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Abstract

Quantum phenomena such as superposition and entanglement imbue quantum systems with informa-
tion processing power in excess of their classical counterparts. These properties of quantum states are,
however, highly fragile. As we enter the era of noisy intermediate-scale quantum (NISQ) devices, this
vulnerability to noise is a major hurdle to the experimental realisation of quantum technologies. In this
thesis we explore the role of noise in quantum information processing from two different perspectives.

In Part I we consider noise from the perspective of quantum error correction. Error correcting
codes are often analysed with respect to simplified toy models of noise, such as iid depolarising noise.
We consider generalising these techniques for analysing codes under more realistic noise models, which
include features such as biased or correlated errors. We also consider designing customised codes which
not only take into account—but exploit—features of the underlying physical noise processes. Whilst
generalist codes may give sufficient performance in the limit of large system sizes, considering such
tailored codes will be of particular importance for NISQ applications in which finite-size effects can be
significant.

In Part II we apply tools from information theory to study the finite-resource effects which arise in
the trade-offs between resource costs and error rates for certain quantum information processing tasks.
We start by considering classical communication over quantum channels, providing a refined analysis
of the trade-off between communication rate and error in the regime of a finite number of channel uses.
We then extend these techniques to the problem of resource interconversion in theories such as quantum
entanglement and quantum thermodynamics, studying finite-size effects which arise in resource-error
trade-offs. By studying this effect in detail, we also show how detrimental finite-size effects in devices
such as thermal engines may be greatly suppressed by carefully engineering the underlying resource
interconversion processes on which they are based.
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Chapter 1

Introduction

Quantum mechanical systems provide a powerful platform for information processing tasks, includ-
ing computing, communication and cryptography [1.1]. These protocols rely on features of quantum
systems such as superposition and entanglement which do not appear in classical systems. Unfortu-
nately, these quantum properties are typically fragile, and susceptible to environmental noise. This
inherent sensitivity therefore forms a significant roadblock to large-scale realisation of such quantum
technologies.

A direct approach for dealing with this issue is to improve and refine both the hardware imple-
mentation and software control systems to suppress environmental noise. Whilst this is an important
first step, the error rates of state-of-the-art experimental devices are far in excess of those necessary
for many applications. Moreover, this approach has the disadvantage that the error tolerances would
need to tighten as we consider larger and larger information processing tasks.

Instead of simply lowering raw error rates, another way of making quantum protocols robust to
noise is through the use of quantum error correction [1.1-1.5]. Here the idea is to modify our protocols
such that they may tolerate some non-trivial level of noise, which is done by detecting and then
correcting errors as they occur. By doing so, we can devise protocols which can perform the same
information processing tasks as their noiseless counterparts, but can be performed on realistic noisy
hardware, with low overhead.

In this thesis we study the role of noise in quantum systems from two perspectives: quantum error
correction, and resource-error trade-offs. In Part I we study the performance of explicit quantum error
correcting codes. Specifically we look at how the analysis and design of such codes may be tailored
to the details of the underlying noise processes. In Part II we study the fundamental limits on the
performance of certain noisy quantum processes. Specifically we look at these resource-error trade-offs
for problems in quantum communication, thermodynamics, and entanglement theory.

1.1 Quantum error correction

The goal of error correction is to find ways of encoding logical information into noisy physical degrees
of freedom, such that it may be successfully decoded with high probability. This is done by building
redundancy into our encoding. Using this, we can perform consistency checks to identify any possible
errors which have occurred, which we can then hope to correct.
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CHAPTER 1: INTRODUCTION

The efficacy of an error correcting code is highly dependant on the underlying noise model. The
idea here is to tailor both the redundancies and corresponding consistency checks so that they capture
typical errors in our model. Extending the analysis of codes away from simple toy models of noise,
into the regime of more realistic error models, is an important step towards improving the design and
analysis of error correcting procedures for near-term applications.

1.1.1 Classical repetition code

The simplest classical code is the repetition code, which simply involves storing multiple copies of the
encoded information. If we consider encoding a single logical bit into three physical bits, this means
that

= Ol
Il

000,
111,
where 0 and 1 denote the two code states. By storing at least three copies of our encoded information,
we can correct any single-bit error by performing a majority vote between these three copies. More
generally if we consider a (2n + 1)-bit repetition code, then the majority vote decoder will protect our
information against any error which flips at most n bits.

Consider a stochastic noise process in which each bit suffers a bit-flip error with probability p,
and is unchanged with probability 1 — p. If p is small, this noise process will tend to flip a minority
of bits, precisely the errors to which the majority vote decoder is robust. As such, we can see that
the repetition code is well suited to decoding this noise model. Indeed it can be shown that, for any
p < 1/2, the probability of an unsuccessful decoding vanishes exponentially with code size n, as shown
in Figure 1.1.

0.5
— 11— 3
0.4 ||~ n=>
*}; n=10
—
o || = n=20
R
5}
EO02)
80
Q
= 01|
0 | J | J
0 0.1 0.2 0.3 0.4 0.5

Physical error rate
Figure 1.1: The probability of the encoded bit flipping (logical error rate) as a function of the probability of a

physical bit flipping (physical error rate) for the n-bit repetition code. The dashed line denotes parity between
physical and logical error rates.
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CHAPTER 1: INTRODUCTION

One figure of merit for quantifying how well suited a code is to a given error model is its error
threshold. The error threshold is a critical error rate below which the code may store logical information
arbitrarily well by simply growing the code. In this case we can see that the repetition code has a
threshold of py, = 1/2 against iid bit-flip noise.

1.1.2 Quantum repetition codes

An obvious starting point for a quantum code would be to simply encode the basis states into a classical
error correcting code. For example we could consider a quantum extension of the repetition code,

|0) = ]000), (1.3)
1) = [111).

Whilst this code is still robust to bit-flip errors |b) — |b@® 1), quantum systems also contain phase
information, and this code is not robust phase-flip noise |b) — (—1)%|b). Specifically we can see that a
phase-flip error on any physical qubit induces a phase-flip error on the encoded state, |b) — (—1)b|b>.
For this reason, this code is often referred to as the bit-flip code.

One can also construct a second quantum analogue of the repetition code known as the phase-flip
code, where information is encoded into the phases of our qubit states as

0) = jg(\m +11) (10) +11) (10) + 1)), (1.5)

- 1
1:—(0—1)(0—1)(0—1). 1.6
|>\/§\>|>\>|>\>!> (1.6)
Again, whilst this code is protected against single-qubit phase-flip errors, it is however unprotected
against any bit-flip errors.

The problem with both codes is that neither is truly a repetition code in the same sense as the
classical repetition code. One could imagine a hypothetical code in which

) = [¥) @ |) @), (1.7)

for any qubit state |1)). We note that the above codes are only of this form for |¢)) in a specific basis.
Unfortunately, such an encoding procedure for any |i) would violate the no-cloning principle [1.6]. For
this reason we cannot simply construct quantum error correcting codes based on copying our logical
information, as we can in the classical realm.

1.1.3 Shor code

A true quantum-error correcting code will need to not only be robust against bit-flip errors, but
arbitrary quantum errors. This might at first seem like a very significant issue: whilst a bit can only
suffer an error in a single way, there are a continuous family of qubit errors. How can we possibly hope
to correct any of these infinite errors? As we shall see, one way of achieving this is to combine both
the bit-flip and phase-flip codes, giving a code known as the Shor code [1.2].
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CHAPTER 1: INTRODUCTION

The Shor code is an example of a concatenated code [1.7], in which we encode our information
multiple times. Specifically we first encode our state into the bit-flip code, and then once again into
the phase-flip code. This results in the nine-qubit encoding

1

V8
1) = \}g (|000> - |111>) (|ooo> - |111>) (yooo> - y111>). (1.9)

0) (|000> + |111>) (|000> + |111>) (1000> + |111>), (1.8)

By construction this code is separately robust to a bit-flip on any qubit and a phase-flip on any
qubit, which are described by the Pauli X and Z respectively, where

X = 01+ 101, Z:=[0)(0] — [1). (1.10)

Fortunately, if a quantum code can correct any two errors, it can also correct any linear superposition
thereof [1.1,1.5], which circumvents the issue of the infinitude of quautum errors mentioned earlier.
As a result of this, the ability of the Shor code to correct any single-X and any single-Z error implies
that it can in fact correct any single-qubit error. By considering an analogous construction based on
larger repetition codes, we can construct a (2n + 1)2-qubit code which can correct any n-qubit error.

1.1.4 Threshold theorem

Above we have considered the simplest model of error correction, in which we attempt to simply
store quantum information, with access to ideal encoding and decoding operations. As described
earlier, these codes can be used to augment protocols such as quantum computation to make them
fault-tolerant. In this model we wish not only to store quantum states [1.8,1.9], but also to perform
computations upon them, in a regime in which all operations we may wish to perform are noisy. The
threshold theorem [1.10-1.13] states that, for any quantum system with operations for which the noise
rate is sufficiently low, and errors only mildly correlated, noiseless quantum computations may be
arbitrarily well approximated with low overhead.

Critically, the threshold for such a scheme is a constant independent of the size of the computation
to be performed. This is a qualitative improvement on simply attempting to drive down raw error
rates, which would naturally require tighter error tolerances as the computation grows, as noted earlier.

1.2 Resource-error trade-offs

One way of analysing the role of noise in quantum information processes is, as above, to use error
correcting codes to construct specific fault-tolerant protocols, and analyse their performance. Another
approach is to, leveraging techniques from quantum Shannon theory [1.14-1.16], study the fundamental
trade-off between error rates and the performance for certain quantum tasks. A key advantage of this
technique is that it allows for the error tolerance of these tasks to be analysed independent of the
specific error correction procedure used.
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1.2.1 Channel coding

One of the simplest information theoretic tasks is communication via a noisy channel [1.17,1.18]. Here
the goal is to provide encoding and decoding procedures such that messages may be transmitted over
the channel, and successfully decoded with high probability. Generally there is a trade-off between
the amount of data which may be transmitted per channel use, known as the rate, and the error rate
associated with decoding.

Whilst quantum mechanical encodings can be used to transmit quantum information, in the form of
qubits, they can also be used to transmit more classical information than classical encodings alone [1.19—
1.21]. An example where this can be seen is the bit-flip channel,

E(p) = (1 —p)p+pXpX, (1.11)

where X = |0)(1| + |1)(0| is the bit-flip operator. If we just encode our messages into classical states,
this channel acts as the binary symmetric channel, flipping each of our bits with probability p. As
this channel has a non-zero probability of sending any bit-string to any other, we can never hope to
noiselessly transmit messages in this way. If however we allow for quantum encodings, we can use a
phase encoding,

10) +11)
V2
0) —[1)
V2
such that our encoded states are now invariant under £. As such, quantum mechanics allows us to

perfectly transmit one bit per channel use. In this way we can see that the performance of a channel
under classical and quantum encodings can vastly differ.

