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In principle a quantum system could be used to simulate another quantum system. The
purpose of such a simulation would be to obtain information about problems which are
difficult to simulate on a classical computer due to the exponential increase of the Hilbert
space with the size of the system, and which cannot be readily measured or controlled in
an experiment. A quantum simulator is, however, an open quantum system that will
interact with the surrounding environment, which in this case are other particles in the
system, and will be implemented using imperfect controls, making it subject to noise. It
has been suggested that noise does not need to be controlled to the same extent as it must
be for general quantum information processing. However, the effects of noise in quantum
simulations are not well understood and how best to treat them in most cases is not
known. In the present work we study an existing quantum algorithm for the simulation of
the one-dimensional Fano-Anderson model. This algorithm was proposed for a liquid-state
NMR device. We examine models of noise in the evolution using different initial states in
the original model. We also add interacting spins to simulate realistic situation where an
environment of spins is present. We find that states which are entangled with their
environment, and sometimes correlated but not necessarily entangled have an evolution
which is described by maps which are not completely positive. We discuss the conditions

for this to occur and also the implications.
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CHAPTER 1
INTRODUCTION

1.1 INTRODUCTION

The rising interest in the field of open quantum system dynamics can be attributed to
the possibility of building a quantum computer. Quantum information processing promises
to perform tasks much more efficiently than classical computers, and they do so by relying
on quantum superposition and entanglement. Quantum superposition implies that the
state of a system can be in a linear combination of allowed states |0) and |1). However, this
behavior is never observed in classical information processing.

According to Zurek [142, 143], the environment surrounding a quantum system
imposes classical behavior by destroying coherences of preferred states, which he calls
pointer states and are stable despite the environment, but the quantum superpositions of
these states are not. The fragility of quantum correlations has proved a challenge in the
quest to develop a quantum computing device. This, added to the fact that complete
isolation of quantum mechanical systems is impossible, highlights the importance of
understanding how noise affects quantum mechanical systems and how it can be controlled
or minimized.

One of the central motivations to build a quantum computer was Feynman’s idea of
using a quantum system as a simulator to other quantum systems [141, 104, 83]. A
quantum computer would perform as a universal quantum simulator, however, it is not
necessary to have a fully functioning quantum computer to perform quantum simulations
[74]. Recent experimental advances allow for the use of smaller, controllable quantum
systems which are engineered to represent other quantum systems and mimic their
dynamics. These are called quantum simulators. A device of this type not only requires
less computational resources than a classical computer to simulate a relatively large Hilbert

space, but behaves according to the laws of quantum mechanics, just like the systems it is



intended to represent. It is expected that quantum simulators may help provide answers to
a variety of many-body problems for which no analytical solution is known, and for which
numerical simulation requires more computational resources than those currently available.
However, these are quantum systems, and are in contact with a reservoir which will induce
noise in the system. And even though control has been achieved for relatively small
systems, the problems of relevance are those that cannot be simulated in a classical
computer (i.e. systems composed of more than 50 particles [74]). Scaling the size of the
simulator has proved problematic since it is more challenging to control a larger number of
particles. But there is also the problem of interactions of the particles with the
environment and with other particles in the system. This can lead to unwanted
correlations that can alter the physical quantity of interest.

Although it has been suggested that noise in quantum simulations does not need to be
treated in the same was as for quantum computation, it is not known to what extent do
errors affect the output of the simulation [109, 105]. Moreover, it is not known if the
presence of initial correlations with either the environment or other particles in the system
will also affect the final result. Quantum simulators are experimental devices which will be
subject to many sources of noise and imperfections, studying the effects of these can help
determine how they will affect the outcome and what useful information can be obtained.

Because a quantum simulator is a quantum system, one of the sources of noise and
imperfections will be this interaction. And because the dynamics of a system in the
presence of a noisy environment is described with dynamical maps, we also look at the
effects that errors in the initialization of a quantum simulator have on the reduced
dynamics.

Dynamical maps are expected to be completely positive, just like a unitary operator
is, but this has been found to not always be the case. Some initial correlations may result
in non completely positive dynamics, which can still describe the evolution of a quantum

state, but the physical interpretation of non-complete positivity is not completely clear at



the moment. We look at different configurations of the initial state to find what class of

states can yield a non completely positive dynamical map, and discuss the implications.

1.1.1 Arrangement of this dissertation

Most of the work presented in this dissertation has been published in [105], and has
been organized in the next chapters.

Chapter 2 provides an introduction to open quantum system dynamics, starting from
closed system evolution. The main subject is the definition of dynamical maps, which are
used to describe the most general evolution of a quantum system. We review the
characteristics of the map that make it adequate to describe quantum dynamics and recall
that in the limit of closed quantum system dynamics, these maps become the unitary
operator. Most research in this field is concerned with the concept of completely and not
completely positive evolution, which are also defined.

Chapter 3 provides an introduction to quantum simulators. Quantum simulations in
this context are experiments in which a quantum system is engineered to simulate another
quantum system. The basic quantum simulation steps are: preparation of an initial state,
time evolution and exctraction of quantities of interest. We review the different ways in
which these tasks are performed and look into the classification of available and proposed
quantum simulating devices.

In Chapter 4 the results of this research are summarized. Starting with the
description of the quantum algorithm and the procedure followed to represent different
types of errors. The outcome of the quantum simulation is analyzed when errors are
present, and we also calculate the dynamical maps to describe the most general quantum

evolution. Finally, in Chapter 5, we discuss our conclusions.



CHAPTER 2

OPEN QUANTUM SYSTEM DYNAMICS

2.1 CLOSED QUANTUM SYSTEM DYNAMICS
Classically, a closed system is one which does not exchange energy or particles with the
environment [120, 13]. In quantum mechanics a closed, or isolated, quantum system is one
which evolves unitarily according to the time dependent Schrédinger equation [61, 142, 13]
L dly)
A = H 2.1
=L = |y (2.1)
H is the Hamiltonian of the system, and [¢) is a vector in the Hilbert space, Hg, of the
system, and is a solution to the Schrodinger equation. The state vector |¢) contains all the
information about the state of the system. Is usually represented as a linear combination of

the set of orthonormal basis states, |¢;), that span the space Hs:

W) = Z ’¢z> <¢z| W> = ZCi W)z) (2-2)

The complex coefficients, ¢;, can be thought of as projections of the state |1)) on each of the
eigenvectors |¢;), and give the probability that the quantum system will be in the state | ;)
at a given time ¢, given by |¢;(t)|*. And all the probabilities must satisfy 3, |c;(t)|” = 1.
Therefore Eq. (2.2) is in a quantum superposition of allowed states. The eigenvectors, |¢;),
are usually solutions to the Schrodinger equation, and so is a linear combination of the
form of Eq. (2.2).

In the classical world, objects are localized, their position and momentum can be
measured precisely, but in the quantum world, a system can be in a superposition of states.
Zurek [142, 143] defines the loss of quantum superpositions as the transition from quantum

to classical, which occurs when the system is in contact with the environment. This



phenomenon is known as decoherence, dephasing or loss of quantum coherent superposition
[142]. This point will be addressed again in this dissertation.
The solution to Eq. (2.1) is the propagator, or the unitary operator, U, that

describes the time evolution of the state |¢)

U=e "' (2.3)

Where the Hamiltonian, H is assumed to be time independent, and A is Planck’s constant.
For simplicity, we will use A = 1. The evolution of an initial state at time ¢ = 0, given by
|4(0)), is given by:

[¥(2)) = U(t) |4(0)) (2.4)

And [(t)) is the final state at time t. Because it is a closed system evolution in a finite
dimensional space, the norm of the vector [¢)(0)) is preserved [13]. Unitary evolution also
preserves quantum superposition [142].

Having determined how the closed system evolves, we can also calculate expectation

values of observables O at different times:

(OW) = WO O(t)

There also exists the possibility that a closed system is subject to external forces, and
then the Hamiltonian will become time dependent. When this is the case, the evolution is

carried out as a Dyson series through the time ordered evolution operator [61, 13, 48]:

U = T:e%ftto H(@ae

This is a unitary operator, or propagator, that acts on the system for a time interval [to, ¢].

The operator T_. here has the two arrow directions in the subindex for use in a general



context. However, one order is selected, depending on the ordering of the product of the
propagators. T, orders the propagators chronologically, i.e. the time arguments will
increase from right to left. T_, is the antichronological ordering, where the time argument
increases from left to right [61].

An open quantum system will not evolve unitarily. In the later case, there are effects
that cannot be described with the formalism above. The dynamics of an open system are
usually described with master equations or with dynamical maps. Master equations are a
widely used tool[61], however, the focus of this dissertation will be on dynamical maps,
which allow for description of system dynamics that have been interacting with a reservoir,
bath or environment, without recurring to the perturbative limit. We first look at the
properties of the density operator, this is because, although the state vector |¢)) contains
all the information about the system, some processes, such as relaxation [53], decoherence
and mixed states, which may arise from lack of knowledge of the quantum state in an

experiment, are better represented with the density matrix.

2.2 THE DENSITY OPERATOR

The density operator is used to represent the most general state of a quantum
mechanical system. It arises from the statistical interpretation of quantum mechanics
(61, 120]. If we consider an ensemble of A identical systems, all characterized by the same
Hamiltonian, H, then the state of each system in the ensemble is given by a normalized
vector [¢y). Every state vector is defined by the linear combination of the eigenbasis states

|9) =Y. ci|¢i), the density matrix has a standard representation:

p =) (Wl =) ceiloi) (4] (2.5)

)



The elements of this matrix are given by the numbers ¢;

pij = CiC; (26)

When ¢ = j, the product cj¢; = |ci\2 is a diagonal element of p and represents a probability
that a measurement will yield the state |¢;). The off diagonal terms, cjc;, represent the

quantum superpositions of the basis states. Therefore, Eq. (2.5) can be written as
p="2_ i |0} (&) (2.7)
(]
Given an orthonormal set of basis kets |j), the density operator is given by:
p=> pili) (] (2.8)
J

The p; represent the probabilities associated to each state |j); a mixed state will be a linear
combination of the states |j), and a pure state is one in which only one of the probabilities
is equal to 1 and the rest are 0.

The preferred notation in quantum information is in terms of the 2 x 2 unit matrix

and the Pauli spin % matrices, since they are the basis for the algebra of qubits.
(1+a-7a) (2.9)

Where the coefficients a; are the projections along the z, y and z directions of the Bloch
vector. The Bloch vector is a geometric representation of the states of two-level systems in
terms of a sphere of radius 1, called the Bloch sphere, such as the one in figure (2.1) (for
higher dimensional systems, this is referred to as the polarization vector, coherence vector,

or generalized Bloch vector. See [102, 15, 16, 90, 24, 55, 22] and references therein).



Figure 2.1. The Bloch sphere provides a visual representation of the
state of a two-level system.

The coefficents a; of the Bloch vector are subject to the constraint \/m <1,
for a normalized state; | @ |= 1 represents a pure state. Any state on the surface of the
Bloch sphere is a pure state. A mixed state is represented by a vector with | @ |< 1. This
notation makes it possible to have a visual representation of the quantum state of a two
level system at different times when it undergoes time evolution.

In any basis, the density operator is a n X n matrix, where n is the dimension of the
system, and provides the most general picture of a quantum mechanical state [26].
However, not any n X n matrix represents a quantum mechanical state, and while the
properties of the state vectors that generate the density matrix through the outer product
should preserve the properties that make it relevant to a physical system, the following
subsection will provide the characteristics that must be preserved under any dynamical
process (closed or open), such that the density operator represents the state of a quantum

mechanical system.



