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Abstract

One of the central aims of quantum information theory is to exploit quantum
mechanical phenomena such as superposition and entanglement to build a
quantum computer — a device capable of efficiently performing computational
tasks which are not feasible on a classical computer. In order to achieve this
goal it will be necessary to connect together the different components of a
quantum computer with channels which are capable of quickly and faithfully
transmitting quantum states. It has been suggested that a good channel for
this purpose is a chain of permanently coupled quantum spins and we begin
by reviewing some of the protocols which have been previously developed
to transfer quantum information along such a spin chain. We then examine
the effects of noise on the propagation of quantum information along spin
chains, using a toolkit of methods which include Lieb-Robinson bounds, the
Jordan-Wigner transform and correlation functions. Several fundamentally
different noise models are considered including a static (time-independent) on-
site disorder model and two different models of fluctuating (time-dependent)
on-site disorder. Each noise model has a different and distinctive effect on the
propagation of information — static disorder leads to exponential localisation
whilst dynamic disorder can lead to diffusive or even ballistic propagation of
information. We finish by reviewing how a spin chain (whether noisy or noise-
free) can be viewed as a depolarising channel and we make a detailed study
of the geometrical structure of all possible depolarising channels with respect
to various bases, concentrating on the Pauli, Gell-Mann and Heisenberg-Weyl
bases. In particular, we show precisely when the set of all possible depolarising

channels forms a simplex in compression space.
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Chapter 1

Introduction

The fields of quantum information theory and quantum computing were born
in 1982 when Richard Feynman proposed that the vast Hilbert space of a large
quantum mechanical system could be utilised to create a quantum computer
capable of simulating quantum systems which cannot be simulated efficiently
by classical methods [1]. Since then it has been one of the central aims of
quantum information theory to actually build such a device by exploiting
quantum mechanical phenomena such as superposition and entanglement. It
is worth noting that whilst entanglement is often necessary, it can be argued
that “it is nevertheless misleading to view entanglement as a key resource for
quantum computational power” [2].

In order to achieve the goal of building a quantum computer it will be nec-
essary to connect together the different components (such as quantum memo-
ries and quantum information processors) with channels which are capable of
quickly and faithfully transmitting arbitrary quantum states. The ideal chan-
nel to use over long distances is almost undoubtedly an optical fibre due to its
low decoherence rate; in this case the quantum information is stored and trans-
mitted as the quantum states of photonic qubits. Over shorter distances one
might dispense with the optical fibre and opt for free-space propagation of the
photonic qubits. However, unless the entire quantum computer is comprised

of optical devices, this is not such a practical solution for communicating over



shorter distances: at each end of every optical channel there must be some
kind of interfacing device which transfers the quantum states of the photonic
qubits onto the non-optical qubits and vice-versa. Such interfaces are tricky to
engineer and inevitably introduce a source of noise or even information loss. It
has therefore been suggested that when the components of the quantum com-
puter are non-optical devices, a good channel for communicating over shorter
distances is a chain of permanently coupled quantum spins [3].

The purpose of this thesis is to examine the effects of noise (or disorder) on
the propagation of quantum information along such spin chains. Whilst the
effects of noise have been examined before, we consider fundamentally different
noise models to those previously studied and observe dramatically different
effects. Previous studies have considered noise on the interaction strengths
between the particles in the spin chain, whereas we study the effects of on-site
disorder (caused, perhaps, by a noisy transverse electromagnetic field). In the
first instance this on-site disorder is fixed in time (we call this static disorder)
and later on we study models where the on-site disorder fluctuates with time
in either strength or direction (we refer to these as dynamic disorder models).

We finish by reviewing how a spin chain (whether noisy or noise-free) can
be viewed as a generalised depolarising channel and we make a detailed study
of the geometrical structure of all possible generalised depolarising channels
with respect to various bases. We focus our attention on the Pauli, Gell-Mann
and Heisenberg-Weyl bases, but also show the effects of changing to other
bases. A key result is the proof and generalisation of a conjecture by Dixit
and Sudarshan [4], which allows us to determine precisely when the set of all

possible depolarising channels forms a simplex in compression space.
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1.1 Quantum information theory

This section reviews some of the basics of quantum information theory, concen-
trating on only those aspects which are used regularly throughout this thesis.
More detail and further information can be found in [5].

A quantum mechanical system of dimension D (a qudit) has a state [i))
which can be thought of as a complex vector in a Hilbert space of dimension
D. (Recall that a Hilbert space is a complex inner product space.) The state
|t} can be written as a complex linear combination of D basis states; perhaps
the most common basis is the computational basis {|0),|1),...,|D — 1)}, and

if we work in this basis then we can write
D-1
BEDIEAN) (1.1)
=0

where a; are complex coefficients satisfying > [a;|* = 1, which ensures nor-
malisation of the state: (¢[¢)) =1 where (| is the dual to |¢). It is worth
mentioning that whilst a qudit can be in a superposition of several basis states,
such as the state |¢)) above, when we measure it in the computational basis
we obtain measurement outcome “;j” with probability |a;|?* in which case the
state of the qudit collapses to |j).

So far all the states we have considered are pure states, but a more general
class of states exists called mized states. These are statistical ensembles of
pure states and can be written as a complex matrix which corresponds to the
pure states of the ensemble. A rank k mixed state can be written as a density

matrix i
p=">_ pjl;) (W] (1.2)
j=1

where |¢);) are pure states and p; are probabilities: 0 < p; < 1and )| ipi =1
Like pure states, mixed states are normalised in the sense that the density

matrix has unit trace: trp = 1.
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We have seen how to describe the quantum states of simple quantum sys-
tems, but how do we describe the states of larger systems comprising sev-
eral smaller systems? The answer lies in tensor products: if system A is in
state |14) and system B is in state |i5) then the state of the joint system is
|t4) ® |¢g) which is often abbreviated to [t 4, ¥g); similarly for mixed states,
if system A is in state p4 and system B is in state pg then the state of the joint
system is p4 ® pg. We can write this because the Hilbert space of the joint
system is the tensor product of the Hilbert spaces of the individual systems
Hap = HaQ Hp.

Physical processes acting on a quantum system cause the state of that sys-
tem to change. We describe these processes using operators which are essen-
tially linear maps. Let us suppose that a certain physical process corresponds

to the operator A, then a system whose initial state is [¢) before this pro-

Alp)
Al I
ApAt

Similarly, an initial mixed state p becomes AT where A' is the hermitian

cess occurs is in the (normalised) state after the process has occurred.
conjugate (the complex conjugate of the transpose) of A. Just as pure states
can be thought of as vectors and mixed states as matrices, operators can also
be thought of as matrices. We can calculate the (j, k)th entry of the matrix
A by finding the matriz element a;, = (j| A |k). This allows us to write

A=Y apli) (6 (1)

k=0
It should be noted that we can find the matrix elements of density matrices
in precisely the same way.

The formalism introduced above is sufficient to fully describe quantum
spin chains and the way in which they can be used to transfer quantum states
and hence transmit quantum information. Indeed, it is sufficient to describe
quantum computing in general.

If a quantum system has a state |1(¢)) which evolves in time (that is, there

is some physical process which is continuously affecting the system) then the
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system evolves in accordance with the Schridinger equation [6]

0 :
5 |0(0) = —iH () [¥(t) (1.4)

where H(t) is the Hamiltonian of the system and is, generally speaking, time
dependent. When the Hamiltonian is independent of time (we simply write
H in this case) then the Schrodinger equation can be solved exactly to reveal

the dynamics of the system

[(t)) = e [1(0)) (1.5)

If the Hamiltonian is time-dependent then in principle one can still solve the
Schrodinger equation exactly, but in practice the solution is not so simple to

calculate. In this case, the solution is
(1)) = Te o 1) [y (0)) (1.6)

where T denotes a time-ordered exponential.

Many Hamiltonians which describe systems consisting only of qubits (two-
dimensional qudits) are defined in terms of the Pauli matrices which are de-
fined as

pern (1) e (00) (1) ()
(1.7)

It is sometimes convenient to use the vector of Pauli matrices o = (0%, 0¥, 0%).

1.2 Quantum spin chains as quantum infor-
mation channels

Quantum spin chains consist of numerous quantum spin particles arranged
in a one-dimensional array where the particles interact with close neighbours
via local interactions. Figure 1.1 shows a typical example of a spin chain
consisting of N qubits with nearest-neighbour interactions h; acting between

qubits 7 and 7 + 1.
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Figure 1.1: A typical quantum spin chain of length N: the red spheres repre-
sent qubits, the bold arrows their spin (or quantum state) and the blue lines
between the qubits represent the local interactions h;.

Spin chains are not just of theoretical interest: there are many physical
manifestations which include arrays of Josephson junction qubits [7, 8, 9],
quantum dots [10, 11, 12, 13], nuclear magnetic resonance [14, 15, 16, 17],
atoms in optical lattices [18], coupled cavity arrays [19, 20, 21] and natural
spin chains in compounds such as SroCuO3 and SrCuO, [22].

There are many ways in which one can use a quantum spin chain as a
quantum channel and Bose [23] provides an excellent overview of these. Most
protocols consider spin chains which exhibit nearest-neighbour interactions
only, with no longer range interactions present between the spins. However,
a few authors consider more general scenarios in which there might be next-
nearest-neighbour interactions [24, 25, 26] or perhaps interactions whose effect
decays algebraically with the distance between spins [27]. In this thesis we
focus exclusively on nearest-neighbour interactions as they usually dominate
over any longer-range interactions and are therefore are a good approximation
to many of the physical realisations of spin chains mentioned above.

We begin in section 1.2.1 by describing a basic protocol suggested by Bose
[3] which uses a spin chain with isotropic Heisenberg nearest-neighbour inter-
actions. This protocol is particularly simple and elegant but it suffers as a
result: the maximum possible fidelity of quantum communication in this pro-
tocol decays with increasing chain length. There have been many successful
attempts to improve on this and we briefly describe a small selection of them

in section 1.2.2.
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It should be noted that spin chain models are not just useful as quantum
communication channels, but are also of interest for their entanglement trans-
fer properties [28, 29], their ability to generate entanglement [30, 31, 32, 33, 34]

and for quantum computing in general [35, 36].

1.2.1 Basic protocol

We now describe the basic protocol first proposed in [3] which enables two
parties, Alice and Bob, to transmit quantum information along a quantum
spin chain from one end to the other.

Alice and Bob take a chain of qubits where each qubit is coupled to its
nearest-neighbours via an isotropic Heisenberg interaction. If this chain has

length N then the Hamiltonian for the whole system is

N-1 N
—ZJjO'j * 041 —ZB]‘UJZ» (18)
j=1 j=1

where the coupling strengths J; > 0 and the magnetic field strengths B; > 0
are all positive. The chain must now be cooled until it is in the ground state
|0) = [00---0) (that is, all spins are pointing down). Alice now places the
quantum state she wishes to send to Bob, |¢y,) = a|0) + 3 |1), on the first
(left-hand) spin of the chain (see figure 1.2). We write the state of the whole
spin chain as

[¥(0)) = al0) + 5[1) (1.9)

where we have introduced the notation |j) =]00---010---00) where the 1 is
in the jth position (j = 1,..., N). That is, |j) represents the spin chain in a
state where all the spins are down except for the jth spin which is up. The
spin chain is now allowed to evolve freely for a time ¢, after which its state has

become

=

[¥(t)) = «|0) + Z (gl e 1) 13) (1.10)
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Figure 1.2: The initial setup for the basic spin chain communication protocol:
all qubits are in the spin down ground state except Alice’s (left-hand) qubit
which is in the state [¢,).

At time ¢ the reduced state of Bob’s qubit (the right-hand qubit, labelled
by N) is,
Pout(t) = P(t) [Your) (Your| + (1 = p(t)) [0) (O] (1.11)

where

|Yout) = (]0) + B (NTe 1) [1)) (1.12)

B
V()
and the probability p(t) = |a|? + |8|*] (IN] e *#t|1) | is, generally speaking,
less than unity.

Bob has therefore received an approximation p,,; to the state that Alice
sent him and this state most closely approximates |1;,) (¢;,| when p(t) is at its
closest to unity. The success or failure of this protocol can be measured by the
averaged fidelity of the state transfer, ' = ﬁ (Yin| Pout |Vin) Q2 where the
integral is taken over all possible pure input states (i.e. the states which lie on
the surface of the Bloch sphere). It has been shown [3] that the fidelity is better
than that which could be achieved with a classical channel (namely F' = 2/3)
for all chain lengths up to around N = 80, provided Bob can calculate and
choose the optimal time to extract his output p,,:. Unfortunately for longer
chains the fidelity drops below that which is achievable with classical channels,
and it is to overcome this downfall that several advanced protocols have been
designed. We briefly review a small selection of these protocols in the next

section.
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1.2.2 Advanced protocols

There have been various attempts at improving on the fidelity achieved by the
basic protocol for transferring information along quantum spin chains [37, 38,
39, 40, 41, 42]. There are too many advancements to consider in detail here,
so we restrict ourselves to reviewing just a few schemes to illustrate the kind

of improvements that can be achieved.

Engineered spin chains

The first advanced protocol we consider is that of an engineered spin chain
which was discovered independently by Christandl et al. [43] and Nikolopoulus
et al. [44]; see also [45] for more information.

The engineered spin chain in question consists of X X-model interactions
of the form h; = Jj(0fo%,, +0joy,,) where we are at liberty to choose each
of the interaction strengths J; independently.

Now, the X X-model on a hypercube of dimension N — 1 with just two sites
on each edge allows perfect state transfer between antipodal vertices [43]. The
proof of this is based on some graph theoretic results and the fact that an
X X-chain of length 2 allows perfect transfer of states from one particle to the
other. One can map this hypercube onto an X X-model spin chain of length NV,
but to do so one must ensure that the coupling strengths are J; = /7(N — j);

the Hamiltonian of the chain is therefore
N—1
H==Y jN—j) (oo}, +olo?,) (1.13)
j=1

It is this engineered spin chain that allows perfect transfer of quantum
states and, as in the basic protocol, we must prepare the chain in the state |0)
before Alice places the quantum state she wishes to transmit on the first spin
at her end of the chain (see figure 1.3). The chain is allowed to evolve freely
for a pre-determined length of time, after which Bob has received at his end

of the chain precisely the state which was input by Alice, pour = |[Win) (Vin]-

17



¢4 4 ¢

Figure 1.3: The initial setup for the spin chain with engineered nearest-
neighbour couplings that achieves perfect transfer of quantum states: all qubits
are in the spin down state except Alice’s (left-hand) qubit which is in the
state [1;,). The thickness of the blue lines between the qubits represents the
strength of the interactions (thicker lines represent stronger couplings).

Spin rings

The problem with engineered spin chains is that it is very difficult — if not
impossible — to precisely engineer the interaction strengths as required. For
this reason we now consider a different scheme which, although not providing
perfect state transfer, nevertheless improves dramatically on what is possible
with the basic protocol. This protocol [46] utilises a spin ring of N sites; see
also [47] for more on spin rings. Alice and Bob both have access to a small
number of spins at diametrically opposite sites on which they can perform
unitary operations.

The first step of the protocol is to initialise the spin ring in the state |0).
However, instead of simply placing her input state [¢;,) = «|0) + 3|1) on a
single site, Alice encodes her input state as a truncated Gaussian wave-packet
|Y) = «|0) + B |G), by applying unitary operations on the spins A to which
she has access (see figure 1.4). Free evolution of the spin ring now takes
place during which the wave-packet propagates around the ring, dispersing
slightly as it goes. The wave-packet is chosen to be Gaussian as this minimises
the dispersion, which equates to loss of information about the input state.
Choosing the truncation width of the wave-packet (which is identical to the
number of sites to which Alice has direct access) to be v/N guarantees that
the final width of the wave-packet is essentially independent of the size of the

ring. Finally, Bob applies a set of decoding unitaries to the spins in his region
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Figure 1.4: The initial setup for the spin ring communication protocol: all
qubits are in the spin down state except for those in Alice’s region A which
are in a truncated Gaussian wave-packet state 1)) (which encodes Alice’s input
state |1;,)). After a pre-determined time Bob will apply decoding unitaries
on his region B to extract his output pyy:.

B to recover a good approximation to |¢,).

Dual rail protocol

The final protocol we describe is the dual rail scheme which combines the ad-
vantages of both the engineered spin chain and the spin ring: it provides perfect
state transfer but without the need to engineer specially designed chains.
The idea here is to use two identical parallel spin chains [48, 49]. Alice has
access to the left-hand spin of each chain and Bob has access to the right-hand
spins (see figure 1.5). If the Hamiltonian of each individual chain is H, then
the Hamiltonian for the whole system is H ® [ +1® H. We begin by cooling

both chains to their ground state |0), after which Alice encodes her input state

[Yin) = |0) + 5 1) as
1) = @]0,1) + 3[1,0) (1.14)

where |7, k) represents the state of the system where the first spin chain is in

state |j) and the second chain in state |k).
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Figure 1.5: The initial setup for the dual rail communication protocol: all
qubits are in the spin down ground state except for those at Alice’s end of the
chains A which are in the state |¢);) encoding Alice’s input state [¢;,). Bob
will repeatedly attempt to extract this state at his end of the chains B until
he is successful.

Allowing the chains to evolve freely for a time t results in the state

N

() =D (e 1) [4y) (1.15)

j=1
where [¢);) = «]0,4) + (7, 0). After this period of free evolution, Bob applies
a CNOT gate on his two qubits which transforms the state [¢(¢)) into

N-1
[bonor(t)) = (N e ™ (1) (a|0) + B|N)) @ [N) + > (Gle 1) [v;)
. (1.16)
If Bob now measures his qubit on the second chain, he either gets measurement
outcome 1 (which happens with probability | (IN|e~*#?|1)|?) and he is left
with [1;,) on his qubit in the first chain, or he gets measurement outcome 0
(which happens with probability 1 — | (N]e~#*|1) |?) and he is left with |0)
on his qubit in the first chain — in which case the protocol has failed.
The advantage of this protocol is that when it fails, the information en-
coded in [t¢);,) remains in the spin chains — it has not been destroyed by the

measurement but rather it has been localised to the first N — 1 spins. When-

ever the protocol fails Bob simply waits for a short interval before repeating
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his measurement; eventually he will obtain a positive measurement outcome
and will be left with |¢;,) on his qubit in the first spin chain. A rough ap-
proximation for the maximum length of time Bob will have to wait in order
to receive |¢;,) with probability 1 — ¢ is ¢ ~ 0.55J"'N%/3|In¢| [48, 49] (where
J is the nearest-neighbour interaction coupling strength).

It is possible to generalise this protocol to the situation where Bob is only
able to perform finite-strength continuous measurements at the receiving end

of the chain [50].

1.2.3 Noisy chains

So far we have considered only clean, idealistic spin chains. Of course any
physical realisation of these chains will deviate from the ideal as imperfections
inevitably find their way into the setup; we call these noisy spin chains.
Several examples of noisy spin chains have been analysed before including
a model similar to the basic protocol described above, but where each spin in
the chain is coupled to a spin bath. It has been shown [49, 51| that if the mean
square coupling to the environment (which consists of these spin baths) is G,
then the fidelity of state transfer is modulated by a factor of |cos Gt|. Other
noisy models include chains where the interaction strengths J; are random
variables (so, for example, Jj, might be stronger than J;). In this situation
there is plenty of evidence that perfect state transfer is still possible [49, 52, 53].
In this thesis we drive the study of noisy spin chains forward by consider-
ing noise models which are fundamentally different to those described above,
namely models where the noise manifests itself as on-site disorder (see fig-
ure 1.6). In particular we will study the effects of this noise on the speed with
which information can propagate along such spin chains. The results differ
quite dramatically from what has been observed in the noise models described

above.
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Figure 1.6: A typical initial setup of a noisy spin chain with on-site disorder
(represented by the blue arrows). This on-site disorder might be caused, for
example, by a non-uniform transverse electromagnetic field.

1.3 Bounds on the speed of propagation in
quantum spin systems

Having reviewed some of the ways in which one may use quantum spin chains
as quantum information channels, we now turn our attention to calculating the
speed with which information can propagate along such spin chains. We begin
by describing perhaps the most general tool for this, namely Lieb-Robinson
bounds. We also describe alternative but equivalent bounds and briefly discuss

the implications of both.

1.3.1 Lieb-Robinson bounds

Quantum lattice models (including quantum spin chains) obey a locality con-
dition: once locally excited the excitation will travel through the lattice at
a finite velocity. For spin models the speed at which information can propa-
gate is limited by the Lieb-Robinson bound [54] which says that there is an
effective light cone for correlations, with exponentially decaying tails, whose
radius grows linearly with time [55]. This light cone is not of the kind we
meet in special relativity: it is possible that information could propagate to
regions outside the light cone, although the probability of this happening is

exponentially small and the excitations are very likely to remain within the
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cone.