0— (1.12)

1— (1.13)

1.2.2 Resource theories

The laws of nature place restrictions on the allowed set of physical processes: nothing can move faster
than the speed of light, CPT symmetry must be obeyed, energy may be neither created nor destroyed.
Only considering allowed operations which obey these restrictions will imbue certain objects with value,
much in the way that scarcity imbues goods with value in economics. The mathematical frameworks
for studying such constrained physical systems are known as resource theories [1.22,1.23].

A resource theory is defined by specifying a set of free states and free operations. Any state which
can be consumed to allow an operation outside of the free operations is referred to as a resource, e.g. a
battery being consumed to charge a phone when energy cannot be created. Two important examples
of resource theories are those of entanglement [1.24] and quantum thermodynamics [1.25-1.27].

The resource theory of entanglement arises from considering two or more parties who are incapable
of performing non-local quantum operations. The free operations are any local operations together
with classical communication (LOCC), while the free states are separable states. Supplying the parties
with pre-shared entanglement however allows them to perform operations outside of LOCC—it is in
this sense that entanglement is a resource in this setting. Indeed in the bipartite case, a maximally
entangled state allows for an arbitrary operation to be performed, which is the basis of protocols such
as quantum teleportation [1.28] and super-dense coding [1.29].
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The resource theory of quantum thermodynamics arises from considering only operations which
obey the laws of thermodynamics, as well as exchange with a thermal bath. There exist multiple ways
of formalising this resource theory, which we discuss in detail in Chapters 6 and 7. In this theory,
identifying resourceful states is not so straightforward, with both athermality and coherence forming
quantum thermodynamic resources.

One way of assessing the resource values of given states is through the state interconversion problem,
which asks which target states may be reached from a initial state using only free operations.

1.2.3 Asymptotics and finite-size effects

The state interconversion problem is often studied in one of two rather extreme regimes: single-shot
or asymptotic.

In the single-shot regime we consider a single copy of our input state, and ask which output states we
can reach to within some error tolerance €. The resulting conditions are often analytically complicated,
as well as difficult to compute with, making these results impractical for all but the smallest systems.

In contrast to single-shot, the asymptotic regime is particularly mathematically convenient. Here
we imagine having an arbitrarily large number of copies n of our input state, and transforming these
into Rn copies of our target state ¢ to within some error tolerance €, using only free operations. The
question here is the trade-off between the rate R, the number of target states per input state, and the
error tolerance €. The convenience of this asymptotic regime arises the ability to leverage concentration
phenomena such as the asymptotic equipartition property.

Whilst both regimes help to illuminate the features of their underlying resource theories, neither
analysis is particularly suitable when considering the intermediate regime of a large, but not infinite,
number of particles. The single-shot analysis often scales poorly, and the asymptotic analysis ne-
glects finite-size effects. For near-term applications it is therefore imperative to marry both of these
approaches, to give analysis which applies in this intermediate regime.

1.3 Thesis overview

In this thesis we will study the roles of noise in quantum information processing, both by studying the
design of quantum error correcting codes, as well as fundamental resource-error trade-offs in certain
quantum information processing tasks.

In Chapter 2 we extend a mapping between quantum error correcting codes and statistical me-
chanical models, originally considered in Ref. [1.30], to the regime of correlated noise. Importantly,
under this mapping the error correcting threshold of our code is mapped onto the phase transition of
the resulting statistical mechanical model. As such, by utilising techniques for locating phase tran-
sitions, such as Monte Carlo simulation, this mapping may be used to estimate thresholds of codes,
in a decoder-independent fashion. Moreover, using tensor network methods, we can also show that
this mapping can provide an efficient algorithm which approximates the optimal decoder, generalising
the decoder of Ref. [1.31] to more general codes and correlated error models. By way of example, we
apply these methods to numerically study the surface code under a model of correlated bit-flip noise,
showing how correlations within the noise model can significantly alter the resulting threshold.

In Chapter 3 we study the performance of the surface code under noise which is biased towards
dephasing. By a simple modification, the surface code is known to exhibit an ultra-high threshold to
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such noise, and we identify the features of the surface code which cause this. We show that in the limit
of pure dephasing the error threshold approaches 50%. We then study the sub-threshold behaviour,
showing that careful choice of the system sizes used can dramatically lower the logical error rates.
Lastly, we show numerically that all of these effects persist even when the bias is finite.

In Chapter 4 we consider error correcting codes for which only approximate logical operators are
known. We show that, as long as they obey approximate commutation relations, these operators
still imply the existence of an underlying error correcting code. Following the work of Ref. [1.32],
we also discuss how this result can be interpreted from a condensed matter perspective, in terms of
approximate anyonic statistics, serving as a certificate of topological order.

In Chapter 5 we consider trade-offs between the classical communication rate and error for commu-
nication over quantum channels. This problem is often analysed either in the regime where the error
tolerance is fixed, or the transmission rate is fixed. In this work we consider an intermediate regime
where both the rate approaches the capacity and the error probability vanishes. As well as providing
an asymptotic analysis, we also consider finite-size corrections, which are important in the regime of
large-but-finite channel uses.

In Chapters 6 and 7 we consider the trade-offs between error probabilities and the rates of state
interconversion in the resource theories of quantum thermodynamics, entanglement, and coherence. In
Chapter 6 we analyse the problem in the regime of constant error, which we then refine in Chapter 7
to also account for the possibility of sub-exponentially decreasing error.

In Chapter 8 we explore an interesting physical consequence of the results in Chapters 6 and 7, a
phenomenon we refer to as resource resonance. We show that, by carefully engineering the resource
interconversion process, this resonance allows one to greatly mitigate potentially detrimental finite-size
effects. We verify this analytic prediction by performing exact numerical operations to observe this
phenomenon even in relatively small systems. As well as this, we explore several applications, such as
to small quantum heat engines.

Finally in Chapter 9 we provide an overview of the thesis, discuss possible extensions of this work,
and give concluding remarks.

Each of the Chapters 2-8 are all self-contained papers, and all begin with reviews of the relevant
literature and notation.
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Abstract

We give a broad generalisation of the mapping, originally due to Dennis, Kitaev, Landahl and
Preskill, from quantum error correcting codes to statistical mechanical models. We show how the
mapping can be extended to arbitrary stabiliser or subsystem codes subject to correlated Pauli noise
models, including models of fault tolerance. This mapping connects the error correction threshold
of the quantum code to a phase transition in the statistical mechanical model. Thus, any existing
method for finding phase transitions, such as Monte Carlo simulations, can be applied to approximate
the threshold of any such code, without having to perform optimal decoding. By way of example, we
numerically study the threshold of the surface code under mildly correlated bit-flip noise, showing
that noise with bunching correlations causes the threshold to drop to peorr = 10.04(6)%, from
its known iid value of pig = 10.917(3)%. Complementing this, we show that the mapping also
allows us to utilise any algorithm which can calculate/approximate partition functions of classical
statistical mechanical models to perform optimal/approximately optimal decoding. Specifically, for
2D codes subject to locally correlated noise, we give a linear-time tensor network-based algorithm
for approximate optimal decoding which extends the MPS decoder of Bravyi, Suchara and Vargo.

Quantum mechanical systems are inherently sensitive to noise. The inability to completely suppress
environmental noise and perform noiseless quantum operations therefore provides a significant barrier
to scalable quantum information processing. To mitigate this, quantum error correcting codes [2.1,2.2]
were developed that encode quantum information into a larger system whose redundant degrees of
freedom provide protection from physical noise. For a given code family and noise process, quantum
information can be encoded and decoded arbitrarily well below a critical noise strength known as the
threshold. Whilst the threshold is defined with respect to the optimal decoder, it is also often also
studied for the case of specific sub-optimal decoding procedures.
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CHAPTER 2: STAT MECH MODELS FOR CORRELATED NOISE

The most commonly studied model of noise in quantum codes is that of iid Pauli noise, in which
each qubit is subjected to an independent, identical Pauli noise process. This is a mathematically con-
venient model, but it does not account for any possible correlations between errors. Whilst this model
can provide a proof-of-principle that an error correction procedure can successfully withstand errors,
many of the physical architectures in which we might hope to implement quantum error correction
are known to experience correlated noise. Examples include proximity effects [2.3,2.4] and bosonic
couplings [2.4-2.11] in solid state systems. Correlations can also arise when modelling non-Markovian
noise processes [2.12,2.13]. As the threshold depends on the error model, including the presence and
magnitude of correlations, taking these factors into account is important when attempting to specify
physically relevant thresholds.

One of the most important correlated noise models is that of circuit-based noise [2.14-2.19], in which
elementary gates and measurement are taken to be noisy. Even if we assume the noise introduced in
each operation is independent, the operations themselves tend to propagate and accumulate errors,
giving an overall correlated noise model. Importantly, there exist codes which have a threshold under
this correlated noise model, which is known as the fault-tolerant threshold [2.20,2.21]. Moreover, it
can even be shown that there exist error correction procedures which allow not only for fault tolerant
storage of quantum information, but also fault tolerant quantum computation, a result known as the
quantum threshold theorem [2.22-2.25].

In the context of correlated noise, little is known about optimal decoding or fault tolerance proce-
dures. For this reason, most Monte Carlo estimates of thresholds for correlated noise are given with
respect to sub-optimal decoders and fault tolerance schemes [2.26-2.36]. Indeed, to our knowledge, no
optimal thresholds are known for any interesting quantum code families with a non-trivially correlated
noise models.

Remarkably, there exists a method for computing code thresholds with respect to iid Pauli noise
called the statistical mechanical mapping [2.37]. In this technique, a classical statistical mechanical
system is constructed from a quantum code with the noise model manifesting as a quenched disor-
der. This mapping is designed in such a way that the thermodynamic properties of the statistical
mechanical system relate to the error correction properties of the quantum code, under the optimal
decoder. This method has been used [2.38] to compute thresholds [2.39-2.43], including fault-tolerance
thresholds [2.44-2.49], for a wide variety of code families based on topological codes [2.47], i.e. codes
with spatially local stabiliser generators on a lattice in Euclidean space.

Importantly, this link implies that the error correction threshold in the code manifests as a phase
transition in the resulting stat mech model. This insight implies that one may bring to bear the various
numerical and analytical techniques for determining the phases of stat mech systems to indirectly
estimate the threshold of our code, without having to implement optimal decoding.

Summary of main results

In this manuscript we give a broad generalisation of the stat mech mapping to the case of correlated
Pauli noise models acting on any stabiliser or subsystem quantum code. The original mapping for
independent bit-flip noise [2.37], and subsequent generalisation for independent Pauli noise [2.39],
works by showing that when a special condition known as the Nishimori condition [2.50] holds, a
certain stat mech model with quenched disorder has a partition function that maps directly onto the
probability of a logical class given the syndrome of a code. Our first result is that this fundamental
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theorem continues to hold in much more generality for correlated noise using our more general stat
mech mapping.