2.2.1 The properties of the density operator
A density operator that represents the state of a quantum mechanical system must

satisfy the following conditions [48, 96]:

p=p', it is Hermitian, (2.10)
p >0, it is positive semi-definite,
i.e. its eigenvalues are non-negative, (2.11)

Tr(p) = 1, it has trace 1,

i.e. the sum of the probabilities is 1. (2.12)

The first condition, given by Eq. (2.10), guarantees that the eigenvalues of the density
matrix are real, thus experimentally measured quantities are real as well. The second
condition, Eq. (2.11), ensures that the eigenvalues are positive. This provides a valid
probabilistic interpretation of the density matrix [103], i.e. ensures there are no negative
probabilities. The last condition, Eq. (2.12), ensures that the probabilities associated to
the basis vectors that span the space of the state of the system sum to one.

The evolution of a density matrix representing the state of a closed system is also

unitary process [26]:

That preserves the norm of the basis states and the quantum superpositions. Expectation



values are obtained through the trace

(O1) = THO(1)] = 3 Orinpinn

Before this last section, we reviewed closed quantum system dynamics, however,
quantum systems are rarely, if any, completely isolated from the environment. Isolation
acquired for experimental pusposes may be costly and difficult as the size of the system
increases. Interactions with the environment lead to processes that spoil the unitarity of
the system dynamics, and therefore cannot be mathematically described as such. The two
main effects arising from the interaction with the environment are: dissipative processes, in
which there is an exchange of energy with the environment, and leads to modification of the
populations (diagonal terms of the density operator, also known as 77 type of decay [91]);
and decoherence, dephasing, or phase randomization, which involves decay of quantum
coherent superpositions (decay of the off diagonal terms of the density operator, also known
as Ty type of decay [142, 91]). Decoherence is a term that has been generalized to describe
dissipative processes, however, here the term will be used to define its original context,
which is dephasing. A unitary operator does not describe dynamics when these processes
occur, therefore the next section will cover quantum dynamics for open systems, focused on

dynamical maps (for master equation formalism, refer to [61] and references therein).

2.3 OPEN QUANTUM SYSTEM DYNAMICS

A system, S, that is coupled to an environment, E, will no longer evolve unitarily.
The coupling to F gives rise to quantum and/or classical correlations, that spoil the
unitarity of the time evolution of S [91].

A valid assumption is to consider that the system and the bath form one joined closed
system, S + E, that undergoes a global unitary evolution. The final state of this joint

system is a pure state [143]. But we are often interested only in the evolution of S. Since

10



we can no longer describe the evolution of S without taking into account the effects of E
on it, we look at the reduced dynamics of the system, which provides the density matrix
that represents the state of the system after it has interacted with E. It is obtained

through the partial trace over the environment F:

ps(t) = Trelpse(t)] = Tre USE(t)pSE(O)U;E] =D Aalalt)ps(0)CL(D) (2.13)

And the evolution of S, including the effects of its interaction with E, will be fully
characterized by the matrices ¢, [14, 26]. This is called a dynamical map, and will be

described in the next section.

2.3.1 Dynamical maps

Dynamical maps are the linear mapping of an initial state in the domain, the space
Hs, at time ¢y to a final state in the range, which is the same, or a different (e.g. when it is
an assignment map, explained below, or a projection operator), Hilbert space at a later
time ¢.

The dynamical map is required to transform quantum states into quantum states in
order to be relevant to physics. Therefore a dynamical map is subject to the following

conditions [96]:
1. Is linear ®[pp1 + (1 — p)p2] = p®[p1] + (1 — p)P[ps]
2. Is trace preserving Tr(®[p(0)]) =1
3. Is positive ®[p(0)] >0
4. Ts self adjoint ®[p(0)7]" = ®[p(0)]

The first condition requires that the map is independent of the initial state of the

system [48, 27], and also means that the action of the map can be represented in terms of

11



its eigenmatrices, (), and its eigenvalues, )4, as follows [27]:

_ Z AaC @ p(0) ¢ (2.14)

The last three conditions guarantee that the mapped final quantum state has trace 1,
is positive (has positive eigenvalues) and is Hermitian.

The most general linear mapping is an n? x n? homogeneous matrix, or superoperator,
that acts on the initial state of the system. This superoperator acts on the quantum state

of the n x n density operator rearranged as a n* x 1 column vector [48], such that:

p(t) = Ap(0)

In index notation:

S oot =" A0 (2.15)

r's'rs
One could think that any matrix A, with the right dimensions, can be used to map an
initial state to a final one in the same Hilbert space, but physics restricts the class of
operators A that can be considered dynamical maps. According to [48], the matrix A must

satisfy the following conditions

Z Ay s = Z Ay )" A preserves Hermiticity, (2.16)
Z A, e yyy > 0, A preserves positivity, (2.17)
Z A,,.¢ =0, Als trace preserving. (2.18)

These conditions ensure that the final quantum state mapped by A is Hermitian, has trace

1 and is positive. However, it should be noted that A may not be necessarily Hermitian.

12



The characteristics of A are further analyzed by interchanging indices and obtaining
another N2 x N? supermatrix B. In brief, the rows of matrix A become block matrices of
B, row 1 of A will become the first n x n block matrix of B, then row 2 is the second one,

and so forth. Then the properties of B are [48]

Z B’/"/‘/,ss, = Z Ars,r,s" (219)

/ / /s
T ,SS rS,r S

The 1 x N? rows of A become the N x N block matrices of B. The following conditions are

imposed on B so that it represents a physical map:

B, = (By,.,)", B is Hermitian, (2.20)
Z Ty B, oy >0, B is positive semi-definite, (2.21)
Z B, ¢ =0y, Bis trace preserving. (2.22)

The action of B is not the same as that of A, i.e. not through direct matrix multiplication.
The action of B can then be determined by decomposed in its eigenmatrices and

eigenvalues and writing the sum:

p(t) = Bp(0)] =) Aalap(0)C] (2.23)

Where )\, € R are the eigenvalues of B. The Hermiticity of p(t¢) is guaranteed by the
restriction given in Eq. (2.20) [26], so that B must be Hermitian. The matrix A is required
to transform p(0), in vector form, into another Hermitian state p(¢), but A is not

necessarily Hermitian itself.

13



Complete and not complete positivity
When all of the eigenvalues of B are positive, the map is said to be a completely
positive (CP) map (see Ref. [119] and references therein). In this case, the eigenvalues can

be absorbed in the eigenmatrices like v/, so Eq. (2.27) becomes
= Z Oap(o)cgw (224)

where Cy = v/ Aola.

Eq. (2.24) is sometimes known as the Kraus representation or operator-sum
decomposition [39], although it was originally discussed in this context by Sudarshan,
Mathews, and Rau [48]. Note that when the system is closed, the map is completely
positive, and there is only one C,, which is the unitary operator U(t)p(0)UT [26]. Thus we
can see why dynamical maps are the most general representation of a quantum dynamical
process.

This CP map can also be derived from the reduced dynamics of a state that is initially

uncorrelated from the bath:

p(0) = ps(0) ® pr(0)

Expressing the initial state of the bath as pp = ), v; |¢) (i| and taking the trace over E:

Bp(0)] =Y (il U®)p(0) @ wi i) ()| UT (1) Zl/z LU @) 18) p(0) (G| U (1) [5)  (2.25)
]
Then we define C, = /v; (j| U(t) |i), and provided that all the v; are positive, we obtain
Eq. (2.24).
If at least one eigenvalue is negative, but the map still transforms a positive p into
another positive p, the map is non-completely positive (NCP). Reduced dynamics have

been restricted to satisfy the condition of complete positivity because their interpretation is

14



not completely understood and also because CP maps preserve positivity even if the size of
the Hilbert space is increased.

Pechukas was the first to demonstrate in 1994 that reduced dynamics do not need to
be completely positive. He showed that complete positivity constrains a system to initial
separable product states psp = ps ® pg, where pg is a fixed state of the bath [110, 1].
Jordan, et al. demonstrated that entanglement in the initial state of the system can lead to
non-completely positive maps, yet the map is still positive [134].

Moreover, non-completely positive (NCP) maps have been measured experimentally
using quantum process tomography (QPT) [75, 3], which has caused the specifics of QPT
to be questioned [28]. But the possibility that a map which is not a completely positive
map can transform a valid quantum state into another state that satisfies the conditions in
Egs. (2.10), (2.11) and (2.12), has brought a great deal of interest in studying the
conditions for complete positivity, the main question is: what kind of correlations result in
a NCP map? This is in addition to the interest in NCP maps due to the partial transpose
as an indicator of entanglement [11, 98].

To differentiate the initial state from a simply separable one, we introduce the

correlation matrix pee(0):

p(0) = ps(0) @ pr(0) + peorr(0) (2.26)

The element p.,.(0) contains all the correlations, but its not a quantum state [13]. It
satisfies Trgpeor(0) = Trgpeor-(0) = 0, since is traceless (it must be to preserve the
properties of p). With an initial state of the form of Eq. (2.26), one can write the

dynamical map as a sum of two contributions:

p(t) = @ [p(0)] = Y Caps(0)Ch + TruU(t)peor (U (1)] (2.27)
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The first part is CP and depends on the global unitary and the initial state of the bath.
The last term, however, depends on the initial SE correlations [13]. A quantum system
that interacts with the environment before our prescribed ¢ = 0 can be described by
completely positive dynamics if the environment does not re-act on the system [26], i.e. the
coupling is weak and/or the initial state is in a particular form [110]. More broadly
speaking, according to [27] if the initial state has only classical correlations with the
environment, then this is a sufficient condition for the dynamical map to be completely
positive. The nature of the correlations is defined in terms of the “quantum discord”, which
is a measure of the “quantumness of correlations” [107]. Quantum discord vanishes when
the correlations are classical and it’s a maximum when there is entanglement. But more
specific detail on the nature of initial correlations is provided by the authors of [84]. They

state that correlations which are Markovian satisfy

Trg [U(t)peorr (0)UT(£)] = 0

for different times, thus providing CP dynamics for Markovian models.

Shabani and Lidar demonstrated that vanishing quantum discord is not only
sufficient, but a necessary condition for complete positivity [131], this means that quantum
correlations should yield NCP dynamics every time. However Brodutch, et al. [4], provide
a counter-example of an initial state with non-vanishing quantum discord that contradicts
this last statement. So the question of which types of initial correlations result in a NCP
map remains open. Why is the initial state so important in determining this? This is a

question that can be answered by looking at the map as a composition of maps.

2.3.2 Composition of dynamical maps: Assignment maps and consistency
Just like a function can be a function of other functions, a dynamical map can be a

function of other maps. Pechukas, in [110], introduced the concept of the assignment map,
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A. A is the map that assigns the state of S to some state in the larger space SE [110, 27].
The assignment map is one of three maps that compose the complete dynamical map; the
other two are the trace with respect to the bath, 75 and the global unitary transformation
Usg, therefore:

B=TgoUsgoA (2.28)

where o is the composition function (see Appendix 5.1). So then Eq. (2.13) is written as

®lps(0)] = ps(t) = Tee {U ) Alps(0)]U" (1)} (2.29)

Because the unitary and the trace are linear and completely positive, the positivity or non
complete positivity should arise from the assignment map, A [28, 84, 4]. The assignment
map is the one that contains information about possible correlations in the initial state.