There have been many studies focusing on Lieb-Robinson bounds and these
have resulted in many simplified and alternative bounds [55, 56, 57, 58, 59|
which are reviewed along with their implications in [60].

In its most general form, the Lieb-Robinson bound is a way of measuring
the effect of an operator A applied to a region A of the lattice at time 0,
by computing its effect on another operator B applied to another region B
at time t. More formally, a Lieb-Robinson bound is an upper bound on the

Lieb-Robinson commutator

Cp(t) == sgp% (1.17)

where the commutator [X,Y] is defined to be [X,Y] = XY — Y X and B(t)
is the Heisenberg picture representation of the operator B. There are many
different Lieb-Robinson bounds which apply to many different lattice systems,
but they typically have the generic form

Cp(t) < const x ett=vdAB) (1.18)

where p and v are constants and d(A, B) is the minimum lattice distance
between the regions A and B. It is easy to see that this bound is exponentially
growing in ¢ but exponentially decaying in the distance between the regions;
it is this feature that gives rise to the linear light cone and its exponentially
decaying tails described above.

There are many consequences of Lieb-Robinson bounds. Apart from the
aforementioned bounds on the velocity of information propagation, the Lieb-
Robinson bound was exploited to establish the Lieb-Schultz-Mattis theorem
in higher dimensions [56] (which relates periodicity in lattice systems to the
excitation gap between the ground state and the first excited state). In gener-
alising the proof of this theorem it was realised that the Lieb-Robinson bound
can be used to provide a method to efficiently simulate the properties of low-

dimensional spin networks [61, 62, 63, 64, 65, 66].
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A

Figure 1.7: We approximate the Heisenberg picture time evolution of an op-
erator V' which acts initially on a small number of sites (represented here by
a black sphere) by restricting evolution to a small block of sites A. We obtain
an approximation V'(t) = V(t).

1.3.2 An alternative bound

Consider a quantum lattice system whose Hamiltonian is H and also consider
a region A within this lattice whose Hamiltonian is H4. Note that H4 can
be found by restricting H to the region A — that is, H4 consists of only
those terms in H which correspond to interactions taking place within A.
Now consider any operator V' which acts on a sub-region in the middle of
A. Assuming a time-independent Hamiltonian, we can approximate the time
evolution of the operator V (t) = e " Ve by restricting to the region A in
the following manner: V'(t) = e~HaV¢itHa (see figure 1.7).

Of course it is important to find out how good this approximation is by
calculating an upper bound for ||V (¢) — V’(¢)||. This alternative bound also
describes the locality of the system and it has the same generic form [67] as

the Lieb-Robinson bound, namely:
|V (t) = V'(t)|| < const x et (1.19)

where |A| is the number of spins in A.

1.3.3 Improved bounds

Whilst we have not proved the Lieb-Robinson bound (or its alternative ver-
sion), suffice it to say that the argument underlying its proof relies only on
the ultra-violet cut-off imposed by the lattice structure and therefore the Lieb-
Robinson bound is very general. There are, however, some situations where

the Lieb-Robinson bound is not the best available. For example, when we
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know more about the structure of the interactions it should be possible to
construct tighter bounds.

Indeed, it is the pursuit of tighter bounds which occupies a large part
of this thesis. We prove new tighter Lieb-Robinson and alternative bounds
for one-dimensional quantum lattice systems, namely qubit spin chains, with
various types of on-site disorder. Depending on the details of the disorder, we
will find different bounds with different consequences for the propagation of

excitations (and hence information) through the spin chains.

1.4 (Generalised depolarising channels

Perhaps the simplest model of noise in a quantum system is that of the
isotropic depolarising channel ®, where with probability p a quantum state p
is left untouched while with probability (1 — p) it is mapped to the completely
mixed state I/D

B,(0) = (1= p) 5+ (1.20)

This channel results in the Bloch “ball” (the set of all quantum states) being
compressed isotropically by a factor of p.

One can imagine a slightly more complicated noise model whereby the noise
compresses the Bloch “ball” anisotropically along axes which are defined by
the basis we choose to work in. The amounts by which we compress along each
axis are called the compression coefficients and these form the components of
the compression vector.

These generalised depolarising channels (also called anisotropic depolaris-
ing channels) form a broad class of quantum channels which can be realised
experimentally (see for example [68]); in the single qubit case they include the
bit-flip and phase-flip channels. It is worth noting that any quantum channel
(including the use of a spin chain as a quantum channel) can be turned into a

generalised depolarising channel by the method described in chapter 5.
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Throughout this thesis we let {M, } o' be a basis for D x D complex
matrices (for example, density matrices of a quantum system with dimension

D) which satisfies the following conditions:
o My=1
o tr(M,) =0 forall @ #0
o tr(MIMg) =0 for all  # f3

We call such a basis trace-orthogonal and, abusing terminology slightly, trace-
free (note that tr(Mj) # 0). We do not need to restrict ourselves to trace-
orthonormal bases as we can simply divide by tr(MlMa) when necessary to
normalise the basis.

If p is the density matrix of any D-dimensional quantum system, then we

( Z UMTM) Ma> (1.21)

We call @ = (ag,...,ap2_1) the polarisation vector and a, the polarisation

may write

coefficients of the state p with respect to the basis {M,}. For notational con-
venience we add an extra zeroth component, ag = 1, which does not affect the

value of ||a||. We have chosen the normalisation in equation (1.21) such that
e |a|| = 1if and only if p is a pure state

e |la]| < 1 if and only if p is a mixed state

D?-1
a=1

where the norm of a is defined to be ||a| = > laq|?. (To see this, recall
that tr(p?) = 1 if and only if p is a pure state and tr(p?) < 1 if and only if p
is a mixed state.)

The Bloch “ball” is the set of all polarisation vectors corresponding to

quantum states. It is important to note that — except for the single qubit

case — the Bloch “ball” is not the ball of unit radius, but rather a convex
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subset of this ball. This is because for D > 2 some vectors lying within the unit
ball are not valid polarisation vectors as they do not correspond to positive
states.

We can now define a (generalised) depolarising channel with respect to the

basis { M} to be a map ®, which satisfies the following properties:
e ®, is a trace-preserving completely positive map

e ®, compresses the Bloch “ball” in the following manner:

Dy (p) ( Z = MTM))UQ%MQ> (1.22)

We call v = (v, ...,vp2_1) the compression vector of the channel ®, as it
specifies the amount by which ®,, compresses the Bloch “ball” along each axis;
the v, are called compression coefficients. Again, for notational convenience,
we have added a zeroth component vy =1 (vy is the compression coefficient
for My =1, so vy = 1 ensures that ®,, is trace-preserving).

Note that |v,| < 1 for all a. To see this, let the largest possible magnitude
of the polarisation coefficient a,, be @, = sup,{|aq|} and let o be a state with
|ao| = @o (so o lies on the boundary of the Bloch “ball”). If |v,| > 1 then
®,(0) is not a state (it lies outside the “Bloch ball”), so |v,| < 1 as claimed.

It is important to note that the notion of generalised depolarising channels
is highly basis dependent: we must define such channels with respect to a
given basis.

If we work in a fixed basis it is clear that for each depolarising channel
there is a unique compression vector. It is therefore natural to ask the question
“which vectors v are valid compression vectors corresponding to depolarising
channels ®,7”. When we restrict to the case of a single qubit the answer to
this question is already known (see for example [69]): the set of all compression
vectors which lie in a specific tetrahedron (see figure 1.8) are the only possible

compression vectors which correspond to generalised depolarising channels.
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Figure 1.8: The tetrahedron in compression space representing all possible sin-
gle qubit generalised depolarising channels: v, vy and v3 are the compression
coefficients and the red tetrahedron encloses all compression vectors which
correspond to valid generalised depolarising channels. ®©@, 1) ®® and &©)
are the extremal channels whose compression vectors lie at the vertices of
the tetrahedron (they are the identity, bit-flip, bit-phase-flip and phase-flip
channels respectively).

Dixit and Sudarshan make a conjecture [4] which says that “when D = 24
(d € N) and we work in the Pauli basis, then the set of all compression vectors
forms a simplex in compression space”. This conjecture is a generalisation of

the single-qubit result discussed here; it is proved and generalised in chapter 6.

1.5 Structure of thesis

In this introduction we have reviewed the use of quantum spin chains as chan-
nels for quantum information. We have also reviewed Lieb-Robinson bounds
and associated alternative bounds with a discussion of their implications. Fi-
nally, we have introduced generalised depolarising channels.

The remainder of this thesis (excepting parts of chapter 5 which contain

review material) is devoted to original work.
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We begin in chapter 2 by finding a new Lieb-Robinson bound for a qubit
spin chain experiencing on-site disorder, the strength of which remains fixed
in time. This new bound gives rise to a light cone whose radius grows logarith-
mically with time. Contrast this to the original Lieb-Robinson bound which
exhibits a linear light cone. The work in this chapter is an expanded version
of the material first published in [70].

Chapters 3 and 4 find bounds on the propagation of information through
spin chains subjected to fluctuating on-site disorder. In chapter 3 we examine
disorder which fluctuates in strength but is fixed in direction and discover
bounds which imply that, on average, excitations (and hence information) are
localised to a small region around where they started, despite the fact that
individual excitations can propagate diffusively through the chain. Chapter 4
examines a model in which the on-site disorder can fluctuate in both strength
and direction and we prove a Lieb-Robinson bound that identifies a potential
noise threshold: above this threshold information is localised whilst below it
information can potentially propagate ballistically through the chain. These
chapters are an expanded version of work first published in [71].

Chapter 5 is a short review chapter which shows how any spin chain
(whether noisy or clean) can act as a generalised depolarising channel, whilst
chapter 6 studies these channels in detail, proving and generalising a conjec-
ture of Dixit and Sudarshan [4]; this work was published in [72].

Finally we summarise and draw conclusions in chapter 7.
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Chapter 2

Static disorder

In the previous chapter we saw how quantum spin chains can be used as
quantum channels to faithfully transmit quantum states (and hence quantum
information). In this chapter we study quantum spin chains which experience
on-site disorder which is fixed in time and we examine the effects of this noise
by calculating a Lieb-Robinson bound for this type of system.

This chapter is organised as follows. Once we have described the model in
detail (§ 2.1) we apply the Jordan-Wigner transformation (§ 2.2) which allows
us to calculate the dynamics (§ 2.3). Anderson localisation (§ 2.4) allows us to
calculate bounds on a restricted class of Lieb-Robinson commutators (§ 2.4.1);
coupling Anderson localisation with a decomposition of the propagator (§ 2.5)
allows us to calculate the general Lieb-Robinson bound (§ 2.6). We finish with

a short discussion (§ 2.7).

2.1 The static disorder model

Throughout this chapter we focus our attention on spin chains of length N
with X X-model interactions between nearest-neighbouring spins and on-site
disorder which is fixed in time but varies from site to site (see figure 2.1).
Typically the nearest-neighbour interactions h; = J;(0jof,, + 007, ;) have

strengths which are all equal (J; = —J for all j), but this restriction is not
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Figure 2.1: A spin chain experiencing static on-site disorder: the blue arrows
represent the on-site disorder (which might be caused, for example, by a noisy
electromagnetic field) and ¢; is the strength of the disorder on site j.

necessary and we work with the more general case that they are all indepen-
dently chosen. The on-site disorder is fixed in the z-direction and could arise
experimentally from, for example, a transverse electromagnetic field whose
field strength varies from site to site but is fixed in time. These field strengths
§; are drawn from independent identically distributed random variables IP;, the
only restriction being that the probability distributions have bounded proba-
bility density functions.

In summary, the spin chains we consider in this chapter have Hamiltonian

-1 N

H= Jj (0505, +olol ) + Zéjaj (2.1)

j=1 j=1

Before we go any further it is important to note that this is a physical
model which can be experimentally realised (see section 1.2). It is arguably
the simplest of a class of models which preserve the number of excitations in

the spin chain and it is amenable to precise analytical treatment.

2.2 Jordan-Wigner transformation

In order to calculate the dynamics of our model we will apply the Jordan-
Wigner transformation [73], which maps systems of spin-half particles (for

example qubit spin chains) into systems of spinless fermions hopping on a
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Figure 2.2: Schematic illustration of the Jordan-Wigner transform: spin-up
qubits are mapped into spinless fermions (represented here by red spheres)
whilst spin down qubits are mapped into empty lattice sites (represented by
empty circles).

lattice. This is achieved by mapping an excited qubit (whose spin is up, corre-
sponding to computational basis state |1)) into a fermion on the corresponding
lattice site; conversely an un-excited qubit (whose spin is down, correspond-
ing to computational basis state |0)) is mapped into an empty lattice site (see
figure 2.2). Of course, any qubit which is in a superposition state « |0) 4+ 3 |1)
is mapped into a fermionic superposition state.

More precisely, the Jordan-Wigner transform is a relationship between the
Pauli matrices and the fermionic creation and annihilation operators (aj- and

a; respectively), which is defined by

a; = (Uf R ® sz-_l) ®o; where o; = (o;-” + z'a?) = 10) (1] (2.2)

N —

In this form, the fermionic creation and annihilation operators (which satisfy
the anti-commutation relations {a;, al} = 6;, and {a;,a} = {a}, al} = 0) are
given in terms of the Pauli matrices. One can invert this to give the Pauli

matrices in terms of fermionic creation and annihilation operators

o; = aja;—a;aj

xX j—1 z

o = (Hizl%) (a}+aj) (2.3)
ot = i(Mzoi) (af - a)
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It is this form of Jordan-Wigner that allows us to rewrite the Hamiltonian of
our noisy spin chain as

N-1 N

H=2 Z J; (a;ajﬂ + a;r»ﬂaj) -2 Z fja,;aj (2.4)

j=1 j=1
Note that we have applied the fermionic anti-commutation relations to the
on-site disorder terms and have ignored an irrelevant overall constant term
> ; &;I which simply shifts the energy eigenvalues by a constant ) y &

We have seen how Jordan-Wigner maps the Pauli matrices into fermionic
operators and we now discuss its effect on the states of the spin chain. The
ground state |0) with all spins down (that is, all qubits are in the computa-
tional basis state |0)) is mapped into the empty fermionic lattice (sometimes
referred to as the vacuum) which we denote by |Q2); note that this state is an
cigenstate of the Hamiltonian with eigenvalue 0. The states |j) of the chain
(which have all spins down except for spin j which is up) are mapped into
single fermions on lattice site ;7 which we denote by |j) := a} |©2). For the re-
mainder of this chapter we work exclusively in the single-excitation subspace
and therefore the states described above are sufficient to describe the dynamics

of our model.

2.3 Calculating the dynamics

Having applied the Jordan-Wigner transformation we are now in a position
to calculate the dynamics of our spin chain. To do this we first note that
the Hamiltonian preserves the number of excitations in the chain and these
excitations are non-interacting; we can therefore work in the single excitation
subspace. This allows us to write the Hamiltonian as a tri-diagonal N x N

matrix, K, whose matrix elements are
GIK L) = =26 forjefl,....N}
(I K|j+1) = 2J; forje{l,...,N—-1}
(J+1K|j) = 2J; forje{l,...,N—-1}
(J|K|k) = 0 otherwise
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The Hamiltonian may therefore be written as H = Zé\fk:l (7] K |k) a}ak. We
can now diagonalise the Hamiltonian by performing a Bogoliubov transforma-
tion, which defines a new set of fermionic operators {b;} which are related to

the old set of fermionic operators {a;} by the relation

N
bj = Z U kO (26)
k=1

where uj;, are complex numbers. By imposing the fermionic anti-commutation
relations on the new set of fermionic operators {b;} (namely {b;,b}} = &, and

{bj, b} = {b}, bl} = 0) we force the following condition to hold

N
Z UijLl = (Sjl (27)
k=1

where u;fd = ujy,. That is, the matrix U := Y ;i [j) (k| is a unitary matrix.
This allows us to invert the relationship of equation (2.6) to give the {a;} in

terms of the {b;}
N
a; = Zujkbk (2.8)
k=1

Now, we are at liberty to choose the matrix U to diagonalise the Hamilto-

nian: UKUT = A = diag{\y, ..., \x}, or in other words
N
H=> \blb; (2.9)
j=1

We are now in a position to calculate the time evolution of the {b;} in the
Heisenberg picture: b;(t) := e b;e ™. Tt is a simple matter to differentiate

b;(t) with respect to time to obtain

d

Z0i(t) = —iAb;(1) (2.10)

which has solution

bi(t) = e ', (2.11)
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Since the Heisenberg picture time evolution of the {a;} can be written as
a;(t) = Zjvzl u;kbk(t), equation (2.11) allows us to calculate the time evolution
of the original fermionic annihilation operators

N N
a;(t) = Z u}ke_ik’“tuklal =: chk(t)ak (2.12)
k=1

k=1
The coefficients cjx(t) = (j| UTe MU |k) = (j| e "5 |k) can be called correla-
tion functions — see section 3.3 of the next chapter, where we also demonstrate
an alternative method of calculating the dynamics without using the Bogoli-

ubov transformation.

2.4 Anderson localisation

Applying Jordan-Wigner maps our spin chain into the tight-binding Anderson
model [74] with on-site disorder. This is a particularly well studied model of
disorder and we can exploit some of its properties. In particular we make use
of the phenomenon of Anderson localisation; this is a general phenomenon in
sufficiently disordered systems and it is characterised by the absence of wave
diffusion through such systems.

Anderson localisation is typically characterised by exponential localisation
of the energy eigenstates, a type of localisation referred to as exponential lo-
calisation [75]. However, our particular model exhibits a stronger form of
localisation called strong sub-exponential HS-kernel decay (SSEHSKD) [75],

which can be expressed as the following theorem
Theorem 1. For any 0 < (<1 and j,k € {1,..., N} then

| Gl e B kY | < cce PR for all t (2.13)
with probability > 1 — e~ Lk where % > Ly > (%)é with 1 < a <2

Proof. As the on-site disorder field strengths {; are drawn from a probability
distribution with bounded density we satisfy the assumptions of theorem 6.5

in [75], the proof of which establishes theorem 1. O
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This theorem is proved by a technique called multiscale analysis; see [76]
for a good intorduction to this topic. Multiscale analysis is an inductive proof
technique which is used to prove localisation of the Anderson model on the
infinite lattice. The inductive step assumes localisation of the model when re-
stricted to a small box of size L; and uses this to prove localisation on a larger
box of size L1 = LY with 1 < o < 2. (The initial scale satisfies Ly = e“"*7
where 7 is the second moment of the probability distribution P;.) Our disor-
dered spin chain of length V is simply the one-dimensional infinite lattice An-
derson model restricted to a finite sub-lattice with 2L 1 +1> N > 2L, + 1
for some integer k.

Multiscale analysis proves what is observed in practice, namely that An-
derson localisation is a general phenomenon which applies to a wide range of
noise models [74, 77, 78, 79].

It is important to note that, due to the probabilistic nature of the on-site
disorder, certain realisations of the on-site noise might lead to non-localised
dynamics. However, the probability of this happening is exponentially small
(< e*Li). For the remainder of this chapter we assume that the on-site noise
terms lead to localisation as characterised by theorem 1, as we know that this
occurs with very high probability.

For any 0 < ¢ < 1, Theorem 1 provides the following bound on the corre-

lation functions of equation 2.12
lei (1)) < cce™ (2.14)

It is now evident that the correlation functions are all exponentially small
excepting those for which [j — k| is small; this reflects the “almost diagonal”

structure of the propagator e *%* for all times.
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2.4.1 Direct calculation of a bound on a restricted class
of Lieb-Robinson commutators

The purpose of this chapter is to calculate a Lieb-Robinson bound for our
model of a spin chain experiencing static on-site disorder. Recall that a
Lieb-Robinson bound is an upper bound on the Lieb-Robinson commutator
I[A, B(t)]]|] of equation (1.17). We are now in a position to calculate upper
bounds on a restricted class of Lieb-Robinson commutators (namely those in
which the operators A and B are linear combinations of the identity I and the
Pauli z matrix o* on single sites).

Unfortunately, due to the non-local nature of the Jordan-Wigner trans-
formation (recall that a; = (H{c;ll a,i) (o7 +ic?)), direct calculation of an
upper bound on arbitrary Lieb-Robinson commutators is futile: we obtain an
extremely poor bound which contains a large constant and is therefore worse
than the trivial bound ||[A, B(t)]|| < 2||Al|||B]|. Later on we use alternative
methods to calculate an improved bound on arbitrary Lieb-Robinson commu-
tators, beginning in section 2.5.

