead to a result
!
a=_1T0) (5.25)
w

As such, the independence of the AGP to the driving strength, was purely a result of
our choice of functional form for the driving in Hamiltonian.

This AGP is exact for a truly bosonic system, where the commutation relation
[EL, &T] = 1 holds. However as previously mentioned, when simulating these models we
often truncate the system to a large number of modes. This effectively simulates a
large spin, where this commutation relation does not apply.

In Fig 5.1 we see the difference of trying to follow the ground state or the maximally
excited state for a different size of truncated levels N. As expected the ground state
improves as N is increased, however it is never truly exact for any finite N, but does

reach near machine precision for N = 200. This shows that the approximation can be
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well used to simulate counter diabatic driving to the ground state. On the other hand,
for the maximally excited state the result is extremely diabatic, with it getting worse
in general as N grows. This is because the difference between the approximate and the
true finite commutation is equal to 1 — N, so the result gets worse are N increases.
This shows that it is vital that the value of N is sufficiently larger than any chosen
state for counterdiabatic driving, such that any finite size effects are reduced.

During this section we have computed the AGP for a coherently driven bosonic
mode, and effectively the harmonic oscillator. Whilst there are complications that
arise like all bosonic models, the form of the AGP in the end is rather simple, both
times being only a single term. Whilst this may not be surprising as the model is rather
simple, this in fact points to a more general result. In bosonic physics quadratic models
can be simplified using the Bogoliubov transformation [141]. We will now discuss these
models to show how the AGP is rather simple in this case, and has a near closed form

solution.

5.3 Exact AGP in quadratic bosonic models

Suppose we have a bosonic model with operators of at most order 2, which in general

can be written as
Hq = 3a® + clala + (ah)? + da + clal + . (5.26)

For this section we assume the operators have an infinite sized Hilbert space such that
the commutator [a,a] = 1 is exact. This also means that we can always write the
operators in normal order, as such we only include a'a in the Hamiltonian and not aa'

If we calculate the commutation relations of such a model, we get
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[, =] a2 ata (ah)? a |af |1
a2 0 22 | 4afa+20| 0 |2a |0
ata —2a2 0 2(af)? —a | af |0

(ah)? | —4ata — 2l | —2(af)? 0 —2at | 0 |0

a 0 a 2af o [T 1o
af —24 —at 0 - |o0]o0
I 0 0 0 0 010

From this we can see that all operators are mapped within the same set of operators
the Hamiltonian is defined on, and as such the dynamical Lie algebra of this model
contains at most these six operators. The dimension of the AGP being so small allows
a calculation of the exact AGP, meaning we can use the exact condition of the AGP in
Eq. (2.39) to avoid any problems with infinite traces.

We then need to compute Gy, which means defining the coefficients to now be

functions of some control parameter A

Hq(\) = SN + ct(Vata + (V) (@h)? + ANa + cd(Val + QL (5.27)
Then a derivative can be taken to give
O\HQ(X) =0rc3(\)a* + dret(Mata + dacd(N)(a')?
+ AN+ et (Nal + dred (ML (5.28)

As we have seen previously, bosonic operators are not always independent of the
control parameter A. For simplicity, in the following calculations we assume Oya =
dOxa' = 0, however the following results can be generalised for different cases of partial

derivate.

So to begin let’s apply the left hand commutator of the Hamiltonian to each operator

in the dynamical Lie algebra

{fIQ, aQ] = —2cla? — 4cata — 2cka — 2621, (5.29)

90



Chapter 5. The AGP in bosonic models

[PIQ, afa] = 2892 — 2c3(a")? + 4 — chal, (5.30)
[ﬁQ, (@h?] = acdata + 2¢1(ah)? + 2%t + 2631, (5.31)
[ﬁQ, a| = —cta — 22t — i, (5.32)
[ﬁf@, a] = 2da + clat + &I, (5.33)
[ﬁQ,i{ = 0. (5.34)

As was already clear, the AGP will not contain I as it always commutes with any other
operator. We will keep the coefficients in this extremely generic form, to allow for
non-Hermitian Hamiltonians and complex valued Hamiltonians, although we shall also

provide a simplified result for the specific case of a Hermitian real valued Hamiltonian.

We then define the AGP to be
.,ZlQ = ada? + adala + od(ah)? + ofa + afal, (5.35)

We can setup a matrix equation to solve for the coefficients of this AGP. For the full

derivation of this matrix equation please see App. A.6. The matrix equation is of the

form
— iMqdq = iiq (5.36)
where Mg is given by
4(ch)? — 86260 740%08 8(c9)? 0 0
8(c3)? —4cicd —8c3¢Y + 4(c})? 0 0
6cycr — 4z —6chcy — il 8cyc? (ch)? — 4chcd 0
8chcl —6c0c2 —ctef  —4chc + 60t 0 —4ckcd + (c1)?
4c3ct +2(ch)?  —8c2Y — 2 4cel +2()?  chel — 203 —2c(h + At
(5.37)
@ is a column vector of the o values
625 = (ag al a2 o aé) . (5.38)
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and 1q is a column vector determined by the rate of change of all the variables, given
by

2ctcy) — 2c9cht
4c3ch) — 4chc?

2 /1 1.2

[

(5.39)

o
I

1.0 _ 0.1 4 1.0 0.1
2chey — ey + crcy — 2¢5¢

1.1 0./2 2.0 _ 1.1
cgC] — 2cicg + 2¢hey — cicy

2c3c) — 2c9c + ch P — el

. . . . ocd
where the partial derivate is written as ¢ = %.

We see that there are more rows than columns for the matrix making the solution
overdetermined. This means unless there is linear dependence amongst the rows, there
is no solution to the matrix. However we expect in that in any physical case, there is
a solution to the AGP. Likely the inclusion of the identity operator in the Hamiltonian
has lead to this overdetermined set of equations, as it only affects the eigenvalues of a
Hamiltonian and not the eigenstates. Another observation that can be made is that
because we have let the ¢ coefficients be complex, there are actually twelve equations

and ten AGP operators, if we take the real and imaginary parts separately.

5.3.1 Simplifications from real valued and Hermitian Hamiltonians

The matrix equation given in Eq. (5.36) is the most general form of the Hamiltonian
that can be possible. However, there are great simplifications that can be made by
imposing conditions on the Hamiltonian. We shall discuss the two main conditions of
real valued c coefficients and enforcing the Hamiltonian to be hermitian.

If the coefficients are all real valued, then we know the AGP must be completely
imaginary. This can be applied by taking all « values to be real, and adding a factor

of i (& — i@). This leads to the matrix equation becoming

Mqdq = iq- (5.40)
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This means there can only be at most five AGP operators, and greatly simplifying the
solution to the matrix equation.

The other case of the Hamiltonian being Hermitian means we must have

(9)(@"? + (en)fala + () 1a® + () Tal + () Ta + ()L =

Sa? + ctafa + 3(ah? + da + clat + T, (5.41)
which imposes on the coefficients the conditions
@) =c, (D=c, D=cq (D=4 (5.42)

Additionally as discussed in Sec. 3.2, if the Hamiltonian is Hermitian then the AGP

must also be Hermitian. This means

a%&Q +a}&T&+ag(aT)2 —i—a?a—i—aé&T = (ag)T(&T)2 + (a%)T&Td%— (a%)T&2 + (a?)TdT + (a(l))T&,

(5.43)
imposing the conditions
ay =(ag)", (5.44)
ar =(aq)', (5.45)
af =(ad)T. (5.46)

This will reduce the number of equations that need to be solved, along with simplifying
the form of the matrix.
Now if we combine these two results together, and impose the Hamiltonian is real

and Hermitian, we can get the non trivial conditions

A =c3, 5.47
& =c}, 5.48

ot
=

(5.47)
(5.48)
5=—-0af (5.49)
(5.50)
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Note that the « values have a minus sign, due to the extra factor of ¢ applied.
In App. A.7 we apply these conditions to the matrix equation, leading to the sim-
plified form

4(ch)? —16(cH)? 0 a9 2cic) — 2c5ct
Gcf(cl —2c3)  (e1)? —4(c)?) \of 2 (cfcy — ePcg) + el — et
(5.51)
Then to simplify the notation, we define the constant v+ as
_ 1 0
Y+ = ¢] £ 2¢s, (5.52)
and an anti product rule operator Ay, between two scalar values a and b as
~ da ab
A b)=—b—a—. 5.53
)\(a7 ) 8)\ a‘a)\ ( )
With these, the matrix equation becomes
4 _ 0 al 2A, (9, ¢t
T+ 2| _ i (c3 _1) (5.54)
60(1)’}/7 Y+7— O{? 2A)\(C(2)a C(l)) + A)\(C(l)v C%)
The solution to this matrix equation is then given by
1 A 0 .1
o) L& a) (5.55)
2 - ) )
Oé? :2A)\(C(2),C(1)) + A)\(C(l)7c;}) _3C?A)\(2087c%) (556)
V+7- Y+7- YiV-

We can then test this result by computing the AGP for the driven bosonic mode
we discussed in the previous section. The non zero coefficients that correspond to the
Hamiltonian given in Eq. (5.5) are ¢f = w, ¢ = ¢} = ¢, and we vary the cavity (€) such

that the only non zero derivate is ¢}) = ¢ff = 1. With this we find the result

a9 =0, (5.57)

(5.58)

01(1)27:
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which agrees with our previous calculation.

5.3.2 Extending to multiple quadratic bosonic modes

We can extend the idea of quadratic models to include multiple bosonic modes, where
the coupling between modes is at most order two. By quadratic here we do not mean
quadratic for each mode, but instead the total sum of creation/annihilation operators
is less than two, meaning a2 ® a2, is not considered to be quadratic. The key coupling
operators that this allows to be added then are: a, ® ay,, @, ® din, &L @ Qs dil ®&,Tﬂ, for
coupling between the nth and mth modes. All other operators are effectively the single
mode operators with identity operators acting on all other modes. When these coupling
operators interact with a single mode operator, they only commute with either @ or &'
on that particular mode, which from Table 5.3 we see always results in either a,a or
I on the mode. This means the commutation relations between the coupling operators
and single mode operators are always at most quadratic, so the closed commutation
relations is not broken by them.

This leaves only commutations between coupling operators. For simplicity of nota-
tion, we enforce n < m so we don’t have any confusion over whether a; ® &; = d; ® aq.
If none of the modes are shared then it is clear the commutation will be zero. As such
we either have one or two shared modes. For each shared mode the commutator is
always between single excitation operators (& or a') and as such the commutator is
either equal to 1 or 0 or —1. This means the operator will always be an identity on
a shared mode, so for coupling operator between [,k and k,p the new operators will
couple the non shared sites [, p, notably again preserving the quadratic nature. If there
are two shared modes, then the there will be an anti-commutator involving non identity

operators, as seen in Sec. 3.3.1. The anti-commutators of the bosonic operators are

{a,a} =242, (5.59)
{a,a"} =aal + a'a = 2ata + 1, (5.60)
{aT,a} =a'a + aa' = 2aTa 41, (5.61)

{af,al} =2(a")2 (5.62)
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These again do not break the quadratic nature of the model, as they always combine
with a identity operator on the other shared mode.

This shows that the same results can be derived for an arbitrary number of quadratic
coupled bosonic modes. We do not provide a closed solution to this model, but similar
steps that we took in the derivation of a single mode can be applied. Again these
multimode quadratic models can also be solved using the Bogoliubov transformation,
so it is expected that these results have a finite number of operators.

This concludes the chapter computing the AGP in bosonic models. The main
takeaways for this chapter is the inherent differences between bosonic and spin operators
that should be kept in mind during computation. We have also provided the matrix
equation for all quadratic single mode bosonic models, which can be used directly to
solve for the AGP. The results of this chapter can hopefully be used in further research
to expand the scope of bosonic AGP physics. For the next chapter, we will further
these results by combing together with the results from the previous chapter, to have

a look at hybrid systems.
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Chapter 6

The AGP in hybrid models

In the previous chapters, we have described how to compute the AGP for both spin
and bosonic systems, and now we aim to combine these results together. Systems that
include both spins and bosonic modes are referred to as hybrid systems, and appear in
many areas of physics [142-145]. We look at the family of models that describe atoms in
a cavity [146], with calculations for the Jaynes-Cummings and Rabi model in particular.
We will see the results for the Jaynes-Cummings to be simple when the problem is laid
out correctly, but intractable if approached naively. With the Rabi model we shall see
how to apply different approximations to the model to allow computation, and how
these lead to differences in the results. By the end of this chapter the reader will have
some understanding of hybrid models, which can be thought of as the strongest type
of open system as there is a full system and environment description. Hybrid systems
as such show the next step towards a open system description, where we trace of the
bath degrees of freedom and are left with only the system Hilbert space.