Alicki [115], defines the following conditions on the assignment map:
1. Linearity Alpp1 + (1 —p)pa] = pAlp1] + (1 — p)Afps], where p <1
2. Consistency Trg[Ap(0)] = p(0)
3. Positivity A[p(0)] >0

According to Alicki there is no general definition for the reduced quantum dynamics
beyond the weak coupling regime , therefore, when the system is in an initially correlated
state with the environment, linear assignment maps have no unique definition [28], and
linearity would only be preserved for states that are invariant under the transformation
[115]. Pechukas concurred with Alicki on giving up linearity for initial states that are not
weakly coupled to the environment [1]. However, Rodriguez-Rosario et al. examine the
assignment maps and argue against giving up linearity by noting that the assignment maps
can be linear if the conditions of consistency or positivity are relaxed, and favor relaxing

the positivity condition [28]. Giving up complete positivity means that the assignment
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map that transforms a state in S to a state in SE is NCP, even if the state in SE is
positive, and this will cause the dynamical map B to be NCP.

Giving up consistency means that the same initial state is not obtained after tracing
over environmental degrees of freedom, it refers to errors in the preparation of initial
states; this is particularly possible in quantum process tomography experiments. When
there are errors in the preparation (such as unwanted correlations with E), there can be a
loss of consistency and therefore in a NCP map. But according to [28] it is undesirable to
give up consistency because it can result in non linear maps, due to the dependence on the
initial state.

Why is complete positivity relevant? the answer is because it guarantees positivity of
the final density operator. Also, the map will remain CP when it is extended to higher
dimensions. However, CP maps are restricted to a reduced class of states, which excludes
correlations with the environment and therefore many realistic physical situations.

It is important to study dynamical maps beyond the initially separable state
assumption. Dynamical maps directly characterize the dynamics of quantum systems [101],
and more importantly, outside the Markovian regime [12, 84]. Modelling dynamics of
initial states that are not uncorrelated from the environment is becoming increasingly
important. Part of the present work consists of studying a quantum simulation algorithm
developed by Ortiz et al. [56] in the presence of errors and correlations in the initial state
of the system. The open quantum system dynamics are described with dynamical maps
[105], mainly to observe the effects of errors in the preparation of initial states, which are

key to successful quantum simulation experiments.
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CHAPTER 3

QUANTUM SIMULATORS

3.1 QUANTUM SIMULATORS

3.1.1 Introduction

Most of the results presented in this section have been published in [105].

Numerical simulations allow us to further understand experimental as well as
analytical results, but more importantly, they allow us to simulate physical problems for
which exact models are difficult. This is the case for many problems in high energy physics,
atomic physics, condensed matter,cosmology, biology and quantum chemistry, among
others. It is known that in the case of quantum mechanics classical simulation becomes
intractable for systems with more than 50 particles [74]. This is because the dimension of
the Hilbert space increases exponentially with the size of the
system[130, 32, 121, 129, 70, 56, 123, 122, 30, 76, 31, 80, 85|, and that requires more
computational resources than those currently available[85]. Some problems in which
computational power is an issue include: the quantum many-body problem, high
temperature superconductivity and quantum field-theories [20, 125, 83].

In a classical simulation, the state of an N 2-state particle system is represented by a
2N vector; simulating this system classically implies storing 2 complex coefficients to
represent that state as a linear combination of the 2V orthogonal states that span the
Hilbert space of the system. Moreover, time evolution makes it necessary to perform
operations with those coefficients in order to predict quantities of interest.
Computationally, this problem becomes intractable when the number of two level particles
exceeds 50 [109, 74]. The amount of memory required to do this exceeds a terabyte, which
would occupy the entire memory space available of some currently existing classical
computers.

Richard P. Feynman proposed in 1982 the idea of a “quantum simulator”, i.e. a
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quantum system that could be used to simulate another quantum system. A quantum
simulator could be a collection of spin % particles that can be manipulated at will through
external controls (e.g. lasers)[74], such that the interactions between them are modified to
simulate the evolution of another system of interest. Then the desired quantities would be
extracted by performing measurements on the simulator. This type of device can perform
the task much more efficiently than a classical computer [124], because it only requires N
qubits to store the state of NV spin fracl2 particles; and this alone provides an exponential
reduction in the amount of computational resources required [126, 50, 74].

Evolution of the system, however, requires a N x N unitary operator. This takes an
exponential amount of resources, even in a quantum simulator. Nevertheless, Lloyd
demonstrated in 1996 that this problem can be overcome by evolving the system in small,
discrete time steps; and by turning on and off the correct sequence of Hamiltonians, a
quantum simulator can be programed to mimic any evolution of quantum systems subject
to local interactions [126].

In addition, a quantum simulator behaves according to the laws of quantum
mechanics, just like the system it is built to emulate [74], and this means that they would
provide insight on quantum phenomena that may not be available otherwise. Quantum
simulators might also help overcome the sign problem in Quantum Monte Carlo algorithms
for fermionic systems or the exchange-correlation functionals in Density Functional Theory
[56, 78].

The possibility of finding answers to problems that are intractable using classical
computers has brought a great deal of interest in the field of quantum simulations. A large
portion of the existing theoretical work is devoted to the development of algorithms for
implementation on specific existing devices which perform as simulators
[56, 145, 50, 127, 128, 62, 72, 85, 97, 70, 68, 18, 63, 82, 2], and some simulations have been
carried out experimentally [73, 76, 146, 71, 29, 118, 117, 99].

Nevertheless, a quantum simulating device is, after all, a quantum system, and its
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interaction with the surrounding environment is unavoidable. It is therefore necessary to
study how the interactions affect it, whether they can be included in the simulation or if
error correction is necessary and if so how. Noise in quantum systems can cause
discrepancies in the output of a quantum simulation, affecting the final result in an
undesirable manner [88].

The following subsections provide a brief review of advances on the realization of
quantum simulators. The present work is focused on a specific algorithm, but an
introduction to these devices and how they operate provide the necessary background to

understand the problem.

3.2 EXPERIMENTAL IMPLEMENTATION OF QUANTUM

SIMULATIONS

Quantum simulation is one of the motivations for building a fully functioning
universal quantum computer. A quantum computer would serve as a universal quantum
simulator, in the sense that it should be capable of simulating any other quantum system
[36, 67]. Universal quantum computation relies on a universal gates that act on a collection
of two-state systems [38, 79, 114]. The state of the quantum system of interest is
represented with qubits [67]. And operations are performed as a stroboscopic sequence of
quantum gates to mimic any unitary transformation. Building a quantum computer
though requires controlling particles for long periods of time and measuring final states,
both with high precision, which requires a large number of quantum gates [88]. And during
these operations the fidelity of the computation will be affected by interactions with the
surrounding environment and with other particles in the system [135]. This causes both
evolution and measurement to lose precision. Since these errors are not yet able to be
overcome, it will take some time before a fully-functioning fault-tolerant quantum
computer can be built.

A quantum simulator can also be a system composed of a finite number of particles

21



that can be manipulated with external controls. In these systems the Hamiltonian of the
system will be directly mapped onto a many body Hamiltonian that constitutes the
simulating device. Given an initial state W(0), time evolution is performed by inducing
interactions between the particles, and then properties of some final state ¥ (¢) can be
studied [74]. These devices operate continuously in time instead of through discretized
unitary transformations, as a quantum computer does. Universality in these devices means
finding a many body system that can be engineered to simulate any other many body
Hamiltonian, though, just as with a quantum computer, is difficult to achieve, therefore,
there are no universal quantum simulators available.

Fortunately, recent experimental advances in quantum control techniques are reaching
highly sophisticated levels for many systems; these include: ultracold atoms, ultracold
Fermi gases, ion traps, quantum dots, atoms in optical lattices, coupled cavities, photons,
superconducting qubits and NMR devices
67, 43, 77, 50, 76, 80, 85, 146, 99, 71, 127, 2, 66, 109]. This, in addition to the availability
of universal gates to many physical systems [109], has made it possible to design smaller
scale quantum systems as specialized quantum simulators in order to study characteristics
of specific systems of interest, such as Fermi-Hubbard models [65].

Because both types of devices have been proposed as universal quantum simulators,
and specialized ones are available with both operation schemes described above, there exist

two main classifications of quantum simulators:

1. The Digital quantum simulator (DQS) [67], which includes those quantum simulators
which operate under the same principles a quantum computer would [67], and
evolution of the system is carried out through stroboscopic sequences of quantum

gates to simulate a unitary evolution.

2. The Analog Quantum Simulator (AQS) [67, 135, 109], which refers to the device
which involves direct mapping of the Hamiltonian of interest onto the Hamiltonian of

the controllable system and continuous time operation [67], which is a Hamiltonian
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with “always on” interactions [109], and evolution is carried out continuously in time
by modifying these interactions. These were initially referred to as Specialized

Quantum Simulation (SQS) [69, 95], because they were systems designed to simulate
very specific models, but the possibility of universality and the fact that DQSs can be

used as specialized quantum simulations, calls for a broader definition.

Further sub classification is provided by Hauke, et al. in [109], who identify three
subtypes of simulators in each category according to their universality and applicability.

The details of these will be provided next.

3.2.1 Analog and digital quantum simulators
In this section we will go over the subtypes of quantum simulators in each category.

Hauke et a. [109] identify each subcategory according to their universality and purpose.

1. Analogue Quantum Simulators:

e Universal Analogue quantum simulators (UAQS): Which are controllable
many-body Hamiltonians that can be used to represent any Hamiltonian
evolution; mapping of systems of interest onto these Hamiltonians is done with
specifically designed unitary control sequences; the unitary transformations in
these control sequences are one or more particle operations to map the
Hamiltonian of interest onto the one in the UAQS. Universality for AQSs is
concerned with the Hamiltonians can be used as simulators and to what degree
of accuracy they can represent other systems. This has been the subject of
extensive research in recent years [35, 79, 113, 112, 111, 94, 100, 8, 6, 7]. Work
by Childs characterizes the family of two-qbit Hamiltonians and determined
conditions under which they fail to be universal [7]. Berry et al [41] considered
the simulation of more general sparse Hamiltonians, which are not necessarily

representative of a system composed of tensor products of subsystems. Instead,
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they have a fixed number of nonzero elements per row. Their algorithms
improve the simulation time by reducing it to almost linear. But, these kinds of
Hamiltonians are more applicable to quantum algorithms than to physical
systems [83]. More complex non-sparse Hamiltonians are analyzed by Childs, et
al. [6] and their results show that there is no general algorithm for their
simulation; finding control sequences and calculating their efficiency can be an
extremely difficult task [6, 83]. Dur et al. [141] studied the possibility of using
“always on” Hamiltonians for universal quantum simulations for which time
evolution would be carried out through a Trotter decomposition, but found

them to be inefficient for this purpose due to noise and timing errors [141, 109].

Some theoretical universality questions still remain for very specific systems, but
many have been already answered [83]. Although there exist some proposals for
implementation [51], there is no universal AQS available, mostly due unsolved

controllability issues arising from scaling of the system.

Non-Universal Analogue quantum simulators (nUAQS), which are currently the
most widely available type of quantum simulators. These are Hamiltonian
simulators that operate continuously in time, built to specifically carry out the
quantum simulation of certain systems of interest [109]. Giving up universality
allows the experimentalist to use a system that will have a Hamiltonian similar
to that of the system that will be simulated, something that is desirable for
accuracy of the results. There have been many theoretical proposals

[56, 122, 50, 30] as well as experimental realizations[80, 54] for nUAQS.
Although not universal, these types of simulators promise to provide answers to
problems that have no known analytical solution and take more than the

currently available computational resources.