In order to calculate upper bounds on the restricted class of Lieb-Robinson
commutators, we need only consider commutators such as ||[o%, o (t)]|| (as the
identity I commutes with everything). Working in the Heisenberg picture we
apply Jordan-Wigner to the Pauli z matrix

oi(t) = ar()aj(t) — ap(Dar(t) = Y cu(t)ch(t) (wal, —afa)  (2.15)

I,m=1
Recalling that the {a;} satisfy the fermionic anti-commutation relations given
in section 2.2 allows us to use the above expression to directly calculate our

Lieb-Robinson commutators

N N

[0’;, Uz(t)] =2 Z ckl(t)c;f-k(t) (ala} — a}al> +2 Z ckj(t)cjnk(t) (ajajn — a:fnaj)
=1 m=1

(2.16)

(This calculation is straight-forward but somewhat lengthy.) The Gersgorin
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disk theorem [80] tells us that |jaja) — ala;|| < 2; using this and recalling the
bound (2.14) on the correlation functions allows us to calculate an upper bound

for the commutator of equation (2.16), namely

o700 <43 (Jew®lIeh )] + e @Ik (1)) < Srcece 4 (217)

where we have employed the bound Zf\il eIk

< K¢ where K¢ 18 a constant.
This bound holds as only those terms where |k — [| < const contribute signif-
icantly to the sum. As an illustrative example, for a chain of length N = 101
with ¢ =0.99 and k = 51 (picking k to be in the middle of the chain max-
imises the sum), we numerically calculate that x ~ 2.18. It is a simple matter
to check that for all ¢ the constant k. satisfies ke < kg < %

In summary we have directly calculated an upper bound for a class of Lieb-

Robinson commutators with A = sl + k40* and B = ppl+ kpo® (with pa,

LB, ka and kp constants), namely
I[A;, Br()]|| < 8k¢crarpece P forany 0<¢ <1 (2.18)

Finally, we comment that this bound explains a phenomenon observed
in tDMRG (time-dependent density matrix renormalisation group) numeri-
cal investigations reported in [81], where the two-point correlation functions
C(r,t) == 2" tr(o7(t)o;,,) exhibit a freezing in space after sufficiently large
times. What is essentially happening is that at large times the above bound

becomes saturated.

2.5 Calculation of the propagator

In the previous section we calculated upper bounds on a restricted class of Lieb-
Robinson commutators. We now employ a different technique which allows
us to calculate upper bounds on arbitrary Lieb-Robinson commutators, giving
rise to a Lieb-Robinson bound which bounds the dynamics of state transfer

(and hence information propagation) through our noisy spin chain.
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We follow and adapt the scheme laid down by Osborne in [61] to approxi-
mate the propagator up to a known error. First we bipartition the chain into
two parts, A and B. We let each partition evolve freely for a time ¢ according
to its local propagator, e #HA or e~ before applying a patching-up opera-
tor V (t) which is designed to exactly compensate for the local interaction that

has been excluded due to the partitioning procedure
e Mt — Y/ (t)emMHAHHs) (2.19)

The intuition to bear in mind is that although V' (¢) acts on the whole chain,
it acts most strongly on the sites around the partition boundary and acts in
an increasingly weak manner as we move away from this boundary. For this
reason it is possible to approximate V (¢) with another operator V"V(t) which
acts only on a small number of sites close to the boundary between the two
partitions (see figure 2.3). Before we formally define the operator V() we
must first study V(¢) a little more closely. Noting that V (t) = e~ #H ¢t(Ha+Hs)
and choosing the partition boundary to lie between sites m and m + 1 we can

find a differential equation for V(t)

d .
SV () = —ihn(OV () (2:20)

where we have defined h,,(t) = e~ h,,e. This differential equation has
solution V (£) = Te~tJo hm($)ds wwhere T denotes time-ordering.

We let W denote a set of |[W)| spins centred on the partition boundary. By
defining h)V(t) = hm(t)’W to be the local interaction h,,(t) truncated to the
set W (that is, h)Y(t) = Pywh.,(t)Py where Py is the orthogonal projector

onto W), we may formally define V"Y(t) via the differential equation

SV () = Y V() (221)

We now wish to calculate the error introduced when we approximate V' (¢)

by V"(t) which we do by finding an upper bound on the normed difference
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Figure 2.3: Bipartition of the propagator e into two halves (e~®#4 and
e~ 5) corrected by the patching-up operator V'Y(¢) which bridges the gap
between the two partitions (and compensates for the missing local interaction).

between these two operators, |V (¢) — VY(t)|| [82]. The Lie-Trotter expansion

allows us to write
— o (144 W s R (ity i
V(t) Tlg{)loge and V(1) Tlg{)lojljoe (2.22)
These Lie-Trotter expansions coupled with the differential equations (2.20)
and (2.21) allow us [61] to bound

[V (E) = v S/O [ (5) — B2V (s)|| ds (2.23)

Calculating ||hn,(t) — R (t)|| is a lengthy but simple task which we sum-
marise below. We begin by noting that after application of the Jordan-Wigner
transform the local interactions have the form hy, = 2J,(al a1 + al 1 0m)
and so we must bound terms such as ||a},(t)am41(t) — (a;fn(t)am+1(t))|w|}.
Recalling equation (2.12) which gives the Heisenberg picture fermionic annihi-
lation operator in terms of the correlation functions, @, (t) = S°0 co(t)as,
allows us to conclude that

(@ at))] = al)

. ak(t)‘ = o™ (H)al¥ (1) (2.24)
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(where al,,, is the restriction of a onto /) which in turn allows us to bound

|af, () am1(t) = ayT(®)ay’ @) = |laf,(Oan1(t) = al,(Bay,, (1)
+a;rn(t)anv¥+1(t) - aw(t)aml(t)!l

IN

b, ()] l|@ms1 () — a2y (8)]]
+ [laf,(6) = aT(@)|| s (¢
(2.25)

Since a?V(t) is a restriction of a,,(t) we know that ||aX’ ()| < |lam(t)] (as

m

|Pw] < 1) and the Gersgorin disk theorem [80] coupled with the unitary

equivalence of the operator norm allows us to calculate ||a,,(t)|| < 1.

w

7 (t) we simply truncate

To find an expression for the truncated operator a
the expression for a,,(t) to the sites in W to obtain: a)) (t) = >, oy Cok (t) g

We may now conclude our argument by bounding the terms on the right hand

side of equation (2.25), for example

Z Cmk (t)ak

kgW

<Y ceetm (2.26)

kg W

HamH(t) - aml(t)H <

Since W is a set centred on the boundary between the partitions we know that

|m — k| > [W)|/2 for all k ¢ W, which simplifies the above bound to
(¢
amr(t) = @y ()] < (N = We () (2.27)
Finally, we may now bound the normed difference between the patching-
up operator V(t) and its approximation VV(t) by substituting the bound
¢
| (t) — RXY ()] < 8|Jm|c<Ne*<@) into equation (2.23) to obtain

W<

V() = V)| < ccntNe (F) (2.28)

where £ < sup; 8|J;| is a constant. In particular, for any ¢ > 0 choosing W to

Wi

¢
be a large enough set (T) > log (ccktN/e) ensures that V' (¢) approximates

V(t) to within an error of at most €

V()= Vv™Y()| <e (2.29)
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Figure 2.4: Complete decomposition of the propagator e~ into multiple
blocks (each with its own propagator U) and the corresponding array of
patching-up operators V', each of which bridges the gap between a pair of
blocks and compensates for a missing local interaction.

We may therefore conclude that the propagator e ## may be approximated

by the bipartioning and patching-up procedure to within a known error
: ¢
emitH — YW (p)e~MHatHs) | ) <chtNe_(v2v) ) (2.30)

Having discovered that the partitioning and patching-up procedure allows
a good approximation of the propagator, we recursively apply this procedure
to obtain a quantum cellular automata decomposition of the propagator [61]

(see figure 2.4). Algebraically speaking, this decomposition can be written as

. miwl - A cektN? _(wiy¢
e—itH _ ® VWk(t) ® oW, ( C|W| (T) ) (2.31)
k=0 Jj=1

where Py = {W;} is a partition of the chain into \WI blocks (each of size [W|)
and Py, = {W,} is a partition of the chain into W + 1 blocks obtained by
shifting partition P; along by |1gv_| sites (each block is of size |W)| excepting the
blocks at each end which are each half this size). Note that we accumulate an
error term for each partition we introduce and this is reflected in the increased

size of the error term in equation (2.31).

2.6 A Lieb-Robinson bound for static disorder

In the previous section we saw how to repeatedly partition the chain in order

to approximate the propagator (up to a known error, see equation (2.31))
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and we now use this result to provide a new Lieb-Robinson bound for our
noisy spin chain model which is far tighter than the original Lieb-Robinson
bound. The original bound is extremely general and applies to a wide range of
quantum lattice systems, in contrast with our new bound which applies only
to the model studied in this chapter.

We define an operator (t) to be the decomposition of the propagator we

derived in the previous section, namely

N/IW| N/WI
Q)= Q V™M) | [ & e (2.32)
k=0 j=1

We begin by approximating the Heisenberg picture time evolution of the
operator B by evolving according to the approximated propagator Q(t) instead

of the actual propagator e #H

B(t) = B(t) + O(e) (2.33)

2 ¢ n
_CC":}V]lv ~(%")" and the approximation B(t) = Q'(t)BQ(t) acts triv-

where € =
ially on all sites which are a distance of more than 2|W| away from those on
which B acts. Therefore if the distance between the sites on which A and
B act is large enough, d(A, B) > 3|W|, then A commutes with B (that is,
[A, B(t)] = 0) and so

2||Allccrt N? (¢

i, B = 14,0 < 214110 < F =7 (¥

(2.34)

It is now clear that the tightest bound on the Lieb-Robinson commutator
is achieved by picking [WW| to be as large as possible whilst still satisfying
d(A, B) > 2|W|. Making the choice |W| = 2d(A, B) and defining the constant
c; = 3||Alle¢k gives us the Lieb-Robinson bound

/ 2
CCtN |e< @ )C

1[A, B@)]|| < M

forany 0< (<1 (2.35)

This is the main result of this chapter.
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2.7 Discussion

We have derived a new Lieb-Robinson bound for our noisy spin chain with
static on-site disorder, but what are the consequences? Where the original
Lieb-Robinson bound gave rise to a linear light cone, our new bound gives rise
to a light cone whose radius grows logarithmically with time.

To derive the form of these light cones, we fix the value of the right-hand-
side of the relevant bound and examine the possible values of ¢ and d(A4, B)
which are consistent with this value. Recalling the original Lieb-Robinson
bound, ||[A, B(t)]|| < const x ekrt=F2dAB) (with k) and ky constants), we see
that d(A, B) must grow in proportion to ¢ for the right-hand side to remain
constant (and so the radius of the light cone grows linearly with time). For our
new bound, ||[4, B(t)]|| < const x te *AB)° (with k a constant), we see that
d(A, B)* must grow in proportion to the logarithm of ¢ for the right-hand-side
to remain constant (and so the radius of the light cone grows logarithmically
with time).

The logarithmic light cone is problematic if we wish to use this spin chain
as a quantum channel for transmitting quantum information between Alice
and Bob (see chapter 1 for examples of how one might achieve this). Even if
the protocol used guarantees perfect state transfer in the noise-free scenario,
it will almost certainly fail in the presence of noise if we take into account
the realistic situation where the spin chain is not perfectly isolated from the
surrounding environment. Our bound shows that non-negligible amounts of
information can can reach Bob only when the time elapsed is exponential in the
distance between Alice and Bob. In practice this exponentially long waiting
time will lead to decoherence (due to interactions between the spin chain and
the environment) which will corrupt the quantum information.

There is however partial mitigation of this bad news: in some situations it

is possible to communicate beyond the localisation length [83] of our model.
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This is done by performing error correction [5, 84, 85, 86, 87] at short intervals
along the chain. Unfortunately there are some drawbacks to this solution; for
example, it requires controllable access to the interior of the spin chain (which
may not be possible in a practical situation).

It is worth noting that several other studies [88, 89, 90, 91, 92] have used
tDMRG (time-dependent density matrix renormalisation group) to simulate
the time evolution of our model and they numerically confirm our findings.

We have only examined one very specific model (the X X-model) of a noisy
spin chain but multiscale analysis [76, 75] can be used to prove similar levels

of localisation for many other models.
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Chapter 3

Dynamic disorder: fluctuating
field strengths

In chapter 2 we studied an X X-model spin chain with static on-site disorder.
In this chapter we study the same model with a fluctuating disordered field
oriented in the z-direction, a setting which is ubiquitous in the condensed
matter context (see for example [93, 94, 95]). We abandon the Lieb-Robinson
bound in favour of bounds on various correlation functions which are easier
to calculate in this setting, discussing the reasons why a full Lieb-Robinson
bound is unattainable in section 3.6.

This chapter is organised as follows. We describe the model in detail (§ 3.1)
before deriving a master equation (§ 3.2) which governs the evolution of the
system. We then define and calculate some ensemble averaged correlation
functions (§ 3.3) and some ensemble variance correlation functions (§ 3.4)

before analysing the results (§ 3.5). We finish with a short discussion (§ 3.6).

3.1 The dynamic disorder model with fixed
field direction

In this chapter we study the X X-model on either a finite spin ring (with
N sites) or an infinite spin chain. In either case, the model experiences on-

site disorder which is fixed in the z-direction but whose field strengths &;(t)
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&1(1) a(t)

En—1(
Figure 3.1: A spin chain with on-site disorder which fluctuates in the z-

direction: &;(t) are the field strengths which fluctuate in time independently
on each site.

fN(t)

fluctuate in time independently on each site (see figure 3.1). The Hamiltonian

of the system is therefore

Z‘] ] ]—i— ]+1 +Z€J (3'1>

Throughout this chapter and the next, we use ¢ (with no subscript) to remind
ourselves that the object in question (in this case the Hamiltonian H(,t)) is
dependent upon the disorder.

At each instant in time the field strengths £;(¢) are independent, identically
distributed random variables drawn from a probability distribution P¢ which
has a finite second moment.

This well-studied model [96, 97, 98, 99] is a physical one: it is physically re-
alisable as a continuously monitored dynamical process which can be simulated
to an arbitrary level of precision by engineering a quantum system whereby
we sequentially interact N quantum spins (which are evolving according to a
particular spin-chain Hamiltonian — in our case the X X-model Hamiltonian)
with a collection of harmonic oscillators, one after the other. This is the well-
understood interaction of Caves and Milburn [100] and this forms the basis of
the derivation of the master equation which follows in section 3.2. In partic-
ular, at each time step we interact each spin with its own harmonic oscillator

with a strength that is proportional to the square root of the time step; this
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process is well known to converge as the time step goes to zero to the so-called
continuous measurement process.

In what follows we always intend the word fluctuations to mean fluctu-
ations arising from measurement back-action, and do not mean fluctuations
arising from interactions with a thermal bath at finite temperature. Indeed,
we model the non-equilibrium noise induced by repeated measurement (an ac-
tive process) and it should be noted that our spin chain is not in equilibrium

with its environment.

3.2 A master equation for dynamic disorder

By solving the Schrodinger equation we see that the propagator is the time-

ordered exponential

U(€,1) = T exp (—i /0 CH(E s)ds) (3.2)

In the static disorder model of chapter 2, the Hamiltonian was time-
independent and so this time ordered exponential reduced to e~ and, cour-
tesy of Anderson localisation, we were able to directly calculate bounds on the
matrix elements of this propagator (which we called correlation functions).
Unfortunately the model in this chapter has a time-dependent Hamiltonian
and so U(¢,t) cannot be calculated in the same manner. We do not know
the exact details of the noise (we only know the probability distribution from
which the field strengths are drawn at each instant in time) and so we can-
not calculate U(&,t) exactly; neither can we directly calculate bounds on it.
However, as we show below, it is possible to derive a master equation which
governs the dynamics of our model and allows us to calculate the correlation
functions we require to establish the localisation properties of this model.

After free evolution for a time ¢ an initial state p(0) of the spin chain

becomes

p(&t) = U(&)p(0)U' (€, 1) (3-3)

48



Clearly the state of the system at time t is dependent upon the path taken
by the random field strengths £;(s) (0 < s <t) of which we have no specific
knowledge except the probability distribution from which they were drawn.
We are therefore motivated to take an ensemble average over all possible re-
alisations of random field strengths, which we denote by E.

By closely following and generalising the method laid down by Caves and
Milburn [100], we derive a master equation for the ensemble averaged density

operator
p(t) = Ee p(&, ) (3.4)
By applying the Jordan-Wigner transformation we find that (up to an irrel-

evant constant) the Pauli spin operator o’ is mapped to the fermionic number

f
J

operator, n; = a;a;. Note that n; is an operator which essentially performs a
measurement of the excitation number of site j (it measures whether or not
there is a fermion on lattice site j). As this measurement outcome is neither
observed nor stored in any way, we see that the transverse field is effectively
performing a continuous variable-strength non-selective measurement on the
system. We model this process as a sequence of instantaneous measurements
taking place at times ¢, = r7 where 7 is the time interval between measure-
ments. Ultimately we will take the continuous measurement limit (7 — 0) in
such a way as to avoid the infinite strength quantum Zeno effect. In the deriva-
tion that follows it does not matter whether we use o7 or n;, so we choose to
work with the former as it simplifies the generalisation of this derivation to
the model in chapter 4.

In our measurement model the system is coupled to a series of ancilla sys-
tems called meters. The meter for the rth measurement on site j has canon-
ical variables Z;. and p;, which satisfy the canonical commutation relations
[Zjr, Prs) = 10jx0,s. (Throughout this derivation we use the bar to denote an

operator or measurement outcome on the meters.) We assume that the intrin-

sic Hamiltonian for each meter is the identity and can therefore be ignored.
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The total Hamiltonian for our measurement model consisting of both the spin

chain and the ancillary meters is therefore
M
H(&t) = Ho+ > Y 6t —r7)oi&pir (3.5)
j r=1

where 0 <t < M7, Hy is the intrinsic system Hamiltonian and &, = &;(¢,) is
the field strength on site j at time ¢.. We further assume that each of the
measurements has an identical description and that each meter is prepared

initially in a Gaussian state of width s
Gy} = (ms) /A / 12 |5) d7 (3.6)
To simplify the notation in what follows we define
|Gr) = @5 [Gir) (3.7)

That is, |G,) is the joint state of all the meters involved in the rth set of
measurements (which take place at time ¢,.).

If we let p(&,t,—) be the state of the system immediately prior to the rth
set of measurements, then the joint state of the system and the rth set of

meters immediately after the measurement interaction is
P& trt) = €T TP (IG) (G| @ plty—, €)) €20 T35 Pr - (3.8)
We define the following Gaussian operator on the chain
G(& &) = (&, |2 7P |G,) (3.9)

If we assume that the measurement outcome on the rth set of meters
is @, = {Zj, }jer (where I = {1,..., N} for the finite ring and I = Z for the
infinite chain) then we see that the state of the system immediately after the

rth measurement is

(@] P&, t,+) |2,) _ G(E @)p(& t,—)GT (€, 2/)
P(z.[¢) P(z.[¢)

p(f,tT+,:Er) = (310>
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where the probability of outcome &, from the rth set of measurements is

P(z.[¢) = tr (|@,) (Z,| p(&, t.+)) = tr (G'(§, )G (§, & )p(, t.—))  (3.11)

Now, between measurement interactions the system evolves freely under

the intrinsic system Hamiltonian Hy with corresponding propagator
U(r) = e Ho7 (3.12)

If the measurement results from the first M sets of measurements form a
sequence & = {Z, }M, then the state of the system immediately after the Mth

measurement (at time ty; = M) is

V(& ta, ®)p(0)VI(E, tar, T)

) = P(ale

(3.13)

where V(& tar, @) = [[,_y, (G(&, 2,)U(7)).
Because the measurements are performed by the on-site disordered field we
do not learn what their outcomes are (they are non-selective measurements)

and so at time ¢ the system is in the corresponding non-selective state, namely

plEstat) = / D€ tart B)P(2[€)da (3.14)

Whilst this state is the final non-selective state of our system it neverthe-
less depends on the particular realisation of the disorder which has occurred
throughout its evolution. We now take an ensemble average over all possible

realisations of the disorder to obtain the ensemble averaged state, namely

ptu+) = B¢ p(&, tart) (3.15)

We are now in a position to form a differential equation for p(¢) which we
do by taking the continuous limit (i.e., M — oo, 7 — 0 and D := s7 = const)

L) = lim pltat) = pltar—1+)

dt T—0 T

(3.16)

Note that we require D to be a finite constant: if this were not the case

we would either have D — 0 in which case we would encounter the infinite
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strength quantum Zeno effect and the measurement model would inhibit any
evolution of the system; or we would have D — oo in which case we would be
performing an infinitely weak measurement which is equivalent to turning off
the on-site disorder term in the system Hamiltonian (3.1).