The most common collection of hybrid systems studied are spin-1/2 particles inside
a cavity, which causes a coupling between the bosonic mode of the cavity and the spins.
The coupling arises from interaction between the atomic dipole of the spin and the light

field, this leads to the general form

ﬁint = Zgj,na';: (&IL + &n> = Zgj,n(dLA; + dnA;‘r) + gj,n(d:fmAj+ + dnA;)v (6'1)
Jmn Jmn
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where 6;-’, 63-_ are the spin raising and lowering operators on site j, and n labels the

the nth bosonic mode. The splitting up of 67, gives rise to what is referred to as the
rotating term (d;ﬂ&j_ + dnﬁj-r) and counter rotation term (d;ﬂ&j +an6; ). The rotating
term arises from the component of the atomic dipole and light field that rotate in
the same direction, leading to an effective slow rotation dependent on the difference
in frequencies. On the other hand, the counter rotating term depend on the sum of
the frequencies, as it arise from the dipoles rotating against each other. Due to this,
the counter rotating term oscillates much faster than the rotating term, meaning it
affects the dynamics much less. Jaynes and Cummings proposed the rotating wave
approximation (RWA), where the counter rotating term is excluded entirely from the
model [147], which is well justified for small coupling strengths. Depending on the
number of spins and whether the RWA is applied, this collection of systems is split into

four different models

RWA No RWA
N =1 | The Jaynes Cummings model | The Rabi model

N > 1| The Tavis Cummings model | The Dicke model

where N is the number of spin-1/2 particles. We shall focus on the case of N =1 for
this thesis, as such looking at both The Jaynes Cummings and Rabi models.

As mentioned, the first section of this chapter will focus of the Jaynes Cummings
model, looking at the AGP for varying each of the parameters of the model. We provide
exact results for a given excitation manifold, and show how producing a full operator
description of the AGP is problematic for the Jaynes Cummings model. We then will
move our focus towards the Rabi model, where we will treat the problem in terms of
generalised Gell-Mann matrices to provide an exact description of the truncated model.
This will involve developing an understanding the effect of the commutator in the Rabi
model, allowing an analytical form of the matrix equation required to solve for the

coefficients of the AGP.
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6.1 The Jaynes Cummings model

In this section we look at the Jaynes Cummings (JC) model [147], which can be written
as the Hamiltonian

. A
Hyc=56:+ wala +g(a'é™ +ast). (6.2)

In this model there are three parameters that can be varied: the splitting between the
spin energy levels (A), frequency of the cavity mode (w) and coupling strength (g).
Depending on which of these parameters are varied, the AGP will be different so we
shall focus on each of the cases separately.

Before we get to computing the AGP, it is extremely useful to note that this Hamil-
tonian can be solved analytically. This is done by identifying the number of excitations,
defined as
N.=a'a+o%6™, (6.3)
is a conserved quantity ([H,N.] = 0), as the rotating term in the coupling operator
always swaps between a spin and bosonic excitation. This means we can split up
the Hilbert space of the problem into each of the excitation numbers, N, such that
N, |)) = Ne |¢). As the spin can only be either in the ground or excited states, the
only states with N, excitations will be |N,,]) and |N. — 1,1). It is important to note
that the zero excitation manifold has only one state, |0,]), meaning there is no pair,
and as such it is already an adiabatic state, however we shall see later this is not the
case when varying the cavity frequency w, for the reasons we highlighted in the previous
chapter (Sec. 5.1.1).

If we omit the zero excitation manifold for now, we can write the reduced Hamilto-
nian in the N, excitation manifold as

A
(N, S+ wN.—1) gV N,
HYD = | 2 , (6.4)

gV Ne 7%+WN€
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which acts of the column vector of states

‘Ne - 17T>
[Ne, 1)

(6.5)

This Hamiltonian is diagonalised by the eigenenergies and eigenstates (For details

see App. A.8)

Ey, 4 =w <Ne - ;) £ /(A —w)? +4gN,, (6.6)
Vo) =cos (3 V. = 1.1) + s (25 ) ). (6.7
Ney ) =sin (B) IV, — 17) — cos (B, ) [N ). (6.9

where By, = %arctan (%).

As we have an analytical form of the eigenstates and eigenenergies, we will compute
the off diagonal elements of the AGP in the eigenbasis using Eq. (2.34), remembering
that the diagonal elements of the AGP are set to zero. Of the three parameters in the
system, the basis [N — 1,1), | N, ) is independent for both the spin energy (A) and
the coupling (¢) leading to simple diabatic excitations between the pairs of eigenstates,
and the conservation of N, shall hold. However as we have previously discussed, the

bosonic basis is non-stationary when varying the cavity frequency w, which will lead to

an effective diabatic term that breaks the RWA.

6.1.1 Varying spin energy

We begin by varying the spin energy level (A). As the basis is stationary with respect
to A, we simply find

—_

OAH o = 50 (6.9)

We start the calculation by applying this operator to each of the eigenstates

OaH e N +) = fc0s () INe — L) —sin (5) [N, 1)), (6.10)

OaHyCINe, =) =3 sin (5) [N, = 1,1) +cos (5) INeo 1)) - (6.11)
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These new states are all still within the same excitation manifold, which is to be ex-
pected as OAH s obeys the RWA, so there are no diabatic excitations between different
excitation manifolds. This also confirms that the ground state is completely adiabatic
when varying A.

We know that the AGP is skew symmetric, as it is fully imaginary and Hermitian,
s0 (Ny,—| Aa [Ne, +) = — (No, 4| Aa |Ne, —). As such we only need to compute one

element, which can be computed to be

- 1 in(2
(Ne, =| Aa [Ne, +) = i5 Sin(2Bn) : (6.12)
2/(A —w)? +4g2(N,)
We can further simplify this by using the definition of By, , we can find
29v/ N,
tan(28y, ) = g\g, (6.13)
29/ Ne
sin(28y, ) = gV Ne : (6.14)
V4G N, + (A — w)?
A —
cos(206n,) d (6.15)

- \/ZngN6 + (A - w)Q’

where the denominator of sin(28y,) and cos(28y,) are chosen such that sin(28y,)? +
cos(26n.)* = 1 holds.

We can then substitute this into the matrix elements to give the AGP for A as

g\/Ne 0 -1
(A—w)2+492(Ne) \1 ¢

AR = (6.16)

To be able to apply this to a simulation, we need to transform back to the stationary
|INe — 1,1}, | Ne, }) basis. From Egs. (6.7),(6.8) we can write the transformation from
|N€ - 17T> ) |N67\l/> to |N61 +> ) ‘Nea _> as

_eos () s | (INe=11)) (180 6

sin (By,) —cos(Bn.) | Ne, J) |Ne, —)

This transformation matrix is involutory, as such the transform from |Ng,+),|Ne, —)
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to |[Ne — 1,71),|Ne, J) has the same matrix

cos sin Ne,+ Ne—1,
_ (BNS) (IBNe) ’ e > _ ’ e T> ' (6.18)
sin (Bn,) —cos (Bn,) |Ne, —) |Ne, d)
To transform AXVE) into the stationary basis we simply apply the transformation matrix

to either side

A(Ne),stationary _ cos (ﬁNe) Sin (/BNE) (Ne) Cos (ﬁNE) Sin (/BNE)

‘AA
sin (Bn,) —cos(Bn,) sin (Bn,) —cos(Bn.)

i gw/]\f6 0 1
(A—w)*+4¢*°Ne \ _1 ¢

(6.19)

This analytical form of the AGP, allows us to learn some details about the diabatic
behaviour in the Jaynes Cummings model when we vary the spin energy. The first
detail to point out, is that for g = 0 the AGP is exactly zero and as such there are no
diabatic transitions. We present two explanations for this result: one physical, and one
mathematical. Firstly, when g = 0 there is no coupling between the spin and boson,
and as such the two systems decouple and are independent, leaving just a varying spin-
1/2 which is purely adiabatic. The other explanation can be found by looking at the
eigenstates, namely Sy, for which ¢ = 0 = By, = 0, meaning the mixing between
the eigenstates is minimal and constant.

We can also observe for large values of V., the AGP can be approximated as

A(Ne),stationary s 1 0 1
A ~1 ,
49\/ﬁe -1 0

(6.20)

showing how the diabatic effects lessen as NN, increases. This approximate form is in
fact shared for the case of g > A, w, showing in that limit the largest diabatic excitation

occur for N, = 1. However if we find the stationary point with respect to N, we find

102



Chapter 6. The AGP in hybrid models

the maximal value of the AGP to be when

(A —w)’

N, = 12

(6.21)

This shows that in the small coupling limit ¢ < A,w, the excitation manifold most
susceptible to diabatic excitations is larger than one but still finite as the previous limit
still holds as N, increases.

Lastly the operator form of the AGP will likely be very familiar by this stage of
the thesis, as it is effectively a ¢¥ type operator acting between the two states. This is
expected as it is the only operators form that can appear for a two level system, which

the Jaynes Cummings model effectively is.

6.1.2 Varying the coupling strength

We next look at varying the coupling strength (g), which is very similar to the previous
result for varying A. We again start by taking the partial derivate, this time with
respect to g

O, Hyo = ale™ +as™t. (6.22)

We then apply this to the eigenstates

dgH jc | Ne, +) =v/N. (sin (By, ) |Ne — 1,4) + cos (Bn.) [Ne, 1)) (6.23)
OgH jc |Ne, =) =v/Ne (= cos (Bn,) |Ne — 1,1) +sin (Bn,) | Ne, 1)) - (6.24)

Likewise, the operator respects the RWA, so there are only diabatic excitations between

|Ne,+) and |Ne, —). We compute these to be

(A—w) VAL

Ne, —| Ay |Ne, +) = —i : 6.25
(Ne, |-Ag‘ esT) Z(A—w)2+492Ne ( )
This then gives an AGP in the form
. A — w) /N 0 1
AN — (& —w) Ve (6.26)

(A—w)2+4gQNe -1 0
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The last step we need to do to apply this counterdiabatic term is to transform back
into the stationary basis. The form of the matrix is identical to Eq. (6.19) up to a

minus sign, and as such we can see the result will be

A—w 0 -1
—W)2+492N6 1 0

A(Ne),stationary __ - N
Al VN g (6.27)

Again this analytical expression allows the study of some details of the Jaynes
Cummings model, this time for varying the coupling strength. There is another zero
point, this time for A = w and not g = 0, as § # 0 so the coupling strength cannot
stay zero. This zero point can be easiest explained by looking at the eigenstates again
and seeing [y, is always 7 when A = w, meaning the basis is stationary again and
maximally mixed. interestingly when the energy scale of the spin and boson are equal
the splitting between the eigenstates is only dependent on the coupling strength, which

even if it is varying plays no role in the diabatic excitations in this case.

The limiting case of large excitation manifold, again decays down for large N,

(A-w) [0 1

St , 6.28
492v/Ne \ 1 o ( )

A!(JNe),statlonary ~ i

in a similar form to what we saw with varying the spin energy, where it scales inverses
with the square root. With the functional form being so similar to Eq. (6.19), up to
factors of A, w and g, it may not be surprising that the stationary point is also the

same at
(A —w)?

N, = 12

(6.29)

Likewise the functional form of the operator is the same as for varying the spin energy,
up to a factor of —1 depending on if A > w or A < w. So even though the coupling
between the modes is what leads to the interesting results in the Jaynes Cummings
model (as otherwise the two subsystems are independent), varying the strength has the
same effect as varying the spin energy. As such we would expect similar for varying

w in the following subsection, however the effect of the non-stationary creation and
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annihilation operators will distinguish that case.

6.1.3 Varying the cavity frequency

Next we shall discus the AGP for changing the frequency of the cavity photons (w).
Similar to the previous subsection, we can compute the partial derivative with respect

to w, remembering to take the derivatives of @ and af
: st L (atat 2 a0) + 9 (a6 + ater
8MHJC:aa+§<aa +aa>—|—2—<a0 —|—a0). (6.30)
w
If we apply the first term in this expression to our eigenstates we get

i |Ne,+) = ((Ne = 1) cos (Bx,) [N — 1,1) + Nesin (By,) INe, 1)), (6.31)

a'a|N,, =) = ((Ne — 1)sin (Bn,) |Ne — 1,1) — Necos (Bn,) [ Ne, 1)) . (6.32)

These stay within the manifold with N, excitations, and leads to a similar result seen
with varying A and g.