Open-System Analogue quantum simulators, which can be any non universal

analogue simulators, but in this case the purpose is to simulate the appropriate
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master equation [83]. In the Markovian regime, the system would simulate a
Linblad master equation for a density operator. There exist some algorithms,
which propose to include the environment as part of the experiments, such as
those designed by Mostame et al. and Wang et al. [63, 128], however, these
algorithms are designed to observe non-Markovian effects, therefore, cannot be
described with Linblad operators. And since the environment is included as a
part of the total system, these most likely fit in the category of nUAQSs.
Experimentally, Barreiro, et al. proposed an ion trap simulator to emulate open
quantum systems of up to five qubits [80]. As opposed to designing dissipative
gates, including the environment as part of the joint system could provide
valuable information about non-Markovian dynamics. The Markovian
approximation used to model open quantum system dynamics provides
mathematical simplicity, but there is an increasing demand for models that
include initial correlations/interactions [84, 26|, and studying noisy quantum
simulations may help provide insight about the effects of interactions and

possible memory effects.
2. Digital Quantum Simulators:

e Universal Digital quantum simulators (UDQS). The quantum simulator
proposed by Lloyd in [126] has been defined as the universal digital quantum
simulator.A universal DQS is, in principle, a universal quantum computer. But
the availability of systems for which a universal set of gates is available (such as
ultra cold trapped atoms and ions, superconducting qubits, etc.), have made it
possible to experimentally realize a UDQS without having to build a quantum
computer [109, 129, 36, 73, 21]. These types of devices are expected to be the
most reliable types of simulators, because universal error correction is available

to them. However, errors can be introduced by the Trotter decomposition of the
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unitary evolution, and error correction can increase simulation time, reducing

the efficiency.

e Non-Universal digital quantum simulators: these are special-purpose digital
quantum simulators that operate with a non-universal set of gates [64]. These
can be realized by limiting the set of universal gates on systems to which they
are available, and thus obtain special purpose digital quantum simulators. Once
more, specifically designing a device to simulate a quantum system may be
advantageous in the sense that the simulation may be more accurate. However,
according to [109] universal error correction is not guaranteed for these type of

simulators.

e Open-System digital quantum simulators: These are simulators that operate
under a set of universal dissipative gates, realized by tracing out ancillas. In the
simplest case, these gates correspond to Linblad superoperators, which represent

Markovian dynamics [109].

The availability of non universal analogue and digital quantum simulators makes it
possible to experimentally study problems of interest in the present day
[51, 77, 108, 81, 80, 73, 76, 146, 29, 118, 18, 117, 21, 54]. There should be, nevertheless,
some caution in their use.

Isolation has been achieved for a relatively small number of particle, thus enabling
small scale quantum computing [74, 80]. But the purpose of realizing quantum simulators
is to model the dynamics of systems which are not efficiently simulatable in a classical
computer, i.e. for many body systems that are composed of more than 50 particles.

Dynamical decoupling [136] can be used to avoid noise arising from interactions with
the environment, but this task is non trivial, and even if it is accomplished, there exists the
possibility of interactions between the particles of a quantum simulator. A quantum state
can be prepared ideally, but if some time passes, there can be some unwanted interaction

with other parts of the system or with the environment. And also, due to the probabilistic
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nature of quantum systems, the experiment may need to be realized many times, a factor
that could diminish the efficiency of the simulation. All these factors should be considered
in AQSs because error correction and fault tolerance are not available to them [109]. Even
though it has been suggested that noise suppression may not be as necessary for a An
additional factor is in using AQSs is the efficient design of control sequences, which is a
computationally hard problem [83, 44, 94, 56, 123, 122].

Now, it has been mentioned that the simulator should have a Hamiltonian that is
similar to the Hamiltonian of the simulated system. To better understand why, we refer
back to the processes associated to the interaction of a quantum system with the
environment: decoherence and dissipation. The term decoherence is used here in its
original context, which is the process of decay of quantum coherence. The term has been
generalized to include dissipative processes [91], and to define noise in quantum systems in
general. But the distinction is made here for the definition of the timescales.

The relaxation time, 7,.,, is the time it takes for the system to undergo a loss of
energy to the environment, which affects the populations (diagonal terms) of the density
operator. The decoherence time 74, is the time it takes for the coherence to become less
than one (decay of the off-diagonal terms). to last for up to 300 fs at room temperature.
The ratio between these two time scales determines whether one or the other processes
dominates the open system dynamics. In many systems 74 is much smaller than 7,,,, so
the dominating process is dephasing. In this sense it is easy to see that the simulator and

the system of interest should have similar timescales.

3.3 QUANTUM SIMULATION PROCEDURE
The main task of a quantum simulator is the time evolution of a system governed by a
Hamiltonian, H [44, 83]:
W (#)) = =0 [3(0)) (3.1)
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Where ¥(t) is the wave function representing the state of the quantum system at a time ¢,
and for simplicity & = 1. The basic quantum simulation procedure thus has three steps
[106, 122, 67]: initial state preparation, evolution of the quantum system, output and
measurement of a physical property of interest on the final state. There exist more than
one method to implement each of these steps, and will be described in more detail in the

following subsections.

3.3.1 Initial State Preparation

In this first stage, the state of the system is mapped onto that of the quantum
simulator. It is an extremely important step, because the final state depends on it, and
errors in the preparation lead to deviations from expected results.

The main preparation methods are listed below:

1. Zalka’s method. In [33], Zalka proposes to map the discretized wavefunction onto a

qubit register of length L, in which the norm, [, of the wave function is ’split’ L times

)= 3 ol (g7 ) Y1) (3:2)

Where the basis states |n) are assigned by the binary representation of n. And this is

as follows

subject to periodic boundary conditions, |[¢(z + 1)) = |¢).

2. Direct Preparation, which includes all methods for state preparation of quantum
registers [83]. Some methods involve the use of quantum gates and/or quantum

algorithms, such as Grover’s algorithm [56, 83].

3. Adiabatic Fvolution, in which a system is evolved adiabatically from the ground state

of an initial Hamiltonian to the ground state of a final Hamiltonian:

H(t) = (1 — s(t))Ho + s(t)Hy, (3.3)
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where s(t) is a time dependent monotonically increasing function which determines
the speed of the evolution. Hj is the starting Hamiltonian, and Hy is the
Hamiltonian whose ground state we want to use as the initial state of a simulation.
In the scheme of quantum computing, as well as in some quantum simulations, the
ground state of H; is the desired solution to the problem [49, 78, 72], but it is easy to
see that this is a useful method to prepare an input state [83]. The rate s(t) will
depend on the energy gap between the initial ground state and the excited states of
the final Hamiltonian [8, 10]. When the gap is larger, the evolution can be performed

in less time [83].

. Preparation by thermal equilibrium, in which the system is in contact with a bath
that is in a state of equilibrium at a certain temperature; system and bath are
allowed to interact for a certain amount of time, after which the bath is reset to the
equilibrium state again. Then the procedure is repeated until the system is in the
equilibrium state for that temperature [17, 83]. States prepared by thermal
equilibrium are very useful for problems in statistical mechanics [69], but have also
been used for quantum computation problems [5]. Algorithms that use thermal
equilibrium as state preparation for the calculation of thermal rate constants, are a

problem of key interest in chemistry [42, 97].

3.3.2 Evolution of the Quantum System

The main difference between DQSs and AQSs is the manner in which the evolution of

the quantum state is realized.As stated before, time evolution in a DQS is carried out

through a Trotter decomposition, which is a sequence of unitaries that act on smaller size

subsystems of the total system for short periods of time. This translates into a stroboscopic

application of quantum gates that simulate, in principle, any unitary operator [109]. Time

evolution in an AQS, on the other hand, is realized by modifying particle-particle

interactions in the “always on” Hamiltonians to evolve the system continuously in time.
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Trotter decomposition

Lloyd proposed to carry out the unitary evolution through a Trotter decomposition
because the exponential size of the unitary generated by a Hamiltonian could require
exponential resources [126, 50, 83]. But also because this formula can be used even for
Hamiltonians which do not commute with each other. In this scheme the total Hamiltonian
of the system, H, is represented as a sum of n Hamiltonians H;, that act on smaller

subsystems of fixed size ¢:

H= i H; (3.4)

The quantity ¢ is independent of the total system size, N; and it represents the maximum
number of nearest neighbors. The number ¢ should remain constant even though N
increases, this guarantees that the interactions in the system remain local [83, 6].

In this notation, the entire system is represented as a tensor product of smaller
subsystems [41]. The maximum number of terms in the sum n is given by the distribution
(]Z ) < N*/¢!, which implies a polynomial increase of n as N grows [83], not exponential,
and therefore only a polynomial number of resources is required [126, 50, 83].

Lloyd also classified the set of operations to carry out evolution in quantum simulators

in two:
1. Operations that almost preserve coherence, which are necessary to simulate closed
systems subject to Hamiltonian dynamics.
2. Operations that do not preserve coherence, which correspond to open system

evolution described by super operators or master equations [126, 83].

Coherence-preserving operations involve turning on and off a set of Hamiltonians
H,, H,,...H, in a controlled manner to carry out a unitary evolution U = e, The total
evolution time ¢t is divided into A small discrete time steps, and each step is approximated

with the Trotter decomposition [83]:
L. Iterations [V; 1) = U [¥y)
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2. Loop j = j + 1 until desired time of evolution is achieved j%t >ty

If A is chosen to be sufficiently large, the dynamics have more controllability and the

amount of error is small [126, 78]. Then the unitary operator is carried out as follows:

t2

et = (¢Mhx et etnm)A 4 Z [Hi, Hj]ﬂ

i>]

o (3.5)

An efficient simulation requires that the number of operations performed increase
polynomially as (%), where 0 is the accuracy. Brown, et al. [83] explain the calculation of
an upper limit to the efficiency of the Trotter decomposition by allowing the upper bound
on the size, £, of the subsystems to be given by the quantity ¢g. The n individual
Hamiltonians act on the subsystems of size {. Now, say the size of Hamiltonian H; is g;,
and g; < g, then g?- operations are necessary to simulate the unitary generated by H;; and
H; will be simulated in time A. This limits the maximum number of operations required to
simulate the total ! to Ang? [83]. Since the error is inversely proportional to the
number of time slices as € oc t2/A, the number of operations in this algorithm can be
calculated as a function of t?ng?/e, and since n scales polynomially with N, then the
simulation algorithm is considered efficient [83].

The second kind of operations, those that do not preserve coherence, and are not
unitary. These correspond to reduced quantum dynamics of the system after tracing out
environmental degrees of freedom. The evolution is described by dynamical maps
[126, 37, 83,

Blps] = Tru[Wp, ® pgW'). (3.6)

According to Lloyd, there is no need to simulate the environment in its totality, but only
the effects of the environment that may be relevant to the system. But if the environment
is small enough and local, it can be simulated and the evolution of the global unitary

carried out by Trotter approximation. A dynamical map can then be obtained to describe
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the reduced dynamics of the system after tracing out environmental degrees of freedom,

and it should preserve any relevant memory effects.

Evolution by continuous operation

Time evolution in AQSs, on the other hand, is not carried out as a Trotter
decomposition, but rather they operate continuously in time. Hamiltonian simulation in
the AQS setup is done by increasing the always on interactions present in the Hamiltonian
of the system to obtain a final Hamiltonian and, by doing so, simulate the dynamics of
many body systems.