The specific notion of correlation allowed by our theorem is very general. We first show that
any distribution arising from a factor graph admits such a mapping, which generalises independent
noise as follows. In particular, it works whenever any cluster of errors that is sufficiently far apart is
conditionally independent given the neighbouring spins of the clusters. This is the well-known spatial
Markov condition, and it provides a systematic relaxation of the notion of independence, controlled
by the length scale at which disjoint clusters become conditionally independent. When this length
scale is zero, there are no intermediate spins on which to condition, and we recover the case of strictly
independent noise. We make this notion precise in Definition 2.3 below.

We further generalise this to the case of spatio-temporally correlated noise by mapping to a system
of one higher spatial dimension. This allows us to include the most relevant type of noise for quantum
computing, namely circuit-based noise thresholds.

By performing Monte Carlo simulations of the resulting stat mech system, we then use this cor-
respondence to approximate the threshold of the toric code subject to a correlated model of bit-flip
errors, and quantify how a certain family of positively correlated errors affect the threshold.

Finally we will show how this mapping can also be used to give an efficient approximation of the
maximum likelihood decoder. A consequence of this result is a generalisation of the tensor network
decoder of Ref. [2.51] to any 2D surface code with spatially local noise correlations. The tensor network
that yields the decoder can be approximately contracted in linear time in n, the number of qubits.
The contraction sequence allows a systematic approximation of the maximum likelihood decoder by
increasing the bond dimension cutoff of an intermediate matrix product state representation.

The paper is organised as follows. After introducing mathematical preliminaries and definitions in
Section 2.1, we continue in Section 2.2 by reviewing the stat mech mapping in the case of independent
noise. In Section 2.3 we then extend the mapping to account for noise models with spatial correlations.
In Section 2.4 we apply this mapping to correlated bit-flip noise in the toric code, and perform Monte
Carlo simulations to estimate the threshold. In Section 2.5 we extend our construction to spatio-
temporal correlations and circuit-based noise. In Section 2.6 we prove that the phase boundary and
the threshold coincide, and using this we show in Section 2.7 how tensor network methods yield
efficient approximations of the optimal decoder. We conclude in Section 2.8, provide some background
on correlated noise in Section 2.A, and details of our numerical simulations in Section 2.B.

2.1 Preliminaries

Fix a local dimension d € N. Let w denote the fundamental dth root of unity, and let P denote the set
of Pauli operators modulo phase. We will associate a copy of the Paulis with each site ¢ for 1 <14 < n,
denoting the Paulis supported on site ¢ by P;, and the set of global Paulis by P™ := X'_; P;.

Pauli operators always commute up to phase. As such, we can capture the non-commutativity of
the Paulis via the scalar commutator [-,-] : P x P — C, defined by the relation AB = [A, B] BA. It
can also be seen as the normalised trace of the group commutator,

(4, B] = %Tr A, B, (2.1)
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where [A, B] :== ABA7!B~!. We can see that the scalar commutator is a well-defined function on
P x P, as the group commutator is invariant under phases, [ewA, ewB] = [A, B]. In general the group
commutator is not multiplicative', but conveniently the scalar commutator of Paulis is, in the sense
that [A, BC] = [A, B] - [A, C]. This also implies that Paulis commute under the scalar commutator, in
the sense that [A, BC| = [A, CB], which will be important for considering subsystem codes.

2.1.1 Stabiliser and Subsystem codes

The codes we will be considering in this work are Pauli stabiliser codes [2.52,2.53]. A stabiliser code
is defined by a subgroup S of the Paulis acting on n qudits. This subgroup must be Abelian and have
trivial overlap with the centre, S N (wI) = {I}. This group is typically specified in the form of a set
of generators {S;}r. The associated code space is given by all states which are stabilised by every
element of the stabiliser group, i.e. all 1)) such that s|i)) = |) for all s € S.

The logical (Pauli) operators of such a code are given by the centraliser of the stabiliser group, that
is the set of all L € P™ such that [s, L] = 41 for all stabilisers s € S. As the stabilisers act trivially on
the code space, logicals which differ just by a stabiliser have identical action on the code space, and
we will refer to them as logically equivalent.

Suppose that we start in a code state [¢), and our system suffers an error E € P", leaving
it in state E|¢). The first step in the error correction procedure begins by measuring each of the
stabiliser generators {Si}r. The Pauli error model has the key feature that any given error yields a
deterministic outcome. Specifically, measuring the kth stabiliser generator deterministically gives the
outcome [Sk, F], and therefore does not disturb the state. Importantly, this outcome does not depend
on the initial code state |¢), depending only on the error E. We refer to the collection of all such
measurement outcomes as the syndrome.

A decoder for such a code is an algorithm which takes as input the syndrome, and outputs a
decoding Pauli D. We then apply D~! to the state, in the hope that this corrects the error. This
decoding successfully restores the system back to the original code state if and only if D was logically
equivalent to the true error E, i.e. D7'E € S.

A more general notion of quantum code is that of a subsystem code [2.54]. Here, some fraction
of the logical qubits are sacrificed to become so-called gauge qubits. Gauge qubits then provide a
workspace that simplifies some of the measurements, since instead of measuring a stabiliser directly
one can measure combined gauge and stabiliser operators that might have lower weight. In a subsystem
code, the gauge group is generated by all of the stabiliser and the gauge operators, and the stabiliser
group is the centre of the gauge group (modulo phase). Thus, measuring enough gauge generators to
reconstruct the stabilisers is sufficient to perform quantum error correction in a subsystem code. This
is true even though general elements of the gauge group don’t commute, since the stabiliser elements
do commute by virtue of living in the centre. We refer the reader to Ref. [2.54] for a more detailed
discussion of subsystem codes.

In what follows, we never use the fact that the stabiliser generators commute. We only use the fact
that Pauli errors form an abelian error algebra, since they commute modulo the scalar commutator.
That is, given two Pauli operators P and @, the accumulated error on a state is the same if one
applies PQ or if one applies QP. Because of this fact, everything that we derive below also applies to

'For a general group, [A, BC] = [A, B] B[A,C] B~ .
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subsystem codes where gauge generators are used in place of stabiliser generators. With the exception of
Section 2.5, we will use the simpler language of stabiliser codes throughout, but with the understanding
that the results can easily be generalised to subsystem codes.

2.2 The statistical mechanical mapping

Before considering correlated noise, we start by reviewing the case of independent noise, as first con-
sidered in Ref. [2.37]. Although this material is review, our goal is to write the derivation of the
independent case in such a way that the correlated case falls out as naturally as possible.

For notational convenience, we will restrict out attention to stabiliser codes for this section, but we
note that the below construction can be naturally extended to subsystem codes by replacing stabiliser
generators by gauge generators.

Consider a code given by a set of stabiliser generators {Si}x. In this section we will be considering
an independent Pauli noise model: let {p;}; be probability distributions on P; which describe the
probability of a Pauli error (independently) occurring at each site . The probability of an overall error
E € P" is therefore given by

n

Pr(E) = Hpi(Ei)v (2.2)

=1

where E; denotes the action of E within P;.

2.2.1 Statistical mechanical model

We now want to develop a (classical) spin model whose statistical mechanical properties capture the
error correction properties of our quantum code, in such a way that that the threshold in the latter
naturally corresponds to a phase transition in the former.

The state space of this model will correspond to the stabiliser group, with the noise model deter-
mining the interactions. Specifically, associate a classical spin degree of freedom c¢j with each stabiliser
generator S;,. We will consider each degree of freedom as a member of Zg, and so our full state space’
is given by XpZg.

The family of Hamiltonians we will consider is defined as follows.

Definition 2.1 (Stat mech Hamiltonian: independent noise). For a Pauli E € P*"  and coupling
strengths {J; : P; — R};, our Hamiltonian Hp is defined as

Hp(@) =~ 3 Ji(o) o B[] lo Sl (23)

1,0€P; k

for any state ¢ € xpZg, where E forms a (quenched) disorder parameter. Here the sum is over all
qudits ¢ and all elements ¢ in the local Pauli group P;.

2 In the case where d is composite, and some of the generators Sy are not of maximal order, this will actually cause
an over-counting in Theorem 2.1. Each degree of freedom should take on a number of states equal to the order of Si. For
notational convenience we will assume all of our generators Sj are of maximal order, as is always the case for prime d.
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For algebraic manipulation, it will be convenient to note that the above Hamiltonian can also be
written as

Hp(@ == Y Jilo)

i,0€P;

o, EHS,jk] : (2.4)
k

due to the multiplicativity of the scalar commutator.
Physically, these Hamiltonians correspond to random bond Ising-type models for d = 2. This can
be seen by putting the Hamiltonian in terms of the degrees of freedom s, := (—1)%,

Strength Disorder Interactions

H@=-Y W@ b8 I s (25)

1,0€P; k:[o,Sk]=-1

Similarly for d > 2 this can be seen as a type of random-bond vector Potts model (or clock model).

Readers familiar with the prior work on stat mech Hamiltonians (beginning with [2.37]) might
be puzzled as to why we write such a convoluted form of Hg for our definition rather than the
straightforward Ising-type model in Equation (2.5). The answer is that, as we will see below, this
formulation gives the simplest path to generalising these results to the case of correlated noise.

We note that if our stabiliser generators are local, in the sense that each site is only acted upon
non-trivially by a finite number of stabiliser generators, then this Hamiltonian is also local, in the sense
that each interaction only touches a finite number of sites.

In this construction, each of our interactions corresponded to a site ¢ and a o € P;, i.e. a single-site
Pauli. As we will see in Section 2.3, this is intimately linked with the restriction to independent noise,
and that including larger range interactions will allow us to account for correlated error models.

Before considering specific coupling strengths, we note that this model has been constructed such
that it is symmetric under multiplying the disorder E by a stabiliser generator S; and adding to the
corresponding degree of freedom cj. Specifically,

Hps, (8) = H(€+ k). (2.6)

This can be seen by noting that our Hamiltonian only depends on each ¢ via ES(*, which itself has
this symmetry.

2.2.2 Nishimori condition

We now want to consider the coupling strengths required such that the above model reproduces the
statistical properties of our quantum code and noise model. Specifically we want to choose these
couplings such that

Zp = Pr(E), (2.7)

where Z is the partition function of the Hamiltonian Hg with quenched disorder E, Pr(E) denotes
the probability of a logical class of errors, and E denotes the set of errors which are logically equivalent

to E. A sufficient condition for this is given by the Nishimori conditions.
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Definition 2.2 (Nishimori conditions: independent noise). An inverse temperature 8 and coupling
strengths {.J; }; satisfy the Nishmori conditions with respect to distributions {p;}; if

BJi(o) = |Pl| > logpi(r) [0, 77, (2.8)

TEP;
holds for all 7 and o € P;.

Note that Equation (2.8) is not defined if any of the p;(7) are exactly zero. However, in those cases,
we can formally manipulate log 0 together with the convention that exp(log0) = 0 and obtain sensible
answers. A more rigorous treatment taking limits is certainly possible, but would obscure the thrust
of the argument, so we neglect these details.