However if we apply the next two terms in the derivative, we instead get

1., 1
§aTaT [Ne, +) =3 (W@cos (Bn.) INe +1,71)

+/N, + 2¢/N, + Lsin (8w, ) |No + 2,¢>) : (6.33)
Satal [N, - =3 (VN T 1y/Nesin (By,) INe +1,1)
—V/Ne+2/Ne+ Teos (Br,) INe +2, 1)), (6.34)

1 1
5 [N, +) =3 <\/Ne —2y/N. — 1cos (By,) |Ne — 3,7)

+/Ne — 1/N. sin (Bx,) | Ne — 2,¢>) : (6.35)
%a& IN., —) :% <\/Ne — 2N, — 1sin (Bx.) |Ne — 3,1)

—/N. — 1\/N. cos (Bx,) | Ne — 2,¢>) . (6.36)

These states are outside of the excitation manifold, and as such the operator appears

to break the RWA. This suggests that by varying the cavity frequency, the initial
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assumption of ignoring the counter rotating terms is no longer valid, and the Jaynes-
Cummings Hamiltonian as such is also invalid in this case. For the interest of the
calculation, we will continue by assuming the Hamiltonian given in Eq. (6.2) is valid
even when varying the frequency. We shall also continue referring to this as the Jaynes-
Cummings model, although this is fundamentally a different model. For a more accurate
description of the underlying physical model, we suggest using the full Rabi model as
we shall discuss in Sec. 6.2.

So when varying w, there are non-zero excitations between excitation manifolds
and N, is no longer a conserved quantity. Similarly if we apply the final term in the

derivative, we get

L (a6 +al5" ) [Neo+) == (VNe+ Lsin (8y,) [Ne +1,1)
++/N. — 1cos (Bn,)|Ne — 2,¢>) , (6.37)

% (a&— + &w) N, —) :% <—\/Ne +Tcos (B, ) | Ne +1,1)

++/N, — 1sin 8y, ) |N. — 2,¢>) . (6.38)

Again this term does not preserve the excitation number.

One detail however is that the parity of the excitation is maintained, as the above
shows that only states with two more or two fewer excitations are present. This means
the AGP can be written in either the odd or even parity subsection, but both of these
still has an infinite Hilbert space. In general the AGP will defined on a chain like
system, where there are diabatic excitations between consecutive even or odd parity
sectors. However if we focus on a given eigenstate | N, +), we have coupling only to
|N., F) via a'a, and coupling to | N, + 2, +),| N, — 2, £) from the other non RWA terms.
This means a state dependent AGP can be found in this local six dimensional Hilbert
space, but this will only be valid if the AGP is exact, as a small excitation into one
of the other states will couple to the next consecutive parity sector (jump of two eg.
N, +2), breaking the assumption. In particular for the zero excitation state |0, ), there
are only couplings to |2, +) and |2, —) which make it far simpler to compute. This zero

excitation state is in fact the ground state of the model with energy Eg = —%, whilst
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the energy in Eq. (6.6) stays larger than this value. The state |1, —) will be the first
state to cross the energy value of Ey, and as such we can find the inequality for where

|0,]) is the ground state changes to be

Ey <Eq
A w 1 2
2l A - 4q2
5 <55 ( w)” +4g

(A +w)? > (A —w) +4g°

Aw >g% (6.39)

As the most common application of the AGP is for ground state following, we shall
avoid the full AGP and instead create a state specific AGP for the zero excitation
state. We implicitly assume Eq. (6.39) holds by referring to this state as the ground
state interchangeably.

For a state specific AGP, we only need to compute the rows and columns of the
AGP that involve that state, and we set all other values to zero. This is because,
if implemented exactly, the state will not change during the dynamics, so we only
need to counteract the diabatic excitations to this specific state. As such we write the

groundstate AGP as

0 (0,4 AG% 12,+) (0,4] A% |2, )
AGS = | — (0,1 AGS |2, +) 0 0 . (6.40)
— (0,4 AG5 |2, -) 0 0

Using Eq. (2.34) again, we can compute these elements by applying (0, g| to the previous

calculations with setting N, = 2. Doing so gives the result

07 \H auﬁJC ‘27 +>
Eyy — Eo

% sin (B2) + 55 cos (52)
(38 + 3w+ 5V/(A —w)2 +8¢%)

°GS . _<Oa¢| awﬁJC|2a 7>
<07\J” Aw ’27 > =1 EQ,_ o EO7¢

(0,4 AGS |2, +) =i

=1

(6.41)

107



Chapter 6. The AGP in hybrid models

~ 505 (B2) + £ s ()
(GA+30— 1B - +59)

=1

(6.42)

(6.43)

This is then the groundstate AGP for varying w, whilst Eq. 6.39 holds, which is true
also for adding varying A and g as they do not cause any diabatic excitations to (0, }|.

Now we need to transform into a stationary basis, which for the spin part is similar
to before when we computed the AGP for varying A or g, by converting from |+) , |—)
to [4),|1). This is slightly different to before as the ground state is already in the spin

stationary basis |]). We wish a matrix in the form

0 0,4/ AGS [1,1) (0,4 AG9|2,)
AG% = | —(0,4] A5 11,7) 0 0 : (6.44)
—(0,4] A% |2, 1) 0 0

So we can re write this in terms of the previous matrix elements. We can calculate the

first matrix element as

(0, 4] AGS [1,1) = (0, 4] AGS (cos (B2) 2, +) + sin (52) 2, —))
=cos (B2) (0, 1] AG® |2, +) + sin (82) (0, || AG5 |2, =) . (6.45)

To help the clarity of the following steps, we define

1 1

Using this we can compute the element to be

—%Csin (2B2) — (35 cos (202) + QL
02 — C2 ’

(0,4 AS |1,1) =i (6.47)

The trigonometric functions can be simplified using Eqs. (6.14),(6.15) with N, = 2, to
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give

92V2 B gﬂ.

sin (282) = = 6.48
(252) B e < (6.48)
A— A—
cos (2032) = d = “. (6.49)
V(A —w)? + 8g2 2¢
We can also substitute in the values of €2 and ( into the denominator to get
02— = 1A%—gw 2—}((A—w)2+892)
2 2 4
=2w (A + w) — 24°. (6.50)
Combining these together gives the result
9(A—w) 1 3.,) 9
A —g— +(3A+3w) L
(0,445 1,7) =it (a8 E ) 4
2w (A + w) — 2¢?
i k|
2w (A 4+ w) — 2¢?
=0 (6.51)

Surprisingly this results in a value of zero, indicating there are no diabatic excitations
from (0,{| to |1,7). This occurs because the diabatic excitations to |2,+) exactly
cancels out the diabatic excitation to |2, —), meaning the spin stationary basis is in
fact simpler to compute.

A similar set of steps can be done for the other matrix element, which we expect

to be non zero this time. We first substitute in |2, ]) in terms of |2,+), to get
(0,41 AG%12,1) = sin (B2) (0, 1| AS® 2, 4) — cos (B2) (0, | AS® [2,—) . (6.52)

Then substituting in the matrix elements leads to the expression

X > 262) — ¢<L sin (262) + Q-
(0,140 fp 4y = (2R ;;n( P (6.53)

S

We then use the expressions for the trigonometric functions and the denominator to
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get

A-w _ g°V2 | (1 3,0\ 1

04148 2,y 22 TGAY )

e 2w (A + w) — 2¢?
11

=i
2v/2 w

S

(6.54)

This results in a rather simple expression, that as we show in App. A.9 is identical to
the case of the groundstate AGP of the Harmonic oscillator. Unlike the other results for
varying A and g, the coupling and the spin part play no role in the diabatic dynamics
for varying w. As such the only contribution to the diabatic excitations, come from the
non-stationary nature of the creation and annihilation operators. We can make sense of
this as we know the zero excitation state (0, | has no pair, so only the coupling to the
N, = 2 excitation manifold can cause the diabatic excitations, which is only dependent
on w. For the same reasons, we can reason that for excitation manifold with N, # 0,
the result will be more complicated and likely be dependent on A and g.

Now we have an expression with stationary basis states for the spin, however we
know that these basis states are not stationary for the bosonic part, because the creation
and annihilation operators are non-stationary. To circumvent this problem one way to
proceed is to write the cavity part of the AGP and Hamiltonian in the position basis.

We can convert the Hamiltonian by replacing a,a! — &, p using the relation

L mw [ T
@=y/ 5 <.7J + mwp) ; (6.55)
at— jme (o
a oF <x mwp>' (6.56)

The Hamiltonian can then be re expressed, with setting m =1,h =1, as

N A w? [ 1 R w, ... o T .. o
Hjc=—6"+— 2—*4-*2102 +gy/=@ (6T +67)+—p(6T —67))
2 2 2 w
AAz w2 ~2 ~2 AAT 1 ~Y
A, W, w 1, W, o, 1
R R R ey 56" — gy —psY. 6.57
20—}—2:5 2+2p +g 2$0 g 2wpa ( )
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We can then express the momentum operator p as the partial derivative of position,

p= —ia%, and write everything in terms of the positon basis. Doing so we get
i w2A2 w+ WMerAAz_F- 1Ay3 162 (6.58)
= —3" — = —&6%+ =6 +ig\| —6Y— — —— .
10T 2 "I\ 2 2 Now” oz~ 2022

The final step is a position basis representation of the Fock state |n). This is equal

to the nth eigenstate of the harmonic oscillator, which in the position basis is [148]

1 w\i _w?
(x|n) = p(x) = Vo <;> e 2 H, (Vwz), (6.59)

with H,, being the n-th Hermite polynomial [149]. We wish to know the position basis

representation of |0) and |2), so we need only Hy and Ha, which are given as

Ho(z) =1, (6.60)

Hy(z) =422 — 2. (6.61)

Then we can write the groundstate AGP in terms of ket-bra outer products, which

only has one non zero Hermitian term

1
2v/2w

AGS —;

(10,4) (2,4 = 12,4) (0, 4]) - (6.62)

These ket and bra states can be expressed using Eq. (6.59) as |0,]) = ¢o(x) |z,]) and
12,]) = ¥a(z) |x,]). Combining this all together we can simulate the Jaynes Cummings

model in a stationary basis, such that the diabatic excitations that occur are correct.

6.1.4 Simulation results of counterdiabatic driving

We now wish to simulate the Jaynes Cummings model for each of the different param-
eters being varied, to see the effect of counterdiabatic driving in each of the cases. For
varying A and g we can use truncated creation and annihilation operators to represent
the system, as the operators are stationary. However as we just discussed in Sec. 6.1.3,

when varying the cavity we need to use a position basis. To numerically simulate this
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Figure 6.1: Panel a) shows the average fidelity across all eigenstates for the JC model,
with and without applying the counterdiabatic driving for driving the spin energy A,
for N =10, w=1, g =1 and A = 1000. Panel b) shows the average fidelity across all
eigenstates for the JC model, with and without applying the counterdiabatic driving
for driving the coupling strength g, for N = 10, A = 0.1, w = 1 and ¢ = 1000. Panel c)
show the fidelity with the ground state for varying w in Jaynes Cummings model, with
the simulation parameters A = 10, g = 10 and w = 100 simulated on a one dimensional
grid between —5 < x < 5 with a difference between consecutive points Az = 0.01.

case, we can use finite differences to compute the partial derivative of the position op-
erator. We use the central finite difference to approximate the first and second order

derivatives as

Of(x) _[f(z+Azx) - f(z - Ax)

o~ AL ’ (6.63)
8265);(2:5) %f(az + Azx) — QKEC»Z) + flz - AQU)' (6.64)

We then plot the results of our simulation in Fig. 6.1 for all the parameters. In

Fig. 6.1-a we see the average fidelity of all eigenstates for varying A, where we compare
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to the case of no driving at all. Without counterdiabatic driving, there are large
diabatic excitations, leading to an average fidelity F' ~ 0.6, compared to the near
perfect fidelity 1 — F ~ 10~ with the counterdiabatic driving. In Fig. 6.1-b we
show results of average fidelity again now for varying g, where we now get a fidelity
F =~ 0.7 without counterdiabatic driving, and again with the counterdiabatic driving
1—F ~ 107!, Finally in Fig. 6.1-c we plot the fidelity whilst varying w found between
the ground state and the dynamic state with and without counterdiabatic driving. We
find as expected that the counterdiabatic case outperforms the case with no driving,
with good fidelity with the ground state during the dynamics, however it does not
reach the levels of precision we have seen in the simulations of other parameters. This
is because the method of finite differences we have applied is not particularly precise
for the simulation parameters we use, as such a more detailed simulation potentially
using a different more accurate method would see better results. As this simulation is
just to test the results from Egs. (6.51),(6.54), we are not as worried about machine
level precision of simulation, and instead we test the same simulation method to the
Harmonics oscillator in App. A.9, and find similar levels of error margins. We as such
are confident that the result for the AGP here is correct, and leave the more accurate

and precise simulation of the model to later research.