Adiabatic quantum simulators can also be used to simulate a system and obtain
quantities of interest, in particular when studying the gap between the ground and first
excited states [145], especially in the vicinity of a quantum phase transition. In the later
case, adiabatic evolution can be used to prepare a state that is a superposition of the
ground and first excited states, which then is evolved adiabatically and information is
extracted by phase estimation algorithms. The adiabatic approach has been shown to be
equivalent to the circuit model in power, but its physical implementation can be quite
different.

The evolution of an adiabatic simulator is carried out in the same manner as the state
preparation procedure described before, when the ground state of the target Hamiltonian is
the quantity of interest. Adiabatic quantum simulators can be classified as AQSs due to
their mode of operation, but they do not require a designed control sequence to perform a

simulation [78].
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3.3.3 Output and measurement of a physical property of the final state
The final step of the simulation is the extraction of the necessary information from the

resulting quantum state. We require

(U(ty) e W(0)) > 1 -9, (3.7)

where § is the non zero level of accuracy [106]. Projective measurement is not an ideal
method. It would alter the final state and provide a limited amount of information.
Moreover, to achieve accurate results, the experiment must be carried out N times, with
the same initial state. The efficiency of such procedure can only improve as 1/N [52].
Many measurement techniques are based on parameter estimation methods [52].
Brown, et al. identify the measurement techniques according to the quantities of interest

they are expected to obtain [83].

e Phase estimation algorithms, which are used to obtain energy gaps between ground
and first excited states. After performing a unitary evolution on an initial state
14(0)), which is an eigenstate of U, the final state will have an eigenvalue ¢?™®. The
phase, ¢ is obtained by performing an inverse quantum fourier transform (QFT)
[116]. This phase difference is proportional to the energy gap between the ground and
first excited energy states [83, 144]. Another method to obtain an estimate of this

phase difference is by measuring the final state |¢)(¢)) using an operator O, such that;

<¢ground’ O ’¢1> (38)

Where |¢grouna) and |tp1) are the ground and first excited states, respectively. Then
the phase difference is extracted by using a classical Fourier transform. This provides
an energy spectrum with peaks where the gap and zero are located [88, 83]. This

method is particularly useful if an adiabatic quantum simulation has been performed.
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Abrams and Lloyd’s propose an algorithm to calculate the eigenvalues and
eigenvectors of a Hamiltonian H based on phase estimation. The entire procedure
describes a quantum simulation, but its necessary to describe it in order to specify
the details of the procedure followed to extract the relevant data. Initialization
consists on preparing [ qubits in a register in a state V, which is an approximation of

an actual eigenstate V' of H; in terms of the eigenvectors of H:

Va) = ch k) (3.9)

1

m additional qubits in the register are prepared in the |1) state (spin down, for spin 5

particles), and are labeled the index qubits. Then the total state of the register is

) = [1)[Va) (3.10)

A 7 rotation is performed on each of the index qubits, so that the state becomes

¥) = Z 17) [Va) (3.11)

Then after V, has been evolved with the unitary operator e, it should be in a
linear combination of the |¢;) eigenstates with eigenvalues €. Then a quantum
Fourier transform is performed on the index qubits to obtain these phases, and
therefore the eigenvalues of H [45]. The accuracy of this procedure is inversely

proportional to the overlap | (V, | V') |?, which should not be exponentially small.

Indirect measurement using an ancilla. which was proposed by Somma et al. in [122].
In this scheme, an ancilla qubit is prepared in a specified initial state and then is
allowed to interact with the simulated system. At the end of the simulation, a

measurement is performed to obtain some quantity of interest.
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Somma et al. focus on the evaluation of the time and/or spatial correlation functions,
where the ancilla is measured after performing operations with time evolution or

translation operators [122]

3.4 UNSOLVED PROBLEMS WITH QUANTUM SIMULATIONS

The first problem is scalability. Increasing the system size decreases its controllability.
When Lloyd proposed his method, he limited the efficient simulation to local Hamiltonians.

A Hamiltonian which does not satisfy this condition may require N2 = 22xVd

gates per
time step to simulate its evolution [50]. This translates into an exponential number of
resources to perform the simulation of an arbitrary unitary operator. To overcome this
problem, Pritchett et al. have suggested a trade between the polynomial reduction of
resources for a reduction in simulation time [50]. Also recent work by Papageorgiou and
Zhang makes use of higher order splitting methods which increase the number of
exponentials but result in speedups when performing the simulation [9].

Scaling of the system also has implications for the efficiency of the simulation. The
amount of error scales as 1/e, so, for small €, the number of required resources increases
dramatically [135, 88, 83], making error correction necessary, which in turn results in
increased simulation time.

Error correction though, is not available for AQSs [109], and scaling these simulators
also decreases their controllability. The extent to which we can trust the result of a
simulation using an AQS is a question that remains open. Error correction methods are
not developed for these kind of simulators. Quantum control has been improved for certain
systems, but is usually limited to a few particles [109].

Noise, either in the form of gate errors, interactions between the particles of the
simulator, or from interactions with the environment, is another contributing factor. It was

initially suggested that decoherence in quantum simulations may not need to be treated in

the same strict sense as in quantum computation [126]. However, the interactions of the
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simulator with the bath may not be the same as those of the system of interest.
Error-correcting codes can be used for DQSs [132, 133, 34, 58, 59, 57], decoherence free
subspaces [148, 93, 47, 87, 86, 92| (see also [91, 25] for reviews) and dynamical decoupling
(136, 19, 46, 137, 147, 140, 139, 138, 40, 23, 43, 60|, may help suppress noise in both types
of simulators. An example of error prevention was given by Wu and Byrd in [144], where
they show that several algorithms and observables have a robustness to errors when
quantum tomography was used to extract data.

In the case of DQSs, the Trotter decomposition can introduce additional noise [56, 31],
and can also increase the simulation time in the sense that the number time steps must be
increased to achieve a higher degree of precision, and this may not be the most efficient
solution.

Other problems in quantum simulations can be caused by errors in the initial state
preparation and measurement. In the latter case, its mostly because the amount of
information measurement provides is limited. Preparation, on the other hand, is
important, since the final state depends on the evolution of the system but also on the
initial conditions. For example, preparing ground states may result in a combination of the
ground and first excited states when the energy gap between them is small.
Experimentally, two different state preparation methods may not yield the same result and
can have a profound effect on the outcome [89].

Interactions with other particles in a quantum simulator, whether or not they are
thought of as the bath, are a central subject in the present work. We study the effects of
errors in the preparation of the initial state and see how the affect the outcome of the
simulation. And because the simulator is treated as an open quantum system, we also look
at the dynamical maps that describe the evolution of the different initial states. The
purpose of observing the effect of errors in the initial state is to obtain information about

the types of initial correlations that yield NCP maps.
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CHAPTER 4
A QUANTUM SIMULATION WITH NOISE AND DYNAMICAL MAPS

4.1 BACKGROUND

Lloyd suggested that suppressing noise in quantum simulations is not as important as
it is for quantum computation [126] and in fact may be used to simulate the interaction
with the environment of a system of interest [67]. However, as mentioned before the
manner in which noise affects the simulator may differ from that of the system of interest.
Even in cases where the bath is engineered as part of the experiment [128], it might be
useful to suppress the noise from interactions with the real environment or the quantum
simulating device, or to study their effects so they can be identified in the final result. In
any scenario, errors need to be minimized [67, 31, 109] to achieve accurate representation of
a system of interest. The degree to which noise from the environment or the device should
be included in the simulation depends on the systems being used and whether or not these
effects are relevant.

In order to study the effects of unwanted noise in a quantum simulation, we selected
an existing algorithm that could be simulated in a NMR device to observe the dynamics of
different initial states for a closed and open quantum system. To further study the effects
of interactions, we also calculated the dynamical maps that describe the evolution of
different initial states. The purpose is to observe which initial conditions would lead to non
complete positivity, and under which conditions the dynamics can only be represented with

an NCP map.

4.1.1 Quantum Algorithm for Simulation
Ortiz, et al. proposed an algorithm for the quantum simulation of the one-dimensional
Fano-Anderson model [30]. This model consists of an impurity with energy e surrounded

by a ring of n spinless fermions, which have energies ¢;,. The fermions interact with the
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impurity, which is also a spinless fermion, through a hopping potential V. The diagonalized

wave-number representation of the Fano-Anderson Hamiltonian is given by [30, 56]:
H= ngckck —l—ebTb—i-VZ b—i—chk )Ok,0- (4.1)
After the Jordan-Wigner transformation Eq. (5.16 )becomes (see Appendix 5.1) [56]:

4 0,05+ 0,07). (4.2)

H=Sol+ 202+

27 2

The drift Hamiltonian in the quantum simulator is:

1 (€+5k) € — & 2 1 (€+8k) € — €L 2
H evice — & — 0 .Y V2 1, — AT RO/ 0 V2 2'
d 5 5 \/( 5 + 0Z+2 5 + 5 + o,

The authors provide a control sequence to map the Hamiltonian in Eq. (4.2) onto the

drift Hamiltonian of Eq. (4.3),

1%, (4.4)

The final result of this simulation is the time evolution of the state of the impurity. For
this purpose the time correlation function C(t) = b(¢)b(0)" is calculated. In terms of spin
operators: C(t) = efltgl e=Hltg] % [66], where 0, = 0, +i0, and 0_ = 0, —i0,. The time
correlation function provides the overlap of the initial and final states of the impurity.

In this work, we use the Hamiltonian in Eq. (4.2) to perform the unitary evolution of
initial states of the system which are not “ideal”. We study the final results of the
simulation in the presence of errors in the preparation of initial states. Our results also

include calculations of the time correlation function, the purpose is to compare the result of

this quantum simulation when the initial state is prepared incorrectly or becomes correlated

38



A ) e Y Vi

[t=0] [t=0.3] [t=0.6] [t=0.9]

oSN N oS N
g #\\ g \&R [ /k’q\\\ [ //”\&R
7 \ 7 \ 7 \ 7 \
/k/ N /k/ AN /k/l/\ /k/l\\\
/ g } / / / d
N g
N /
/
/

Figure 4.1. Evolution of the Bloch Vector of the reduced dynamics of
qubit 1 in the initial state p; = |0) (0| as a function of time.

or entangled with other particles in the system, with the result under ideal conditions.

4.1.2 States with Bloch vector in the z direction
We first consider states with only a z component to their Bloch vector. These form a
special class of states due to their commutativity of the zz Hamiltonian. Fig. (4.1) is a

collection of “snapshots” that represent the evolution of the Bloch vector at different times.

Ideal states and convex combinations of eigenstates of the o, operator

The first task is to describe the dynamics of the impurity site when the entire system
undergoes closed evolution. The system is composed of the resonant impurity and a
fermion it is coupled to, and is not in contact with an external reservoir. However, we are
interested only in the dynamics of the impurity (qubit 1), and to obtain the dynamical
map for it, it is necessary to perform the partial trace over qubit 2 (the fermion site), and
thus look at qubit 1 as the reduced system, and qubit 2 as its environment. We’ll
eventually look at the dynamics when additional qubits are coupled to the system and are
treated as external noise. We first look at two different types of initial states: ideal ones
and convex combinations of eigenstates of the o, operator. To better identify the maps

arising from the reduced dynamics of qubit 1, the initial states are labeled as follows:
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A.1 Ideal states: Qubit 1 is in the excited state, qubit 2 is in the ground state.

[4(0)) = [01) (4.5)

Here |0) corresponds to the“spin-up” /occupied state, and |1) is the

“spin-down” /unoccupied state. In density operator notation

s = {{ (1+008a-0) } (46)

Where the left hand side of the equation is the density operator representing a “spin
up” state for qubit one, and the right hand side is the density operator representing a

“spin down” state.