This now allows us to prove the critical property of our stat mech mapping, which we refer to as
the fundamental theorem.

Theorem 2.1 (Fundamental theorem of stat mech mapping: independent noise). Given the stat
mech Hamiltonian (Equation (2.3)) associated to a noise model that satisfies the Nishimori condition
(Equation (2.8)), the probability of a logical class of errors is equal to the corresponding partition
function,

Zp = Pr(E). (2.9)

Proof. First we note that the Nishimori condition takes the form of an (inverse) Fourier transform
of the log-probabilities logp; with respect to the Pauli group. Using the orthogonality condition
> o lo,pl =|P|d, 1, we can see that this is equivalent to the requirement that the Fourier transform of
BJ; is log p;, specifically

> BJi(a) [0, E] = log pi(E;). (2.10)
oeP;

Summing over sites i, we see that this means the Gibbs weight in the all-zero state reproduces the
error probability,

e PO = exp [ N BJi(0) [0, E] (2.11a)
1,0€P;

= exp (Z logpi(Ei)> (2.11Db)
= Hpi(Ei) = Pr(E). (2.11¢)

Lastly, we can use the symmetry property to write the partition function as a sum over logically
equivalent disorders, giving the probability of logical class as required,

Zp =3 e Pe@ =N~ ~BlEsO) = pr(E), (2.12)
¢ Ses

O]
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Figure 2.1: Stat mech mapping of toric code with iid noise. Solid circles indicate qubits, and hollow circles
indicate the spins of the stat mech model. The lines connecting the spins to the highlighted green qubit indicate
the spins which are coupled by the interactions corresponding to that qubit. The interaction terms corresponding
to a qubit on a horizontal edge (i, j, <>) give a horizontal Ising coupling on the X-sublattice, a vertical Ising
coupling on the Z-sublattice, and a four-body term coupling the two sub-lattices. The vertical qubit (i, 7,7)
gives rotated versions of these couplings. The full Hamiltonian is given in Equations (2.13) and (2.14).

This correspondence between logical class probabilities and partition functions suggests that the
regimes in which error correction is and is not possible in our code correspond naturally to phases in
our stat mech model. We will show this explicitly in Section 2.6, and see that the error correcting
threshold manifests as a quenched phase transition.

In Section 2.7 we will also see how this correspondence, together with tensor network methods
for approximating partition functions, can be used to construct a family of efficient tensor network
algorithms which approximate maximum likelihood decoding.

2.2.3 Example: Toric code

We now consider several examples of the stat mech systems corresponding to the toric code with iid
noise. Let p be the marginal distribution of errors on a single qubit. Given that our stabilisers split
into X-type stars and Z-type plaquettes, we will divide the spins into two corresponding sub-lattices,
denoting them {s;\ }1, the X-sublattice, or {s7 };, the Z-sublattice, respectively. Applying our mapping
to this code gives the Hamiltonian

Hp=— Z(J(I) +J(X) (X, E) [] &7 (2.13)

e ofze
+J(2)[Z.E] [] s

vEde

+IW) [YV.E] [ 71 SUX),

df>e  wvEde

where v, e, f denote vertices, edges, and faces in the lattice, Jde denote the vertices surrounding an
edge, and Jf the edges surrounding a face. We note that the above Hamiltonian is not only valid for
the toric code, but in fact any homology code.
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Writing this Hamiltonian out more explicitly in Cartesian coordinates, as indicated in Figure 2.1,
we see that our model corresponds to two copies of the 2D random bond Ising model on each sublattice,
with a four-body coupling between them, specifically

Hp = _Z(2J(I)+J(X) (X, Eijer ]SiZijj-i—l (2.14)
Y J(X) [X EZJi] i,j° zZ+1]
+J(2)[Z, Eijo] s ng 1y
J(Z [Z El]d i, ZXJ 1

(

(

)
)

JY) Y, EBijol 5257501885550

J(Y) [Y Ewi] 0,5 7Z+1g ngSsz 1)

where E; j ., and E; ;4 indicate the action of the error £ on the (i, j)th horizontal and vertical qubits
(see Figure 2.1). The terms inside the parentheses are the interactions corresponding to the qubits
labelled (7, 7, ) and (i, 4,7) as indicated in Figure 2.1.

The Nishimori conditions give coupling strengths of the form

I = 5o p(Ip(X)p(Y)p(2), (2.152)
1 e

J(X) = 461 8 oV )p(Z) (2.15b)
1 () )

)= 35 vy (2.15¢)

J(YV) = 416 og m. (2.15d)

We now consider this model for specific iid error models of interest.

Depolarising noise (Bombin et.al.)

If we consider the depolarising channel, with p(/) =1 —p and p(X) = p(Y) = p(Z) = p/3, then our
model reduces to

Hg = _Z(_K+ JIX, Eijos ]SiZijjH (2.16)
s +‘][X E%Ji] z} zZ+17

J1Z,Eijo)siysiin
T2, E; j4] Sz‘,jsi‘),(j—l
Y,
JY,

Z Z X X
ij, o) 51, 50,7 +150,55i—1,5

FE;
zZ X X
Ewi] i,j Si+1,55,5%,5— 1)7
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with Nishimori conditions

1 27
BK = ~log |
p3(1—p)

3(1-p)

(2.17a)

8J log

2
1
—— 2.1
1 (2.17b)

This corresponds to a disordered variant of the eight-vertex model [2.55-2.57], which was considered
in Ref. [2.39].

Independent X and Z

Consider now a model with independent X and Z errors. Specifically let px,pz denote the probability
of each generator, such that

p(I) = (1 —px)(1 —pz), (

p(X) =px(1 —pz), (2.18b
p(Z) = (1 —px)pz, (2.18¢
p(Y) = pxpz. (2.18d

Importantly, this means that p(X)p(Z) = p(I)p(Y), and therefore J(Y) = 0. This has the effect
of decoupling the two sub-lattices into two non-interacting random-bond Ising models, such that the
Hamiltonian can be decomposed Hg = H ig + H g , Where

Hif = =3 (=KX + ¥ (2, Bijo ssa (2.192)
®
+ % [Z, By gy] siysiya )
Hf = — Z(‘KZ + 71X, Byl stislin (2.19b)
i7j

+J7 [X, Big] 5757, )

and
1 1
KA= —log——— 2.20a
268 " pa(l —pa) ( )
1 1—pa
J4="1o , 2.20b
23 8 PA ( )

for A € {X,Z}. This corresponds to two decoupled copies of the random-bond Ising model, with
disorder probabilities px and pz. The decoupled nature of these two models is generic for CSS codes
(i.e., codes whose stabilisers split into separate X and Z type) under independent X and Z noise. A
further consequence of this is that the optimal decoder can decode the X and Z errors independently.

Pure bit-flip noise (Dennis et.al.)

As mentioned when we introduced the Nishimori condition above, care must be taken whenever the
noise model does not have full support, as our Hamiltonian becomes divergent on certain states. An
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important example of such a model is that of iid bit-flip noise, as was considered in the seminal paper
Ref. [2.37]. Here we take p(I) =1 —p, p(X) = p, and p(Y) = p(Z) = 0.
We know that the Nishimori condition implies

Hp(é) = —;logPr <EHSk’“> (2.21)
k

Given that the probability of any error containing any non-trivial Z contribution is zero in this error

model, this tells us that any state which is not entirely magnetised on the Z-sub-lattice (sTZj siZ+17 ,=-1
or QLZ}SZZY 41 = —1 for some i, j) has infinite energy. We can interpret this as the degrees of freedom

in this sub-lattice being frozen out, into the one of the two entirely magnetised states. Restricting

to these (degenerate) Z-magnetised states (SiZ,jSiZ«H,j = sfjsiZJ+1 = +1 for all 4, j), our Hamiltonian
therefore reduces to a single copy of the random bond Ising model
Hp == (=2K +J (2, Eyjol st (2.22)
i,
X X
+J[Z, By Sz‘,jsz‘,j—l)v
where
1 1
K=—log—, 2.23a
28" " p(1—p) (2:282)
1 1—p
J=—log . 2.23b
25 p (2.23b)

We can see now that J and K are both finite for any p € (0,1), meaning that our Hamiltonian is
no longer divergent on the remaining degrees of freedom. Moreover, this is the Hamiltonian that was
considered in Ref. [2.37]. This shows that, taking appropriate care, errors models without full support
can also be considered using this construction, after considering frozen out degrees of freedom.

2.2.4 Extensions

The stat mech mapping for independent noise can also be generalised to several other noise models.

Noisy measurements The first example is a noise model consisting of independent noise, and
independently noisy measurements. This can be modelled by including an ancilla bit for each stabiliser,
and replacing stabilisers S — S ® Z, where the Z acts on this ancilla. Any bit-flip noise on this ancilla
bit will effectively model noisy measurements.

Leakage errors Leakage can be accounted for by explicitly including flag bits. The precise con-
struction however will depend on what model of leakage is being used.

Overlapping independent One simple toy model for spatially correlated errors is a model in which
independent noise processes acts on overlapping regions, where the overall error is given by the product
of these local errors. An example of this is the ‘nearest-neighbor depolarizing’ model of Ref. [2.89], in
which each nearest-neighbour pair is afflicted uniformly by any non-trivial 2 qubit error with probability
1 — p. We discuss modifying the stat mech mapping for models such as this in Section 2.C.
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2.3 Correlated noise

Now that we have reviewed the stat mech construction for independent Pauli noise, we now want to
consider extending this to correlated noise models.

We will consider a model with local spatial correlations, which forms a natural and systematic way
of relaxing the independence condition above. Specifically, we want to consider models in which errors
at sufficiently distant locations are conditionally independent, but in which they may be arbitrarily
correlated at short range. The conditional dependences described above are naturally represented
through probabilistic graphical models, such as Markov random fields and Bayesian networks. Below
we will focus on a simpler and more mathematically convenient model of factored distributions. We
discuss the relationship between these models in more detail in Section 2.A.

2.3.1 Factored distributions

For a global error £ € P", let E; denote the action on a single site i. Similarly, for some set of sites
R = {iy,i9,...}, let ER denote action of E on sites in R, i.e. Ep := Q;crk;.

For the previous mapping, we leveraged the fact that independence of two random variables A and
B implies their joint distribution factors, Pr(A, B) = Pr(A) - Pr(B). We now want to consider more
general distributions which can also be locally factored.

Definition 2.3 (Factored distribution). A distribution factors over sets {R;}; if there exists non-
negative functions {¢; : P, — R*}; such that

Pr(E) = ][ ¢i(Er,)- (2.24)

If the regions {R;}; are disjoint, then these just correspond to distributions which are independent
after appropriate coarse-graining. We, however, do not require that these regions are disjoint, which
allows us to consider genuinely correlated noise models, which remain correlated even after coarse-
graining. In another extreme limit, if there is only a single region R and it contains all of the random
variables, then we can take ¢r to be simply the complete joint probability distribution. This shows
that the structure of the individual regions R; can interpolate between the case of independent noise
(when R; = {j}) and a general distribution (when R = {1,...,n}). Intermediate cases correspond to
probability distributions with differing ranges of correlation. Thus the factored distribution formalism
forms a natural ansatz for describing finite-range correlations efficiently in a probabilistic model. We
refer the reader to Section 2.A for more discussion of factored distributions.