6.1.5 Operator form of the Jaynes Cummings AGP

In this section so far we have computed the matrix elements of the AGP for the Jaynes
Cummings model, and given these as small operators acting on either a specific excita-
tion manifold for A and g or the first order diabatic coupling to the ground state for w.
When the diabatic excitations are within the same excitation manifold, the operator
form is

o
; . (A,
Ang =" ial? (INe,+) (Ne, = = |Ne, =) (Ne, +1), (6.65)
Ne=0
Where ag\i’g ) is the coefficient from the previous results. This operator is effectively a
Y within each excitation manifold, so we can write it by using a projector operator

instead.
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We define the projector 75Ne as
Pn, In, %) = 0n,n | Ne, £) (6.66)

where Oy, ,, is the Kronecker delta function. This means we can write the AGP in

operator form as

N 1 ~ N
Ang =Y P, (aT 5 — &a—+) Pu.. (6.67)
Ne=0 €

A similar expression would be able to be computed for the ground state AGP as well,
by projecting into the subsystem of first order diabatic coupling to the ground state
instead.

However because the AGP has this simple form with projection operators, it also
means that computing these in terms of purely creation and annihilation operators is
much more complicated. If we try and get an expression for a projector to a specific

bosonic excitation, in terms of powers of @ and a', we get
[e.9]
Pu= Ay ((a*)lal) (6.68)
l

Note this is a different projection operator to Py, which would be a combination of
two of these projection operators and spin raising/lowering operators. To ensure the
states with less excitations than n are zero, we can simply set A} = 0 for [ < n, then
we set A = % to normalise the nth bosonic excitation. Then we need to set each A}
for [ > n, to negate the contributions from higher bosonic modes. This means all A}
for [ > n are non zero, as there is always a small error on large bosonic modes left over
whenever a finite number is taken, similar to how [&, dT] = 1 for a finite truncation.
As such, if you compute the AGP using the commutator approach on a creation and
annihilation basis, you shall end up with an infinite sum of results that only cancel
each other out for all modes other than n, masking the actual simplicity of the result

when the projected basis is used.
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6.2 The Rabi model

The last model we shall discuss in this thesis, is the Rabi model [150]. As described at
the beginning of this chapter, this model is the same as the Jaynes Cummings model but
with no rotating wave approximation, leading to counter rotating terms being present.
Unlike the JC model, the Rabi model has no simple diagonalization, but there are exact
solutions to the model [151]. Working with these exact solutions can be difficult, so
numerical simulation is often used to study the model, or specific parameter regimes
where approximations can be made [152]. As we have seen before, the bosonic mode
has an infinite sized basis so it needs to be truncated to a maximum occupation, leading
to it being effectively a large spin up to frequency dependence on the operators. In
Sec. 5.1.2, we showed that this approximation does fundamentally change the physics
of the AGP from the change in the commutator, however it is still expected to converge
to the same result for a large enough truncation. In this thesis we do not study this
convergence, and instead focus purely on the large spin approximation.

The Hamiltonian for the Rabi model can be written as
) A Az At o ~x At ~
Hpapi = 50" twalat+go (a + a) . (6.69)

As there is not exact solution that is easy to use, we choose to truncate the bosonic
mode into a spin of size N, using the generalised Gell-Mann basis (GGM Sec. 3.4.3) to

represent this. The bosonic operators present can be expressed as

N

a+al =2y vn-1Ss, (6.70)
n=2
(N-1). < [nn-1)

ato =\ — Y nn—1)g

ala =——1 > 5 SDu (6.71)

n=2

which can then be applied to the Hamiltonian to give

Hpasi :% (&Z®ﬁ) +w(N2_1) (ﬁ@ﬁ) +Y w nin=1) (]T@S‘Dn)
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N
+293 Vi1 (&5‘ ® §5M71) . (6.72)
n=2

From here onwards, whenever we shall always be referring to this spin truncated
Hamiltonian for the Rabi model. The reader may find it helpful to treat this section
as more of a coupling between a two level spin and a large spin, as this is technically
what we are doing, even if in the large NV limit this represents the Rabi Hamiltonian.
We shall not make any assumption about N being large during the calculations, so the
results are also valid for the smaller N spin case.

Now whilst the standard GGM basis will work for the Rabi model, this leads to
slightly overcomplicated commutation relations in some parts. For example, an anti-

commutator of the form {S’SHM, gSn«}»l,n} is given by

1. n—lA 1—n A

{Svsn S} =l = S0+ —5mssSo,
+ Z SDk, (6.73)

k=n+2

with diagonal elements going all the way up to S Dy leading to a massive number of
operators appearing. However, if we compute this directly in a matrix form, showing

only the n and n + 1 matrix elements (as all others are zero), we get

h h
S S Y 2] (" 2 6.74
Sn+1,n7 Sn+1n 5 0 5 0 ( * )
2 2
ﬁ2

5 0
- o (6.75)

0o =

This is a significantly simpler appearing result than when represented by S Dy, €ven
thought the two results are equivalent. In fact similar cases repeatedly appear, where
a sum over many S D, is required to cancel out diagonal elements that need to be zero.
Whilst in general, S D, is useful as it can represent the su(N) group, in this case we

only wish to simplify our results as much as possible.
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If we write this anti-commutator in terms of projectors, we need only write
R . . h2 . h2
{Sn,n—la Sn,n—l} = Pn? + Pn-y-l?, (676)
where

P = |n) (n]. (6.77)

These projectors are not traceless, however we only require our basis to be trace

orthonormal. We can check this by computing the trace products
Tr<751,35n,m> = Tr<7sz,§An,m> =0, Tr(ﬁﬂ%) = Ok, Tr(ﬁi) =1,

which means they are in fact trace orthonormal, except with the identity operator
(]T) However this is because the identity operator is linearly dependent on the delta
functions, I= > 75l, so we can remove the identity operator from the basis and express
it purely in terms of the projectors.

This means for the Rabi model we use an adjusted Gell-Mann basis, given by

Sj € {Ssn,m,S’An,mﬂ%}. (6.78)
This means Eq. (6.72) can now be written as
) AL ) N o N )
Hpapi = B Z (6’Z ®73n) + wZ(n -1) (]I@ Pn) + QQZ vn—1 <6m ® Ssn,nfl) .
n=1 n=2 n=2
(6.79)

This change of basis will greatly reduce the complexity of the coming calculations,

without changing the final result.

6.2.1 The Lie basis and general commutation in the Rabi model

For the following calculations it will be helpful to specify exactly what the effect of
applying the commutator [ﬁ Rabis ] 18, rather than having to use the full structure
constants of the GGM. To solve for the AGP, we only ever need to apply the commutator

to the AGP operator, so we shall also limit to this case. As the Hamiltonian is real, we
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know the AGP must be completely imaginary, so we get a splitting into

{ﬂ, &%&Z} ® {S“Al,k} , (6.80)
{6} ® {S“sl,k,ﬁz} : (6.81)

depending on with subspace is imaginary.

As we have two subspaces, we have commutation of the form
~a & 2b & 1 ~a ~b A A 1 na b A oA
64 ® Sy, 0 ®Sﬁ] =5 [a ,a} ® {Sa,Sg} + 5 {O’ , 0 }@ [SQ,S/;;} . (6.82)

Due to the commutation and anti-commutation relations of the Pauli matrices
(Egs. (3.61) and (3.62)), only one of the commutator and anti-commutator can be

non-zero at a time. As such we can rewrite Eq. (6.82) as

(6.83)
(69 @ S0, 12 8] = 60 ® [ S0, 53] - (6.84)

We will treat the spin, bosonic and interaction parts of the Hamiltonian as separate

cases, which have the form

A N
Hg _anla ® Pp, (6.85)
A~ N A A
Hp =w) (n—1)I& P, (6.86)
n=2

N
Hy =29 Vn—16"®Ss, ,_,. (6.87)
n=2

For the spin and bosonic parts, they only affect their respective subspace, so we can
simply commute across the separate parts
A
2

s, 6' @ 8] =5 [6%,6'] @ 8, (6.88)
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f1p,6" @ 55| =w i(n —1)5' @ |Pa, 8y - (6.89)
n=2

We note that because the identity operator has been replaced by a sum over projection
operators for H s, this may not be as clear for this step, but remember the summation
over all the projection operators results in the identity operator.

As for the interaction Hamiltonian, we find

N 1l frx ~d Q Q PN
R R =16%. 6 ®[Sgnn_,5}, ot =0"1
[HI,&’®SJ} —29S V-1 2 {7} ot (6.90)
A (R

For the first case of ¢ = 67,1, this forces S’j € {S' Al,k}’ whereas the second case is
split, 5 = 6° — §; € {SAM} or6i =69 — 9 € {ﬁl, SSM}. This limits which indices
we need to compute from the symmetric and anti-symmetric structure constants.

6.2.2 Commuting with the GGM

Looking at the GGM side of the commutation, the commutators and anti-commutators

we need to compute are

[ﬁn,ﬁsl,k] —7 [75”,5241’,@] =7, [Pnpl] =7, [S‘Sn,n_l,SAALJ =7, (6.91)

{S’sn’nfl,gshk} =7, {S(sn,nfl7gAl,k} =7, {gsn,n—l’ﬁl} =7. (6.92)

For the commutation with the projectors, and symmetric or anti-symmetric GGM

we get

|:75?’L7SSZ7]€:| = n,k:i‘SA’Al,k - 6n,li*§A57ka (693)
[75”, SAl,k} = — 5"7162‘5‘51,1% + 6n,li‘§sz,k' (6.94)

The commutators between projectors are zero due to the fact that diagonal matrices
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(such as the projectors) always commute. This means
[75”7731] —0. (6.95)

For the final commutation in Eq. (6.91), between symmetric and anti-symmetric
GGM there are two separate cases with non-zero commutation. By studying the struc-
ture constants in Sec. 3.4.3, we we find that the resulting operator can either be a di-
agonal GGM, which we write as a projector (P,), or another symmetric GGM (SSn,m)-

For the projector case, we can find the result
A T, [
[S Snn—17 SAn n-1| — ipn—l - 57377,; (696)

which is notably simpler than expressing with diagonal GGM.
The case where we get another symmetric GGM, is itself split up into four separate

cases

n—1,k _
fS SSn—l,k’ l=n

n,n— 17

~

f S l=n-—1
A Snn 1,A 1,k Sn*’“’
[S Snn— I’SAlk = S . ) (6.97)
- Iin—1 _ _
Zfsn,nflvAl,nSSlrnfl’ k =n
Sl n

fSnn 17Aln 1SSL"7 k:n_l

where the restriction on the final index can be found via ensuring the second index of

each GGM operator is smaller than the first. This can be given explicitly as

S Sn,n— 17SAlk:| - (6'98)

The resulting effect on the second operator S A, 18 a swap from anti-symmetric to
symmetric GGM, and an increase or decease by one to either index, with a change of

sign if the second index is changed.
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Now that the commutators have been computed, we must find all the non-zero anti-
commutators containing Sg,, ,_,, which are listed in Eq. (6.92). Firstly we compute the
anti-commutators between two symmetric GGM, which can result in either another

symmetric GGM or a projector. These can be computed to get the result

A A 1 S(Sn, ’ l =n-—1
{Ssn,n717‘s’sl,k} :i ) ’ ) (6.99)

{SAS,WI, Ssn,n,l} =P+ Py (6.100)

Then for the anti-commutator with an anti-symmetric GGM, the resulting operator
can only be another anti-symmetric GGM. This result turns out to be very similar to

the commutator seen in Eq. (6.98), and is given by

SAnkav l=n

A A 1 SAn’ ’ l =n-1
{Ssn,H:SAl,k} =5 ' : (6.101)

SAin_y k=mn

S'Al’n, k=n-1

Finally the anti-commutator with a projector, results in a symmetric GGM, given
by the result
{Ssn,nfl’Pl} = 51771_155”’”71 + 517,155”’”71. (6.102)

With this we have now computed all the possible relevant non-zero commutators
and anti-commutators, and now we need to combine these with the spin-1/2 to get the

full commutation with the Hamiltonian.
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6.2.3 Full commutation with Rabi Hamiltonian

So we now wish to group together all the results, with the respective coefficients from
the different parts of the Hamiltonian. We shall do this operator by operator, starting
with 6¥ @ P,

[ﬁs, & ® 751} — _iA" @ P, (6.103)
111,69 @ Pi| =2igVis* @ S, + 2igVT—16° @ 8, (6.104)
[ﬁB, 5 @ 751} 0. (6.105)