A .2 States in a convex combination of states

p(0) = (1 = p)(pi @ p3) + p(pi" @ pi"), (4.7)

Where p is the probability and the super indexes are used to represent two possible

state configurations. The combination was done with varying values of p for:

p@py=—-1+0.)® (-0, (4.8)

A

And

pl@p =-(1+0)0(1-o0.) (4.9)

=~ =

We used the Bloch vector notation. Each one of the projections along x, y and z will
be represented as the arbitrary constants ai, as and as, to obtain a more general result.

The class of states in this subsection have a; = 0, a; = 0 and a3 # 0, i.e. only a component

40



in the 2z direction.

Then the initial density operator that represents the state of qubit 1 becomes:

(]1 + (I3O'Z>

N —

p1(0) =

The constant ag is real and has a numerical value that is equal to or less than the radius of
the Bloch sphere (0 < a3 < 1). And the initial density operator that represents the state of
qubit 2 is:

(1-o0.)

DN | —

p2(0) =

The reduced dynamics of p; after performing the evolution of p; ® py with the unitary

generated by Eq. (4.2) is obtained as follows:

pi(t) = Trlps(0) (Ut)p(0)U (1)")]

Which is a state of the general form:

(Il + b30’z)

N —

pi(t) =

where b3 is another real constant that is subject to the constraint 0 < b3 < 1. The value of
bs depends on as and on the parameters €, €x,, V and t. The dynamical map A is

calculated to act as a direct matrix product on p;(t) in vector form,

1+b3 1—|—a3
0 0
—A (4.10)
0 0
1—63 1—a3
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The evolution can be described by the following particular form of the A map:

1+4+b3 00 1+b3

A= . (4.11)

This map is not unique, it is a particular case of the dynamical map that represents the
dynamics of the system. It can be seen that there exists some freedom in the terms in the
A matrix that are multiplied by the off-diagonal terms in the density operator, this is not
explored in the present work though, but is a question for future work.

This A map is not Hermitian, but preserves the hermiticity of p;; it has trace 1 and

preserves the trace of p;. Rearrangement of the A map provides the B map:

B= . (4.12)

Which has eigenvalues:

1
)\1: +b37
2
1+0b
)\2: 9 37
1-b
)\3: 9 37
1 —
A = 2b3, (4.13)
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and these are all positive (recall the constraint b3 > 1). The eigenvalues of the B map for
the ideal state |01) are plotted as a function of time in Figure (4.2), and it is verified that
the dynamics of qubit 1, given the ideal initial conditions can be described with a

completely positive map.
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Figure 4.2. Eigenvalues of the dynamical map, B, of the reduced dynam-
ics of qubit 1. The initial state of the closed system is [¢)) = |01). This is
an example of an ideal state (case A.1) with zero quantum discord. The
parameters of the Hamiltonian are ¢ = —8 meV, ¢ = —2 meV, V =4
meV. The evolution was carried out for the time interval At € [0.1,0.9].
There are four sets of eigenvalues, but due to form of the dynamical map
two of these sets appear to overlap with the other two sets, which is the
reason why only two lines show on the graph.

We found that a similar map is obtained for initial states in a convex combination of
the form in (A.2), but this is the case only when the individual states of the particles have

only z components to their Bloch vector.
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Ideal states and convex combinations eigenstates of the o, operator with noise
To add external noise to the system, we included environmental qubits that interact
with the system. We did so by modifying the control Hamiltonian. In this context, we

examine two different models of noise:

1. First, we added two spins and had them interacting via zz coupling with the particle

that represents the state of the fermion site (see Fig. (4.3)):

1
Havir = 5 (€+€k° —\/( €k0> + V2| ol

e () ) o

2
—l—Jzza ol + Zza2a4—i— ZZ<7304 (4.14)
4 z 7z 4 z7z 4 z7z

2. Next, we added an extra particle, which interacts in the same fashion (zz coupling)
with both particles that represent the system of interest: the resonant impurity and

the fermion site (see Fig. (4.4)):

1 _ 2

2 2
1 (6 + Eko) (6 - 5160) ? 2 2
+2 5 + 5 + V2| o
JZZ JZZ
—i—Ta;Jg’ + Taiag, (4.15)

where J,, represents the zz coupling constant. To simulate an experiment, we performed
the same control sequence in Eq. (4.4) to obtain Eq. (4.2). By doing this we assume the
experimentalist is not aware of the presence of unwanted interactions with external qubits

and will find out the effects of the errors in the outcome of the simulation.
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Qbit 3

Qbat 1

Qbit 4

Figure 4.3. Schematic representation of the simulated system. qubit 1 is
used to simulate the resonant impurity and qubit 2 represents a fermion
site. The two particles interact via the potential V. qubit 2 interacts
with two external spins (qubits 3 and 4) through the coupling term .J,,.

In this section we present the results for systems governed by the Hamiltonians in
Egs. (4.14) and (4.15). The initial state of the bath must be specified in the initial state of
the system. We also chose different initial configurations of the state of qubits 1 and 2 in

order to observe the effects of noise with errors in the preparation. These are:

A .3 Ideal states

[4(0)) = J0111) (4.16)

and the density operator can be obtained from the outer product p(0) = |¥(0)) (¥(0)|,
or calculated as the tensor product of the density operators representing the states of
all the qubits. For states that only have a z component in the Bloch vector, these

density matrices can be written in the same form as those of case A.1.

A.4 Convex combinations of eigenstates of the o, operator, which are an extension of case
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Qbit 1 Qbit 2

Qbit 3

Figure 4.4. Schematic representation of the simulated system. qubit 1 is
used to simulate the resonant impurity and qubit 2 represents a fermion
site. The two particles interact via the potential V', and with an external
spin (qubit 3) through the coupling term .J,..

A.2, but one or both qubits in the system interact with external ones:

p(0) = (1 =p)(p1 ® p2) +p(pr' @ ")) ® (1) (1)) @ (1) (1]) (4.17)

. The states of the bath qubits are in the same basis as those in the system, to study

the simplest scenario.

The initial state of qubit 1 can be written as an arbitrary Bloch vector of the form:
1
,03(0) = TI‘EP(O) = 5(]1 + GgO’Z). (418)
And the reduced dynamics of qubit 1 after time ¢ is:

pa(t) = e (UOU()) = (14 byor), (4.19)
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az and b3 are arbitrary constants with numerical value which is less than or equal to the

value of the radius of the Bloch sphere. Then, once again, the A map is obtained to satisfy

1+b3 1+CL3
0 0
— A (4.20)
0 0
1—[93 1-&3

And because the evolution only causes variations in the magnitude of the z

component in the Bloch vector, the A map is similar to that in Eq. (4.11):

14b3 00 14b3

A= . (4.21)

B= . (4.22)

The purpose of adding noise is to observe the effects on the final result of the
simulation, but also on the reduced dynamics. Because this is a simple case in which there

is only a zz coupling, we found that the strength of J,, affects only the rate of change of
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the state of qubit 1, which is more evident in the time correlation function, but has no
effect on the complete positivity of the dynamical map. This can be seen in Figs. (4.6)
and (4.7), where the eigenvalues of B are plotted with the couplings to the particles of the

spin bath being J,, = 8 and J,, = % respectively.
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Figure 4.5. Eigenvalues of the dynamical map, B, of the reduced dynam-
ics of qubit 1. The initial state of the closed system is |¢)) = |01). This
is an example of an initially ideal state (case A.1) with zero quantum
discord. The parameters of the Hamiltonian are ¢ = —8 meV, ¢ = —2
meV, V = 4 meV. The evolution was carried out for the time interval
At € [0.1,0.9]. There are four sets of eigenvalues, but due to form of the
dynamical map two of these sets appear to overlap with the other two
sets, which is the reason why only two lines show on the graph.

Figs. (4.2), (4.6) and (4.7) show the evolution of the same initial state but each has a
different environment. The class of states that had only a z component to their Bloch
vector correspond to completely positive reduced dynamics, since the interaction with the

bath is only through zz coupling. However, it does change the hopping rate and is visible
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Figure 4.6. Eigenvalues of the dynamical map of the reduced dynamics
of qubit 1. In the open system two qubits are interacting via zz coupling
with qubit 2 with coupling constant J,, = 8 meV. The initial state
of the system and bath is given by ¢ = |0111) (case A.3). The system
parameters are ¢ = —8 meV, ¢ = —2meV and V' = 4 meV. The evolution
is carried out for the time interval ¢ € [0.1,0.9]. The dynamical map of
the reduced dynamics for this configuration is also completely positive.
Similarly to the case of Fig. (4.2), there are two sets of eigenvalues which
overlap, and the type of coupling to the bath qubits affects the rate of
change, but not the complete positivity of the reduced dynamics.

in the time correlation function, which will be discussed in the next sections. In Fig. (4.6)
the effect on the rate of change is particularly noticeable due to the choice of the coupling.
The state of the impurity does not transfer as quickly due to the strong correlations
generated by the interaction with the spin bath. In Fig. (4.7) the situation is different. In
this case the eigenvalues remained the same regardless of the strength of the coupling with

the environment.
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Figure 4.7. Eigenvalues of the dynamical map of the reduced dynamics
of qubit 1. The system is open. An additional qubit is interacting via zz
coupling with qubits 1 and 2 with coupling constant .J,, = 1/10 meV.
The initial state of the system and bath is |¢)) = |011) (case A.4 with
only one additional qubit). The system parameters are € = —8 meV,
e = —2meV and V =4 meV. The evolution is carried out for the time
interval ¢ € [0.1,0.9]. This configuration was the same as in Fig. (4.2)
because the couplings to the third qubit both had the same magnitude,
which results in a shift in the values of the energies, but the relative sizes
of the parameters remain unchanged.

4.1.3 States with an x component to their Bloch vector

To represent an error in the preparation of a quantum state, we chose to add an x
component to the polarization vector that represents the initial state of qubit 1. In this
section we consider an initial state with a component of the Bloch vector in the z direction.
A visual representation of a state of this kind can be seen in Fig. (4.8). Clearly a y

component is not necessary, and only specifies a different initial condition for the angle
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since the system will precess.
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Figure 4.8. Animation of the evolution of the Bloch Vector of the reduced
dynamics of qubit 1 in the initial state p; = % (1+0.20, + 0.970,)

Closed system evolution
The initial states were chosen to have a component in the x direction; the components
in x and z were selected such that the magnitude of the Bloch vector is close or equal to 1

emulating a small error in the initialization. The initial state configurations are:

B.1 States in which qubit 1 has a component in the x direction
1
p1(0) = 5(1[ + a0, + aso,)

and

p2(0) = 5(1 - ay02)

B.2 A convex combination of states; one (or both) of the possible states of qubit 1 has a
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component in the x direction (state for qubit 1 in case B.1)
p(0) = ((L=p)(p1 @ p2) +p(p1" ® p3")) ,

Where p; is the state of the impurity, ps is the state of the fermion and the a; are

subject to 0 < y/a? +a3 < 1.
After performing a “global” unitary evolution of the system, we take the partial trace

over qubit 2, which results in the final state of qubit 1, and for this class of states, we

obtained a state of the form:
1

Because the final state has components in z, y and z, a particular A map that satisfies:

1 + b3 ]_ —|— as
bl - Zbg ay
= A (4.24)
b1 + ZbQ 3]
1-— bg 1— as

Is given by

1+b3 0 0 1+b3

A= oo (4.25)
0 n L
al al
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Analytically, the b; parameters can be evaluated by performing the partial trace using
arbitrary initial parameters a; for the state of qubit 1, and arbitrary parameters of the

system:

b; = Trp(t)(o; @ 1) (4.26)