2.3.2 Correlated statistical mechanical mapping

We now extend the stat mech mapping to the case of correlated noise. Specifically we will consider
an error model which factors over {R;};, with factors {¢;};. In the mapping for independence noise,
each interaction term corresponding to a single-site Pauli. As hinted at earlier, we can account for
correlated noise models by including interaction terms corresponding to multi-site o, specifically o
living on a single region R;. Recall that S} are the stabilisers of the quantum code and c;, are the
associated d-level classical degrees of freedom taking values in Z4. Then the stat mech Hamiltonian
takes the following form.
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Definition 2.4 (Stat mech Hamiltonian: correlated noise). For a Pauli E € P", and coupling strengths
{J;: Pr; — R};, the stat mech Hamiltonian Hp is defined as

He@ == Y J5(0) o, E) ] lon S (2:25)

J,0€PR; k

We notice that we can once again use the multiplicativity of the scalar commutator to rewrite this
in the more mathematically convenient form

Hp(@ =- Y_ Ji(o) |o,E]]S¢*], (2.26)
j,O'G'PRj k
and see that our Hamiltonian retains the symmetry we leveraged in the independent case,
Hps, (&) = Hp(Z+ k). (2.27)

In order for the definition of the stat mech Hamiltonian to connect to the error probabilities of the
quantum code for a given noise model, we need to find an analogue of the Nishimori conditions. For-
tunately, our formulation of this condition in the independent case gives an immediate generalisation.

Definition 2.5 (Nishimori conditions: correlated noise). An inverse temperature 8 and coupling
strengths {J;}; satisfy the Nishimori conditions with respect to factors {¢;}; if

1 _
BJj(0) = ‘PRJ-TEZP; log ¢;(7) [0’,7’ 1] , (2.28)

Using a proof analogous to the independent case Theorem 2.1, we also get a fundamental theorem
for this correlated model.

Theorem 2.2 (Fundamental theorem of stat mech mapping: correlated noise). Given the stat mech
Hamiltonian (Equation (2.25)) associated to a noise model that satisfies the Nishimori condition (Equa-
tion (2.28)), the probability of a logical class of errors is equal to the corresponding partition function,

Zp = Pr(E). (2.29)

As with the independent case, we will see that this similarly implies that the error-correction
threshold manifests as a quenched phase transition (Section 2.6), and that this allows us to construct
efficient tensor network approximations to the maximum likelihood decoder (Section 2.7).

2.3.3 Noise Hamiltonian

Consider the case where each factor ¢; is strictly positive. Suppose we define the local Hamiltonian

H(E) = - log;(E), (2.30)
J
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Figure 2.2: Stat mech couplings induced by pairwise correlated bit-flips in the toric code. Solid circles indicate
qubits, and hollow circles the spins of our stat mech model, corresponding to stabiliser generators. Green ellipses
denote the type of correlations, specifically the regions over which the error model factors. These correspond to
the interactions in the noise Hamiltonian Equation (2.33). Blue edges connecting spins indicate the couplings
induced in the statistical mechanical model by such correlations. The labelled couplings a), b) and ¢) respectively
correspond to: a) nearest-neighbour correlations induce a two-body diagonal coupling, b) next-nearest neighbour
(across-plaquette) correlations induce a four-body face coupling, ¢) next-nearest-neighbour (across-vertex) induce
two-body distance-2 couplings.

which we refer to as the noise Hamiltonian. The states of this Hamiltonian are labelled by Pauli
errors, elements of P™. The noise model then corresponds to thermal distribution of this Hamiltonian
at inverse-temperature g = 1,

Pr(E) = e H(EP), (2.31)

Expressed in this way, the Nishimori condition, Definition 2.5, can be seen as a relationship between
the stat mech Hamiltonian of Definition 2.4 and the noise Hamiltonian of Equation (2.30). Specifically,
it takes the form

BHEp(¢) = H (EH S,?“) : (2.32)
k

In this sense we see that, when the Nishimori condition is satisfied, the interactions within the stat
mech Hamiltonian Hg naturally correspond to those in the noise Hamiltonian H, but with a change
in the underlying state space.
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2.3.4 Example: Toric code with correlated bit flips

We now consider an example of a correlated noise model: correlated bit-flips in the toric code. Consider
a noise model defined by an Ising noise Hamiltonian with coupling J and field strength h,

H= —Ziw;e Z J Teer, (2.33)

where we have chosen the convention that x. = —1 corresponds to E. = X and x, = +1 to E. = I.
Here J controls the magnitude (and Slgn) of the correlations, with J = 0 corresponding to independent
errors, J > 0 to bunching errors, and J < 0 to anti-bunching errors.

For a given error E (and the corresponding values of the spin variables z.), the stat mech model is
of the form

Hg Z hete) HS” Z(Jxewe/) H Su, (2.34)

vEde er~ve’ ved(ee’)

where d(e€’) denotes the vertices that surround either e or €/, but not both. Here the variables s,
form the degrees of freedom, and the ze form the quenched disorder. The Nishimori conditions for this
model reduce to 8J = J and Sh =

As in the independent case, we can see that the h field term in our noise Hamiltonian has induced
a 2D random-bond Ising model. The addition of the J term has induced additional longer range
couplings. The geometry of these couplings is shown is Figure 2.2 for the case where the noise cor-
relations couple nearest-neighbour and next-nearest-neighbour qubits. The corresponding stat mech
Hamiltonian has a similar locality, and contains at most 4-body interactions among the s, degrees of
freedom.

2.4 Numerics

A key advantage of the stat mech mapping is that it allows us to reappropriate techniques for de-
termining the phase diagrams of classical spin systems for approximating the thresholds of quantum
codes. By way of example, we consider using Monte Carlo simulations to determine the threshold of
the toric code under a correlated model of bit-flip noise.

We shall consider the model of ‘across-plaquette’ correlated bit-flips described in Section 2.3.4 (see
Figure 2.2b). We will restrict our attention to noise which obeys certain natural symmetries, namely,
that the correlations are site-independent and symmetric between correlated errors. This is equivalent
to saying that the noise Hamiltonian has symmetric, site-independent interaction terms.

Instead of expressing this model in terms of an Ising noise Hamiltonian, it will be convenient
to parameterise this model in terms of the marginal error rate. Let p denote the marginal error
probability on any site, i.e. Pr(E, = X) = p on any edge e. Suppose that the error probability given
that a neighbouring error has or has not occurred is p4, so that

Pr(E, = X|Ew = X) = py, (2.35a)
Pr(Ee=X|Eo=1)=p_, (2.35b)
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where e and ¢’ lie on opposite sides of a plaquette. For the marginal probability to be p, these
probabilities are subject to the consistency condition p = ppy + (1 — p)p—_.

If p_ < p < py the errors tend to bunch together, whereas they tend to anti-bunch if p_ > p > py.
A natural way of parameterising these correlations is in terms of the correlation parameter,

n=pi/p-, (2.36)

where 1 = 1 corresponds to uncorrelated noise, n > 1 to bunched, and n < 1 to anti-bunched.

In the limit of infinite bunching (n — o) the model produces exclusively logical errors, meaning
that the threshold vanishes, p; — 0%. Similarly, for infinite anti-bunching (7 — 0) the model cannot
produce non-trivial logical errors, and we expect that p; — 50% [2.58]. We will be considering the case
of mild bunching correlations, n = 2, which one would expect to lower the threshold.

Applying the stat mech mapping, we get a random-bond Ising-type model on a square lattice,
containing 2-body edge terms and 4-body face terms. The Hamiltonian takes the form

Hp(3) ==Y (hze) [[ so— > (azeze) [] so (2.37)

e vEDe e~e’ ved(ee’)

where z, = +1 if E, = I and z, = —1 if E, = X, and e ~ ¢’ denotes edges lying across a plaquette
from each other.

Normalising our Hamiltonian such that Jo = 1, our system has two Nishimori conditions. When
n = 2, the first of these conditions is

log 157

A (2.38)

" logdp?
We will impose this condition, and determine the phase diagram of the system in the two remaining
parameters: the error probability p and temperature T'. The threshold probability can be found by
finding the intersection of this phase boundary with the second remaining Nishimori condition,

Brish = — log 4p?. (2.39)

In Figure 2.3 we show the phase diagrams of the n = 1 uncorrelated model, and our numerical results
for the n = 2 correlated model. The details of our numerical simulation are found in Section 2.B. We
find that that under these mild correlations the threshold drops to p¢(n = 2) = 10.04(6)%, from the
uncorrelated threshold of pi(n = 1) = 10.917(3)% [2.59], confirming the earlier intuition that correlated
errors will indeed reduce the threshold.

2.5 Spatio-temporal correlations

In Section 2.3 we considered the stat mech mapping for error models which factor. This model applies
in the important case of spatially correlated errors, followed by ideal measurements. We would like to
generalise this construction to the case of multiple rounds of syndrome measurements, subject to spatio-
temporal correlations in the noise. We will do this by constructing a subsystem code which, subject to
purely spatially correlated noise, reproduces the measurement statistics of our original stabiliser code
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Temperature T'

0 \ \ \ \ \
0 2 4 6 8 10 12

Marginal error probability p(%)

Figure 2.3: Phase boundary of the stat mech models corresponding to uncorrelated (n = 1) and correlated
(n = 2) bit-flip noise in the toric code. The solid lines indicate the phase boundaries of the two models, with error
bar indicating statistical uncertainty in our numerical results. The n = 1 data is taken from Refs. [2.37,2.59-2.62],
and the n = 2 comes from our numerics, as detailed in Section 2.B. The dashed lines indicate the corresponding
Nishimori conditions. The shaded red region indicates our estimate of p; = 10.04(6)% for the threshold of the
correlated model.

27 of 251



CHAPTER 2: STAT MECH MODELS FOR CORRELATED NOISE

under a spatio-temporally correlated noise model. We refer to this construction as the history code.
Doing this in such a way that the locality of our code and noise model are preserved, we can then
apply the construction of Section 2.3 to the history code to give a corresponding stat mech model.

As well as presenting the construction of the history code, we will also discuss an important family
of spatio-temporally correlated noise models which possess a correlation structure which make them
amenable to this construction: circuit-based noise. In this model we consider a syndrome measurement
procedure composed of faulty gates. The key distinction between this and purely spatial correlations
is that errors incurred at an earlier time can be spread around by subsequent measurement circuits.
Considering Clifford measurement circuits subject to Pauli noise, this gives a spatio-temporally cor-
related Pauli noise model. By applying the construction of Section 2.3 to the corresponding history
code, we get a stat mech model with a phase transition corresponding to the fault-tolerant threshold
of the original code.