Now with ¢¥ ® SSz,ka assuming k < [ — 1 such that we can break up the case of

Y ® S”Suil, we get

[ﬁs, &Y ® SASM} — —iA6* © S, (6.106)
{IS{I, &Y ® SASH_I} =igV16* @ Ss,,,, , +igVl— 16" ® P,
+igVl— 167 @ Py +igVl — 26 ® Ss,, 5, (6.107)
[ﬁ], &Y ® SASM} —igV16° © S5, , +igVl—16°® 85, ,
+igVk6* ® Ss,, ., +igVk — 167 ® Ss,,_, (6.108)
|f13,6" @ 8, | == iw (1= k)87 @ S, (6.109)

Similar again, now with I® SAM

[ﬁg, T Sa,, | =0, (6.110)

|:ﬁ[, ﬂ ® S’Al,l—l :lg\[lé—x ® ‘SA’SZ-H,Z—I - Zg \% l - 26—x ® S’Sl’l_z

+igVl— 16 @ Pi_1 —igVl — 16° @ P, (6.111)
[ﬁl, TwSa,,| =igVT—16% ® 85, , , +igV16" @ Ss,,

—igVk — 16" ® Ss,,_, —igVké" @ Ss,, ., (6.112)
5,1 84, | =iw(l ~ BI® S5, (6.113)
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Likewise with 6* ® SYAl’k

[IA{S,(&I(@SAM_ :iA(ATy®5A'Al’k (6.114)

[ﬁl’ 6 ® SyAl,lfl :ig\/ﬁl ® SSPrl,l—l —igVi— 21 ® S'Sl,l72

+igVl— 1l @ Py —igVl— 11L& P, (6.115)
{ﬁl, 6" ® SAAM: =igV/l—11® Ss,_,, +igVIL® Ss,,
—igVk—11® Ss,, , —igVkl® Ss,, ,,, (6.116)
|f13,67 @ Sa,,.| =iw(l - 1)6" @ S5, (6.117)
Finally with 6% ® S”Al’k

[ﬁs, 57 ® 8, | =0 (6.118)
11,67 @ 8y, | = = igVie" @ Sa.,, — igVI— 267 @ Sy, (6.119)

[ﬁl, 5 ® S‘Al’k: = —igVI6Y ® Sy, , —igV/T—16Y ® Sa,_,,
—igVkée¥ @ Sa,,., —igVk —16Y ® Sa,,_,, (6.120)
|f13,6% @ S, | =ieoll — k)* © S, (6.121)

With this, all of the possible relevant commutations have been computed with the
necessary coefficients present. However this is still a lot of information to process, so

we shall now move to a visual presentation to figure out some more details.
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6.2.4 Visualising the AGP operators

Firstly we group together all operators with shared off diagonals for the cavity. This

means we define

Ssk,o SAk,o
Slerlc,l SA1+k,1
S = , = . (6.122)
SS(v-1). (V1) SAN-1),(v-r-1)
SSN,(N—I@) SAN.,(ka)

Additionally we will use the shorthand

(6.123)

jeal}
I
o
I

Py-1
P

such that k is defined for the main diagonal as well.

By defining these quantities, we can plot the different operators in 3D space with
one axis defining §k or A)kv another defining the spin-1/2 operator, and the final axis
showing the k diagonal/off diagonal. We then draw lines between operators that have
non zero commutations between them, which is shown in Fig. 6.2-a-d from a few angles
to help visibility. We see that the spin Hamiltonian flips between spin-1/2 operators,
and similarly the bosonic part flips between symmetric and anti-symmetric GGM. Then
the interaction part of the Hamiltonian is the only part to shift k, always by +1. The
key takeaway from these visualisations, is there are two disjoint sets of operators, which
arise from the parity symmetry in the Rabi model.

As the AGP has the starting condition of OAH Ravi = >, 07 ®P,,, we can show only
operators that have a path back to this condition. Doing so produces a reduced set of

relevant operators, shown in Fig. 6.2-e. With this we can identify the operators need
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a) b) .
' i s i— . - TS
N cavity 7 {bpl‘ll} ® [cav1.ty}
I Hp:— [spin] ® {cavity}: —
S
07 e)
B ,
¥4
A
ot
T T T )k T T T )k.
c) d)
cavity cavity
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—‘k' g‘k_
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Figure 6.2: Different visualisations of the AGP operators (dots) and the commutations
between them (lines), the different types of commutation are colour coded with a split-
ting of [fII, } into {67, -} ® [S’z, } and [67,]® {5’”3, } to help clarity. Panels a), b) and
c) shows three different 2D projections of the operators, with d) repeating the showing
the same angle as ¢) but without & = 0 such that P can be omitted. Panel e) shows a
3D viewpoint of the operators, with only operators connected to the starting condition
of OaHRapi, as such this plot shows only the relevant operators to build the AGP and
to optimise teh coeflicients over.

to represent the AGP, by starting from OAHpapi, and taking any operator that first
appears first after an odd numbers of commutators. The general form of the operators

that are found are

I® Ek,&z ® /Yk, k € even
) (6.124)
6% ® Ay, 69 @ Sy, k€ odd

where k > 0, for all £ < N. These are all the possible operators in this basis needed to
represent the exact AGP, up to to a truncation fo the Nth bosonic level. This means

the scaling of the number of operators in the exact AGP is given by
2(IN-14N-2+---4+1)=(N—-1)N. (6.125)

This assumes all the §k, /Tk vectors require all IV —k entries to be independent, however
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there may be cases where the form of each vector stays constant, and as such the scaling

can be reduced.

6.2.5 Mapping and ordering the AGP

Now that we have a reduced set of operators and vector collections of similar operators,
we can also simplify the commutation expressions. To be able to solve for the AGP,
each operator will need an associated coefficient to solve for. For a given vector operator
5 ® gk,c?j ® /_fk we define a corresponding vector of coefficients @(%7%) @A:7k) such

that the AGP is expressed by

i b oo [ ~ALE) T sz o [ ~(Azk) T
Aa kEKZmn (]I ® (a Ak> +0°® (a Ak>)

> (67 @ (@b 4y 4+ ov e (a0 5, ), (6.126)
keKoda
with Kepen,Kogq being the even,odd values respectively, of k for 0 < k < N.

Then we can do a similar definition for all the operators one commutation away,
which will define the action operators over which the coefficients will be minimised. To
distinguish from the AGP operators/coefficients, we use E (S,3,k) E(A’j’k) for the action.
This means that the commutation can be represented as linear super operators from

a— 5 If we rewrite Eqgs. (6.103)-(6.121) in these super operators, we get
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From — To Super operator
GUALR) _y FS.L) iwki
FALE) _y BSR40 | GoR, — T)
GALR) _y F(S,2k-1) ig(Ly — Dy)
q(Azk) _y B’(A,y,k) AT
gAak) _y GSak) ik
alAak) B’(S,I,k+1) —z'g(}?ik _ Uk>
FATk) _y FSIE=D) | (i, — Dy)
SR _y FSab) _ind
aSwk) — FlAyk) —iwkll
alSwyk) _y B(S,x,k+1) ig(ﬁik + Uk)
k) FSak-1) | o(f, 4 Dy)
GAZk) _y F(Szk) i
alAzk) _y B(A,y,kJrl) —ig(lfik + Uk>
aA=k) — FAwk=L | —ig(Ly + Dy)

where the super operators have the forms

Super operator

Square operator form

Ry,

Ly

2

<ﬁ +(k+ i)’
<ﬁ+kﬁ>o§
a

af

N—k—-1)x (N —k)
N —k+1) x (N —k)
N—-k—-1)x (N —k)
N—-k+1)x (N —k)

square root).

These super operators allow an abstract view of the commutation, that shows the

127

with n being the number operator, and °3 represents the Hadamard root (element wise

general effect of each of the Hamiltonian parts. We can see that Hg flips between
6% and 67, and similarly Hp flips between anti-symmetric (S4) and symmetric (Sg)
GGM. The real strength of this notation appears from describing the commutation of
interaction Hamiltonian (fI 7). The super operators Ry, L, Ux and Dy, can be thought

of as shifting the kth diagonal 'Right’, Left’, Up’ and 'Down’ respectively. This arises
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from commutations like Eq. (6.98), where the shift of an index of one can be thought

of as a direction in the matrix.

6.2.6 The Hessian

Now to compute the Hessian, it is useful to define an ordering from the starting condi-

tion OaHRrapi. We give the ordering of the AGP coefficients/operators as

Group 1: y:aSwh
Group 2:  x:a@@A=D vy glsws) 4. gA=2) 1. FAL2)

Group 3:  x:aAd) v gSu3) 4. gAz4) 1. FAL4)
Group j: x:d& =3) gy @swi-l) g,
(even N) Group N/2+41: x:a@A=N-1)
(odd N) Group (N —1)/2+1: x:aA=N=2) 5. gAsN=1) 1. gALN-1)

Using this we can group together coefficients that need to be computed for each
matrix. There are only two separated terms 5 (P.2.0) and E(P’I 0), which affect term ly
and term 2x. Also there is the effect of (9AI:I that makes the initial condition that needs
to be taken into account.

The product of maps that end on the same basis give the block form of the Hessian.

As such let’s group the 8 terms that represent G and the maps onto them
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Term Super operators From
620 ig(L1+ D) S
Fai0 | gDy | ate
5:22) ig(Ri + Un) alsw:b
2wl aAz2)
ig(Ls + Ds) asvs)
BSa1) —iAT alSy.1)
il A1)
ig(Ly — Dy) FAL2)
BAy.1) il alSy.1)
AT a1
—ig(Ly + Dy) aA=2)
[(S:2:24) ig(Roj_1 + Uyj_y) | @Sw2i-1)
iw(2))I a(A=2])
ig(Laji1+ Dajin) | @Sw:2th)
B’(S,I,Qj—2) —ig(f%gj_l + U2j—l) a(Az,2j-3)
iw(2j — 2)I a(A1.29)
ig(Laj1 + Dyj) | @Aox=1)
3(S.w.2i-1) —iAT a(Sy.25-1)
iw(2) — DI aAw2—1)
ig(Laj — Daj) a2y
ig(Raj—z — Usjog) | @272
FAy2i-1) —i(2j — Dwl a(Sy,2i-1)
NI @ Aw2i=1)
—ig(Laj + Dyj) aA=2)
—ig(Ryj—s + Uzj_s) | dA>272)

G = OrAHpapi — i [Hl’%abiw[q ,
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Clearly the final term j group will have no contributions from j + 1, so this has to be

adjusted at the end. With this we can write out the Hessian, remembering the form

(6.127)
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means we can multiply every term by —i, which basically removes the imaginary nature
of each term. There then will be a square and trace leaving just the square on each
coefficient. Then we differentiate so a shared factor of 2 appears which we can cancel
out. Not that the projectors have trace 1 when squared, but the GGM have % (which
could be fixed by redefining the projector basis, and some square roots appear) so we
need to adjust all the parts with projectors to have double effect. We will solve this by
multiplying every term that comes from projectors by two to remain consistent, which
includes the initial condition.

The Hessian will be able to be written in block form, with blocks between different

groups of the AGP operators

Auyy Apy O 0 0
Aey Az Agy 0 0
0 Apz Az Apw 0
A = 0 0 A(473) A(4,4) 0 (6.128)
Ay
0 0 0 0 A(%H,%) A(%+1,]§+1)

These will be computed by combinations of the different super operators, that result
in the same 5’ term. During the middle sections these are of a generic form, but there

: _ AT _ AT
are special cases for Ay 1), A2 = A(271), A(2,2) A(%%), A(%%H) = A(%H%)’
A

(Y1, 4y The full calculation of these results are shown in App. A.10, and can then

be used to create the Hessian from the different matrices.

6.2.7 Applying the results

Using the Hessian to find the coefficients of the AGP, we can apply this to a simulation
to find the fidelity with the final ground state is one, to a very good approximation,
independent of the speed of driving. We have focused on varying A, but varying g is
also very similar with a small change in the initial conditions. However as we have seen

varying w can be quite a lot trickier. For this case it will not change the operators as
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much as previous cases, as the Rabi model already contains many of the operators that
come from 9, H Rabi-

If we simulate the CD Hamiltonian and the base Hamiltonian with varying A and
plot the fidelity between the simulated state and the ground state, we get the results
shown in Fig. 6.3-a. We can see that the base Hamiltonian has a rather significant
drop in fidelity, so there are diabatic excitations as expected. Then comparing to the
CD Hamiltonian which has near perfect ground state following (error of ~ 10710 in
fidelity), we can conclude that the form of the Hessian is indeed correct.