Where p(t) is the final state of the system. The o; are the Pauli spin matrix operators for

1 =x,y, 2. The analytical expression for the b; parameters becomes

b = { cos (%t(e + 5k0)> cos (étwﬂﬂ + (e — %)2)
o (%t(e N %)) {(e — ¢)sin <§t\/4v2 + (e — gk0)2>] }al,

VAV2 + (e — &5, )2

(4.27)
by = { — sin <%t(e + 81.30)) cos (%t\/éﬂf? + (e — 5k0)2>
1 (e — &) sin (%t\/zﬂ/? + (e — 5k0)2>
— cos (ﬁt(e + €ko)) [ SVt (=) } }a1
and
(4.28)
by — 2(—1+4a3)V%+az(e —)? + (1 4+ az)V?%cos (t\/4V2 + (e — 5)2> 129

AV2 4 (e — €)?
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And A can be rewritten,

B0 o i
0 —iCQ C1 0

. (4.30)
0 C1 iCQ 0
1—b3 0 0 1—b3

The A map is then found to be linear (independent of the initial state), and then the

B map can be obtained:

s 0 0 —ic

0 Mk ¢ 0
B— (4.31)

0 o 52 0

ics, 0 0 =ts

The eigenvalues of B are given by

) 1 — /4t + b3 ) 1+ /4¢3 + b3
1 2

2 2
1 —\/4c3 + b3 1+ /4¢3 + b3
A3 = 5 Ay = 5 (4.32)

The plot of these eigenvalues as a function of time in Figure (4.9) shows that this is a non
completely positive map: For a state of the form B.2, it can be found that a similar
dynamical map describes the reduced dynamics. The shape of the graph changes with the
variation of the parameter p (the probability of being in one state or the other for states of
the form B.2), but its found to be mostly NCP for this system and the selected set of
parameters. Nevertheless, the dynamical map preserves the properties of the density

operator representing the quantum mechanical state of qubit 1.
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Figure 4.9. Eigenvalues of the dynamical map of the reduced dynamics
of qubit 1. The initial states of the qubits in the closed system are p; =
2 (1+0.20, +0.970.) and ps = 5 (1 —0.) (case B.1). The parameters
of the Hamiltonian are ¢ = —8 meV, ¢ = —2 meV, V = 4 meV. The
evolution is carried out for the time interval ¢ € [0.1,0.9].

We want to recall the composition of maps. As mentioned in Chapter 2, there are
three maps that compose the total dynamical map B: the assignment map, the unitary
map and the trace over the environment. The unitary and the trace must be completely
positive, it is the assignment map, the one that puts a state in the space of S (the system,
but in this particular case it is in the space of qubit 1) to a state in the space SE (the
space system plus environment, in this case, our total system, the space of qubits 1 and 2),
where we should look for the conditions for complete or not complete positivity. As

mentioned in chapter (2), the assignment map must satisfy the following conditions:

1. It is linear
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2. It is consistent
3. It is completely positive

According to [28, 115], giving up consistency can result in a loss of linearity, and therefore
it is preferable to give up complete positivity of the assignment map. In this particular
case, we can think of the error in the initial state. If the system is prepared in the state
|01), but an error in the state results in an initial state of the form B.1, then the dynamics
cannot be described by the CP map in Eq. (4.12), because the final state of the form of the
final state. This can be thought of as an giving up consistency, but can also be thought of

giving up complete positivity. But in both cases linearity is preserved.

Open system evolution
The results in this subsection are generated from adding the gbits in the spin bath,

and using the following initial states

B.3 States in which qubit 1 has a component in the z direction in an open system

p(0) = p1(0) @ p2(0) @ (1) (1)) @ (|1) (1)), (4.33)
where
p1(0) = %(]1 + a0, + aso,), (4.34)
and
pa(0) = (1~ a0, (4.35)

The reduced dynamics of S are given by

p(t) = Ty (U(H)p(0)U (1)) = %(11 by + baoy + byor), (4.36)
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with a B map of the same for as that in Eq. (4.31),

B— B . (4.37)

The coupling strength to the bath qubits has an effect on the time correlation function, but
not necessarily on the positivity or not complete positivity of the dynamical map. This can
be seen in Figs. (4.10) and (4.11), where the eigenvalues of the B map are calculated as
functions of time.

Dynamical maps obtained through quantum process tomography can present
discrepancies if the initial states are prepared through different experimental methods [89].
Thus the off diagonal term due to the x component can represent an error, which gives rise
to a NCP map like in the previous case. Note that Fig. (4.11) is very similar to Fig. (4.9).
In Fig. (4.11) the two qubits in the system are interacting with an external spin. Because
this interaction is due to a zz coupling to the bath of the same strength for both particles,
it represents only a shift in the parameters of the system. Therefore, the dynamics are the
same in both cases. However, in Fig. (4.10) only qubit 2 is interacting with two external
spins, and there is an effect on the shape of the eigenvalues plot, but not on the positivity
or complete positivity. The rate of change of the system changes when there are effects of
noise in the Hamiltonian, this can be verified with the time correlation function which will

be discussed in the next sections.

4.1.4 Completely or not completely positive dynamics?
Before proceeding to observing the effects of either the correlations in the initial state,

or the coupling to the bath on the final time correlation function, we will analyze the
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Figure 4.10. Eigenvalues of the dynamical map for the reduced dy-
namics of qubit 1. The initial states of the particles in the system
are p; = %(]1 +0.20, +0.970,) and py = %(]1 — 0,). The initial states
of the particles that compose the spin bath are p3 = %(]1 —0,) and
ps = 1 (1—0.). The total state of the bath is an example of case B.3.
The Hamiltonian parameters are € = —8 meV, ¢ = =2 meV, V = 4
meV. The coupling to the bath has strength J,, = 6 meV. The evolution

is carried out in the time interval ¢ € [0.1,0.9].

dynamical maps that describe the non- completely positive evolution. For the state that

presented an error in the preparation, we had that qubit 1 was initially of the form

(]1 +a,0, + agO'Z) (438)

N | —

p1(0) =
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Figure 4.11. Eigenvalues of the dynamical map for the reduced dynam-
ics of qubit 1. The initial states of the particles in the system are
pr = %(]1+O.2ox +0.970,) and py = %(]1— 0,). The initial state of
the additional qubit is p3 = 1 (1 — o). This is another form of case B.3,
except that there is only one additional qubit acting as the bath. The
Hamiltonian parameters are ¢ = —8 meV, ¢ = —2 meV, V = 4 meV.
The coupling to the additional qubit has strength J,, = 1—10 meV. The
evolution of the system is evaluated for the time interval ¢ € [0.1,0.9].

Then the direct multiplication matrix was give by

1+b 1+b

so0 0 g

0 —iCQ C1 0
A=

0 C1 ’iCQ 0

1—b3 0 0 1—b3
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And that recasts onto the B map:

B— B . (4.40)

Whose action on p;(0) is defined as follows:

p(t) = Blp(0)] = > XaCap(0)CL, (4.41)

Where A\, and (, are the eigenvalues and eigenmatrices of B, respectively. There exists an

alternative map, which is completely positive The direct matrix product is

1+b3 —1ibo
Libs g o =i

b1 —iba 00 b1 —ibs
A = | (4.42)

Which becomes the B" map

B’:O%O% (4.43)
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The B’ map is Hermitian, trace 2 and has eigenvalues:

\ RNV E RN v LoV
1 — ) 2 5
2 2
1 2 2 2 1 2 2 2
N = LF b12+bg+b3’ N + /% + b% + b? (4.44)

— 5 ’

Which are all positive, given the restriction \/m < 1. These maps preserve
the Hermiticity, positivity and trace of p;(t), so the question is why use an NCP map? why
is the B map in Eq. (4.40) more adequate to describe the reduced dynamics of p;?

To answer this question, we will look at a particular example, of the reduced dynamics
of qubit 1, given the parameters € = -8 meV, ¢ = =2 meV, V =4 meV and ¢t = 0.9 arb.

units. The initial state of qubit 1 is then given by:

(1+ 0.20, 4 0.970.) (4.45)

l\DIH

p1(0) =

The initial state of qubit 2 is given by

p2(0) = 5 (1—02) (4.46)

1
2

Then the evolution of pg(0) = p1(0) ® p2(0) is carried out with the unitary:

Vv
exp —i (202 + %02 + = : —(olo®+o 05)) t (4.47)
The reduced dynamics of qubit 1 are then,
1
p1(0) = 3 (1—-0.1057810, — 0.659390, + 0.9883470) (4.48)
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The operator-sum decomposition of Eq. (4.40) is given by the following eigenvalues:

\ 1— \/4c? + b2 ) 1+ /42 + b2
1= ) 2 = ’
2

2
1— \/4ck + b2 1+ \/4c2 + b2
N = 2t (4.49)

— : :

And the eigenmatrices

0 bg—\ / 4C% +b§

2cq

0 b3++/ 40% -H)%

2cq

1 0

Z.—b3+w/4c%+b§ 0

2¢q

0 1

Z.—bg—\/llcg—i-b% 0

2c1
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Which, when acting on p;(0), the final state is given by:

0.994173 —0.0528904 + 0.0329695

—0.0528904 — 40.0329695 0.00582657

Which is numerically exactly as Eq. (4.48). Now, lets look at the action of B'; the

eigenmatrices of Eq. (4.43) are:

0 b3—+/ b3 +b2+b3

b1 +ib2

0 1

b3—+/b?-+b2+b2 0

b1+ib2

1 0

0 b3++/b2+b2+b32

b1+ibs

0 1

bs++/b2+b2+b3 0

b1+ibs

1 0
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The action of the B’ map in Eq. (4.43) results in the final state

0.984146 —0.053566 + ¢0.0326367

—0.053566 — 10.0326367 0.00577408

Which numerically, is not exactly the same as Eq. (4.48), the way Eq. (4.50) is.

In this particular system, the reduced dynamics of qubit 1 are better described by a
map of the form of that in Eq. (4.40), which is NCP. The restriction of complete positivity
may exclude many physical situations, because even when we found a CP map, the

dynamics are close numerically, but not exact.

4.1.5 Time correlation function

Ortiz et al. calculated the time correlation function C'(¢) = b(¢)b(0)7, and plotted the
result as |G|> = Tr (p(t)p(0)) as a function of time. One of the purposes is to observe the
effect of errors in the preparation of initial states in quantum simulations. The numerical

results are summarized in graphs, Figs. (4.12), (4.15) and (4.13).

Errors due to state preparation

In Fig. (4.12), there is a slight difference between the results of the original system
compared to those under which errors could arise due to noise and unknown initial states.
The coupling to the environment affects how fast or slow qubit 1 evolves. However, if the
coupling to the bath is weak, these errors are not as visible.

When the initial state had a small component in z, the resulting correlation functions
were very close to the original problem. The deviation may increase if there is a smaller z
component, making its detection easier. An error like this one, which represents an error in
the preparation of an initial state, may not be easily identified at the end of the simulation.

Errors of this type are interesting in the context of open quantum system dynamics and
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Figure 4.12. Time correlation function of the reduced dynamics of qubit
1. The Hamiltonian parameters are € = —8 meV, ¢ = —2 meV, V =4
meV. ¢ € [0.1,1]. These results represent the evolution of the closed
system, the system where qubit 2 interacts with two additional qubits,
the system in which an additional qubit that interacts with gbits 1 and
2. This was done when qubit 1 was in the initial states p = |0) (0| and
p=73(1+0.20,+0.970,), as indicated above.

the consistency, complete positivity or both, of the assignment map.