2.5.1 History code

The idea behind the history code is to convert time into an additional spatial dimension, allowing
us to naturally convert spatio-temporal correlations into purely spatial correlations, albeit living in
one dimension higher. Specifically, for each site ¢ in our original code, and measurement round ¢, the
history code will have a corresponding site (i,t).

Noise model

The error models we shall consider are those which factor in a spatio-temporal sense. Specifically,
let E® denote the error to which our code is subjected prior to the tth round of measurements, and
E = (E(l), . ,E(T)) denote the error history. We will consider models in which the distribution of
error histories factors, i.e.

Pr(E) = [[e1(B), (2.40)
l

where the supports of ¢; are local in both space and time.

As the name may suggest, we will take our error model on the history code to be given by the error
histories of our noise with spatio-temporal correlations. Specifically let E® denote the action of E®
on the tth layer of the history code, and correspondingly let the action of an error history be denoted
E .= X E® . Given this action, the distribution of errors is simply given by the original error model,
and so

Pr(E) = [[ u(E). (2.41)
l

As E can be interpreted as a purely spatial error in the history code, instead of an error history, this
now constitutes a noise model with purely spatial correlations.

Gauge generators

Let M J(t) denote the jth Pauli measurement occurring in the tth round of syndrome measurements.
For error correction to remain well-defined, the final measurement round will need to consist of ideal
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measurements of all the stabiliser generators®. As such if we let T be the number of measurement

rounds, this assumption means that {M J(T)} = {Sk}r. We will require the measurements within each
J

round have disjoint support with the exception of the special final round.

Let M ](t) denote the action of M ](t) on the corresponding layer of the history code. By construction,
we have that the measurement statistics of these operators reproduce those of the measurements in
the original code, as

[M]@, E} - [M;t), E(ﬂ (2.42)

for any j and t.

We now want to consider the history code itself, which takes the form of a subsystem code. To
find the gauge generators, we can consider when two error histories are logically equivalent. As it is
only the final accumulated error which determines whether or not a logical error has occurred, any two
error histories are logically equivalent if and only if they possess the same syndrome, and do not differ
by a non-trivial logical operator in the original code on the final time-slice. This implies that the gauge
group is generated locally, and that these generators come in two forms: for t < 7', the generators are
given by the generators of the centraliser of M ](t) on the support of M ;t), and for ¢t = T they are just

: ()
given by the measurement operators themselves {M;""};.

2.5.2 Circuit-based model

We now turn our attention to a spatio-temporally correlated noise model which arises in the study
of fault-tolerant error correction—circuit-based noise. In this noise model we explicitly take into
account the circuits used to implement our syndrome measurements, and consider the faults within
the constituent gates.

Measurement circuits

We will consider measurement circuits of the form shown in Figure 2.4: several ancillae are prepared
in the state |0), a Clifford gate is applied to these and the qudits to be measured, and finally a Pauli

measurement is performed on the ancillae. For the measurement circuit corresponding to S ](-t), we let

UJ@ denote the Clifford gate applied and M J(t) the Pauli being measured. We denote the set of code
qudits and ancillae involved in this syndrome measurement by

6 ._ ()
Cj := supp (Sj ) , (2.43a)

Ag-t) := supp (M](t)> , (2.43Db)

and let R;t) = C](.t) U Ag-t) denote the full set of qudits involved, such that supp <U ](t)) = REt). The

assumption that our measurements in each round are non-overlapping is equivalent {C’](-t)} being non-
J

3This is required to preclude errors occurring after measurements, which are clearly uncorrectable. This assumption
is equivalent to only requiring that an error correction procedure correct errors prior to the final measurement round for
it to be deemed successful.
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0) —

0)— M A

C

Figure 2.4: The form of measurement circuits we shall be considering. For each stabiliser generator S, several
ancillae are prepared in the state |0), an entangling Clifford U is performed, and then a Pauli measurement M
is performed on the ancillae. Sets C' and A are used to denote the code and ancillary qubits involved in this
measurement.

overlapping for each t. The layout of the history code corresponding to such a measurement procedure
is shown in Figure 2.6.

As noted earlier, the final error correction round will correspond to an ideal measurement of all of
the stabiliser generators. As such we will take { M ](T) Y= {Sk}x-

Noise model

N
)
\d

0) —1-@-1-8-1—2 ) 0) —o—-x— 2 )

—— VXV X
—Z— [+ X— Y

Figure 2.5: General Pauli errors being pushed through a measurement circuit. Notice that the Y error on the
upper code qubit spreads onto the measurement qudit.

Consider now performing the above syndrome measurement circuits, subject to Pauli noise. For
simplicity we will assume that the errors experienced within different measurement circuits are inde-
pendent?, but will allow arbitrary correlations within each circuit. Without loss of generality, we can

)

push the error through the circuit, giving an effective error in PR(t) acting after the application of U ](t

J
(see Figure 2.5). Since we have assumed that our circuits are Clifford, this updated Pauli error can be

computed efficiently. Let pg-t) be the distribution on PR“) of these pushed-through errors.
j

There are two error sources which contribute to E®): errors which accrued from previous syndrome
measurement rounds, and those which occurred in the ¢th round itself. This means that our errors
satisfy the recurrence relation

E® = O .y, By, (2.44)

4More generally any model which produces factored spatio-temporally correlated noise could be used.
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Figure 2.6: Laying out the qubits of the history code on a syndrome extraction circuit. The blue dots indicate
code qubits contained in sets {C’]@}j,t, green dots indicate ancilla qubits contained in sets {Ag,t)}j’t, and red

squiggles indicate the location of errors {eg-t) Yt

where €(*) denotes the freshly introduced errors which occurred in the ¢th round, and U® to the unitary
action of the syndrome measurement circuits in the ¢tth round.
Decomposing this further into the individual measurement circuits, we have
t t
Ut = ® UJ( ) and ) = ®€( ), (2.45)

J

J J

where eg-t) and UJ@ are supported solely on R;t), and eg-t) is distributed according to pg-t). As our code

is assumed to be error-free prior to the beginning of the syndrome measurements, we have the initial
condition E(® = I, and so this recurrence relation entirely describes the error model.

Factorising circuit noise

We start by noticing that in Equation (2.44) the errors at time ¢ are entirely determined by the errors
at time t — 1, and the newly incurred errors €(). As we have assumed that these new errors incurred
in each round of syndrome measurements are independent, our error model is therefore Markovian,
allowing us to factorise our noise model in the temporal direction

Pr(EW, .. EM) =[] Pr(®E0-D). (2.46)
t

Next we can decompose this into the individual measurement circuits using Equation (2.45). Specif-
(t)

ically we know that the individual new errors € ; are independently distributed according to pg.t), which
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allows us to express the conditional probability as

Pr (E(t) ‘E(t_1)> = II»" (egt)) . (2.47)
J

We now want to put this expression back purely in terms of the accumulated errors E®), instead
of the fresh errors (). Inverting the recurrence relation Equation (2.44), we have that

B — p® . g® pt=Dirr®1 (2.48)
Recalling that €(!) and U® factor across {R;}; (see Equation (2.45)), this implies that

) _ ¢ (t) t—1)t Ol
) =1e0] Ul et ot (2.49)
J J

where [P|gr denotes the restriction of a Pauli P to a region R. Putting this together with Equa-
tions (2.46) and (2.47), we have that the distribution on error histories Pr(E(M, ..., E()) factors both
in space and time, allowing us to apply the history code construction of Section 2.5.1.

2.6 Error correction as a statistical mechanical phase

The fundamental theorem of the stat mech mapping, Theorem 2.2, links the equilibrium thermo-
dynamic properties of our stat mech model and the error correction properties of our code via the
disordered partition function and the error class probabilities. In fact, a much stronger connection
is true, as has already been noted by previous authors in the case of independent noise, beginning
with Dennis et al. [2.37]. Previous work has shown that the regions in parameter space for inde-
pendent noise in which a code can and cannot be decoded are phases in the associated stat mech
system [2.37,2.39,2.42]. This implies that the error correction threshold of our code manifests as a
phase transition in the associated stat mech model. Moreover, there is an explicit order parameter
that captures this phase transition, although unfortunately it actually a “disorder” parameter in that
it involves the amount of disorder in the stat mech model.

In this section, we review and extend this connection to the general case of correlated noise. We
define appropriate notions of “above” and “below” the threshold and prove that the disorder parameter
exhibits non-analytic behaviour in the sense that it converges or diverges if and only if the code is
above or below the threshold, respectively. This shows a precise sense in which the phase boundary of
the stat mech model is exactly the threshold of the corresponding code.

In Section 2.4 we saw how, using this correspondence, numerical techniques to analyse phase
transition in stat mech systems can be used to give approximations of code thresholds. We also
note that this correspondence also opens the door to applying analytic techniques for studying phase
transitions, such as the duality method [2.39,2.63,2.64].

2.6.1 Maximum probability and maximum likelihood decoding

A decoder is an algorithm which takes as input the syndrome and attempts to estimate which error
occurred. A natural starting point would be a decoder which simply outputs the most likely error in
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this error model among those which are consistent with the observed syndrome. We will refer to this
as the mazimum probability (MP) decoder.

For degenerate codes, where several logically equivalent errors can have the same syndrome, the MP
decoder is generally sub-optimal. This stems from the fact that successful decoding does not require
the decoder to output precisely the error which occurred, but just an error which is logically equivalent.
As such, the ideal decoding will not correspond to the single error with the highest probability, but
the error class with the highest probability. The optimal decoder therefore outputs an error from this
most likely class, and we will refer to this as the mazimum likelihood (ML) decoder.

To see the sub-optimality of the maximum probability decoder, consider the following example.
Suppose a syndrome s is measured which is consistent with three errors, F1, Es, F3, which occur with
probabilities

Pr(Ey) = 4%, Pr(Ey) =3%, Pr(Es)=3%. (2.50)

If By and Ej3 are logically equivalent, then the error class Es is more likely than E7, even though F;
itself is the single most likely error. In this case we can see that the MP decoder will be sub-optimal,
and the conditional success probabilities for the two decoders are

Pr (MPD success|s) = 40%, (2.51a)
Pr (MLD success|s) = 60%. (2.51b)

For each syndrome s, let Cs denote an arbitrary Pauli with syndrome s. Similarly, for each logical
I, let L; denote a Pauli corresponding to logical I. The sets {CsL;} s, correspond to the logical error
classes, and form a partition of the Paulis P™.

For a decoder to always return the code back to the code space, we require that when a syndrome
s is input, it always returns an error with this same syndrome s. As such, without loss of generality,
a decoder can be taken to be of the form s — CsLs(), where § is a map from syndromes to logicals.
In this notation, the maximum probability decoder takes the form

dmp(s) := argmax max Pr(F), (2.52)
l EeCsly

and the maximum likelihood decoder the form

oML (s) := argmax Pr(CsLy). (2.53)
!