Now without an analytical form of the AGP, we cannot get quite as much infor-
mation out of the result as we did with the Jaynes Cummings model, however we can
plot the AGP norm to see where the diabatic excitations are strongest. In Fig. 6.3-b-c
we plot the norm for both the Rabi model and the Jaynes Cummings model, to be
able to compare the two results. It is clear that the diabatic dynamics in the Rabi
model are far more complicated than in the JC model, with multiple peaks appearing.
As g increases, the norm decreases in value similar to how we saw the magnitude of
the AGP in JC model drop. However at smaller values of g, the peaks that appear in
the result appear around A being an odd valued integer. We suggest this occurs due
to resonances from higher order excitations, as we know that N, is not a conversed
quantity in the Rabi model, there are couplings to multi bosonic modes with the same
parity. As g increases the peaks shift towards smaller A, creating curves that slowly
fade off. Notably the AGP norm is small outside of these values, so it may be possible
to follow a path that avoids these peak, although as we have only calculated the AGP
with respect to A here, so the contribution from changing ¢g will also be required.

This result allows understanding of the effective operators that arise from driving
the Rabi model, by looking at the different magnitudes of the AGP coefficients. By
doing so, any adiabatic pulse sequences on the Rabi model would be able to be sped
up, by including some of the operators present. Like with previous results, further
work needs to be done to find approximate forms of the AGP, but this gives an exact
solution of the AGP in this model to use as a starting point.

With this, we arrive at the conclusion of this chapter on Hybrid systems, making
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No CD b) c)
CD Rabi JC

100

Figure 6.3: In panel a) we show the fidelity with ground state for varying A in the
Rabi model, with parameters w = ¢ = 1, N = 50, A = 10%. There is near perfect
groundstate following for the CD Hamiltonian, with only deviations of around 100
in the fidelity, which result from numerical errors. Panels b) and ¢) show the the AGP
norm, with w = 1 and N = 20, for both the Rabi (b) and Jaynes Cummings (c) models
for varying A. The top row has a smaller scale of 0.5 to be able to see more detail,
whilst the bottom row has a higher scale up to to 10, although still far off from the
maximum value which is 1.4 x 10* for the Rabi model and oo for the JC model.

this the final result of this thesis. During this chapter we have managed to compute the
exact AGP for the Jaynes Cummings model, although we do not present a general AGP
for varying the cavity frequency due to the infinite size. As such there are still areas of
study in the Jaynes Cummings model for the AGP of larger excitation numbers (IV,),
although results so far indicate that diabatic excitations are strongest for small V., so
there may be only a small diabatic effect at larger N.. The main area of improvement
we see to our results, is more accurate simulations of the dynamics, as we only used a
simple finite differences approach. This would be of particular importance for studying

the effect of varying the cavity frequency in the Rabi model, where the simpler dynamics
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for only varying spin energy are already relatively complex.

Another key recurring point in this thesis, is the results in this chapter have been
purely focused on the theoretical results, and have not taken into account the complex-
ity of actually realising the required counterdiabatic driving. As such further work into
approximate AGP in these models would be of interest, which will also continue the
path towards open systems where the bath (cavity) degrees of freedom are traced out.
For these reasons we believe the results in this chapter, act as a solid starting point to
further research of the AGP in Hybrid systems, and further bases beyond the typical
spin-1/2.
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Conclusions and outlook

Over the course of this thesis we have explained the functionality of the adiabatic gauge
potential, and explored how to compute it in different physical systems. In Chapters 2
and 3 we discussed the previously and currently existing methods for computing the
AGP, trying to explain the similarities and differences alongside strengths and weak-
nesses. We showed how there are two key choices for each method of computing the
AGP: what basis states are used, and how the optimal coefficients for each operator is
computed. As such there does not need to be a rigid adherence to a specific methodol-
ogy, and instead one method can be used for determining a basis and another for how
to optimise it. We found that there is a significant advantage in understating when a
simple basis is used, like with the Pauli matrices or the generalised Gell-Mann matri-
ces, as results can be interpreted far easier than purely numerical operators. Whilst it
would be most efficient to have one method that can be used for every problem, cur-
rently there is no method that gets around the fundamental complexity of computing
the AGP due to its scaling with Hilbert space. This means that often symmetries need
to be identified model by model, although sometimes this process can be semi auto-
mated like with graph symmetries we found in Sec. 4.1. While an ideal method could
automatically make use of symmetries of the model, and be able to easily transform
between human readable and numerical operators, as of yet such a method has not
been developed, with further advances in both our understanding of symmetries and

numerical techniques needed.
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Even with the limitations in current methodology, we have still been able to ex-
plore results in interesting models. We first showed in Chapter 4 how different graph
geometries lead to vastly different scaling of the number of operators needed to repre-
sent the AGP in the Ising model, with a closed form solution for the Ring graph and
exponential scaling for asymmetric graphs. This highlighted a need for approximations
to the graphs to be able to explore larger system sizes, or to focus on simple relevant
graph geometries for implementation in experiment. When discussing the XXZ model,
we saw how the scaling with geometry is fundamentally linked with the specific Hamil-
tonian, with the Complete graph having the best scaling overall and even showing a
zero valued AGP for spin-1/2 meaning there are no diabatic excitations. When using
Gell-Mann matrices for the spin-1 XXZ model, we highlighted the jump in complexity
from the increased base in exponential scaling (4" — 9%), meaning only very small
sized systems were able to be studied. To be able to reach some of the unique phenom-
ena to larger spin models, like the triple point in the phase diagram of the spin-1 XXZ
model, approximate forms of the AGP will need to be created. This can help further
the study of the AGP as a measure of phase transitions, and try to link what critical
exponent it is related to.

We showed in Chapter 5 that it is possible to compute the AGP in bosonic systems,
although there are problems with non-stationary basis vectors and infinite sized Hilbert
spaces that need to be treated carefully. We found that even in the infinite size of
bosonic models, there are many cases where the AGP is finite, with quadratic models
having a particularly small operator space for the AGP. With this being the case, it
would be of particular interest if the AGP can be used to improve control procedures
in quadratic bosonic models, or whether the level of control over the AGP operators
raises more problems than it fixes.

The main application we have seen of using bosonic AGP, is the use within hybrid
systems which are so vital to our understanding of quantum optics. Whilst the results
are preliminary at this stage of research, we believe they are promising beginnings. In
the Jaynes Cummings model we saw how varying the cavity frequency can lead to a

completely different effective Hamiltonian that breaks the excitation symmetry. Whilst
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the Rabi model really highlighted how much information is lost to diabatic excitations
even when just varying system parameters. Understanding what the effective Hamil-
tonian is when varying parameters allows for more sophisticated algorithms to avoid
losses or make use of the new effective operators. The next vital step towards a open
system AGP, is to understand the formulation of the AGP when the cavity mode is
traced out. It is possible that due to how chaos and phase transitions are measured by
the AGP in closed systems, open system could have analogous measures and be used
as a measure of dissipative phase transitions.

With the results of this thesis, we now have numerical, and in some special cases
analytical expressions, of the AGP in many new models. To be able to apply this
knowledge to specific quantum control operations we would suggest the use of Coun-
terdiabatic Optimised Local Driving (COLD), which shows that the AGP can be used
as a cost function to efficiently optimise a control procedure without requiring a full
simulation. This will provide results on which operators are most effective at reducing
the diabatic losses, and as such will suggest the most effective basis of the AGP for
Counterdiabatic driving. There are many directions this research can be taken further,
many of which are currently being pursed by different groups. The field of shortcuts to
adiabaticity has produced very promising results so far, especially for being a relatively

new area of study, and we look forward to seeing where the field stands in the future.
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Appendix

“Albert grunted. "Do you know what happens to lads who ask too many
questions?”

Mort thought for a moment.

”No,” he said eventually, ”"what?”

There was silence.

Then Albert straightened up and said, ”Damned if I know. Probably they

get answers, and serve ’em right.”

Terry Pratchett, Mort (1987)

A.1 Binary symplectic form commutation proofs

Firstly we can find the possible operator form by using XOR on the bit registers of the
X and Z components of the operators [103]. This means we can write a new operator

C as the commutator of A and B as

o= [A,B} , (A1)
CF =A* @ B®, (A.2)
C* =A* @ B, (A.3)

Taking the results for Pauli matrices in Sec. 3.3.1, we can see that only when both

the operators on a site are different Pauli operators does the phase change at all, and
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either gains i if they are cyclically ordered (z — y — z) or —i if anti-cyclic ordered
(x — z — y). The second term will always be exactly opposite in sign, and as such the
commutator is exactly zero if there is an even number of non trivial products (anywhere
where the commutator on each site would be non-zero). As we can count how many
non zero commutations on each site we have.

This is done by noting that taking an AND operation on A* A B* will differ to
B* N A% only where two different Pauli operators occur on that site. To have this

explicitly clear, we can write a truth table of A* A B* (rows for A, columns for B)

I X|Y |Z
I {0]0]0]0
X|0|0|1]|1
Y|0|0]1]1
Z|10]0]01]0

We can clearly see if we reflect in the diagonal axis only the cases (X,Y),(Y, Z),(Z, X)
will vary. So if we count the number of 1’s that appears in the each of the resulting
binary numbers (A* A B* and B* A A*) , take modulo 2 on the result and compare if
the numbers are different or not. If they are equal then there is an even number of
commutations and as such the commutator is zero. If they are different then we get a

non zero commutation. We can write this in a single logical expression as

not (countones(A* A B*) mod 2 == countones(B* A A*) mod 2) (A.4)

This will be True if the commutator is non zero.

Finally we need to figure out what the sign of operator is. As we noted, we ignore
the imaginary phase of the term, and instead only focus on whether a commutation
has a plus or minus sign eg. is the resulting phase p = {0, 3} for plus or p = {1, 2} for
minus. If we look at the previous truth table, we see that (X,Y) and (Y,Z) both have
1 when +i, and 0 when —i, whereas (Z,X) has the opposite of 0 when +i and 1 when
—i. Notably this case also is the only situation where the output is a Y term. So if we

compute where every commutation takes place, then look for spots where there is a Y
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term at that location in the resulting operator, we can figure out how many plus and
minuses there are.

The binary number that represents where sites flipped is given by
Flocs = (A* A B%) ® (B* N A7) (A.5)
We can then figure out the number of flips by taking the number of ones here
Neoms = countones(Floes) (A.6)
The location of Y’s in resulting term is
Yioes = (A @ B*) A (A*® B*) =C* NC* (A.7)
We can then flip the values where both a flip and a y occur
Blocs = ((A" A B*) @ (Floes A Yioes)) A Flocs (A.8)

noting an additional AND with Fj,cs to remove the cases of YY. We can then count
the number of +i cases

Npositive = countones(HOCS), (Ag)

and as the total flips should equal number of +¢ and —i cases, we have Ncoms — Npositive
number of —i cases.

With this we can finally write the phase as
Oc = 04 - Op - (+i)Neositive () Neoms = Npositive (A.10)
A.2 Spin Z operator to GGM
Given from the main text, the matrix elements of S, is
(s)b = (s +1—a)dup = h(s + 1 — b)dap (A.11)
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we can represent this in terms of GGM as

N N
=hY opSp, = apy/2k(k —1)Sp,, (A.12)
k=2 k=2

where aj, are renormalised to make the equation simpler as now everything is just
integers. Note that no identity matrix is required as §% is traceless and the identity is
not (and all gell mann matrices are also traceless). With these renormalised coefficients

we get the equation

N
1-kop+ > ofj=s+1—k (A.13)
Jj=k+1
Then by using s = % we can rewrite the equation only in terms of N
N 1
(1—Fk)aj, + Z o + — k. (A.14)
j=k+1

This can be simply solved by back substitution from k£ = N down. In fact it will become

very quickly clear that the solution is aj, = %Vk. With this information we can write

N
. k(k—1) ,
g7 = h;_z:\/stk. (A.15)

A.3 Functional forms of limits on AGP operators

In the main text we quote a simplified form of Eq. (4.3), which we repeat here for

clarity as
N N-ny
Npax — oN—ny—ns A.16
%: %: ny!n (N —ny —nz)! ( :
with simplified form
Npex = oN=1oN=1 _ 1), (A.17)
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Figure A.1: Comparing the two forms of the maximum scaling number for the AGP in
the Ising model. We find the functional expression matches the factorial result exactly
within the range plotted.

Now whilst we are sure combinatorics can be used to match these two forms together,
we found this simplification based on numerical results. We noticed that the value

AN=1 " and is exactly two for N = 2 so we made guesses at the

quickly approaches
functional form, assuming that the form is exponential of some form. In Fig. A.1 we
show the numerics we found between these two expressions, where we see an exact
agreement within the range plotted. Whilst this is in no way a true proof, we see no
physical reason why the scaling form would change at some larger N, and the result

4N=1 can be found by

agree at smaller values of N. In fact the asymptotic result of
looking at the proportion of even and odd numbers of §¥ and 67, as approximately half
the operators should be even and half odd, so taking the full hilbert space dimension

AN=1 " Ag such this result satisfies the level

4N and dividing this twice by two gives
our rigour needed for our results, but we would not state this as a true mathematical

proof.
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A.4 Letter based derivation of Ring/Chain lie algebra

We can represent our Ising Hamiltonian by

H=Jz2+ Az, (A.18)

ONH =z. (A.19)

We have used the symmetries of the graph to group together all the ZZ and X operators,
as all sites are equivalent here, allowing a simpler representation where we do not need
to write unnecessary identities. Ignoring the coefficients, we define a truth table to

show us how to apply commutation

[z, 2] =y,

[z, y] =2,
[z—z, [-x] =z,
[z—z, [-y] =2—=,
[2—z, z—x] =1y,

[2—z, z—y| =I—=x.