One should think of D as a physical parameter which is defined by the
experimental setup. Technically speaking, we have modelled a continuous
process by a series of very frequent measurements on the system (performed
by the fluctuating field), which is approximated by a continuous measurement
process. This approximation is valid provided all time scales of interest are
larger than the typical time scale of the fluctuations in the on-site disorder
(see [100] for further discussion). For example, if Alice and Bob were to use
our system to attempt quantum communication, we would require the typical
fluctuation time for the on-site disorder to be somewhat shorter than the time
required to perform the quantum gates necessary for Alice to input and for
Bob to extract the quantum information.

Utilising equations (3.13), (3.14) and (3.15) we may rewrite % (equa-
tion (3.16)) as

% (t) = E¢ lﬁ%% (—P(fﬂfM—H') +
JEGE G eI m)dm)
(3.17)

We note the following Gaussian integral identity which is proved in sec-

tion 3.2.1:
1 1
/G(g, z,)AGH (¢, &,)dx, = A — o > & o l05. A+ 0 (S—Q) (3.18)
J

Setting A = U(7)p(tar—1+,&)UT(7) in the Gaussian identity, and making
use of the small 7 limit U(7) = 1 — iHoT + O(7?), we derive a master equation

for our spin chain with fluctuating noise

% (t) = =ilHo, p(t)] = 7 Y _lor}. o5, p(1)] (3.19)
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where v = E(7)/4D characterises the strength of the disorder: E(}) is the
second moment of the probability distribution P¢ from which the transverse
field strengths are drawn; large v corresponds to strong disorder whilst small

~ corresponds to weak disorder.

3.2.1 Deriving the Gaussian identity

This brief technical section proves the Gaussian integral identity of equa-
tion (3.18) that was used in the derivation of the master equation (3.19).
We begin our proof by defining the Gaussian integral

_ / G, 8,)AG (¢, &,)dz, (3.20)

The relation e=? |Z) = |z + \) allows us to rewrite G(£,Z,) as

Tl 6—izj 05 85rDjr |Gr>
J (Zr |€_1U%§jrpjr Gjr2>
(ws) V4 (@5 | [ €7/ |T + 03¢, ) dT (3.21)
(rs) VA (| ] e )
(

—1/4 —(r jir—07 2¢:.)2 )25
i 7TS) / J j

G ®,) =

£l

I
— — ==

Sl

which in turn allows us to rewrite the Gaussian integral as

I(A) = / e~ 2 @ir= i 8 /2 Ao ¥y @ir=oiEir)?/28 <H dx]r) (3.22)
We expand the exponentials as infinite sums to obtain

'S dz ;. e—Zj(ijz'r)/s
LA = 0 ) (T %) Somtmerr
% (5, 280005 = (6r07)) " 4 (323)
B
X (Zg 2i’jr£jr0'; — (fjrajy)

Working through this integral term by term allows us to conclude that

L= A T | . 4))+0( ) 324

as claimed.
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3.3 Correlation functions

In order to calculate the dynamics of our fluctuating disorder model we apply
the Jordan-Wigner transform (as we did for our static disorder model); this
transforms the system Hamiltonian into

H(E ) = (alajir +aly0; + & (t)ala; ) (3.25)

j
where the sum is over a finite ring or an infinite chain. If the sum is over
a finite ring consisting of NV sites we impose periodic boundary conditions by
identifying site N + 1 with site 1: |N 4+ 1) = |1) and {n11(t) = & (¢). Applying
Jordan-Wigner to the master equation (3.19) results in
d .
5P(t) = —ilHo, p(t)] = > ldjay, [aja;, p(t)] (3.26)
j
where Hy = ) (a}ajﬂ + a} +1a;) is the intrinsic Hamiltonian and v quantifies
the strength of the disorder.
Now, we are interested in the propagation of information through this
system and (as the particles are the mediators of information propagation) one
way of studying this is to find the probability amplitude for a single particle

to propagate from site k to site 7 when the system evolves freely for a time ¢
cin(&,1) = (Q a;U (€, t)af ) (3.27)

We call such a quantity a correlation function and we also define an ensemble

averaged correlation function
cin(t) = Ee (€, t) (3.28)

Noting that the vacuum |€2) is an eigenstate of the Hamiltonian (3.25) with
eigenvalue zero (and it is therefore an eigenstate of the propagator U (&, t) with

eigenvalue one) enables us to rewrite the correlation functions as

cin(t) = Ee (Q]a;(& t)af |) (3.29)
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where a;(&,t) = UT(&,t)a;U(&,t) is the annihilation operator in the Heisenberg
picture. We define the ensemble averaged annihilation operator in the Heisen-
berg picture to be a;(t) = E¢ a;(£,t), which allows us to simplify the expression
for the ensemble averaged correlation function: ¢;;(t) = (| a;(t)al. |Q).

In chapter 2 we used a Bogoliubov transformation to calculate a(t) in
terms of the correlation functions which, courtesy of Anderson localisation,
we were able to bound. With the fluctuating disorder model studied here we
have no way of bounding the correlation functions directly and so we follow

an alternative route making use of the master equation (3.26). To do this we

define
d () = (a;(t)), = tr (a;p(t)) (3.30)

Using the master equation we are able to form a differential equation for dgp ) (t)

240 (1) = tr (ap(0) = i3, tr (p(0) { afaris +al0.] )
—y > tr (p(t) ala,, [aia,«, ajH) (3.31)
= =i (d(t) + dPy (1)) = 1d? (1)

where we have used the cyclic rule of trace (tr ABC = tr BC'A) several times.
Since equation (3.31) holds for all choices of p we infer that a similar equation

holds for the ensemble averaged annihilation operator

d ,
4 (t) = —i(an(t) +aj-1(t) —745(t) (3.32)
By defining the vector a(t) = (a;(t)) we rewrite the above equation as a vector

differential equation

d

—a

dt
where [ is the identity matrix and R = ). (|7) ( + 1| + |j + 1) (j]) is the ma-

(t) = (—iR — vDa(t) (3.33)

trix corresponding to the intrinsic Hamiltonian H, after the Jordan-Wigner
transformation has been applied. The vector differential equation (3.32) has

solution

a(t) = e D (0) = e el a(0) (3.34)
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whose component form is
a;(t)y=e" Z (| e "B |K) ay, (3.35)
k

Substituting this solution into equation (3.29) yields an expression for the
ensemble averaged correlation function, namely
enl®) = e Y (ile ™ ) (Qlaval 1) = e (Gl k) (3.36)

We leave the analysis of this result to section 3.5.1.

3.4 Ensemble variances

The ensemble averaged correlation functions of the previous section define
the average-case dynamics of our system, but one must be careful with their
interpretation: it may be tempting to assume that the dynamics of our model
are always close to the averaged dynamics, but this may not be the case.
One must remember that c;(t) is an ensemble average over the disorder-
dependent correlation functions ¢, (&, t). It is therefore perfectly possible that
some realisations of the disorder will lead to dynamics which stray significantly
from those represented by the ensemble averaged correlation functions and in
section 3.5.2 we will see that this is indeed the case for our model.

In order to quantify how far the dynamics may stray from the average-
case dynamics, we must look at the difference between the ensemble aver-
aged correlation functions and the disorder-dependent correlation functions,

lcji(t) — ¢i(§,t)]. We do this by studying ensemble variances
vik(t) = Vare cju(§,t) = Ee (8, )" — [Ee ¢, 1) (3.37)

Clearly the second term on the right hand side of equation (3.37) is just the
square of the ensemble averaged correlation function which we have already

found, so we now move on to study the first term which we do by introducing
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a new quantity
wijk(t) = Be ¢, 1)cp (&, 1) (3.38)

where ¢* denotes the complex conjugate of ¢. Whilst we are only interested in
the quantities w;; (), the dynamics of our system couples these quantities to

quantities such as wy;(t) with [ # j. We note that wy;,(t) can be written as
wigk(t) = Be tr (myme(§, 1)) = tr (mme(t)) (3.39)

where 7, = a} Q) (Q| ax is a projector, m(€,t) = U(E,)mpUT(E,t) is the
disorder-dependent time-evolved projector and ;i (t) = E¢ m;x(€,t) is an en-
semble averaged projector. We use the master equation (3.26) to form a dif-

ferential equation for wy;(t)

d

k() = = 1 (Wigea(t) +wigork(t) — Wi ge(t) — wieige(t)) (3.40)
— 27 (wijk(t) — djw;k(t))

which we cast into a matrix equation by defining the matrices
Wi(t) =Y wis(t) 1) (] (3.41)
g,

Having defined these matrices we see that equation (3.40) becomes

%Wk(t) =1 [R,Wi(t)] — vD (Wi(t)) (3.42)

where D(M) = 2(M — diag(M)) is a dissipative operator which takes a general
operator M and sets its diagonal entries to zero. The initial conditions of this
equation are Wy (0) = m (that is, W (0) is a matrix with all entries equal to
zero excepting a 1 in the kth position on the diagonal).

Note that the matrix differential equation (3.42) is essentially the same as
the master equation (3.26) for which there appears to be no analytic solution.
(If there was an analytic solution we would solve for p(t) directly and the

correlation functions would be redundant.)
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As we do not have an analytic solution for the master equation, we now
present a method of bounding the diagonal elements of Wj(¢), and therefore
the ensemble variance correlation functions wj;x(t) that we are trying to cal-
culate. This method only works for the infinite chain (some steps are not valid
for finite rings) and for this reason we restrict ourselves to working with an
infinite chain for the remainder of this chapter.

We begin by defining the squared position operator

o0

? = ,Z 7219) (3.43)
whose expectation is
(#2)(1) = r (#%p(1)) = tr (#(1)p(0)) (3.44)

where #2(t) = E¢ UT(&,t)22U (&, 1) is the ensemble average of the squared posi-
tion operator in the Heisenberg picture. By repeating the steps used to derive

the master equation, we find that #2(¢) obeys

d

Ei%) =1 [R,3*(t)] — D (2%(t)) (3.45)
This is essentially the same as equation (3.42) which is satisfied by the variance
matrices Wy(t). In order to find bounds on the corresponding dynamics we

must first define another set of matrices

o0

ne= Y (513 G+ Bl + (=1)%5* 15 + B) (i) (3.46)

j=—00
(Observe that ) = 2I and 79 = 22*.) We now prove a small lemma which tells
us that the dynamics we are interested in are spanned by just five of these 1°

matrices.

Lemma 2. The dynamics generated by equation (3.45) acting on the set
E={2%1,n{,ni,n2} is closed. That is

[R,n] €& and D(n)eé& foralln e & (3.47)
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Proof. 1t is a simple matter to explicitly calculate the following

[R.2°] = 2m +mn5 D(#*) = 0
[R,I] =0 D) =0
Ronl] = 0 D(ny) = 2 (3.48)
[R,m] = mg—2I D(m) = 2n
[R.ng] = 0 D(my) = 2
which completes the proof. O

Note that this lemma does not hold for finite rings and it is for this reason
that we are now restricted to working with infinite chains.
Since the dynamics we are interested in are spanned by the set £, we define

the following linear combination of the members of this set

N(t) = co(t)2” + cr(t)] + co(t)ng + cr(t)m + 5 (t)ng (3.49)

Noting that 7(t) obeys a master equation similar to (3.45) we find that the

coefficients obey the simultaneous differential equations

c.(t) 00 O 0 0 cx(t)

s | e 00 0 -2 0 cr()

Zld® |=] 0 -2y 0 o0 ch(t) (3.50)
ci(t) 200 0 =2y 0 ci(t)
cA(t) 00 O i =2y c2(t)

We are interested in finding #2(¢) so we use the initial conditions 7(0) = 22

as this allows us to write n(t) = 2%(t). Before solving this system of coupled
differential equations we recall that (in order to calculate the ensemble variance
correlation functions) our aim is to calculate (2?)(¢) with initial condition
p(0) = |k) (k|, which allows us to write

@)(t) = tr(@@) k) (k)

= ca(t) (k[ 22 [k) + er() (K| T [K) (3.51)
= k26$(t)+01<t)

We see, therefore, that we only need the partial solution of equation (3.50)

which calculates ¢, (t) and ¢;(t); this is given in the following lemma.
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Lemma 3. The partial solution to equation (3.50) that we require is

L2t et

c(t) =1 cr(t) S v

(3.52)

Proof. From equation (3.50) we see that the coefficient ¢, (¢) does not evolve
in time (4c,(t) =0) and so it is constant: c,(t) = ¢,(0) = 1. We also see

that the coefficients ¢} () and ¢;(t) evolve in time according to the differential

equations

%c}(t) = 2ic,(t) — 2yel(t)  and %cf(t) = —2ic(t) (3.53)
whose solutions are

Ct) = %(1 e ™) and  et) = % + %(62“ ) (354)

O

Combining equation (3.51) and the result of lemma 3 allows us to explicitly

calculate (22)(t) according to the initial condition p(0) = |0) (0|

2t et -1
() = = + ———— = f(t 3.55
(@) = = " (t) (3.55)
We are now in a position to bound the diagonal elements of p(t) (with

initial condition p(0) = |0) (0|) and to do so we rewrite (2%)(t) as
(@*)(t) = tr (p(t)i*) = ZJ'Q {l o) 17) (3.56)

This allows us to bound the diagonal elements of p(t) by (j|p(t)|j) < %
for j # 0. Combining this with the trivial bound (j| p(¢)|7) <1 we have
(J] p(t) |7) < min {1, %)} for j # 0 and p(0) =]0) (0]. Translational invari-
ance of the infinite chain allows us to claim a similar bound for all initial

conditions of the form p(0) = |k) (k|

<j|p<t>|j>smn{1,%} for p(0) = k) (] and j £k (3.57)
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We are now in a position to state a bound on the ensemble variances of the

disorder-dependent correlation functions for the infinite chain. Recall that
ui(t) = Varg (&, 1) = wign(t) — (eu(t)” < wyjn(t) (3.58)

Furthermore, ¢jx(t) — 0 as ¢ — oo and so this bound becomes tight in the
large time limit. Since wj;i(t) is the jth diagonal element of the matrix W ()
which has initial condition W (0) = |k) (k| we can apply the result (3.57) to

bound the ensemble variances of the correlation functions

vjk(t) < min {1, |jf_(t])€|2} (3.59)

where f(t) (defined in (3.55)) is asymptotically equivalent to 2t/ for large t.
Furthermore, f(t) < 2t/~ for all ¢.

This is the main result of this section: it tells us how far the dynamics of
our system can stray from the average-case dynamics found in the previous

section. We analyse this bound and its consequences in section 3.5.2.

3.5 Analysis of results

In this section we analyse the consequences of both the ensemble averaged cor-
relation functions (section 3.5.1) and the ensemble variance correlation func-

tions (section 3.5.2).

3.5.1 Analysis of ensemble averaged correlation
functions

Recall that in section 3.3 we calculated the ensemble averaged correlation
functions to be
cir(t) = e (e |k) (3.60)

(see equation (3.36)). The unitary matrix e~ corresponds to free evolution
of the system when no disorder is present and this would allow ¢, () to become

significantly non-zero after a time proportional to the distance |j — k| were it
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not for the exponentially decaying term e~ which exponentially suppresses
all correlations. In this section we will show that the only correlation functions
which are appreciably non-zero are those for which both |j — k| and ¢ are small
which essentially means that, on average, fermions can hop (and information
can propagate) by at most a small number of sites along the chain.

We now analyse the expression (3.60) for the ensemble averaged correlation
functions in detail and make the above statements precise.

Since e~ is a unitary matrix there is the trivial bound | (j| e |k) | < 1
(for all j, k and t) which implies that |c;(¢)| is exponentially small for large
t. More precisely, for t > t. =log(1)/y we may bound |cx(t)] < e and so
by picking € to be suitably small we may say that the ensemble averaged
probability amplitude for a fermion to hop from site j to site k£ is negligible
for t > t..

Having shown that the ensemble averaged correlation functions ¢ () are

negligible for large times ¢t > t. we now analyse the behaviour at small times

t < t.. To do this we bound

= (| (iRt |k
Z(J\( )" k)

o [[R]I[]
i <> (3.61)

(e k)] =

=0

Stirling’s approximation n! = v/2nx (ﬂ)n (1 + 0O (%)) gives rise to a lower

e

bound on factorials
n!l > V2nm <E>n for n>1 (3.62)
e

which in turn gives rise to the upper bound

|RI'[t 1 (€||R\||ﬂ>l
< 3.63
il T V2w l ( )

The right hand side of this inequality is small for large [ and furthermore the

semi-infinite sum (from [ = m to oco) over such terms is negligible (smaller

than €) for m > tk, for some constant k..
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We now define

Qma)e%m-—Ej(_ﬁﬁ)ch%R” (3.64)

1=0 l=m

and we see (courtesy of equation 3.63) that ||@,,(t)|| < € is negligible when
m > tk.. By noting the tri-diagonal form of R (which has 1s on the sub-
diagonals and 0Os elsewhere) we see that R™ is m-banded (that is, (j| R™ [k) =0

for |7 — k| > m) and so
(Gl Qut) [k) = (jle™™ k) for |j— k| >m (3.65)

Hence we see that if [j — k| > ¢k, then |c;x(t)] is negligible.
We have now shown that |c;x(t)| is negligible if either

o t>t = log(%)/fy
e |j — k| >tk for some constant k.

Equivalently |c;; ()| is non-negligible only when |j — k| < kt. and so a fermion
can, on average, hop by at most k.t. sites. This can be restated in an infor-
mation theoretic manner as “non-negligible amounts of information can prop-
agate, on average, by at most k.t. sites”.

Note that the second bullet point is essentially the original Lieb-Robinson
bound: information can propagate by a distance proportional to the time
elapsed. Our contribution is to add in the first bullet point for this noise
model, which is in essence a cut-off point beyond which no non-negligible

amount of information can, on average, propagate.

3.5.2 Analysis of ensemble variance correlation
functions

Recall that in section 3.4 we calculated an upper bound (equation (3.59)) on

the ensemble variances of the disorder-dependent correlation functions

f(t) } 2t et -1
- where ) = —+ ————
J = k[? 7 gl 72

v;(t) < min {1, (3.66)
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This bound tells us that for small times ¢t < ~y|j — k|*>/2 the ensemble vari-
ances v;x(t) are small and so no realisation of disorder is likely to lead to
dynamics which are significantly different from the average-case dynamics rep-
resented by cjx(t). However for large times it is possible that the variances
vji(t) are large and so the actual dynamics may be very different from the
averaged dynamics.

Recalling that (j|p(t)|j) (with initial condition p(0) = |k) (k|) satisfies
the same bound as v;i(t), we see that a particle placed on site k at time
t = 0 has a low probability of diffusing through the lattice to a site j with
l7 — k| > \/m In other words we have a probabilistic light cone whose ra-
dius grows in proportion to the square root of the time elapsed, which means
that one must wait for a time proportional to the square of the distance |j — k|
before there can be a high probability of a particle diffusing from site k to j.

To make the above statement about a light cone more precise we employ
Chebyshev’s inequality which states that for a random variable X with mean
i and finite variance o2 and for any positive real number &
L

P(X — pl > no) <

(3.67)

Choosing k to be the constant of proportionality for the radius of the square-
root light cone and identifying X = ¢ (&, ), u = ¢;i(t) and 02 = v;,(t) we are
able to say that a particle placed initially on site k£ remains within this light
cone with probability greater than (1 - H%)

Recall that for a one-dimensional classical random walk with equal prob-
abilities of stepping left and right, the expected distance from the starting
point after N steps of the random walk is of order v/N. That is, with high
probability the particle is positioned within a light cone whose radius grows
in proportion to the square root of the number of steps taken (or the time
elapsed). This is exactly what we have observed for the fluctuating disorder

model in this chapter and we may therefore conclude that in some sense the
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noise in our system reduces the quantum mechanical behaviour of our model

into classical random walk dynamics.

3.6 Discussion

To summarise the results of this chapter, we have found that information can
propagate (on average) by at most a constant number of sites before it is lost
in the noise of the system. However this is not so much a real physical effect
but rather an effect of the ensemble averaging process we used. In reality, for
a typical realisation of the disorder, information can propagate within a light
cone whose radius grows in proportion to the square root of the time elapsed.
There is a certain amount of similarity here with a classical random walk.

In contrast to the static disorder model of chapter 2 where the localisation
was due to Anderson localisation, the localisation in this model is due to the fi-
nite strength quantum Zeno effect [101, 102, 103] caused by the on-site disorder
which effectively performs continuous non-selective quantum measurements on
the system.

Note that the correlation function ¢;x(t) in chapter 2 is really a disorder-
dependent correlation function which we denote by ¢ (£, t) in this chapter. In
chapter 2 we did not average over the noise but simply said that with very high
probability (exponentially close to 1) Anderson localisation occurs, which gives
the bound |cj;(t)| < cce_‘j_’d(. Comparing this with the ensemble averaged
correlation function found in this chapter, namely c;(t) = e (j| e "% |k),
reveals that the dynamics of the two models differ significantly: for static noise
the correlations are exponentially localised for all time, whereas for dynamic
disorder the correlations are (on average) exponentially suppressed with time
(although it is important to remember that this is a factor of the averaging
process and not a real phenomenon).