2.6.2 Minimum free energy and minimum energy decoding

Let Hp denote the stat mech model corresponding to our code and error model (see Sections 2.2, 2.3
and 2.5), which satisfies the Nishimori conditions at inverse temperature Ox.

Similar to the maximum probability and likelihood decoders defined above, consider the S-minimum
free energy (B-MFE) decoder, which is given by minimising the free energy at inverse temperature f,

dp.MrE(S) == arglmin Fe,r,(8), (2.54)
where Fg(8) := —% In Zg(B).

33 of 251



CHAPTER 2: STAT MECH MODELS FOR CORRELATED NOISE

When satisfying the Nishimori conditions, 5 = fn, we can apply the fundamental theorem of the
stat mech mapping (Theorem 2.2), to give

FE(ﬁN) = —ﬁ:;lnPr(E). (255)

As this is a monotonically decreasing function of the error class probability, this tells us that the
On-MFE decoder is precisely the maximum likelihood decoder,

6BN—MFE = 5ML- (2.56)
Similarly, if we take 8 — oo, then the free energy reduces to the minimum energy,

lim Fg(B) = min Hg(5). (2.57)
B—o0 s

Theorem 2.2 gives us that the energies of our stat mech model correspond to error probabilities, and

0]

1
lim Fg(8) = min —— InPr(E"). (2.58)
f—o0 EeE PN
As this is a monotonically decreasing function of the error probabilities, this tells us that the co-MFE
decoder—which one could refer to as the minimum energy decoder—is precisely the MP decoder,

doo-MFE = OMP- (2.59)

This reduction to MFE decoding implies that any of the plentiful methods for approximating
partition functions [2.65,2.66], or free energy differences [2.67] can be used to implement approximate
ML decoding. In Section 2.7 we will expand upon this connection, giving a tensor network algorithm
which approximates ML decoding.

2.6.3 The error correction threshold as a phase transition

An important way of quantifying the resilience of a quantum error correction procedure to an error
model is the error threshold. Specifically, consider a family of quantum codes, with a logical algebra
of finite dimension K, and an error model which depends on a parameter 8 > 0. We define the notion
of threshold as follows. A code family has a threshold if there exists a 0; > 0 such that the asymptotic
success probability is maximal for § < 6;, and minimal for 8 > 6, i.e.

{1 if 6 < 6y,

lim Pr(Decoder success) = .
I/K if 6 > 6;.

Jim (2.60)
These regimes we refer to as being below threshold and above threshold respectively.

Clearly this is a rather strong notion of threshold. One can imagine codes or noise models which
possess an intermediate regime between being below or above threshold, where the code can be decoded
better than random chance, but not perfectly. As an example, having asymmetric rates of independent
X and Z noise in the surface code will generate such a gap. Therefore, not all codes necessarily possess
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a threshold in this sense. However, the presence of a threshold in our sense is often taken as a desirable
property in engineered quantum codes. We also note that for this section we have restricted our
attention to codes with finite K. Some codes with growing K, such as finite-rate LDPCs, are also
known exhibit such an intermediate regime [2.43,2.68].

We also use the notion of threshold with respect to a particular choice of decoder, not just the
optimal decoder. However, unless otherwise specified, we will be default to considering the threshold
with respect to the optimal decoder, and refer to this as the threshold.

Given that the threshold corresponds to a dramatic jump in the success probability of decoding,
one might naturally suspect that this is precipitated by a corresponding dramatic jump in the error
class probabilities. As these probabilities equal the partition function of our stat mech models, this
would also suggest a (disordered) phase transition. To see that this is indeed the case, we will consider
the disorder parameter given by the free energy cost of a non-trivial logical operator L,

An(E) = Fgr,,(Bx) — Fe(BN) (2.61a)
= _BlN log ZgL,, + /BlN log Zp. (2.61b)

We note that for topological codes which have string-like (or sheet-like in higher dimensions) logical
operators, this corresponds to the free energy cost of a domain wall, as noted by Dennis et al. [2.37].
Let 0, denote the point at which the stat mech model undergoes a phase transition corresponding to
this parameter.

We now want to show that the threshold corresponds to a phase transition in our stat mech model,
0; = 6,. As a first step, we consider the quenched average, A, := (A, (E))r. We would expect that
A,, — oo below threshold and A,, — 0 above. The former limit was shown in Ref. [2.42], which
implies that 6, > 6;. We present a simplified proof below.

Lemma 2.1 (Divergence in mean). If the code is below threshold 6 < 0y, then the quenched average
free energy cost diverges,
lim A, = oo. (2.62)

n—oo

Proof. By recalling that Zg = Pr(F), we can see that A,,(E) only depends on E up to logical
equivalence. A convenient set of representatives from each error class are given by the Paulis {DsL;},
where s and [ correspond to the syndrome and logical degrees of freedom, and {D,}s are the decoding
Paulis associated with the MLD. As shorthand, we will denote Pr(s, 1) := Pr(DsL;).

Using this, we can see that A,, can be expanded as a Kullback-Leibler divergence,

1 Pr(s,1)
Ay =— Pr(s,1)lo
e ; (5,0) log

Pr(s,l+m)’ (2:63)

Applying the log sum inequality to the summation over syndromes, we get a bound in terms of the
KL divergence of the marginal Pr(l),

1 Pr(l)
Ay, > i zl:Pr(l) log

e (2.64)

We note that Pr(l = 0) is the probability of the MLD succeeding. Since we are below threshold we
have that Pr(l = 0) — 1, and so A,, — oc. O
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Above the threshold one cannot simply consider the quenched average A,,. To see this, consider
a code in which a single unlikely syndrome can be perfectly decoded with certainty, and all others
provide a uniform logical error. The correctable syndrome gives that A,, = oo, despite the fact that
the code is above threshold. As such, we cannot necessarily conclude that A,, — 0 above threshold.

Therefore, to provide a converse statement we must consider more than just the quenched average.
Here we will formalise an argument first sketched in Ref. [2.39] that shows that the way to obtain a
converse is to change our notion of convergence.

Suppose for the moment that A,,(E) concentrates around a value Am, in the sense that

lim Pr(|An(E) = An| <€) =1 Ve >0, (2.65)
n—oo

A phase transition corresponds to a jump in this ‘typical’ value A,,. Because A, (E) is not bounded
from above, we notice that this typical value A,, need not necessarily correspond to the mean A,
Indeed, in the above counterexample, where A,,, = oo above threshold, we nonetheless see that A,,, — 0
as expected. As such, we see that the mean is not necessarily the correct figure-of-merit. If instead
we look to this typical value, then we can see that A,, — oo and A,,, — 0 below and above threshold
respectively.

Lemma 2.2 (Divergence/convergence in probability [2.39]). The code is below threshold if and only if
the free energy cost of every non-trivial logical m diverges in probability,

lim Pr(A,(E) >t) =1 Vt,m#0. (2.66)

n—oo

Similarly, the code is above threshold if and only if the free energy cost of every logical converges to
zero in probability,

lim Pr(|An(E)| <e)=1 Ve>0,m. (2.67)

Proof. The success probability of the MLD corresponds to Pr(l = 0). We first note that A,,(E) can
be written in terms of conditional probabilities,

Pr(l|s)
An(E log —————.
m(E) = BN Pr(l+m|s)
Next we recall that the maximum likelihood condition Pr(l = 0|s) > Pr(m/|s) holds for all s and
m, and as such Pr(I = 0) > 1/d¥. The code is below threshold if the probability of successful
decoding approaches 1—this is equivalent to the probability of successful decoding conditioned upon
the syndrome approaching 1 almost surely,

(2.68)

lim Pr [Pr(l —0s)>1— 7] =1 Vy>0. (2.69)

n—oo

To be clear, in this expression the inner probability is a probability over logicals [ and the outer prob-
ability is over syndromes. Thus, the below threshold condition says informally that this distribution
peaks at one in the limit. This can be seen to be equivalent to being in the ordered phase,

lim Pr(An(E) >t) =1 Vt,m#0. (2.70)

n—oo
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The forward and reverse directions are given by taking the choices of parameter

1 1-—
t:= —logify, (2.71a)
N v
1

1+ e PNE(K — 1)

vi=1-— (2.71b)

respectively.
In a similar vein, being above threshold implies that the conditional probability of decoding almost
surely approaches 1/K,

lim Pr [Pr(l =0ls) < 1/K + 77} =1 ¥n>0. (2.72)

n—o0

This is equivalent to being in the disordered phase,

lim Pr(|An(E)] <€) =1 Ve>0. (2.73)

n—oo
The forward and reverse directions here follow from the choices of parameter

1 1+nK

€:= —1lo , 2.74a
By T K (K —1) (270)
1 1
= - — 2.74b
= + (K —1)e=Pnxe K’ (2.74b)
respectively. O

We add more remark about the notions of above and below threshold that we have adopted here.
As noted in the case of the surface code with independent X and Z noise with different strengths,
there can be a gap between the cases of above and below threshold. In that case our theorem does
not apply. However, it is still the case that the steps of our proof could be followed to establish that
there are a sequence of phase transitions in the disorder parameters A,, in the case where there are
potentially differing thresholds for each logical subalgebras.

2.6.4 Reentrance

Above we have shown that, along the Nishimori line, there exists a phase transition which corresponds
to the error correction threshold of the optimal decoder. By considering non-optimal decoders, we can
extend this to show the equivalence between phase transitions and thresholds away from the Nishimori
line.

By way of example, we consider the S-MFE decoders. We could now consider the phase diagram
of our stat mech system in (6,T)-space, where 6 was the parameter of our noise model, and T'=1/4
is the temperature.

Lemma 2.3 (Reentrance of the ordered phase). For any 8 such that the f-MFE decoder has a thresh-
old, this threshold 0,(53) is always less than or equal to that seen on the Nishimori line,

0:(8) < 01(Bn)- (2.75)
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Figure 2.7: A sketch of the generic phase diagram for the stat mech model. The solid line indicates the phase
boundary, and the shaded region the phase in which error correction is possible. The dashed line indicates the
Nishimori condition, along which the MFE decoder corresponds to the ML decoder. The thresholds of the MP
and ML decoder are both indicated by black dots. An explicit example, for the case of bit-flip noise in the toric
code, is presented in Figure 2.3.

Proof. As the 5-MFE decoder is directly defined in terms of minimising the free energy, Lemmas 2.1
and 2.2 both naturally extend to show that the stat mech model has a phase transition at inverse
temperature § and 6 = 0,(53).

As the ML decoder is optimal, it necessarily has the highest threshold of any decoder. Recalling
that the ML decoder is precisely the Sn-MFE decoder, where By is the inverse Nishimori temperature,
this implies that 6,(8) < 6,(Sx) for all 3. O

2.7 Tensor network maximum likelihood decoding

In Section 2.6 we showed that the problem of maximum likelihood decoding can be reduced to calcu-
lating partition functions/free energy differences. Specifically it reduces to calculating

oML(s) := arg llmax Zc,r,(BN), (2.76)

where Sy is the inverse Nishimori temperature. This relationship was first discussed in Ref. [2.37].