The final non zero commutations can be found by the sites of the final four relations,
eg. y—I — I—y. This can give nice intuition that we can think of the commutators
as just swapping colours. We can then compute the first seven applications of the

commutator, retaining only new operators

(1=1) (o2 + 2,2] =2y + y—2, (A.20)
(1=2) zta(=1)]=z+yy+zz+zaz, (A.21)
(1 =3) [z + 2, (1 = 2)] =22y + y-1-2, (A.22)
(1 =4) [z + 2, (1 = 3)] =y + 2222, (A.23)
(1 =5) oz + 2, (1 = 4)] =y-2-—2-2 + 223, (A.24)
(1= 6) 242, (l=5)]=yoay+rrrz, (A.25)
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(1=7) [z—2 + z,(l = 6)] =y—2r—2—2-2 + 2-T—T—T—Y. (A.26)

(A.27)

We see that the operators are limited to chains with 6% operators in the bulk, and

either 6¥ or 6% on the ends.

A.5 Details of Calculations for the Ring Graph

In this Appendix, we give more details of the calculation of the AGP for the ring graph
described in Sec. 4.1.2. This graph is special as we can get a full analytical solution,
allowing a thermodynamic limit to be taken. In this graph, each spin is connected to
its neighbours, with the first and last spins also being connected. It is important to
note that N = 2 is a special case, and we focus here on N > 3 where the ring is clearly

defined. This gives an adjacency matrix of the form

0 1 0 0 1
1 0 1 0
0 1 0
(A.28)
0 1 0
0 1 0 1
1 0 0 1 0

We can define the symmetries of the graph with two generators, a clockwise rotation of
all the spins, and a mirror around the central point. In addition, the one-dimensional
nature of the ring, the terms become limited to having 6% terms in the bulk, with ¥
and 67 on either end. This used in addition to the symmetries means we can group
together terms with an equal number of terms. The easiest way to show the operators
are of this form is to define the connections for each operator. We can represent these

operator connections like so
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l N-3

T vy ymlily yr'y  yx Y yx Yy
\72(/ /bg[\ %‘i/ /W ﬁg/ /W
Yz y:L'lz yrN 2z
N N N
zz zxz zxtz zettlzy  zaN2 V-1

Here we see that the starting point OH = va o7 is included, and each only has
connections to Y67 operators. Otherwise, all connections are explored, and there is no
way to break away to different operators. Note, that the coefficient of the connections
is doubled to four in every case because there are always two different operators (that
have been grouped together) that map to the same thing. With these connections, we

can write out the matrix equation for the graph as

M+JE o —JX 0 o g

—JX A2+ 2 —JA s 0
= (A.29)

—JX X242 —JA aN_2 0

0 —JX N +J%2) \an_1 0

There are many ways of solving such a system of equations, and in this case, we shall
simply compute the inverse of the matrix. We suggest this approach because the vector
on the right-hand side of the equation only contains a single non-zero value, meaning
we have a solution of the form

-1
Mkl’

)

(A.30)

. —

J
8

Where M is our matrix, which is a symmetric Toeplitz tridiagonal matrix that is known
to have a analytical inverse [153], and M, ! is the kth element of the first row of the

inverse matrix. To use this approach, we divide everything by —J\ to get the off
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diagonals to equal 1, giving the new equation

2 2
—2 j}\‘] 1 0 aq _8%
2 2
1 -2l % 0
= : , (A.31)
1 AL an-o 0
0 1 XL \ay 0
and adjusted ay:
1 /1—1
ap — _ng,l 5 (A32)
where M’ is this rescaled matrix. This means we have a diagonal element D = — A2$J .

Depending on the value of D the form of the substitution required to find the inverse
changes:

2 cosh w, D>2
D =4 2cosw, —2<D<?2 (A.33)
—2coshw, D < -2

This gives a result in operators of the new parameter w. If we limit our parameters to

A > 0 and J = %1 we have the following cases for D:

2
—AH =1

D= (A.34)

2
%7 J=—1

These functions for A > 0 have stationary points at A = 1, for J = 1 this is a maximum
value of —2, whereas for J = —1 this is a minimum value of 2. This then gives us the
value of omega for both cases J = +1 as:

A2+ 1
2N

w = arccosh

(A.35)

However, the inverse of the matrix (and as such the solution to the AGP) is still
dependent on the sign of J, as expected due to this physically being the difference

between ferromagnetic and antiferromagnetic behaviour. We can then write down the
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first column of the inverse of the matrix as:

__coshw(N+1—k)—coshw(N—-1—k) J=1
2 sinh w sinhwN ’ -
1—1 __
Mt = (A.36)
(_1)k+1 coshw(N+1—k)—coshw(N—1—k) J=—1
2 sinh w sinh wN ’ -

This gives us for oy,

coshw(N+1—k)—coshw(N—1—k) J=1
16\ sinh w sinhwN ’ -
af = (A37)
(_1)k coshw(N+1—k)—coshw(N—1—k) J=_1
16 sinh wsinhwN ’ -

This expression is now able to be used but can be simplified further to remove the

dependence on w. The first step is to note that the value of w can be expressed as:
w=1InA\, (A.38)

which then gives the same result as in equation (A.35). Using this and the exponential

definitions of cosh and sinh we can expand the hyperbolic functions:

A2(NH1-R) 4 1

coshw(N +1—k) = NTIE (A.39)
coshw(N — 1 — k) :w, (A.40)
sinh w :)\22; 1, (A.41)

sinhwN :>\22]\;\];1. (A.42)

146



Appendix A. Appendix

Substituting these into the expression for aj and rearranging gives us the final result,

quoted in the main text, for ay:

Ae—1 Z\2(N—Fk)_1
8§ XN_1 > J=1

Q. = (A43)

kAF—1 N2(N=k)_q o
(_1) 8 ~ N2N_1 » J=-1

An interesting limit to look at is what happens at the critical point A — 1, which we

can compute using L’Hopital’s rule:

()R~ 2(N—k)(1)2N P~

8 2N(1)2N-T ¢ J=1
lim o, = (A.44)
(—1)k (1);‘1 2(N2]/’i[)((11))221(vli‘1’“)‘17 - _1
which can be simplified to:
B U
lim ), = (A.45)

We can then compute the AGP norm by squaring the operator, multiplying by the
multiplicity of the type of operator (always 2NN for ring operators) and sum over k,

giving (for both J =1 and J = —1):

N-1
. N — k)2
lim || A4, []> =2N ﬂ

A—1

>| =

(N - 1)(2N — 1))

I
]
—_
=
}—t/\/—'\z
|
=
Do
|
[\
i
=
NA
+
Nl
5
Do
N————

- . (A.46)
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This shows that exactly at the critical point the norm diverges as N2 compared to at

all other values of A where it diverges as N instead.

A.6 Derivation of matrix equation for quadratic bosonic
models
Here we shall discus in more detail each of the steps of computing the matrix equation

for the quadratic bosonic AGP. Starting from the form of the AGP given in the main
text

A~

Aq = a3a® + alata + od(a")? + ¥4 + adal, (A.47)

where each a value is a function of A for a specific pulse, or more generally a function

of all the ¢ coefficients. We can then begin computing éci_
J

éci_ Zacé_ﬁQ —1 [IA{Q,AQ}

J

:8(2;]?[@ — Z( ( 2C10[2 -+ 202(11) a2

4c3ad + 4c3ad) ata
200a1 + 201040) (aT)2

+ (-
+ (-
+ (—2cjaf + Ja — ciaf +2c5ag) a
+ (-

coad +2c0ak —2c2aY + c%aé) al

+ (—20[2)048 + 2903 — cja? + c(l)oz(l)) ﬂ) . (A.48)

Now there are already many different coefficients, « values and operators in this
expression, but we are required to do another commutation to fulfil the condition

[fIQ, G,i] = 0. However we can reuse the previous steps, by now writing
J
G =G%a%+ Glata+ GEa")? + Gla + Gia' + GUI., (A.49)
J

where each G;- can be computed from Eq. (A.48). Then again using Eq. (A.48), we can
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swap AQ - G ozé- — G; and take the section within the large brackets to compute

i
)
C]

[lﬁIQ, G’cz] To be explicit we get
J

0=Ha, Gy
= (—20%6’8 + 268G}) a2
—4c2GY + 4ch3) a'a
—2¢3G1 + 2¢1G}) (ah)?

+(
+(
+ (—2¢)GY + )G — c1GY +20GY) a
+ (—¢§G1 +2c0GE — 263G + c1GY) al
+(

—2c3GY + 265GE — 4GV + AGH) L (A.50)

The only way to satisfy all the above conditions simultaneously for all values, is
that each individual operator contribution is equal to zero. We can use each of these
conditions as lines in a matrix equation, which is equivalent to in some way to the
algebraic approach but we have avoided taking any traces. The partial derivate will be
the only term not involving any « values, so this will make up the initial conditions of
the matrix equation, and the rest of the matrix equation is equivalent for all cases.

First we substitute the values of G; back in to give

0=- 20% (CIQO —1 (—20%048 + 2030&))
+ 26 (cff — i (—4c§ad + 4)ag))

1 /1
= — 2}y +2c9¢]

— 2< (4(6%)2 — 80803) ozg + (—40%08) 0& + (8(03)2) a%) , (A.51)

0=-— 46(2) (6'20 —1 (—26%01(2) + 2080&))
+ 469 (062 —1 (—20(2)04% + 20%04(2)))

= —4c3c) 4 4]
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_ Z( (8cer) g + (—16¢5e) af + (8cher) a(%)’

0=—2¢ (! —i(—4c3ad +4c3ad))
+2¢; (cff —i (—2cjai + 2ciagd))

2 1 1 /72
= — 2cycy + 2¢i¢4

_ 2< (8(ct)?) a2 + (—4ercd) ap + (=8cjes + 4(c1)?) a%) ’

0=—2¢} (¥ —i(—2¢lad +2c3al))
+ (! —i (—4cdad + 4cdad))
— et (0 =i (~2ckad + ol — ctal + 2d0ad))
+26) (cf — i (—chot +2c%3 — 220l + clad))

L n 1 /1
= —2c0ep + At — el + 2c5¢h

_ 2< (Gcéc% - 4090(2)) aj

+ (—6chch — e1c}) o

+ (8¢3¢1) of

+((e1)” — 4chc) of

+(0) a})> :

0=—cp (! —i(—4cdad +4c3ad))
+ 26 (¢ =i (—2chaq + 2c1ad))
—2¢3 (P — i (—2c0f + Jai — cial + 2c)ap))

1o o 11 2 2 1
+ci (e —i (—cgoq +2d}af — 2cgal + ciag))

= —pc)! +2def — 265 + ey
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( (8cpeg) oS

( 60100 c%c(l)) oz%
+ (—40 S+ 60161) ol

+(0) o

+ (—4cged + (c1)?) aé), (A.55)

02—200( 'O—i( 1a2+202a1))

+ 26(2) (662 —1 (—2c ozl + 201040))
— c(l) (c’lo —1 ( 20(1)048 + c(l)al — clal + 202a0))
+ c? (001 —1 ( 00041 + QClaO 200a1 + clao))

2 10 0 /2 1.0 0 /1
= — 26062 + 26200 — Cocl + Clco

- z< (40(236% + 2(6(1))2) o
( 80002 00(1)) ai
+ (4cher +2()?) ag

+ (0001 20100) 0
( 2COC2 + Clcl) (1]> . (A56)

We can then write the matrix equation as

— Z'MQO_Z = ﬁQ (A.57)
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where Mg is given by

4(c})? — 8chch —4ctc) 8(c9)? 0 0
8cict —16c9¢3 8cyct 0 0
8(c)? —4clct —8c3c) + 4(ct)? 0 0
6cyct — 4z —6chcy — cied 8ccd (ch)? — 4chcd 0
8chcl —6c0c2 — ey —4ched + 6ccl 0 —4c3cd + (c})?
4c3ct +2(ch)?  —8c2h — 2 4cel +2()?  chel — 203 —2cih + Al
(A.58)
@ is a column vector of the alphas values
o
o
a=1a2|- (A.59)
of
g

and g is a column vector determined by the rate of change of all the variables, given

by

2ctic) — 269kt
2 /0 0.2

dcgey — deyeg

2c3cit — 2clcp?