In chapter 2 we calculated a Lieb-Robinson bound for the static disorder

65



model. A Lieb-Robinson bound is a general tool which describes the evolution
of arbitrary operators in the Heisenberg picture, in contrast to correlation
functions which calculate the dynamics of single excitations in the system. It
would therefore be nice to calculate a Lieb-Robinson bound for the model of
dynamic disorder studied in this chapter, but unfortunately if we attempt to
calculate one using the same technique as that used in chapter 2 we run into
problems: the derivation requires us to find the the ensemble average of a
product of two disorder-dependent operators (for example, al (&,t)am,41(€,1)).
Unfortunately we are unable to do this as we would need to solve an equation
similar to the variance equation (which we don’t know how to do). The solution
used in this chapter (to bound the ensemble variances v, (t)) would be of no
help as it only bounds the diagonal elements whereas we would require bounds
on the off-diagonal elements too.

Neither can we calculate a Lieb-Robinson bound directly using the method
in chapter 4 as the calculations there rely on a symmetry (namely that the
on-site disorder can point in any direction) which is not present in this model
(where the on-site disorder is fixed in direction).

In conclusion, although a Lieb-Robinson bound for this model is very de-
sirable, we have been unable to provide one and must instead rely on ensemble
averages and ensemble variances of disorder-dependent correlation functions

to describe the dynamics of the model.
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Chapter 4

Dynamic disorder: fluctuating
field directions

In the previous chapter we studied a noisy spin chain model where the on-
site disorder fluctuated in strength but was fixed in the z-direction. In this
chapter we study a similar model where both the strength and direction of
the on-site disorder are free to fluctuate. The intrinsic Hamiltonian is an
arbitrary nearest-neighbour Hamiltonian, in contrast with the previous two
chapters where it was restricted to being the X X-model Hamiltonian. The
additional symmetry present in this model (which was lacking in the previous
dynamic disorder model due to the fixed field direction) allows us to once
again calculate a Lieb-Robinson bound for the system.

This chapter is organised as follows. After describing the model (§ 4.1) we
explain how to generalise the derivation of the master equation in chapter 3
to the model studied in this chapter, which allows us to form a differential
equation for the Lieb-Robinson commutators (§ 4.2). We solve this differential
equation to give a Lieb-Robinson bound (§ 4.3) which we analyse in detail

(§ 4.4) and we finish with a short discussion (§ 4.5).
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Figure 4.1: A spin chain with on-site disorder which fluctuates in both strength
and direction: the disorder strengths &;(t) = (£7(t),£¥(t),&;(t)) have compo-
nents £(t) which fluctuate in time independently in each direction on each
site.

4.1 The dynamic disorder model with fluctu-
ating field direction

The model studied in this chapter is that of a qubit spin chain of length N
whose intrinsic Hamiltonian H, consists of arbitrary nearest-neighbour inter-
actions. Whilst it could be the X X-model Hamiltonian studied in chapters 2
and 3 it could also be any other nearest-neighbour Hamiltonian with finite
norm || Hy|| < co. The on-site disorder is free to fluctuate in both strength and
direction independently on each site (see figure 4.1). In particular we model
this noise by allowing the on-site disorder strengths to fluctuate independently
in each of the three cardinal directions (z, y and z) with corresponding com-
ponents ££(t) (o € {z,y,z}). As with the fluctuating noise of chapter 3, at
each instant in time the field strengths f;‘(t) are independent, identically dis-
tributed random variables which are drawn from a probability distribution P
which has a finite second moment.

The system Hamiltonian for this model is therefore

=Ho+» Y &ty (4.1)

J=1 ac{z,y,z}
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4.2 A differential equation for the
Lieb-Robinson commutator

In this chapter we will calculate a Lieb-Robinson bound, which is an upper

bound on the Lieb-Robinson commutator (see equation (1.17))

Cott) = sup LB w2

where B(t) = E¢ UT(£,t)BU(&,t) is an ensemble average over all possible re-
alisations of the operator B in the Heisenberg picture and the norm || - || is
the operator norm. We begin by calculating a Lieb-Robinson bound with the
restriction that A has support only on site n and for this reason we relabel A

to A, and define a corresponding Lieb-Robinson commutator

A,. B
Cp(n,t) =supCy p(n,t) where Cyp(n,t)= W
An n

(4.3)
Once we have proved a bound on these Lieb-Robinson commutators, we will
extend the result to a general Lieb-Robinson bound for arbitrary operators A
(see section 4.3).

We begin by generalising the derivation of the master equation (3.19) of
chapter 3, which we do by increasing the number of meters for each mea-
surement site j at each time interval ¢, from one to three: one for each of
the three cardinal directions (x, y and z). These meters now have canoni-
cal variables z§, and pj,. which satisfy the canonical commutation relations

Z5,, ﬁfs] = 10;10,50q3. Following precisely the same steps as in chapter 3 leads

to a master equation for the model we are studying in this chapter

Loty = =il -2Y. S o] @

J=1 ae{z,y,z}
The remainder of this section shows how to use this master equation to form
a differential equation for the Lieb-Robinson commutators of equation (4.3).
In the next section we solve this differential equation to obtain a bound on the

commutators, which is then generalised to give a full Lieb-Robinson bound.
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As B(t) is the ensemble average of the operator B in the Heisenberg picture,

it obeys an equation similar to the master equation, namely

d

S B(#) = i[Ho, B(t)] = F(B(t)) (4.5)

where we have written the dissipation term as
F(B)=) Fi(B) where  Fi(B)= » [o7.[0}.B]]  (46)
j=1 ac{z,y,z}

In order to form a differential equation for Cz(n,t) we first use a Taylor

expansion to calculate

[Anl[Cap(n,t +e€) = |[[[An, B(t) + ie[Ho, B(t)] — ey F(B(t))] + O(e?)

IN

(1= 8eyN)||[An, B(t) + ie[Ho, B)]]]
+eyll[An, 8N B(t) — F(B(1))]]| + O(€?) -

where € is chosen to be small enough so that 1 — 8eyN > 0 (later on we will
take the limit ¢ — 0 and so this condition will be automatically satisfied).
We can rewrite the first term on the right-hand-side of equation (4.7) as

I[An, B(t) + ie[Ho, BRIl = [|[An, e B(t)e™" ] + O(?) |

I

et A,eicto, B(o)] + O(e2)]

I[An — i€[Ho, An], B(t)] + O(e?)|

[An]|Ca,5(n,t) + €[l [Ho, Au), B)]]| + O(€?)
(4.8)

where we have used unitary invariance of the operator norm and made re-
peated use of Taylor expansions. To deal with the double commutator term
in equation (4.8) we make use of the trivial bound ||[Ho, An]|| < 2||Hol||| Ax||

which allows us to rewrite
[Ho, A} = 2[[Ho| | An][V - with  |[V] <1 (4.9)
Since H( consists only of nearest-neighbour interactions we may write V' as

V= Z < B o ol +vaﬁ0;‘a£+1> (4.10)
a,fe{x,y,z,0}
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where |v2?| < ||[V|] < 1, which allows us to bound

Iv.s@l < > (elillon ol B+ g losol,, Bel)
a7/3€{x7y7z70}

(4.11)
Using this and the commutator identity [AB,C] = A[B,C] + [4, C|B allows

us to calculate a bound on the double commutator term, namely

[[1Ho,An). B®))| 2||Hol|[|[V, B@®)]|

TAn] - (4.12)

Having expressed the first term on the right hand side of equation (4.7) in
terms of the Lieb-Robinson commutators C4 g(n,t) and Cp(n,t) we now do
the same for the second term. We begin by noting the effect of the dissipation

operators Fj on the Pauli matrices

Filog) = Sopof fora € {,y,2)

Q.QQ

Fe(a)) = 0 where 0¥ =1 (4.13)
We now restrict B(t) to be of a tensor product form
Ba=0"® - Q@03 (4.14)

and later on we will extend to general B(t) by linearity. It is straightforward
to use equation (4.13) to find the effect of the dissipation operators on By,

which in turn allows us to calculate the following

8Bo— FilBa) = 8Ba— (@05 & Fulof)

_Jo if o # I (4.15)
8By  ifo™ =1,

It is a simple matter to verify the following Pauli matrix identities

a B o _
D ael0.y,7) TkOkOk = 0 for § # 0 (4.16)
ae{0,z,y,2} 0p0R0K = 4]Ik

which allow us to re-express

8Ba — Fi(Ba) = Y 20.Ba0j (4.17)
66{07‘1’7:’!72}
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Finally we observe that
[An, > 0lBacll] =0 (4.18)
66{07r?y7z}
which allows us to calculate an upper bound on the second term of the right-
hand-side of equation (4.7) (with the restriction that B(t) = B, has tensor

product form)

eY||[An, 8NBo — F(B)Il < ey I[An, 8Ba — -’rk(Ba)]Hﬁ 5
S 267 Zk;ﬁn Zﬁe{o,x,y,z} || [An’ Ok Baak] ||
= 8ey(N — D[|An[|Ca o (n,1)
(4.19)
(we have used: ||[An, 0f Baol]|l = |[of Anoy, Balll = I[An, Ba|| when k # n).
We now extend this result to general B(t) by linearity
B(t) =) ca(t)Ba (4.20)
It is straightforward to check that
8B—TFiu(B)=...=> calt) Y  20/Bacy (4.21)
o ﬁe{07$7y7'2}

which allows us to bound the second term on the right-hand-side of equa-

tion (4.7)
eYl[[An, SN B(t) — F(B))I| < 8ey(N — 1)[[An[|Can(n,t) (4.22)

In summary, we have now bounded both terms on the right-hand-side of

equation (4.7), which can therefore be rewritten as

Cap(n,t+e) < 32||Holle(2Cp(n,t) +Cg(n—1,t) + Cp(n+ 1,1))
+(1 — 8ey)Cap(n,t) + O(e*)
(4.23)

This expression holds for all A and in particular it holds for fl, which is
defined by the equality Cp(n,t) = Cj z(n,t). This allows us to bound the

Lieb-Robinson commutator

Cp(n,t+¢€) < (1—8e(y—8||Holl)) Cr(n,t)

+32||Hol| (Cp(n — 1,t) + Cp(n+1,t)) + O(€?) (4.24)
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Finally we arrive at a bound on the time derivative of the Lieb-Robinson

commutator Cg(n,t)

%Cg(n,t) = lim. CB(”’HEZ*CB(n,t)

(4.25)

IN

—8(7 =8 Ho||)Cp(n, 1)
+32||Ho|| (Cp(n — 1,t) + Cp(n + 1,t))

This is the main result of this section.

4.3 A Lieb-Robinson bound for dynamic
disorder

In this section we use the bound on the time derivative of the Lieb-Robinson
commutator (equation (4.25) of the previous section) to find a Lieb-Robinson
bound for single-site operators, A,. We then generalise this result to arbitrary
operators A, giving a fully general Lieb-Robinson bound for this noise model.

We begin by recasting equation (4.25) into a vector inequality by defining

Cp(1,1)
Cp(t) = : (4.26)

which allows us to rewrite equation (4.25) as

SOl < (80— S| BT + 32 Ho ) Culr) (427

where the inequality is to be understood component-wise, I is the N x N
identity matrix and R = Zjvz_ll (17) (G + 1]+ |7 + 1) (j|) as in chapter 3.

This differential inequality has solution
Cp(t) < 6—8(7—8\\Ho||)t632||HoHRtCB(0) (4.28)

which is the vector form of the Lieb-Robinson bound (for single-site operators
A,,) applicable to the fluctuating disorder model studied in this chapter.
To extract the component form of this bound, we must analyse the struc-

32|\ Ho| Rt

ture of the matrix exponential e Noting that each matrix element of
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the matrix e”! is upper bounded by ell?lt and defining E to be the matrix with
every entry equal to unity (that is, (j| £'|k) =1 for all j and k) we re-write

the above Lieb-Robinson bound as
Cp(t) < e 808lIHDE 321 HlIEI B b (0) (4.29)
whose components are
Cp(n,t) < e~ 8(y=8l[Hol)t ;32| Holll| Bl (4.30)

where C' is the constant

C'=> Cp(j0) (4.31)

Whilst a more careful analysis of the matrix e32IHoll#

might lead to a
smaller value of C' this would only improve the bound by a constant factor
and would not affect the generic form of the bound. For this reason we do not

32||HollRt here.

perform a more detailed analysis of e
We now show how to generalise this result for single-site operators A, to
arbitrary operators A with support on M contiguous sites nq,...,ny. To do

this, we expand A in the Pauli basis

A= )" ooyt ® RO (4.32)

nm

which allows us to bound the commutator

IABOI < D aayanl || [05 @+ @ 052, B#)]|] (4.33)
Q1.0
€{0,z,y,2}

In section 4.2 we used the commutator identity [AB,C] = A[B,C| + [4, C|B;

this can be applied iteratively to give a more general version, namely

[Ay--- Ay, B] = i (j_l Ak> A, B] <Aﬁ1 Ak> (4.34)

j=1 \k= k=j+1

where (for notational convenience) we have introduced Ay = Apr41 = L

74



Noting that |aa, . a, | < ||A||, applying the above commutator identity and

recalling that [|o/|| = 1 allows us to calculate
M M
la Bl < > 141y |[[on. BO)| < 141 Colng.t) (4.35)
Q1 5eee, QUL j=1 Jj=1
€{0,z,y,2}

Finally we are in a position to calculate a general Lieb-Robinson bound

for the noise model of this chapter with arbitrary operators A and B, namely
Cp(t) < e~ 8(y=8lHoll)t ,32[| Holll| Rll¢ v (4.36)

where

C' = M4AM " Cp(),0) (4.37)

Note that this has the same form as the Lieb-Robinson bound (4.30) for single-
site operators A,, excepting a constant multiplicative term which is exponential
in the size of the support of the operator A. It is worth noting that if we
have specific knowledge about the structure of the operator A, we may be
able to dramatically reduce the number of terms in the expansion (4.32) and

consequently reduce the size of the constant M4 in the Lieb-Robinson bound.

4.4 Analysis of the new Lieb-Robinson bound

We now perform a detailed analysis of the general Lieb-Robinson bound (4.36)
for the fluctuating disorder model studied in this chapter.

We see that the bound is decaying in time if v > (8 + 4||R||)||Ho||; con-
versely, if v < (8 4+ 4||R||)||Ho|| our bound is exponentially growing in time
and is a useless bound: the original Lieb-Robinson bound is far superior to
ours in this regime. We have therefore identified a potential noise threshold:
if the noise level 7 is below the threshold (8 + 4| R||)||Ho|| then our bound di-
verges and we are limited only by the ballistic transport of quantum states (and

hence quantum information) identified in the original Lieb-Robinson bound;
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however if the noise level is above the threshold then the dynamics are more
localised.

We now analyse the localisation of the dynamics in the noisy regime
(v > (8 4+ 4||R||)||Hol|). Assuming the support of A is initially disjoint with
the support of B then Cp(0) = 0. For small times (when the exponentially

32(Holl Bt canses the sup-

decaying term is still fairly close to unity) the matrix e
port of B(t) to grow at a rate limited by the linear light cone of the original
Lieb-Robinson bound. In other words, Cz(0) is negligibly small if the distance
between the supports of A and B is greater than O(t). However at larger times

8(=8lHol)* exponentially suppresses Cp(t), irrespective of

the decaying term e~
the distance between the supports of A and B. We note that information can
propagate from the region supporting A to to the region supporting B in time
t only if the Lieb-Robinson commutator C(t) is non-negligible. This means
that information can (on average) spread by at most a constant number of sites
along the chain before Cz(t) is exponentially suppressed and the information
is lost in the noise of the system.

We now rigorously analyse the Lieb-Robinson bound to make the above

statements more precise. We begin by restating the Lieb-Robinson bound as
Cp(t) < e Melic! (4.38)

where 4 = 8(y — 8||Ho||) and R = 32|/ Hy||R. This expression highlights the
similarity of this Lieb-Robinson bound to the expression (3.60) for the corre-
lation functions of chapter 3; for this reason the analysis below is very similar
to that performed in section 3.5.1.

Defining a new constant I' = 8y — 8(8 4 4[| R||)|| Ho|| allows us to rewrite
the Lieb-Robinson bound as

Cp(t) < e M (4.39)

(Note that as v > (8 + 4||R||)||Ho|| is above the noise threshold then I' > 0.)
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From this version of the bound it is clear that Cp(t) is negligible (that is
Cp(t) < €) for large times ¢ > £, where . = log(%/)/l“.

Having analysed the large time behaviour of the Lieb-Robinson bound we
now turn to the small time ¢ < ¢, behaviour. We define

SN (B
l=m

and use the same argument as in section 3.5.1 to see that ||Q,,(t)]| < € when
m > tk. where K. is a constant. Noting that R is tri-diagonal (as was R in

section 3.5.1) we see that
GlQu(t) k) = (jle™ k) for  [j—k|>m (4.41)

which tells us that e (and hence the right-hand-side of the Lieb-Robinson
bound) is negligible if |j — k| > t&..
In summary, we have shown that the right-hand-side of our Lieb-Robinson

bound is negligible if either
ot >t =log(%)/T
e |j — k| > tk. for some constant &,

Equivalently, the right-hand-side of the Lieb-Robinson bound is non-negligible
only when |j — k| < &t or in other words the support of B(t) can, on average,
grow by at most &, sites. (Strictly speaking the support of B can grow
more than this, however outside this range the support of B is exponentially
suppressed.) This can be restated in an information theoretic manner as “non-

negligible amounts of information can propagate, on average, by at most &.t.

sites”.

4.5 Discussion

To summarise the results of this chapter, we have identified a potential noise

threshold for our model of a spin chain experiencing on-site disorder which
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fluctuates in both strength and direction. If this threshold is real (and not
just a function of the way we calculated the bound), then it is similar to
a quantum-to-classical phase transition, where low noise levels allow us to
perform quantum computation but high noise levels prohibit this [104]. In the
high noise regime, we have found that information can propagate (on average)
by at most a constant number of sites before the information is lost in the
noise of the system.

There is a fundamental difference between the dynamic disorder model
studied in this chapter and that of chapter 3. In chapter 3 the noise model
preserves the number of excitations in the spin chain (allowing, for example,
the dual rail protocol discussed in section 1.2.2 to be used). However in the
model studied in this chapter the on-site disorder components in the z and
y directions create and destroy excitations. Therefore we can argue that any
initial excitation really is lost in the noise and (unlike in chapter 3) this is not
just a consequence of the averaging process but rather a real phenomenon.
Consequently any attempt by Alice and Bob to use this spin chain for com-
munication is going to run into problems: since excitations in the chain are
indistinguishable, if Bob detects an excitation he cannot know if it is the
excitation transmitted by Alice or an excitation created by the noise.

Note that (as with ensemble averaged correlation functions in chapter 3)
this bound does not provide the full picture about the dynamics due to the
ensemble averaging process we used to average over the noise. In order to
better understand the dynamics we need to estimate the difference between
the actual dynamics of B and the ensemble averaged dynamics. This would
require a bound on ||B(t) — B(,t)|| but we cannot calculate this directly as
we do not know the exact details of the noise (we only know the distribution
of the field strengths at each instant in time).

Note that due to the fundamental differences between the two dynamic

disorder models, we cannot simply assume that a square-root light cone exists
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as it did for the noise model of chapter 3. We conjecture that (due to the
creation and destruction of excitations in this model) this ensemble averaged
Lieb-Robinson bound represents a fairly truthful picture of the dynamics for
all realisations of the disorder: for high levels of noise (y > (8 4+ 4||R||)||Ho||)
the initial excitation will become completely lost in the noise of the system.
If this is true, then communication of a fidelity high enough to allow quantum
error correction is only possible for short times and consequently over short
distances.

To confirm or disprove this conjecture one could attempt a variance cal-
culation approach to finding ||B(t) — B(&,t)||, but it is not entirely clear how
one should do this. One might also be tempted to try and investigate further
by using correlation functions (as we did in chapter 3) but unfortunately this
does not work: |0) (or |Q) if we apply the Jordan-Wigner transformation) is
not an eigenstate of the Hamiltonian and so the method used to calculate the
correlation functions in chapter 3 will not work here.

We do not provide a solution to this problem, but merely comment that
further investigation is required if we are to fully understand the dynamics of

this model.
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Chapter 5

Spin chains as generalised
depolarising channels

Generalised depolarising channels are an interesting area of study in their own
right; furthermore, they are realistic models of noisy quantum channels and
they are experimentally realisable [68]. However they are particularly impor-
tant because any quantum channel ® can be transformed into a generalised
depolarising channel in the following manner.