In Fig. (4.13), we increased a;, the component of the Bloch vector in x, to see how it
affects the final result. When the x component of the Bloch vector is increased, we can see
shifts in the time correlation function from its original position. The smaller a3 is, the
larger the observed shift. Thus, a small error of this type may not be easily detected.

In Figure (4.14) we plot the time correlation function for different initial states.
Errors in the form of small x components in the Bloch vector are not very visible, but

convex combinations show a more significant deviation.
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Figure 4.13. Time correlation function of the reduced dynamics of qubit
1. The system parameters are € = —8 meV, ¢ = —2 meV, V = 4 meV
evaluated in the time interval ¢ € [0.1,0.9]. The result represents the time
correlation function of the closed system compared to the correlation
function of the reduced dynamics of qubit 1 in the initial state p =
% (1+ ay0, + azo,) for different values of a; and as.

Errors due to coupling with environmental spins

In Fig. (4.15) we show how the coupling to a spin bath can affect the rate of change of
the evolution. As mentioned before, these results only include zz couplings. The strength
of the couplings were adjusted in order to see the effects more clearly. These errors are
easier to identify in the time correlation function obtained from the quantum simulation.
But to better observe this effect, we looked at different regimes that are defined with
respect to the parameters of the system.

Fig. (4.16), represents the evolution of a state where both qubits 1 and 2 have only z

components to their density operators. The 'weak’, 'intermediate’ and ’strong’ regimes are
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Figure 4.14. Time correlation function of the reduced dynamics of qubit
1. The system parameters are € = —8 meV, ¢ = —2 meV, V = 4 meV
evaluated in the time interval ¢ € [0.1,0.9]. The results the time corre-
lation function of the reduced dynamics of qubit 1 for: a closed system
where the two gbits are in an ideal state (case A.1 label x); a system
where the initial state is p{ = 3 (1+0.20, +0.970..), p{’ = 3 (1+ 0.),
py=pil =1 (1-0.) and p =] (case B.2 label —); a system where the
initial state is p] = 1 (14 0.20, + 0.970.), pi’ = 1 (1 - 0.20, — 0.970.),
py = 2(1—o0.), pif = (1+0.) and p = 5 (case B.2 label A); a

system where the initial state is p! = %(]l—kaz) T =11-o0.),

py=110-0.), pif =3(1+0.) and p = 5 (O); a system where the
initial state is a maximally entangled one and qubit 2 is interacting with
two additional qubits with coupling strength J.. = s5 meV (<).
defined in terms of the strength of the coupling to the bath, J,., compared to the
parameters of the system which were obtained from [56]. The coupling strength has an

effect on the transfer rate. In the 'strong’ regime, where the coupling strength is larger

than the parameters of the system, the evolution is much slower. The 'weak’ regime
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Figure 4.15. Time correlation function of the reduced dynamics of qubit
1. The system parameters are € = —8 meV, ¢ = —2 meV, V = 4 meV
in the time interval ¢t € [0.1,0.9]. The results correspond to the closed
system and the system that interacts with two additional qubits, coupled
only to qubit 2. The initial state of qubit 1 is p = |0) (0| for one set of
results, and p = 3 (14 0.20, + 0.970.) for the other.

approximates the evolution of the system when no interaction with an external bath is
present, thus making it more difficult to detect errors. These errors can be present in a
quantum simulation. An AQS (recall chapter 3) is usually a simulator built using “always
on” Hamiltonians, and the evolution carried out by modifying the interactions. If in the

process there are interactions that are not modified properly, errors like these may arise in

Because quantum simulations are performed on quantum systems, where access to

complete information about the state at all times is not available, these errors can be
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Figure 4.16. Time correlation function of the reduced dynamics of qubit
1. qubit 2 is interacting via zz coupling with gbits 3 and 4. The coupling
strengths are J,, = 1 meV in the 'weak’ regime, .J,, = 6 meV in the
‘intermediate’ regime and J,, = 9 meV in the ’strong’ regime. The
initial state of the system and bath is |[¢)) = |0111) (case A.4). The
system parameters are € = —8 meV, ¢ = —2 meV and V = 4 meV, for
times ¢ € [0.1,0.9].
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CHAPTER 5
CONCLUSIONS

5.1 CONCLUSIONS

Interactions of quantum systems with a surrounding environment are undesirable for
reliable quantum simulations and for quantum information processing in general. In order
to enable the reduction or correction of noise, it is imperative that we try to understand
and control or suppress the noise from the environment. Most research in error correction
and fault tolerance has so far been devoted to universal quantum computing (and therefore
universal quantum simulators) [109]. Lloyd’s suggestion to use the noise to simulate the
interaction of the system with the environment is clearly useful only in special cases. For
some analog simulators, substantial isolation has been achieved [80]. However, other
sources of noise remain in this system and in others.

It is known that interactions with the environment can lead to correlations that can
result in non completely positive maps. We found that such maps are not rare in our study
of a very simple model of a quantum system of fermions which can readily be simulated on
a quantum computing device, or a dedicated quantum simulator. This Fano-Anderson
model exhibits maps which are not completely positive for a variety of initial states, some
of which were entangled and some with other non-trivial quantum correlations in the sense
of non-zero quantum discord. They were shown to arise for even a fairly small transverse
component to an initial density matrix which is supposed to have its Bloch vector aligned
along the z axis. Thus fairly small experimental errors can lead to maps which are not
completely positive in a rather simple experiment. These interactions can also cause
relatively small errors in the final outcome of the measurement.

Initially correlated states, if they are not so identified, but are instead identified
improperly as arising from completely positive maps, may encourage an experimenter to

try to employ dynamical decoupling controls to eliminate errors. These controls will be
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ineffective in these cases since local unitary transformations will not remove initial
correlations or entanglement.

We have used a very specific and simple model to illustrate the effects of noise on the
system including the presences of maps which are not completely positive. However, it is
important to emphasize that these effects are quite general and will be present in some

form in many other quantum systems including a wide class of quantum simulations.
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APPENDICES



COMPOSITION OF FUNCTIONS

The composition of functions is defined as

(fog)(x) = f(g(x))

Such that the function f(z) becomes a function of g(x). For example: given f(x) = 22 + 2°

and g(z) = 92 + 2, then:

(fog)(z) = (92 +2)* + (92° + 2)°

Similarly, the composition of dynamical maps given by

B:EOUSEOAv

Is a function of the assignment, unitary and trace operations.
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MAPPING THE FANO-ANDERSON HAMILTONIAN

This section is a repetition of the steps followed in the calculation in [56], and its intended
only to demonstrate to the reader how the mapping of the original Hamiltonian was
performed. The Fano-Anderson model consists of an impurity with energy e surrounded by
a ring of n spinless fermions, which have energies ¢;,, and which interact with the impurity

through the coupling strength V:

n

H= -1 Z(CICZ‘_A'_l + C;-r+1ci) + eb'h + % Z@Ib +ble;) (5.1)

n
=1 =1

The ring of fermions has periodic boundary conditions: ¢! = ¢! +n- The first term of the

Hamiltonian in Eq. (5.1) corresponds to the ring of fermions, the ¢; and c;r are the fermion

creation and annihilation operators. The fermions in the ring are also allowed to jump to

adjacent sites. The second term in the Hamiltonian corresponds to the the impurity site,
with energy e. The last term corresponds to the interaction of the impurity with the

fermion sites. The discrete Fourier transform (DFT) of cjgives

1 & .
o ik;Rj T
Cr, = _\/ﬁ ; e (5.2)

And R; = ja. Now, the inverse DFT is:

. 1 . .
T —ikiR; —ik; Ry ik;R; T
E e = — g e e ey (5.3)
ki v ij

where the orthogonality relation is

Z eiRj(ki_kj) == néij (54)

]
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So

1 .
CI = %kze 1 szCLi

Recall that R; = ia, so, if we fix the value of k; to k; = k:

;r \/_ Z efzkza T

1 1 —
CT . efikRi+1C;£; efik:ia 'Lkacj'c
i+1 T -
NG ZZ, NG Zi

and,
1 .
¢; = § ezklack
N
(3

Cip1 = \/_Z 1kza zka
So the first term in the Hamiltonian:

1 » e
H = _7_2 - CLC]C/(€ ikR; zk Ri zk a)+Ckal( szlezk Rze zka)

kk’
1 - . L ,
. T ik'a —ika\ i(k'—k)Ri
= —T —C,.CL' | € e e
kk'
With,

Ly . ol . 1 .
kk'
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(5.6)

(5.7)

(5.10)

(5.11)



Now define e, = —27 cos (k;a), and for all k;
Zskiclicki (5.12)
i=1
Similarly the impurity-fermion interaction part, for a fixed k
V < V I I
= T 2 (b te) = R 2 (2L e b i e o1

Where we make use of the orthogonality relation given by Eq. (5.4), but we do it with a

fixed value of 7 =0

D 0 = ngyg (5.14)
Then
V
thb = %\/ﬁ <C;2,b + bTCk> 5]@0 (515)

The diagonalized wave-number representation of the Fano-Anderson Hamiltonian is given

by [30, 56|, where we generalize to the sum over all k;

H= Z&k Ck Ck; —I—EbTb—f—VZ b—l—bTCk 5k0 (516)
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Then the following Jordan-Wigner transformations are performed:

b=o
b= O'_1|_
Cky = —O’;U%
d = olo?
cr,, = (—=1)"clo?. .oto™t!
c,t;nil = (—1)"olo. ..ottt}
Where
Oy + 10y
04 B
o — O, —22'%

(5.17)
(5.18)
(5.19)
(5.20)
(5.21)

(5.22)

(5.23)

(5.24)

And by using the commutation relation o;0; = 10;; + i€;;10%, the terms in the Hamiltonian

become

(1+o0,)

DO | —

1 1
Wb = 100 +i0,) (00 +i0y) = 7 (21 + 0,0, —i0yo,) =

1 [ 152 51 112
b+ bley, = —0,0i0- —0 0,07

- _0_1 0;—&-1'0; Jg—iag . U;+i0; 0_1 aﬁ—iag
- z 2 2 2 z 2
1.2

_1(_-12 1.2 152 4 5012 4 5212 1,2 1,2 _ )
= 3 \—woy 0y + 0,0, + 0,0, +10,0, +10,0, + 0,0, + 0,0, — 10,0,

=} (bt + ol
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(5.25)

(5.26)



CLZ,C]% = (1)“_2 (J;(T?...Ji—ﬂ) (U;JE...UT_Q) = ]1(2i+l><2i+1) ® (UT_QUZ:FQ) (527)
= ]1(21'+1 x2i+1) X (0’?'_2 + i0;+2) (0'?'_2 - i0£+2)
— ]121_+1><2i+1 ® i (]1i+2 _ Z'O.i+20.zi/+2 + Z‘O.Zz'/+20.;+2 4 ]12'+2)

1o , . 1o
= lyit149it1 ® i (]1@+ + O'?_Z + O';+2 + 1t )

=1 (1+ 0t

In this last term the subindex (27! x 2°*1) in the identity operator 1jit1yoi+1y is written to
indicate its dimensionality.

Therefore we have,

— € Ek

H=-(1+0.)" + 2 (1+02) + 5 (0,07 + 0y07). (5.28)
And the simulated Hamiltonian, by dropping the phase factor due to the identity
operators, is

Eko

v
ol + 703 + 5( 200+ 0,00). (5.29)

==
2
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