2¢5cY) — At + et — 265¢f)

1./1 0.2 2,00 _ 1.1
cgCy — 2cicg + 2¢hey — ci¢g

2c3c) — 29c? + b — et

A.7 Applying the simplifications to quadratic model AGP

By applying the simplifications of a real valued hermitian Hamiltonian, we can reduce
the previous matrix equation to a simpler one.

We first apply the conditions on the ¢ coefficients to the matrix Mg to give the
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simplification

4(e1)? = 8(ch)?
8c)ct

8(c3)?

0.0
8cjcy

and to g giving

1

0.1 0.0 0.0
6cjcy —4cjcy  —6cjcy — iy

0.0
—6cjcy — cicy

—4cic)
—16(c5)?

1.0

1.0

1.0

0 .70 0./1 1./0
2cijcy —cjcy + ey — 2c5¢)

0 /1
C1¢1

8(c5)?

0.1
8cyeg

—8(cy)” + 4(c1)”

0.0
8cyey

—4c9c5 + 6c)ct

1.0 0 /1
2cicy — 2¢y¢

0

2 /1 1./0
2chei — 2cqcy

— 20 + 25

0

dcher +2(c])® =8(ch)? — 2(c))? 4cher +2(c})* ef —2c) —2cieh + cfey

0 0
0 0
0 0
c1)? — 4(ch)? 0
0 —4(c9)? + (c1)?
(A.61)
A.62
0 /0 ( )
—clep

Next we can apply the a conditions by combing the columns that are now equivalent

(1 -1—-3and4—4—15). This will give

6c)ct — 12¢

4(cp)? — 16(c3)”

16(c3)? — 4(cy)?

0.0
162

0.0 0.1

—4etc)
—16(c5)?

1.0
—4cicy

0.0 _ .1
—6cjcy — cic

—600 0 1

0

0

162 — 1€
—8(c9)? — 2(c})?

(A.63)

We can now see that for rows two and six to be in general true, the only solution is

a} = 0. This means we can reduce further by completely removing the second column,
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and rows two and six. We shall also write in tiquaq as we now have the space

4(cf)? — 16(cH)? 0 2cicy) — 2ccht
16(c9)? — 4(cl)? 0 ay B 2c3ct — 2clcf

6cct —12¢9¢  (eh)? —4(3)? | \ ! N 20 — it + et — 2656
12¢9¢9 — 6%t 4(c9)? — (c})? At =2 + 29 — etel?

(A.64)
The above equation shows that the rows one and two, are equivalent up to a sign
difference, similarly for rows three and four. We can as such remove the redundant

rows, to give the final simplified matrix equation

4(ch)? — 16(cY)? 0 oy 2cic) — 2cct
6ctct —12¢0¢Y  (c1)? —4(9)? ) \af 2 (e — ) + et —
(A.65)

A.8 Diagonalising the Jaynes Cummings model

To diagonalise the Hamiltonian given in the main text (Sec.6.1), we first rearrange the

terms into the form

FWNe) _ %(A_W) gV Ne n W(Ne_%) 0 (A.66)
Jjc = :
gvVNe  —3(A-w) 0 w(Ne — 3)

The second matrix here is proportional to identity, meaning it will only adjust the
eigenvalues by adding the value w(N, — %), so we can ignore it for now.
We can solve for the eigenvalues A of the first matrix, using the characteristic

equation

A —w)—A gV Ne 0
O L
- E(A —w)? = ¢*N. =0
A=+ %\/(A —w)?+4¢%N, (A.67)
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Then as this is a two level system, we can introduce mixing angles 8+ and write the

eigenstates as

|Ax) = cos (0+) |[Ne — 1,1) +sin (6+) [N, 1) - (A.68)

We then solve for 6 using

(A-w)  gV/Ne cos (f+) ) _ [ (61) | (A69)
VN,  —i(A-w) sin (64) sin (64)

We note that as Ay are only different by a sign, the transformation sin(f_) — — cos(6.),

cos(f_) — sin(f, ) also satisfies this equation. This means that §_ = 6, — 7, and we
can solve for just 64 and adjust the form of |A\_).
The two rows of the matrix equation are equal, so we just look at the first one to

solve for 6

%(A — w) cos(61) + gv/Nesin(6) = cos(63) Ay

(A —w) + 29/ N, tan(6) =2X,
201 — (A —w)
2g9VN.

tan(6y) = (A.70)

This value of tan(f;) can be used, however a slightly simpler form can be given by

computing tan(26) [154]

o2y e (A-w) 2 — (A -w) (2A+ (A —w)>

T 29V 20V N, \2\+ (A —w)
20 - (A-w) 402 — (A —w)?
o 29VNe 29V/Ne (X4 + (A —w))
20— (A—w) (49°Ne + (A — w)?) — (A — w)?
29V 29v/Ne (2X4 + (A —w))
(A w) (A.71)

tan(260,) :m
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2 2)\+ 7(A7u.))
2gv/Ne

T (%HA,M))

2)\++(A—w)
22)\+—(A—w)
_ 29v/Ne
- 2>\++(A—w)—2>\++(A—w)
2/\++(A7w)
22)\+—(A—w)
29v/Ne
2(A—w)
2)\++(A—w)
B 422 — (A —w)?
- 729/ N2(A — w)
_ 4¢° N,
29V N2(A - w)

~ 29VN.
A (A.72)

We will then use the notation Sy, = 04 = % arctan (2&{?), such that the Hamiltonian

is diagonalised by the eigenenergies and eigenstates

En. + =w (Ne — ;) - %\/(A —w)? + 4¢2N,, (A.73)
‘Nev +> = COo8 (BNe) ’Ne - 1)T> + sin (BNe) ‘N67\L> ) (A74)
‘Nm _> =sin (BNE) ‘Ne - 17T> — COS (BNE) ‘N€7\L> . (A75)

A.9 Harmonic oscillator double check

To verify that the Jaynes Cummings model cavity simulation works, we test for accuracy
of the same method in the Harmonic oscillator. The Hamiltonian in the position basis
can be written as

We then simulate this with finite differences again, in three different cases: base with
no counterdiabatic driving, exact operator AGP applied and lastly a groundstate AGP.

The exact AGP for the Harmonic oscillator was given in the main text in the creation
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and annihilation basis, which we can convert to the position basis

. 1 /.
Ao = —ig (ad a)
mw + .
aq =—— &+ —
2h ey
_Mmw (oo A )
- 2h < + ( p ) mgwgp )7
tal =7 (52— % (354 p3) — —b 52
T <$ mw (&P + pi) m2w? )’

i (.0 0.

Then for the groundstate AGP we only need to compute the matrix element between
|0) and |2) similar to the Jaynes cummings model, which is given by
A . <O’ awﬁ ‘2>
0 2) =th———F—
< ’Aw | > ¢ E2 _ EO
—'h<0’ ata + 1 (afal +aa)|2)
- 2
1
=i— (0| v2v1|0
i (01V2VT[0)
1

=f——.
2ﬁw

This means the Groundstate AGP is given by

A = i (10) 2 = 2) 0 (A78)

The results of this simulation is given in Fig. A.2, where we similar to the Jaynes
cummings model the results do not get machines precision groundstate following. There
is a difference between the groundstate AGP and the exact operator form, because the
simulation has errors there is leakage into the higher eigenstates which is not mitigated

at all by the groundstate AGP, whereas the exact AGP will reduce diabatic excitations
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Figure A.2: Fidelity with the ground state for varying w in the Harmonic oscillator, to
verify the result seen in the Jaynes Cummings model. We see that the most accurate
AGP is still given by the direct operator form, however the state AGP also gives a good
result with similar error as seen in the JC model. The parameters for the simulation
are w = 100 simulated on a one dimensional grid between —5 < z < 5 with a difference
between consecutive points Ax = 0.01.

for all eigenstates. Notably the errors seen here are comparable to the JC model, so we
can confirm that the JC groundstate AGP is within the error margin we would expect.
As said in the main text, to be completely sure of the result a more in depth simulation

will need to be done.

A.10 Details of Rabi model Hessian

In the main text, we derive all the commutations needed for the rabi model AGP, and
define blocks of the hessian to be computed. In this section we compute those blocks,
simplifying the form to a reasonable stage.

The first block is the Group 1 onto 1
A =2 (g(Ly+ D)) (9(La+ D)) + (g + 00T (g(fy + 0n))
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which is the only group with initial conditions

By = (<2 (g(La + D)) (Jones) ) (A.79)

where ones is a column vectors of N ones. All other B parts are zero (B(;) = 0,Vi # 1).
Next we have the connections between group 1 and 2, which we can first write out

each connections

A = A%’;,l) = <1y, 2¢ 1ly,2y 1ly,2z 1y,2[> (A.80)
These have values
(ly,2z) ( Al ) ( ) + (—wﬂ) (Aﬁ)
(ly,2y) = (g (Ri+Un) T) (9(% + Ds))
(ly,22) = (g R+ T T) (2w]T> + (—wﬂ) (—g(f)g + ﬁg))
(1y, 21) = ( NI ) < Lz—DQ))

Then there is group 2 onto 2

2z, 2x 0 2¢,2z 2x,21
A 0 2y, 2y 2y,2z 2y,21 (A.81)
(2,2) = :
22,2 22,2y 2z,2z 0

2I,2¢ 21,2y 0  2I,2]

These have values same values as the general case, expect for
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We look at only even N here, so there is also group % onto %

N N N N N N
g.ﬁ, ?33 0 7.1',?2 7%, 7[
N N N N N N
0 2Y3Y JY, 5% Y, 71
AYDH TN N NN, NN
272
72’, 7{1}' 52, gy §Z,7Z 0
N N N N N N

Sa, (5 +1)e
(25D ~ | N (N

T2, (7 + 1) T

I+

These have values
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Lastly we have the end point where we have % + 1 onto % +1
Ay =(F+)a (¥ +1)0) (A84)
These have values
N N A . . .
- - — _ T _ T
< 5+ 1) @, ( 5+ 1> z= (w(N i ) (w(N 1)11) + (Aﬂ ) (A]I)
- . T A .
+ (Q(LN—I - DN—1)) (g(LN—l - DN—1)>

A.10.0.1 General

For the rest of the matrix elements, we have a repeating structure for j onto j + 1

jz, (i + )z 0 0 0

G+ e gy (41 G+ 1)z gy (G + DI
Aoy = AT, = Jy (J‘ )x jy, (7 + 1y Jy (J- )2 Jy, (G +1) (A.85)

jz, (j+ Dz 0 jz, (G + 1)z 0

j[,(j+1)w 0 0 jI,(j—l—l)I

These have values
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Jr = (9 (R2j—2 - UZj—Q))T <(2j - 1) Wﬁ)
+ ((27 —2) Wﬁ>T (9 (f/Qj—l - ﬁ2j—l)>

A T A N
L+ = (g (R2j—2 - U2j—2)> (9 <L2j - D2j>>
Then for j onto j we also have

je. g 0 gw, gz jo, gl

A 0 Jy, gy Jjy.jz Jy,Jl
G = .. L L.
Jz,Jx  jz,jy  jz,jz 0

(A.86)
gLz jljy 0 jl,jI

These have values

N ( ) ( (2 — 3 wﬁ)T <(2j - 3)w]1)
(s o)) (o (s 12
o (s 02)) (o (s~ 03)

jr,jz =jz, jat

jw, il = ((29' —3) wﬁ)T (g (ﬁzj—2 - 152]'—2))
o (s 05)) (-1

JY,39 = (9 (ﬁ2j—1 + 152j—1))T (g (ﬁzj—l + Daj— ))
o (o 02)) (o (R4 03)
+ (- - 1)wﬁ>T (@i -1wi) + (- A]I)T (-ai)

7Y,z =jz,3y"

st = (-31) (s (203,

jzrje = (=g (Laya+ f)gH))T (al)

jz 3y = ((23' —2) wﬂ)T (—9 (1323'—1 + Dza‘—l))
+ (—g (RQJ-_Q n Uzj_g))T (— (2j — 1) wﬁ)
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AT .
gz gz = (27 = 2)wi) ((2) - 2)el)
. . T . .
+ (—g (sz—z + D2j—2)) (—9 (sz—z + D2j—2))
. . T . .
+ (—g <R2j—2 + U2j—2>) (—9 <R2j—2 + U2j—2>)
gl jw =ja, 1T
il jy =gy, 51"
. . fa ~ T z .
i1 = (g (B2 = Das2) ) (9 (Baiz = Daj2))
. . T . .
(o (e 0)) (o (s )

+ (25 - 2el) (@7 -2)ud)
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