The channel ® is used to transmit one half of a bipartite maximally entan-
gled state. The resultant state (which, generally speaking, will no longer be
maximally entangled) is then used by Alice and Bob to attempt quantum tele-
portation [105] of a quantum state p;, = |1) (¢)| with resultant output state
Pout- The map pi, — pour is a generalised depolarising channel [106].

This is particularly relevant to us if we use a spin chain communication
protocol as the quantum channel ® in the protocol described above; it is with
this focus on spin chains that we explain the protocol in more detail.

It is worth noting that antiferromagnetic qubit spin chains at finite tem-
perature can also be used to teleport or transfer the state of a qubit in a way
which results in depolarising channels [107], although we do not study this
here.

In this chapter, we first review the definition of a generalised depolarising

channel (§ 5.1). We then describe how arbitrary chains consisting of spins of
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dimension D can be used as generalised depolarising channels (§ 5.2); we focus
on excitation-preserving spin chains (§ 5.2.1) before giving a worked example
and some numerical simulations of qubit spin chains (§ 5.2.2). We finish by
showing that a generalisation of the noise model where the on-site disorder
fluctuates in both strength and direction can act as a generalised depolarising

channel (§ 5.3).

5.1 Recap of generalised depolarising
channels

We briefly recall the definition of generalised depolarising channels introduced
in section 1.4, but first we recall that the state of a qudit (a D-dimensional

quantum system) can be written as

p(t) (11+ Z = MTM )a (t)Ma> (5.1)

where My =1 and {M,}2°5" is a basis which is trace-free (tr(M,) =0 for
all  # 0) and trace-orthogonal (tr(M]Mgs) =0 for all a # 3). The vector
a = (ag,...,ap2_1) is called the polarisation vector and its components a,, the
polarisation coefficients. The normalisation in equation (5.1) is chosen so that
pure states have a polarisation vector of unit norm ||a|| := Zfi;l laa]? =1
and mixed states have a polarisation vector of norm strictly less than unity
lla|]| < 1. Recall that ap = 1 to ensure that p is normalised with unit trace.
A generalised depolarising channel ®,, (with respect to the basis {M,})
is defined to be a completely positive, trace-preserving map which maps a

quantum state p into

D,(p) ( Z o MTM )vaaaMa> (5.2)

where the vector v = (v, . .. ,sz_l) is the compression vector and its com-
ponents v, are the compression coefficients which satisfy |v,| <1 for all .

Recall that vy = 1 to ensure that ®,, is trace-preserving.
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5.2 Arbitrary spin chains as generalised depo-
larising channels

In this section we show in detail how arbitrary spin chains (whether noisy or
noise-free) consisting of D-dimensional qudits (spin 25+ particles) can be used
as generalised depolarising channels. In particular, this applies to the noisy
chains of qubits we studied in chapters 2, 3 and 4. By restricting to permuta-
tion Hamiltonians we are able to give an explicit formula for the compression
coefficients and we present some numerical simulations to illustrate this in the
case of qubits.

We begin by defining the Heisenberg-Weyl basis to be {Mjk}fk_:lo where
My, :== X7 Z* and where

D-1
X =) [/ (j+1(modD)| and  Z:=> W[5 (5.3)
=0 :
(w = €2™/P is the primitive Dth root of unity.)

The bipartite maximally entangled states of two qudits can be conveniently
expressed in terms of the Heisenberg-Weyl basis
| Dbl =,
|Prs) = (Mrs @ T) 75 Z_: 19,3 75 ; W |j —r,7) (5.4)

where |j, k) = |7) @ |k).

If Alice has a maximally entangled bipartite state |®,), she can retain one
half of this state (on a qudit labelled by 0) and place the other half of it on
the first site of a qudit spin chain of length N which has been initialised in
the state [0) = |0); ® --- ®|0) . If she does this then the state of the whole

system is

p(0)) = }Zw 5 = 1 ® 1)1 ® 0} (5.5)

where [0)57 = [0); ® - ®[0);_; ® [0}, ® -+ ® |0) 5 (and 0, k represents all

sites except sites 0 and k).
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If the Hamiltonian for the spin chain is H(t) then solving the Schrodinger
equation reveals that the propagator is U(t) = Te—ifo H)ds and so after free

evolution for a time ¢ the spin chain is in the state
[B(6) = —= S w1 =1 @ (U 1), @107 ) (5.6)

Tracing out all sites of the spin chain except for site N (Bob’s qudit) reveals

that Alice and Bob now share the entangled state

Xrs(t) = trg [ (1)) ($(1)] (5.7)

which, when expanded in full, can be written as

D—

Xrs(t) = Z U = 1)y Gk = rlg@trgy (U(0) 150, 1005 (K], (0l U7 (1))

(5.8)
It is known [106] that if we use x,s(t) to teleport the qudit p;, from Alice
to Bob then Bob obtains output state

ﬁrs—ztr Xrs(1) |Dpg) (@) (XT727) iy (X7727)] (5.9)

p,qg=0

which, due to the relation X®Z? = w®Z°X?, is a generalised depolarising chan-

nel with compression coefficients

(rs Z p(rs) w Pl where pl(fif)( )=(® pq| Xrs(t) |‘I)pq>
P,q=0

(5.10)
(One can check that pl.” are probabilities: 0 < pii) < 1 and Z D p o) = 1))

5.2.1 Excitation-preserving spin chains

We now apply the above results to spin chains whose Hamiltonians are per-
mutation Hamiltonians (which preserve the number and type of excitations);

this allows us to explicitly calculate the probabilities pl(fs).
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A simple permutation Hamiltonian

We first consider a simple nearest-neighbour Hamiltonian for a qudit spin

chain of length N

D-1
H= Z e where  Pii= Y (XTZ%), @ (w0XTTZ70)
r,s=0
(5.11)
Observe that the local interaction P; ;i1 acts on states as follows
Pijiila); ®[8),, = NIB), ® o), 4 where  a,5€{0,...,D—1}
(5.12)

This shows us that our Hamiltonian preserves the number and type of excita-

tions and is therefore a permutation Hamiltonian.
Generalised X X-Hamiltonian

We define the generalised X X -Hamiltonian to be

D-1D-1
H = ; hije1  where  hjjq = 2 z; (X72%); @ (W X727,
(5.13)
This time the local interaction h; ;. acts on states as
N|B); ® |a a#f
hjjwila); ®1B) ;0 = {O| )5 @ 10di o=p a,p€{0,...,D—1}
(5.14)

and we see that this Hamiltonian is also a permutation Hamiltonian.
General permutation Hamiltonians

If H is a general permutation Hamiltonian then an initial state of the spin

chain [j), ® |0)7 evolves in time to become
U(t) i) ®|0A*Zf(j) )k ©10) (5.15)

where f(])( t) are matrix elements of the propagator f(])( t) =l U®)]5),
which, due to the unitarity of the propagator, satisfy Zk 1 ]f(])( t)] = 1.
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This allows us to find an explicit expression for the entangled state shared

by Alice and Bob
(!—r 0) +Zw”sf(3) lj—r.J ) < —r, O|+Zw’ksf(k)* —r,k|)

1 bl
- (4)
3 (1l

J=1

Y- oG-

(5.16)
(This calculation is straight forward but somewhat lengthy.) Observe that
if f1(]1)v =1 for all j (which corresponds to perfect state transfer along the

spin chain) then x,s = |®,s) (P,| is a maximally entangled state as we would

expect.

The expression (5.16) allows us to calculate the probabilities pézs) explicitly

) o5,

Substituting this result into equation (5.10) completes an explicit expression

D-1 P
L+ w9 (5.17)
j=1

rSs 1 rT—
p}()q)_DQ (1_ rp (1_‘f( ?)

for the compression coefficients and demonstrates the exact manner in which
D-dimensional quantum spin chains can be used as D-dimensional generalised

depolarising channels.

5.2.2 Qubit spin chains

The expressions (5.16) and (5.17) are somewhat long and unwieldy, so in an

attempt to demonstrate the essence of what they show we consider an arbitrary

qubit spin chain and use this as a generalised qubit depolarising channel.
Suppose that Alice and Bob share the maximally entangled (Bell) state

| Do) = %. Then equation (5.16) reduces to

oo = (!00> J\r/gllﬂ) (<00| t/g <11I> N (1 —2|f|2) 10y (10]  (5.18)
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. . . 1 .
where, for notational convenience, we have written f := 1( ]2, Using equa-

tion (5.17) we find that the probabilities for this spin chain are

oy 11+ fP w0  I1—=fP o 1-1fF 0o 1-If
4 4

Poo = 1 Por = 4 Pio = 11 = (5-19>

which in turn allows us to use equation (5.10) to calculate the compression

coefficients of the generalised depolarising channel

W) = P +por i +pi = 1

v = ph e —ply —pit = |fP

W= D A = SRy
v’ = o —pot —plo) +pt) = L =Re(f)

We know (see section 1.4) that all single qubit generalised depolarising
channels lie within a certain tetrahedron in compression space. Numerical sim-
ulations of X X-model qubit spin chains give simple demonstrations of how the
resultant generalised depolarising channels evolve (and how their compression
vector wanders around the tetrahedron) as time progresses.

Figure 5.1 presents numerical simulations of the generalised depolarising
channels (whose compression coefficients are given by equation (5.20)) which
arise when Alice and Bob share the Bell state |®go) = % along a clean
(noise-free) X X-model qubit spin chain. The top row shows the evolution of
the generalised depolarising channel which arises from a chain of length N = 2
(which is known to allow perfect state transfer at certain times); the bottom
row depicts a similar scenario but with a chain of length N = 16.

Figure 5.2 presents numerical simulations of the generalised depolarising
channels which arise when Alice and Bob share the Bell state |®gy) along
a noisy X X-model qubit spin chain with static on-site disorder distributed
according to a Cauchy distribution of width ¢ (see chapter 2). The top row

shows the evolution of channels arising from low levels of disorder (that is, the

Cauchy distribution is narrow, 6 = 0.01); the middle row depicts moderate
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Figure 5.1: The generalised depolarising channels arising when Alice and Bob
attempt to share the Bell state |®gg) = w through clean (noise-free) X X-
model spin chains before using this resource to attempt quantum teleporta-
tion. The left-hand diagrams show the line in the tetrahedron along which
the generalised depolarising channels lie and the right-hand diagrams param-
eterise the evolution of the channels along this line. TOP ROW: a chain of
length N = 2 evolving for times 0 < ¢ < 10; BOTTOM ROW: a chain of length
N = 16 evolving for times 0 < ¢ < 50.
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0 =0.01

Figure 5.2: The generalised depolarising channels arising when Alice and Bob
attempt to share the Bell state |®gy) = % through noisy X X-model spin
chains (with Cauchy-distributed static on-site disorder) before using this re-
source to attempt quantum teleportation. All chains depicted are of length
N = 4 and evolution is shown for times 0 < ¢ < 10. TOP ROW: small disorder
(0 =0.01); MIDDLE ROW: moderate disorder (6 = 0.1); BOTTOM ROW: large

disorder (6 = 1.0).
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levels of disorder (§ = 0.1); and the bottom row depicts high levels of disorder
(0 =1.0).

As one might expect, low levels of disorder give rise to channels which
are close to the ones we obtain when the chain is noise-free, whilst moderate
disorder levels produce significant variation from the noise-free scenario. High
levels of disorder mean that Anderson localisation sets in (the localisation
length of the energy eigenstates is shorter than the length of the chain) which
results in Alice and Bob sharing minimal amounts of entanglement. This
gives rise to channels which are close to the completely depolarising channel
(which maps every input state to the completely mixed state). Note that for
longer chains Anderson localisation sets in at lower levels of disorder, d; this is
because the localisation length of the energy eigenstates (which scales as 1/4)

is shorter than the chain length N for all disorder levels greater than O(1/N).

5.3 Fluctuating noise as a generalised depo-
larising channel

In this section we show how a generalised version of the fluctuating on-site
disorder model acting on a single qudit acts on the state of that qudit as a
generalised depolarising channel.

Consider a single qudit experiencing on-site disorder which has one fluctu-
ating component for each direction o # 0. The field strengths £%(¢) are drawn
at each instant in time from probability distributions P, with finite second
moments. This is very similar to the noise model in chapter 4, but this time
we allow the field strengths to have a different distribution in each direction.

Working with this noise model, we can generalise the derivation of the
master equation given in chapter 3 by increasing the number of meters for each
time interval ¢, from one to (D? —1): one meter for each of the fluctuating

fields £*(¢) with o # 0. Following the same derivation as in chapter 3 (and
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remembering that the M, may not be hermitian) we arrive at the following

master equation which governs the average case evolution of the state p(t) of

our qudit
d D?-1
20(t) = —ilHo, p(t)] = 3 Yo (MaMap(t) + p(t) MM — 2Map(t)MY)
a=1

(5.21)
where Hy is the intrinsic Hamiltonian of the qudit and v, oc E(£%)? is propor-
tional to the second moment of the probability distribution P,. If the basis
{M,} is hermitian then the dissipative term in this master equation reduces
to the familiar double commutator of chapters 3 and 4.

We now restrict ourselves to working in a basis which is unitary, hermitian

and which satisfies
M,Mg = €5 MgM,  where 0,53 € R (5.22)

This allows us to rewrite the dissipative term of the master equation as
D%-1
2a—0 27a (p(t) = Map(t)Ma).
Assuming that the intrinsic Hamiltonian of the qudit is the identity Hy = 1,
we can use the master equation (5.21) and the expressions (5.1) and (5.22) to

write the time derivative of the state p(t) as

d D
“olt) = ( ﬁz Mfo’Va“‘e >a5<t>Mg> (5.23)

From this differential equation, we are able to read off the differential equations

satisfied by the polarisation coefficients as(t), namely

d D2-1 .
00 == 37 29a(1 = e*ay(t) (5.24)
a=1

which have solution

ag(t) = exp( 22% (1 — eas)t ) 3(0) (5.25)

a#0
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This allows us to conclude that the fluctuating on-site disorder acts as a gen-
eralised depolarising channel on the state p(t) of the qudit, with compression

coefficients

Vg = exp <—2 Z’ya(l — ewaﬁ)t> (5.26)

a#0
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Chapter 6

Depolarising channels

In chapter 5 we showed how any quantum channel (and in particular a qudit
spin chain) can be used as a generalised depolarising channel. In this chapter
we study these generalised depolarising channels in detail, focusing on the
structure (in compression space) of the set of all such channels with respect
to a given basis.

Recall that the state of an arbitrary qudit (a D-dimensional quantum par-

ticle) can be written as

(H+Z = MTM) Ma> (6.1)

where the basis { M, }?25 1 is trace-free and trace-orthogonal (except for My = I
which has non-zero trace). Also recall that a generalised depolarising channel
®,, (with respect to the basis {M,}) is a trace-preserving completely positive

map which maps p into

() < Z tr MTM;)%%MQ) (62)

The polarisation coefficients a,, are the components of the polarisation vector
a = (aop,...,ap2_1) and the compression coefficients v, are the components of
the compression vector v = (vg,...,vp2_1). (Recall that ag =1 so that p is

normalised and vy = 1 so that ®,, is trace-preserving.)
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We make the following observation regarding the polarisation and com-

pression coefficients

o If M, = ’yMg then the hermiticity of p tells us that a,y = aj; (where Mt
is the hermitian conjugate of M and a* the complex conjugate of a).
Furthermore, since ®,(p) must be a quantum state (and must therefore

*

be hermitian), v, = vj.
We also note some special cases of the above observation, namely
o If M, =~yM] then a,y = a}, and v, = v’ € R.
e If M, is hermitian (y = 1) then a, € R and v, € R.
e If M, is skew-hermitian (v = —1) then a, is pure imaginary and v, € R.

If we work in a fixed basis {M,} then it is clear that for each generalised
depolarising channel there is a unique compression vector. It is therefore
natural to ask the question “which vectors v are valid compression vectors
corresponding to depolarising channels ®,,7” From the definition of a depo-
larising channel given above it is clear that the answer to this question is “a
vector v is a valid compression vector when the induced map ®,, is completely
positive and vy = 1 (P, is trace-preserving)”. The purpose of this chapter is
to identify which vectors v meet this criterion.

It is clear from the observation |v,| < 1 (made in section 1.4) that all com-
pression vectors v which induce depolarising channels ®,, lie within the finite
region V = {wv such that |v,| <1 for all a}. However we will see that in gen-
eral the converse is not true: not all vectors in V induce depolarising channels.
Indeed, we have already seen this for qubits: the set V (which is the unit cube)
is larger than the tetrahedron which encloses all possible compression vectors

(see sections 1.4 and 6.2) and so there are vectors v € V which lie outside the

tetrahedron and are therefore not valid compression vectors.
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This chapter is organised as follows. We begin by making use of the Choi-
Jamiolkowski representation (§ 6.1) to reformulate the problem of complete
positivity into an equivalent problem concerning the positivity of large ma-
trices. Having done this we discover the geometrical structure of the set of
all possible compression vectors when we work in three specific bases: the
Pauli basis (§ 6.2), the Gell-Mann basis (§ 6.3) and the Heisenberg-Weyl basis
(§ 6.4). We also consider arbitrary bases (§ 6.5) and consider the effects of
changing basis (§ 6.6) before showing how our formalism can be used to study
more general channels (§ 6.7). Finally we conjecture that one can average any
quantum channel with a generalised depolarising channel to obtain a mixed
unitary channel (§ 6.8). We draw the chapter to a close with a brief summary

of the results (§ 6.9).

6.1 Choi-Jamiolkowski representation

To help us decide which compression vectors v induce completely positive
maps P, (which are therefore generalised depolarising channels) we employ
the Choi-Jamiolkowski representation of a map ®

D—-1

J(@) = @ () (k) @ lj) (K (6.3)

k=0

It is known [108, 109] that a map & is completely positive if and only if its
Choi-Jamiolkowski representation J(®) is positive, which allows us to refor-
mulate the problem of identifying completely positive maps into the problem
of identifying positive matrices (which is a considerably easier task). In par-

ticular if

D(p) = tr(Alp) B (6.4)

where A =P a0 |1 (m] and B = 320 by, |1) (m] are D x D matrices

I,m=0 1l,m=0
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then

J@) =S u (2 ata 1) (ml) <k|) B |j) (K
(6.5)
= aB® ) (k] = B A"

Since the basis {M,} is trace-orthogonal, we may write

2_1 D?-1
tr(Mip) tr(Mp)
= M, and d,(p) = — " v M, 6.6
Z tr MTM ®) ; tr(MiM.,) (6:6)

which allows us to employ equation (6.5) to calculate the Choi-Jamiolkowski

representation of an arbitrary map &,

T(®y) = > UQ% (6.7)

Depending upon the compression vector v, the map ®, may or may not be
a generalised depolarising channel: ®,, is completely positive only when the
eigenvalues of J(®) are all non-negative. In the following sections we work
in different bases to determine precisely which vectors v induce generalised

depolarising channels ®,,.

6.2 Pauli basis

In this section we prove a conjecture by Dixit and Sudarshan [4], which states
that when D =2 (d € N) and we work in the Pauli basis then the set of
all valid compression vectors forms a simplex in compression space. We also
illustrate our techniques with a worked example for single qubit generalised
depolarising channels.

We restrict ourselves to a multiple qubit setting (D = 29) and choose the
basis { M, } to be formed of tensor products of the single qubit Pauli matrices.

Let a be the number whose base-4 representation is agag_1---aq

d
a= Zélj*laj (6.8)
=1
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Then we define the basis matrices M, by

My=0"®: - ®c" (6.9)

where 0%, 0!, 02 and 02 are the Pauli matrices I, 0%, 0¥ and o*. Note that this

basis is trace-free and trace-orthogonal; furthermore each M, is hermitian and
so by the observation at the beginning of this chapter all a, and v, are real.
In this case it is a simple matter to find the eigenvectors and eigenvalues of
J(®,) and hence to determine which maps J(®,) are depolarising channels.
Since J(®) is a D? x D* matrix (it is a superoperator) we can think of it as
being an operator on 2d qubits (as D? = 22¢). We define
(W) ; = Z (=)™ [r);@[r +n(mod?2)),, , where n,m € {0,1} (6.10)
r=0,1
to be the maximally entangled Bell states on qubits j and j + d (in more usual
notation we have |Ugg) = [®), Vo) = |P7), [¥10) = |UT) and |¥y1) = [¥7)).

Observe the following relations

051‘) ® (UJ?er)* ’\I]nm>] = |\Ij”m>J

7 SO s = s (6.11)

Ug®(‘7§+d> ’\I/nm>] = (=)"mw, m>]

;& (Uj—i-d)* ’\PHM>3 = (=1)" |‘I’nm>]
which may be summarised as

0 ® (U;'l-i-d)* |\Dnm>]‘ = <_1)f(a’n’m) |\Ijnm>J (6.12)
where

1
Flayn,m) = | 5]+ {O“; J m (6.13)

It is now a straight forward matter to check that the eigenvectors |Jpm,)
of the Choi-Jamiolkowski representation of an induced map @, are tensor
products of these Bell states

n=(ny,...,ng)

m = (mi,...,my) (6.14)

"J m]

II®&
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with corresponding eigenvalues

D?-1
dm= 3 S (-1 TS (6.15)

a=0
Since there are 22¢ = D? different eigenvectors | Jnm,) and eigenvalues Appm,
these are all the eigenvectors and eigenvalues of J(®). The important thing
to notice here is that each \,,, is a linear combination of the compression
coefficients v,,.

We have therefore shown which vectors v induce depolarising channels ®,,
— namely those for which all eigenvalues of the Choi-Jamiolkowski represen-
tation of ®, are non-negative: A\, > 0 for all n and m. We are now in a
position to prove a conjecture of Dixit and Sudarshan [4], which we present as

the following theorem.

Theorem 4. When D =2 and we work in the Pauli basis, the set of all

compression vectors forms a simplex in compression space.

Proof. Since each A, is linear in the compression coefficients v, then the
equation Ay, = 0 defines a hyperplane in compression space (which is a real
Euclidean vector space of dimension D? — 1, with one dimension for each
component of the compression vector excepting the zeroth component which
we suppress as it is identically equal to 1).

Since ®,, is completely positive if and only if all eigenvalues A, are non-
negative, the hyperplanes \,,, = 0 must enclose precisely the set of of vectors
which induce completely positive depolarising channels ®,,. In particular the
hyperplanes enclose a finite region of compression space and the shape of this

enclosed region must therefore be a simplex. O

We now prove a small lemma before finding the extremal channels of the
simplex (which are the depolarising channels whose compression vectors form

the vertices of the simplex).
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Lemma 5. The eigenvalues of the Choi-Jamiolkowski representation of @,

sum to the system dimension, D.

Proof. First recall that the sum of the eigenvalues of a matrix is simply the

trace of that matrix. Then
Y onm Anm = t1(J(Py))
= tr (0 @ulli) (kD) @ 15) (k1)
=t (27 @ulli) (i)
= Dtr &, (L) =Dt (L) =D

(6.16)

O

Theorem 6. The extremal channels are conjugations by the basis matrices
3@ (p) .= MipM, a€{0,...,D* -1} (6.17)

Proof. First note the identity

oPoe? = (=1)9@Pg a8 €{0,1,2,3} (6.18)
where
1 (mod2) if (a,8) = (1,2),(1,3),(2,3),
9(o, ) = (2,1),(3,1),(3,2)
0 (mod2) otherwise (6.19)

= af(a—p)/2 (mod?2)

We now fix 8 and prove that ®) is an extremal channel. First note that
®® is completely positive (see for example [5]) and apply the above identity
to see that

D?-1 T
tr(Mjip)
G — VAR M MM
(p> Z tr(MTMa) B B

a=0

(6.20)
(_1)2?21 985 pr

It is then clear that ®® is a depolarising channel whose compression vector

has components

Vg = (_1)25:19(%751‘) (6.21)
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By combining expressions for the eigenvalue \pq (6.15) and the compression

coefficients v, (6.21) we see that

D21
1
Apg = Z 5(_1)2?:1 9(0,85)+ 1 (aj,p,45) (6.22)

a=0
For fixed  and for all «, it is clear that if
d
Saspa = 3 _ 9(a;, B;) + f(eg,pj,q;) = 0 (mod 2) (6.23)
j=1

then A\pq = D. We now show that there exist p and g such that (6.23) holds:

e When a =4""! (i.e. o, =1 and a; = 0 for all j # r) then

Safpq = M + ¢ (mod 2) (6.24)

and so (6.23) holds when

e When a =3 x 4" (i.e. @ =3 and a; = 0 for all j # r) then

3ﬁr<3 B ﬁr)

sppg = B 2P ) (amoa ) (6.26)
and so (6.23) holds when
e When o =2 x 4™! (i.e. @, =2 and a; = 0 for all j # r) then
SaBpq = w + pr + ¢ (mod 2) (6.28)

and so (6.23) holds when p, and ¢, are picked as in (6.25) and (6.27)

above.
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We have now shown that there exist p and q with A\py = D. Since ¥ is
completely positive then all the eigenvalues of J (CD(/B)) are non-negative; they
sum to D and we have found one which is equal to D; therefore all other

eigenvalues are zero
Apg=D and A, =0 forall (n,m) # (p,q) (6.29)

Clearly then the compression vector v of the map ®® lies on all the hyper-
planes A\py, = 0 except Apg = 0, and so ®®) must be an extremal channel.
To finish the proof, note that the simplex has D? vertices and there are D?

channels of the form ®) so we have found all the extremal channels. O

It is worth pointing out that any compression vector in the simplex can
be written as a convex linear combination of the extremal compression vectors
(which are the compression vectors forming the vertices of the simplex). This
implies that any depolarising channel can be written as a convex linear com-

bination of the extremal channels

D2-1 D?-1
d, = Z pa@(“)(p) where 0 <p, <1 and Z Do =1 (6.30)
a=0 a=0

Conversely, noting the relationship

D2-1
v = 3 py(—L) s (6:31)
B=0

allows us to conclude that any channel of the form (6.30) is a depolarising

channel.

Example 7. For a single qubit (D = 2) the compression space has dimension

3 and we see that for a general channel ®,,

vo = potpit+p2tps=1

Uy Do +Pp1—DP2—P3 (6.32)
Uy = Po—Pp1+pP2—DP3

U3 = Po—P1—P2+ps
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and so we have the following correspondence between extremal channels and

compression vectors (we suppress the zeroth component of v which is always

equal to 1)
dO(p) = TpI +— wv=( 1, 1, 1)
dW(p) = XpX +— v=( 1,-1,-1)
BA(p) = YoV s v= (1, 1,—1) (6.33)
OB (p) = ZpZ +— v=(-1,-1, 1)

6.3 Gell-Mann basis

In the previous section we restricted the dimension of the quantum system
to be D = 2% so that we could employ the Pauli basis for multiple qubits. In
this section we choose one possible generalisation of the Pauli basis, namely
the Gell-Mann basis, which allows us to study systems of arbitrary dimension
D € N. We will find that, in contrast to what was observed when we worked
in the Pauli basis, the set of all generalised depolarising channels with respect
to the Gell-Mann basis does not form a simplex in compression space.

The Gell-Mann basis is defined to be

Xje = [7) (k[ + k) (] j€{0,....D -2}
Yie = —i(l7) (k| = 1k) () where{ k,le{l,...,D—1}
z = \Jrdm (T2 el = ) j<k
(6.34)
For notational consistency with the rest of the chapter we identify
MO = H
M, = Z, 1<a<D-1 (6.35)

M, = Xz a=D1+2j)+2k—(j+1)(j+2)
M, =Y, a=D1+2))+2%k—(G+1)(G+2)+1

(ie. {Mo,....Mp21}={L21,....Zp_1,Xo01,Y01,---, Xp-2p-1,YD-2.D-1})
This basis is trace-free and trace-orthogonal (and reduces to the Pauli basis
when D = 2). Furthermore each M, is hermitian and so all a,, and v, are real.
We now attempt to find the eigenvectors and eigenvalues of J(®,) and

begin by defining
[5) = 55 (3.8 = k. ) (6:36)
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where j,k € {0,...,D — 1} and j < k. It is a simple matter to check that

Il |T5) = |/
0[J5) <k
2@ | Ty = ZQ;—%J@ =k
1040 | T35 L >k
(6.37)
+|J5%) l=jand m=%
* + — ik
le®le ij> { 0 Jﬁ> else
. F |J5 l=jandm=F
Yin ® Vi | 4) = { 0 J]i],z; else
J

and so it is clear that ’Jﬁ) are eigenvectors of J(®,,) and that the correspond-
ing eigenvalues )\jﬁk are linear in the compression coefficients v,

Now, J(®,) has D? eigenvalues and we have found D? — D of them. We let
the remaining D eigenvalues be A; (j € {0,..., D — 1}). In order to establish
which vectors in compression space induce depolarising channels we must now
find when these remaining D eigenvalues of J(®,) are non-negative.

Since M, ® M} is symmetric for all o, J(®,) is also symmetric and con-
sequently has real eigenvalues. By considering the matrix elements of J(®,,)
carefully we see that the only non-zero entries in the two columns indexed by
(7,k| and (k,j| (with j < k) are in the two rows indexed by |j, k) and |k, j).
We may conjugate J(®,) by a permutation matrix P (to permute the rows and
columns) to form a matrix J'(®,) which has identical eigenvalues to J(®,).
By repeatedly conjugating by permutation matrices we can block-diagonalise
J(®,) to obtain a matrix .J(®,,) which has the following structure

[2 x 2]

T(®,) = 6.38

(@) - (639
[K(®)]

There are D(D — 1)/2 blocks of size 2 x 2 (each of which has two eigenvalues,

Af and Ao for some j and k) and a large block of size D x D called K(®,)

(which has eigenvalues Ao, ..., Ap_1).
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By considering the characteristic equation of the matrix K (®,,) we see that

the eigenvalues Ag, ..., A\p_1 satisfy

0=(t—Xo) - (t=Ap_1) = > _(—1)t"7s, (6.39)

j
where we have defined the eigenvalue sums S; to be
So:=1 and (for j € {1,...,D}) S, := > Moo My (6.40)
0<k1<--<k;<D—1

The following lemma proves that the eigenvalues Ag, ..., Ap_; are all non-

negative precisely when the eigenvalue sums Sy, ..., Sp are all non-negative.

Lemma 8. \; >0 for all j €{0,...,D —1} if and only if Sy >0 for all
ke{0,...,D}.

Proof. One way is trivial: if \; > 0 for all j then S, > 0 for all k. We prove
the converse by contradiction.

Assume that Sy > 0 for all k € {1,..., D}, recall that Sy = 1 and note that
for any 7 € {0,...,D — 1}

Sp = Xj(Sp-1 = Aj(Sp-2 — - = N (S1 = Aj) )

D
6.41
= (=18, (84
k=1

(this is essentially an inclusion-exclusion argument). But then we may split
this sum up into two terms

Sp=XN > M'Sp = > My, (6.42)

k odd k even

It is clear that these sums over k£ odd and k even are both non-negative since
each S is non-negative and \; appears to an even power in each term. But
then A; < 0 implies that Sp < 0 also, which contradicts the assumption that
Sp > 0; we therefore conclude that the eigenvalues A\; > 0 are all non-negative.

Since this argument holds for all j € {0,..., D — 1} the proof is complete. [
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Returning to J(®,) we see from equation (6.7) that each matrix element
consists of a linear combination of the compression coefficients v,, a prop-
erty which is inherited by K(®,). Careful consideration reveals that S; is a

jth-order polynomial in the compression coefficients

S; = Z Cayoea;Vay ** " Va (6.43)

0<a1<-+<a;<D2-1

It is tempting to conclude that S; = 0 is a jth-order surface in compression
space, but we must be careful: it is possible that all jth-order coefficients
Cay-wa; (i-€. those with ay # 0 for all k) are equal to zero, in which case the
degree of the surface S; = 0 is strictly less than j. For example, when D = 2
the Gell-Mann basis reduces to the Pauli basis and we have already seen in the
previous section that all eigenvalues are linear in the compression coefficients;
in this case the surface S; =0 is a plane and not a quadratic surface. In
general we may only conclude that S; = 0 is a surface of order at most j.

We have now proved that the set of all vectors v which induce depolarising
channels @, (with respect to the Gell-Mann basis) form a finite region in

compression space which is bounded by

e D? — D + 1 hyperplanes
(D? — D are given by )\;-tk = 0 and the remaining one is given by S; = 0)

e A surface with order at most 2 (S; = 0)

e A surface with order at most D (Sp = 0)

Note that the above does not tell us whether the eigenvalues A, ..., Ap_1
are linear in the compression coefficients. It turns out that when D > 2 at
least one of the A\; must be non-linear in the compression coeflicients (a fact

which is proved in lemma 13 in section 6.5).
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Whilst it is a slight disappointment that we have been unable to explicitly
give expressions for all the eigenvalues of J(®,), we can draw some solace
from the fact that we have simplified the problem somewhat. In order to
see if a vector v induces a depolarising channel we must check to see if all
the eigenvalues of the Choi-Jamiolkowski representation J(®,,) of the induced
map P, are non-negative. Without the above results we would have to use
a “brute-force” algorithm to calculate the D? eigenvalues of J(®,,) directly
but the above results enable us to calculate D? — D of these quickly and
efficiently, leaving only D to be calculated by the brute-force algorithm (which

is a substantial improvement and computational speed-up).

6.4 Heisenberg-Weyl basis

In this section we work in the Heisenberg-Weyl basis which is an alternative
generalisation of the single-qubit Pauli basis to arbitrary dimension D. It has
certain advantages over the Gell-Mann basis (for example all the Heisenberg-
Weyl basis matrices are invertible whilst most of the Gell-Mann basis ma-
trices are singular). However there is a price to pay for such convenience:
the Heisenberg-Weyl basis is not hermitian and so the compression space is
a complex vector space. We will show that when we work in the Heisenberg-
Weyl basis, the set of all generalised depolarising channels forms a simplex in
compression space.

Let us first recall the definition of the Heisenberg- Weyl basis
where j, k€ {0,...,D—1}

A ik
My, =M, =X"7Z and =D+ k (6.44)
where X and Z are defined to be
D-1 D-1
X:=)_|i)(j+1(modD)|  and  Z:=> W5 (| (6.45)
j=0 j=0
and where w = e?™/P is the primitive Dth root of unity. Note that this basis

is trace-free and trace-orthogonal.
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The rth powers (r € {0,...,D — 1}) of X and Z are X" = ZJ.D:_Ol 17) (j + 7]
and Z" = Z?;OI w'™ |7) (] and their inverses are X " and Z~" .

We can now find the eigenvectors and eigenvalues of J(®,) by defining

D-1
[ Tw) = > W [r,r + 5) (6.46)
r=0
Then it is a simple matter to check that
M © M;k: | Jim) = W™K | i) (6.47)

which shows us that |.J;,,,) are eigenvectors of J(®,,). Furthermore, there are
D? distinct |Jy,,) and we have therefore found all the eigenvectors of J(®,,).
Relabelling the compression coefficients v, as v;, (with a = Dj + k) we see
that the eigenvalues of J(®,) are
Vjpw
Aim MZ:O 5 (6.48)

The identity X" Z® = w™Z*X" allows us to show that Mjk =w " M_; .
Therefore, by the observation at the start of this chapter, vy, = v, ;.

In sections 6.2 and 6.3 we had one real compression coefficient for each
basis matrix. In this section we have seen that most of the compression coef-
ficients come in complex-conjugate pairs corresponding to two basis matrices
which are, up to a complex multiplicative factor, hermitian conjugates of each
other. Note that we still have the same number of free compression parameters
(since for each pair of conjugate basis matrices there are two free parameters in
the associated compression coefficients, namely the real and imaginary parts).
Furthermore, the compression space (although now complex) still has dimen-
sion D? — 1 (recall that we suppress the dimension corresponding to vy as it

is identically equal to 1).

Aside 9. As an aside, we find the exact structure of the compression space.
We use the relation Mjk =wIkM_; _y, to see that My, = ’yMka precisely when
j = —j(mod D) and k = —k(mod D).
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When D is odd the only solution is j =0 and k =0 (i.e. M;, =1). In this
case compression space consists of (D? —1)/2 complex planes.
When D is even there are four solutions, namely j, k € {0,D/2}. In this

case, compression space consists of 3 real axes and (D* — 4)/2 complex planes.

We now prove that, when working in the Heisenberg-Weyl basis, the set of
all compression vectors forms a simplex. We then find the extremal channels

whose compression vectors lie at the vertices of this simplex.

Theorem 10. When we work in the Heisenberg-Weyl basis, the set of all

compression vectors forms a simplex in compression space.

Proof. Tt is evident from equation (6.48) that the eigenvalues of J(®,) are
linear in the compression coefficients and so A, = 0 defines a hyperplane in
compression space.

Since ®,, is completely positive if and only if all eigenvalues A, are non-
negative, the hyperplanes )\;,, = 0 must enclose precisely the set of vectors
which induce completely positive depolarising channels ®,,. In particular the
hyperplanes enclose a finite region of compression space and the shape of this

enclosed region must therefore be a simplex. O
Theorem 11. The extremal channels are
UM (p) = M pMy,  j,ke{0,...,D—1} (6.49)

Proof. We fix j and k and prove that ®U%) is extremal. Using the identity
M;lemMjk = W= M, we see that

o

tr(Mimp)

U (p) = 5

L

WwEmIN (6.50)
0

3
Il

and so ®U¥) (p) = @, (p) is a depolarising channel with compression coefficients

Vi, = W=,
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We now show that there exists p and ¢ with A, = D. We see that

D-1 wlk m]wlq mp

(6.51)

1,m=0
and so picking p = —j(mod D) and ¢ = —k(mod D) ensures that \,, = D.
As before we make use of the fact that the sum of the eigenvalues of the
Choi-Jamiolkowski representation J(®U*) is equal to the system dimension
D: as ®U*) is completely positive the eigenvalues of J(®U*)) are non-negative

and sum to D and so we may conclude that
Apg=D and N\, =0 forall (I,m) # (p,q) (6.52)

Therefore the compression vector corresponding to the channel ®U*) lies on
all the hyperplanes except one and so it lies at a vertex of the simplex.
To finish, note that there are D? vertices and D? distinct extremal channels

so we have found them all. O

As any compression vector in the simplex can be written as a convex linear
combination of the extremal compression vectors then theorem 11 allows us
to conclude that any depolarising channel can be written as a convex linear
combination of the extremal channels. Conversely any convex linear combi-
nation of the extremal channels is a depolarising channel. Note the similarity

here with the Pauli basis.

6.5 Other bases

In sections 6.2, 6.3 and 6.4 we worked in some of the most common bases, but
what happens if we wish to work in another basis? What can be said about the
set of all compression vectors? Does it form a simplex in compression space?
We answer these questions here, giving necessary and sufficient conditions that
an arbitrary trace-free and trace-orthogonal basis {M,} must satisfy for the

compression vectors to form a simplex.
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We know that the set of all compression vectors forms a simplex when the
eigenvalues of J(®,) are linear combinations of the compression coefficients v,

and we now find all trace-free, trace-orthogonal bases for which this happens.

Theorem 12. Let {M,} be a trace-free and trace-orthogonal basis. Then the

set of all compression vectors forms a simplex if and only if
[Ma ® M, Mg ® Mg} =0 forala,Be€{0,...,D*—1} (6.53)

Proof. The set of all compression vectors forms a simplex if and only if all the
eigenvalues of J(®,,) are linear in the compression coefficients (in which case
if A is an eigenvalue of J(®,) then A\ = 0 defines a hyperplane, which forms
one of the facets of the simplex).

Let |A) be an eigenvector of J(®,) with eigenvalue A\. Then by equa-
tion (6.7) we see that that A is a linear combination of the compression coef-
ficients v, if and only if |\) is a simultaneous eigenvector of each M, ® M};
this occurs if and only if all the M, ® M are simultaneously diagonalisable,
which occurs if and only if [M, ® My, Mgy ® Mj] = 0 for all a and 3. O

Note that the condition of theorem 12 is weaker than [M,,, Mg] = 0 for all «
and 3. For example, M, Mz = 5 Mz M, satisfies [M, @ M*, Mg ® M3z =0
but not [M,, Mg] =0. Furthermore, it is not hard to show that M,Mg =
€8 My M, is equivalent to [M, ® M}, Mz @ Mj] = 0.

We can now prove the outstanding result from section 6.3, which we present

as the following lemma.

Lemma 13. When D > 2 and we work in the Gell-Mann basis then the set of
all compression vectors has at least one curved side. Fquivalently, at least one

of the eigenvalues of J(®,) is non-linear in the compression coefficients v,.

Proof. 1t is a simple matter to check that
[Xo1 ® X1y Xoa ® X3 #0 (6.54)

Then apply theorem 12 above. O
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For the remainder of this section we restrict ourselves to working in a basis
which is unitary: M_,' = M] for all a. When we do this we are able to find
the extremal channels whose compression vectors lie at the vertices of the
simplex. Before proving this, in a slight change of notation from chapter 5,

we first define the maximally entangled states
D—1
(W) =) 15j) and  |A) = (Mo ®I) W) (6.55)
3=0

We are now in a position to state and prove a small lemma which states that
these maximally entangled states are the eigenstates of the Choi-Jamiolkowski

representation of a map ®,,.

Lemma 14. If M,Mg = €5 MgM,, for all a« and 8 and if M, is unitary for
all a then the mazimally entangled states |\,) are all the eigenstates of J(Py,).

Proof. The expansion M, = ka_:lg (J] Mo k) |7) (k| allows us to write

D-1

Aa) = D (il Mo k) 1), k) (6.56)

j,k=0
Noting that 0,3 = —0s, allows us to calculate
D-1
My & M5 = 3 GI MMM k) = e A) (657)
4,k=0
from which it is easy to see that

D?-1

J(®0) Aa) = D

8=0
So |\q) is indeed an eigenstate of J(®,). Finally note that there are D?

vge s

m Aa) =1 Aa |Aa) (6.58)

eigenstates |\,) so we have found all the eigenstates of J(®,). O

Lemma 14 allows us to find the extremal channels of the simplex.

Theorem 15. If M Mg = s MM, for all o and B and if M, is unitary

for all a then the extremal channels are

() = MopM) (6.59)
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Proof. First note that ®(®)(p) is completely positive and trace-preserving, so

the eigenvalues of .J(®(®)) are all positive and sum to D. We can expand

D2-1 i
N tr(Mgp) |
O (p) = Y — T er My (6.60)
<= tr(MIMy)

which shows that ®® is a depolarising channel with compression coefficients

vg = €%, Now observe that

2 . .
D=-1 eleaﬁefleag

Aa= Y —F =D (6.61)

B=0
and so A\g =0 for all 3 # a. Clearly then ®@ is an extremal channel as
its compression vector lies on all the hyperplanes Ag = 0 except A\, = 0. To
finish, note that there are D? vertices to the simplex and there are D? extremal

channels ®© so we have found them all. O

6.6 Changing basis

Why does the set of all compression vectors form a simplex in some bases
(such as the Heisenberg-Weyl basis) and not in others (such as the Gell-Mann
basis)? We answer this question here by investigating the effect of changing
basis and we give an explicit example to illustrate our point.

Let {M,} and {L,} be trace-free, trace-orthogonal bases. Then we may
write the relationship between the two bases as

2—1

\/tr MTM ,/tr LTLﬁ

Trace-orthogonality of both bases ensures that the D? x D? change-of-

where u,z € C (6.62)

basis matrix U = Za o o Uap |@) (8| is unitary; furthermore, if both bases are

hermitian then U is actually a real orthogonal matrix. If we define the vector

M- | Dt (6.63)

\/tr MTMO \/tr D2— 1MD271)
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and similarly define IA}, then we may write M =UL.

We are now in a position to prove a special result for single qubits.

Theorem 16. The set of single qubit (D = 2) compression vectors forms a
simplex whenever we work in a hermitian, trace-free and trace-orthogonal basis.

Furthermore, the extremal channels are conjugations by the basis matrices.

Proof. We know that any single qubit basis which is hermitian, trace-free and
trace-orthogonal can be obtained from the Pauli basis by an orthogonal change

of basis. Let {L,} be the Pauli basis and {M,} be the new basis. Then the

change of basis matrix has the form

(6.64)

where O is a 3 x 3 orthogonal matrix. Now, any such matrix O corresponds
to a rotation of the Bloch ball and is equivalent to a unitary conjugation
p+ VipV where V is a 2 x 2 unitary matrix. Any such map is completely
positive and trace-preserving. Depolarisation with respect to the basis { M, }
is the same as applying the reverse of the above rotation, followed by depolar-
isation in the Pauli basis, followed by the the above rotation. Since the set of
all compression vectors forms a simplex when we work in the Pauli basis, the
set of all compression vectors also forms a simplex when we work in the new
basis { M, }.

We know that in the Pauli basis the extremal channels are () (p) = Li pL,
So when we start in the new basis and rotate to the Pauli basis, the extremal
channels will be &) (VpV1) = LI VpV1iL,; rotating back to the {M,} ba-
sis (and noting that M, = VTL,V) we see that the extremal channels are
) (p) = MipM,. O

In the single qubit case it is true that any unitary change of basis U cor-

responds to an orthogonal rotation of the polarisation vector a; in higher
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dimensions this is not so as the following example demonstrates.

Example 17. Let D =4 and let

I k3
p:Z—F%—J””@Ux keR (6.65)

One can explicitly calculate the eigenvalues of p: they are A = (1 £ k\/ﬁ)/4
each with multiplicity two. Therefore p is a state when |k| < 1/4/3.

Let us now apply any change of basis which maps % — % (that is, we
change basis from the hermitian Pauli basis to the hermitian Gell-Mann basis

with a unitary change-of-basis matriz U ). Then

HN_]I+I€\/6

which has eigenvalues A = (1 + k) /4 (with multiplicity 3) and A = (1 — 3k)/4
(with multiplicity 1). But then if 1/v/3 >k > 1/3 then p is a quantum state

Zs (6.66)

but p is not (as it is not positive).

This example demonstrates that some changes of basis do not map the
Bloch “ball” on to itself. It is for this reason that the set of all compression

vectors forms a simplex in some bases but not in others.

Theorem 18. When two trace-free, trace-orthogonal bases {M,} and {L,}
are related via

M, =VTLV (6.67)

for all o and some unitary matriz V' (that is, the change-of-basis matriz U

maps the Bloch “ball” on to itself), then the set of compression vectors either

forms a simplex in both bases or does not form a simplex in either basis.
Furthermore, if the extremal channels are conjugations of basis matrices in

one basis then they are conjugations of basis matrices in the other basis too.

Proof. One may adapt the proof of theorem 16. (Note that the condition
M, = VTL,V for all a guarantees that the Bloch “ball” is rotated onto itself

and we avoid the problems exhibited in example 17.) ]
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6.7 More general channels

Generalised depolarising channels compress the Bloch “ball” anisotropically
and we have now studied them in much detail. However, our method can be
extended to deal with a more general class of channels, namely those which
both compress the Bloch “ball” and then translate it. Let ®,,; be such a

channel defined by its action on the polarisation vector

ao Voo to
Dyt : : > : + : (6.68)
ap2_1 Up2_1ap2_1 tDQ—l
We call the vector t = (tg,...,tp2_1) the translation vector and the t, the

translation coefficients. Note that ty = 0 to ensure that @, 4 is trace-preserving.
So far we have only studied channels ®,, := ®,, 9, but we now extend to general

t. We may expand

Dy 4(p) = % (]I + ; %(vaaa + ta)Ma> (6.69)

If we now define the compression components of ®,,+ to be

Vi(p) = tr(M]p)

= M, (6.70)
tr(MIM,)

and the translation components to be

_ w(pM, |[D(D-1) 1 [D(D-1)
Talo):=—"p tr(MiM,) D tr(M;EMa)Ma (6.71)

then we may rewrite ®,, as a sum of the compression and translation compo-

nents
D?-1

(I)v,t(p) = Z Vo Va(p) + taTa(p) (6.72)

a=0

Recall that if a channel x can be written as x(p) = tr(XTp)Y then the Choi-
Jamiolkowski representation of x is J(x) = Y ® X*. This allows us to find the
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Choi-Jamiolkowski representations of the compression and translation compo-
nents
M, ® M e 1 | D(D-1)

TVa) = tr(MIM,) L) =5 tr(MLM,)

M, ®1 (6.73)

which in turn enables us to find the Choi-Jamiolkowski representation of the
channel ®,,;

D2-1
v M* tol | D(D—1)
J(DPyyt) = M| ———+ —, | ———= 6.74
(Por) =) (tr(MgMa) 5 tr(MotMa)> (6.74)

a=0
In order to find which parameters (v, t) induce completely positive channels
one has to find for which parameters all the eigenvalues of J(®,¢) are non-

negative. (Recall that these channels are automatically trace-preserving if

vo =1 and ¢, = 0.)

Example 19. Let us work in the Pauli basis and consider a single-qubit map
D, ¢. We fix the translation vector t = (0,0,0,t,) and find the set of all com-
pression vectors v which induce completely positive channels ®,. We can
write the Choi-Jamiolkowski representation of @+ as

Il o R®o” oy ® o¥ o* ® o* ocFRI1
= p t, 6.75
y teT gty e A (67)

J((I)v,t) =

It turns out that (for non-zero t,) the eigenvectors of J(®y+) are no longer
Bell-states, but rather linear combinations of them. Let

|Xoca) = ¢|Woo) + d W)
[Aied) = ¢ |W10) + d | ¥1q)

where ¢,d € R are real numbers, ¢* +d* =1 and |V,,,) (with m,n € {0,1})

(6.76)

are the Bell-states defined in section 6.2. One can easily check that
‘]((I)’U,t) ’)‘Ocd> = )‘0 ‘)\Ocd>

6.77
J(®@0) Med) = At [Area) (6.77)
where the eigenvalues satisfy the following relations
Aoc = §(1 + v, +vy + ;) + %tz
Aod = g(l — Uy — vy +v,) + 5t
6.78
A1C:§(1+Ux—vy—vz)+§tz (6.78)
Md=4(1—v, +vy,—v,)+ &t
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We can solve this set of simultaneous equations to find the eigenvalues

A\ = T(1+v.) £/ (vp +vy)? + 2
A= 51— 02) £ /(02— vy)? + 12

Note that there are two possible values for Ao and \y: one for d = /1 — ¢* and
one for d = —/'1 — ¢%; we have therefore found all four eigenvalues of J(Py ).

(6.79)

Clearly fort, # 0 the surfaces \f = 0 and \f = 0 are curved. This reproduces
the results of [69] which shows that the set of all compression vectors forms an
“asymmetrically rounded tetrahedron”.

We could have worked through the above example with t, or t, non-zero
but then the generic form of the eigenvectors of J(®ypt) is more complicated
and takes on the form |\) = c¢|Woo) + d|Wo1) + € |V19) + f |V11) with the coef-
ficients ¢, d, e, f € R satisfying ¢ + d* + e* + f2 = 1.

Based on the above example we note that even when we work in a basis
where the set of all compression vectors forms a simplex for ¢ =0, a tiny
perturbation to t # 0 destroys this simplex: the set of compression vectors v
forms a set with a curved boundary. In this situation there are infinitely many

extremal channels.

6.8 Mixed unitary channels

In this section we briefly review the definitions of unital, doubly stochastic
and mixed unitary quantum channels before quoting a theorem which says
that averaging any doubly stochastic quantum channel with the completely
depolarising channel results in a mixed unitary channel. Finally we conjecture
a generalised version of this theorem involving arbitrary generalised depolar-
ising channels.

A wunital quantum channel acting on a D-dimensional quantum system
maps the completely mixed state to itself ® (%) = %. A doubly stochastic

quantum channel is a completely-positive, trace-preserving, unital channel.

Note that all generalised depolarising channels are doubly stochastic.
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A quantum channel ® is said to be mized unitary if there exist unitary ma-
trices Uy, ..., Uy and a probability distribution py,...,py (thatis, 0 <p; <1
and . p; = 1) such that ® is a convex sum of the unitary conjugation chan-

nels .
®(p) = > pU;pU] (6.80)
j=1

It is known that all doubly stochastic single qubit channels are mixed
unitary, but that in higher dimensions (D > 2) there are doubly stochastic
channels which are not mixed unitary. (These channels can however be ex-
pressed as an affine sum of unitary channels Z?Zl AU pU ]T where Ay, ..., Ag
are affine parameters: \; € Rand > ;\; =1.)

However, the following theorem by Watrous [110] tells us that all doubly
stochastic channels (and in particular those which are not mixed unitary) be-
come mixed unitary when appropriately averaged with the isotropic completely

depolarising channel ) := ®.

Theorem 20. Let x be any doubly-stochastic quantum channel acting on D-

dimensional quantum systems. Then for any 0 < p < 1/(D?* — 1) the channel

px + (1 —p)Q (6.81)
15 mized unitary.
Proof. See [110]. O

It is tempting to think that 2 is not the only channel with which one can
average to obtain a mixed unitary channel and we make this suggestion precise

in the following conjecture.

Conjecture 21. Let x be any doubly-stochastic quantum channel acting on
D-dimensional quantum systems and let ® be any depolarising channel whose

compression vector lies within a simplex whose vertices are the compression
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vectors of unitary conjugation depolarising channels (so that ® is mized uni-
tary). Then there exists a constant 6(®) > 0 such that for 0 < p < 0 the fol-

lowing channel is mixed unitary
px + (1 -p)® (6.82)

6.9 Summary

To summarise this chapter, we have made a detailed study of generalised de-
polarising channels defined with respect to trace-free, trace-orthogonal bases.
Each depolarising channel has an associated compression vector lying in com-
pression space, which is a vector space of dimension D? — 1 (we suppress the
other dimension as the trace-preserving condition ensures that the first com-
ponent of the compression vector is always equal to unity).

We have shown that the set of all compression vectors forms a simplex when
we work in either the Pauli basis or the Heisenberg-Weyl basis, but that it does
not form a simplex when we work in the Gell-Mann basis. Furthermore, for
the Pauli and Heisenberg-Weyl bases we found the extremal channels whose
compression vectors lie at the vertices of the corresponding simplex. Working
in an arbitrary trace-free and trace-orthogonal basis, we found that the set of
all compression vectors forms a simplex if and only if the basis matrices satisfy
a certain condition. Furthermore, when the basis matrices were also unitary
we were able to find the extremal channels.

We discussed the effects of changing basis and indicated why the set of
compression vectors forms a simplex in some bases but not in others. Finally
we generalised our methods to deal with a class of more general quantum
channels and conjectured that one can average any doubly stochastic quantum
channel with any mixed unitary generalised depolarising channel to obtain a

mixed unitary channel.
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Chapter 7

Conclusions

This chapter briefly summarises the main results of this thesis. We begin by
summarising the effects of on-site disorder on the propagation of information
through noisy quantum spin chains (§ 7.1) and finish by summarising the

results about generalised depolarising channels (§ 7.2).

7.1 Noisy quantum spin chains
7.1.1 Summary of results

We have studied three fundamentally different models of noisy spin chains:

1. Nearest-neighbour X X-model spin chains of finite length experiencing
static on-site disorder. The disordered field strengths are drawn from a

probability distribution which has bounded probability density function.

2. Nearest-neighbour X X-model spin chains of infinite length (or spin rings
of finite size) experiencing on-site disorder which is fixed in direction but

fluctuates in strength independently on each site.

3. Finite length spin chains with arbitrary nearest-neighbour interactions
experiencing on-site disorder which fluctuates in both strength and di-

rection independently on each site.
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These three noise models are all fundamentally different and result in pro-

foundly different effects on the propagation of information:

1. Static disorder leads to Anderson localisation and consequently to ex-
ponential localisation of correlation functions, which in turn allows us
to derive a new Lieb-Robinson bound which is much tighter than the
original Lieb-Robinson bound. This new bound gives rise to a light cone
whose radius grows logarithmically with time (in contrast with the orig-
inal Lieb-Robinson bound which gives rise to a light cone whose radius

grows linearly with time).

2. Fluctuating disorder which is fixed in direction results in a finite-strength
quantum Zeno effect. This leads to extremely localised averaged dynam-
ics where information can, on average, propagate by at most a constant
number of sites before it is exponentially suppressed by the noise. De-
spite these averaged dynamics we find that individual realisations of
the disorder permit less localised dynamics: information may propagate
within a light cone whose radius grows in proportion to the square root

of the time elapsed. (Note the similarity with a classical random walk.)

3. Disorder which fluctuates in strength and direction gives rise to a poten-
tial noise-threshold, below which information could potentially propa-
gate ballistically (in accordance with the original Lieb-Robinson bound)
and above which information is on average extremely localised, travelling

by at most a constant number of sites before it is lost in the noise.

These results explain the phenomena observed in various numerical simu-
lations of these noise models [81, 111]. The different light cones which result

from the different noise regimes are illustrated schematically in figure 7.1.
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time

site

Figure 7.1: Schematic illustration of the different light cones which result
from the different noise regimes: the linear (outer) light cone corresponding
to the noise-free scenario; the square-root (middle) light cone resulting from
fluctuating disorder whose direction is fixed; and the logarithmic (inner) light
cone resulting from static disorder.

7.1.2 Comparison of the models

We have seen that the different models of on-site disorder have dramatically
different effects upon the propagation of information through the spin chains.
This is because there are fundamental differences between the models which
we elaborate on below.

Whilst the first two models both preserve the number of excitations in
the system they nevertheless produce dramatically different dynamics. In
the case of static disorder the noise causes the correlation functions to be
exponentially localised, a phenomenon known as Anderson localisation [74].
In contrast, in the model where the on-site disorder is fixed in direction but
fluctuates in time, the noise essentially performs continuous finite-strength
non-selective measurements on each site and this results in a finite-strength
quantum Zeno effect. The root cause of the localisation in each of these two

models is different, which explains the differing localisation properties.
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The final noise model whose on-site disorder fluctuates in both strength
and direction does not preserve the number of excitations in the spin chain:
whenever the on-site disorder is oriented in any direction which is not the
z-direction it induces bit-flip errors (that is, it creates or destroys excitations).
It is unsurprising that this results in quite different localisation properties to

those observed in the excitation-preserving models.

7.1.3 Open problems

In chapter 4 where we studied the model with on-site disorder which fluctuates
in both strength and direction, we saw that the averaged dynamics are very
localised: information can on average propagate by at most a constant number
of sites. It would be interesting to determine the amount by which actual
dynamics deviate from the averaged dynamics calculated here. It is not clear
how one would go about this, but further work is nevertheless warranted.

It would also be interesting to discover if the noise threshold we identified
for this model is a real physical phenomenon or merely a function of the way
in which we calculated the bound. Numerical simulations should reveal the
answer to this question, but either way there is further work to be done. If
the threshold is real, why is it present and what causes it? If the threshold is

not real, can our bound be extended to cover the low noise regimes too?

7.2 Generalised depolarising channels

We have seen that any quantum channel (in particular a quantum spin chain —
whether noisy or noise-free) can be used as a generalised depolarising channel.

For each depolarising channel there is a unique compression vector lying in
compression space and we have shown that the set of all compression vectors
forms a simplex when we work in either the Pauli basis or the Heisenberg-

Weyl basis, but not when we work in the Gell-Mann basis. For arbitrary
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trace-free, trace-orthogonal bases we found a necessary and sufficient condition
prescribing when the set of all compression vectors forms a simplex. In some
bases we were able to find the extremal channels whose compression vectors lie
at the vertices of the simplex. We also discussed the effects of changing basis
(explaining why the set of compression vectors forms a simplex in some bases
but not in others) and generalised our methods to deal with a more general
class of quantum channels.

Further work is required to either prove or disprove our conjecture that one
can average any doubly stochastic quantum channel with any mixed unitary

generalised depolarising channel to obtain a mixed unitary channel.
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Addendum

This addendum briefly describes how equation 2.13 of this thesis is obtained from
equation 6.27 of theorem 6.5 in [75].

Equation 6.27 of theorem 6.5 in [75] tells us that if H, is a standard ergodic random
operator with IAD (independence at a distance) and both the SGEE (strong generalised
eigenfunction expansion) and EDI (eigenfunction decay inequality) properties in an open
interval Z, then for any 0 < ¢ < 1, there is a finite constant C; such that

E {|Sfl|l£1 szf(Hw)Ew(I)Xng} < Cee I

for all x € Z¢, the supremum being taken over all Borel functions f of a real variable,
with [ f]] = supqcz [ £(2)]

Note that in [75] the proof of theorem 6.5 is given for systems of infinite size; however
the proof technique used can be adapted in a straight-forward manner to systems of finite
size [112]: for large enough systems the proof of theorem 3.8 in [113] can be adapted to
non-periodic boundary conditions by making small corrections for the boundaries. Note
that the introduction section of [113] (below equation 1.5) also justifies the assumptions
made here (and in theroem 6.5 of [75]).

Having justified that the above equation applies to the model studied in chapter 2 of
this thesis, we now show how to use this to derive equation 2.13 of this thesis.

First note that, for convenience, equation 6.27 in [75] uses lattice sites x and 0; but
as H, is ergodic and probabilities are therefore translation invariant, one could just as
easily take any two sites j and k as we do here. [E simply represents an expectation over
all possible realisations of the disorder and E,,(I) is the spectral projection of an interval;
in our case this reduces to the identity. x, denotes the characteristic function of the cube
of side 1 centered at z € Z%: in the one-dimensional case studied here, this reduces to a
simple projector |z) (z|.

Noting that e~ is a Borel function and employing Markov’s inequality therefore
allows us to use equation 6.27 of theorem 6.5 in [75] to conclude that with finite probability

|H]> (3 e k) <k’H; < const x e~k fo1 all time ¢

Note that by carefully examining the proof of theorem 6.5 in [75] we can precisely quantify
this probability — see equation 2.13 and the associated text in this thesis.
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