The problem of calculating the partition function of a stat mech model can be naturally expressed
as the contraction of a tensor network [2.69,2.70], as we will review below. This suggests a general
method for approximating the ML decoder by finding a tractable (possibly approximate) contraction
sequence for the tensor network associated to the partition function.
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The idea of a such a tensor network decoder is not new. In Ref. [2.51], Bravyi, Suchara and Vargo
(BSV) consider an explicit tensor network for the ML decoder for the surface code with independent
Pauli noise, and numerically study the threshold for some parameter choices. It is clear from their
paper that this method generalises to other codes with independent Pauli noise models [2.71], though
the specific methods they use for (approximately) contracting the tensor network would need to be
modified if the code were not a planar code. Other authors have also considered tensor network
decoders which can account for non-Pauli noise [2.36,2.72].

In fact, the tensor network considered by BSV [2.51] is exactly the natural tensor network that one
obtains from the partition function using the mapping of Refs. [2.69,2.70]. Thus, the tensor network
decoders that we define below are generalisations of the BSV decoder that, by virtue of Theorem 2.2,
apply even in the case of correlated noise models on arbitrary codes. If the code has low-weight stabiliser
(or gauge) generators, then storing these tensors is efficient. Contracting a general tensor network is
unfortunately #P-hard [2.73,2.74], however, we will discuss efficient approximate contraction strategies
that could be employed in the interesting cases of spatially local codes.

2.7.1 Tensor network algorithm for approximate maximum likelihood decoding

To see how calculating the partition function of a stat mech model can be naturally expressed as the
contraction of a tensor network, we begin with an arbitrary Hamiltonian

hE =3 hi(3), (2.77)
J

with a corresponding partition function
7= e = 3 e, (2.78)
s s 7

This expression almost takes the form of a tensor contraction. To make this into a tensor network,
consider indices {c; ;}i;, labelled by both spins and interactions. We want to require that o;; = s;
for all j, which we can impose by including Kronecker delta factors. In terms of these indices, the
partition function can be expressed as

7 — Z H(g ({u}5) He—ﬁhj({ai,j}i) . (2.79)

The virtue of this expression is that each {a; ;};; now occurs precisely twice in each term above, and
as such the above expression forms a tensor network. Obviously, for local Hamiltonians in which h;
only depends non-trivially on a finite set of sites ¢, we can drop any index «; ; for which interaction
h; is independent of s;. After doing so, the tensor network simplifies to a network which has the same
connectivity as the underlying Hamiltonian. Specifically, there is a tensor corresponding to each site (4)
and each bond (Gibbs weight), with the natural connectivity. In Figure 2.8 we show the corresponding
diagram for the surface code under iid noise, which reduces to that found in Ref. [2.51].

Applying this construction to the stat mech mappings of Sections 2.2, 2.3 and 2.5, we see that
contracting this tensor network gives an algorithm to compute the ML decoding. Because contracting
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Figure 2.8: Tensor network ML decoder of the surface code under iid noise. a) surface code and the associated
statistical mechanical model. Black circles indicate qubits, and the red/blue open circles the Z/X-type spins.
See Figure 2.1 for the interactions within this model. b) Tensor network for the probability of an error class
Pr(E), or equivalently for the partition function Zg, for iid noise distributed according to p : P — R. We note
that this matches Fig. 6 of Ref. [2.51]. ¢) Values of the two tensors involved. Red/blue dots are ¢ tensors,
corresponding to the Z/X-type spins, and grey tensors correspond to Gibbs weights. Once again this matches
the tensors in Equations. (39-41) of Ref. [2.51].

tensor networks is generally hard, we will also need approzimate tensor contraction schemes that
provide parameterised approximations.

In the case of 2D topological codes under spatially correlated noise, three approximate contraction
schemes suggest themselves:

e MPS-MPO contraction [2.75,2.76]. For the toric code, this method exactly reproduces the MPS
decoder of Ref. [2.51] (see Figure 2.8).

e Transfer matrix [2.77] and corner transfer matrix methods [2.78,2.79].

e Methods that involve renormalisation on the virtual level, e.g. tensor network renormalisation
(TNR) [2.80,2.81] or (higher-order) tensor renormalisation group (HOTRG) [2.82,2.83]. These

examples remain efficient when extended to more than two dimensions.

Each of these methods contain an approximation parameter in the form of the bond dimension. For a
fixed bond dimension, these methods all provide polynomial time approximations to the ML decoder,
though we do not know of any general results which control the approximation as a function of the
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bond dimension in any nontrivial way. Actually implementing these decoders (beyond what was done
in Refs. [2.51,2.58]) or finding provable guarantees on the approximation to the ML decoder both
remain open problems.

2.8 Conclusions

In this paper we have provided a broad extension of the stat mech mapping of Ref. [2.37] to consider
arbitrary stabiliser and subsystem codes, subject to correlated noise, including circuit-based noise. This
class of noise models encompasses noise where distant spins are only conditionally independent, and
allows for much more realistic noise modelling. As an application, we applied Monte Carlo simulation
to this construction to show how positive correlations can push down the bit-flip threshold of the toric
code. Finally, we showed how the stat mech mapping gives a natural family of efficient tensor network
algorithms which approximate maximum likelihood decoding, generalising the decoder of Ref. [2.51].

There are several natural avenues for further inquiry. For example, it is clear that our method should
apply to the setting of continuous variables quantum codes such as GKP codes [2.84], however there
are analytical issues that must be addressed owing to the infinite dimensional Hilbert space. It would
be interesting to understand these conditions in detail as these codes continue to gain experimental
relevance [2.85].

Even more interesting would be a formalism for deriving stat mech models that can handle non-
Pauli errors such as amplitude damping or coherent errors, or for quantum codes that are outside the
stabiliser code formalism such as commuting projector codes. Since the errors in the most general such
models do not have an abelian action on the codewords, this raises the possibility that one would need
a quantum stat mech model to accurately capture the threshold in these cases. An interesting test case
would be to extend our work to the semion code model of Ref. [2.86], since the anyons in the double
semion model are abelian, but the check operators are not simple products of Paulis.
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2.A Graphical models

An important family of correlated probability distributions is that of probabilistic graphical mod-
els [2.87]. In this appendix we briefly review the relationship between certain classes of graphical
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models and the factored distributions we consider in Section 2.3. Specifically we will see that both
undirected graphical models (Markov random fields) and directed acyclic graphical models (Bayesian
networks) are both special examples of factored distributions. As such, the statistical mechanical
mapping given in Section 2.3 also naturally extends to noise models of these forms as well.

2.A.1 Markov random field

We start by considering undirected graphical models, known as Markov random fields.

Definition 2.6 (Markov random field). A distribution Pr(E) = Pr(E4,..., E,) is a Markov random
field (MRF) with respect to an undirected graph G, if it satisfies the local Markov condition

for all ¢, where 07 denotes the neighbours of ¢ within G.

For such a graphical model, Hammersley-Clifford theorem tells us that it can be expressed as a
factored distribution.

Lemma 2.4 (Hammersley-Clifford theorem). A strictly positive distribution which is a MRF with
respect to G, can be factored over the set of all mazximal cliques of G.

Proof sketch. For any subset Y C G, let

oy(By):= [ Pr(Bx®Ilox) V", (2.81)
X:XCY

where I was chosen as an arbitrary, but fixed, reference value of E. Noting that pu(X,Y) = (—=1)\X

forms a Mobius function, we can apply M&bius inversion theorem to give
Pr(BEz®Igz) = [ év(Bv), (2.82)

ycz
and more specifically

Pr(E) = [] ¢v(Bv). (2.83)

YCG

Applying the local Markov property, we find that ¢y = 1 for any Y which is not a clique. As such
we find that

Pr(E) = H ¢c,(Ec,), (2.84)

where {C}}; are the set of all cliques in G. By grouping together factors, this can straightforwardly
reduced to a factorisation over just mazimal cliques. O
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2.A.2 Bayesian Networks

We now consider directed cyclic graphical models, known as Bayesian Networks.
Definition 2.7 (Bayesian network). A distribution Pr(E) = Pr(E1,..., E),) is a Bayesian network
(BN) with respect to an directed acyclic graph G, if it satisfies the local Markov condition
Pr(E;|Ec\o-i) = Pr(Ei|Eyt;), (2.85)
for all i, where 77 and %4 denote the descendants and parents of i within G respectively.
As with Markov random fields, we see that Bayesian networks also naturally factorise.

Lemma 2.5 (Factorisation of Bayesian Networks). A distribution Pr(-) which is a Bayesian network
with respect to a directed acyclic graph G, can be factored over {{i} Ud%i};. Specifically,

n
Pr(E) = [ [ Pr(EilEo+y)- (2.86)
i=1
Proof. As our directed graph G is acyclic, it possesses a topological order. Consider labelling our
indices according to that ordering, such that %i > i > 97 i element-wise. Next we consider expanding
our joint distribution using the chain rule of conditional probabilities,

n
Pr(Ey,...,En) = [[Pr(EilEita, ..., En). (2.87)
i=1
Applying the local Markov condition, we get the desired factorisation,

Pr(E) = [ [ Pr(Ei|Eo+y). (2.88)
=1

2.B Numerical simulation details

In this appendix we cover the details of how the statistical mechanical simulations of Section 2.4 were
performed, specifically how the data presented in Figure 2.3 was collected.

The simulations we present follow closely the techniques used in Ref. [2.39] to study the toric code
under a depolarising noise model.

2.B.1 Order parameter

As discussed in Section 2.4, the system we are studying corresponds to a random-bond Ising model,
with an addition four-body coupling. In the case of zero disorder, p = 0, this system simply limits to
the standard square-lattice Ising model. Noticing this, a convenient order parameter for this system
is simply given by the average magnetisation,

1
mi= 5 Z Sis (2.89)
i
where L is the linear size of our system, such that we have L? sites.
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2.B.2 Finite-size scaling

For very large system sizes, we could sample the magnetisation directly, and find the phase transition
by detecting when the system spontaneously magnetises. This naive method would however require
prohibitively large system sizes, especially for large disorder. Instead we will utilise this order parameter
indirectly, by considering the finite-size scaling of the corresponding correlation length.

Following Ref. [2.39], we define the wave-vector-dependent magnetic susceptibility

2
x(k) = % < Zsiei’;’ﬁ > , (2.90)

where 7; denotes the spatial position of site i, and (-) denotes the thermal and disorder average,

1

e—BHE(3)
(X):=) Pr(E)- > TEX(g). (2.91)
E

S
Using this, we can now define the two-point finite-size correlation function

1 x(0)

_ U 2.92
§ 2 Sin(kmin/z) X(kmin) ( )

where Fupin = (2w/L,0) is the minimal non-zero wave-vector. Near the phase transition this correlation
length is expected to have the finite-size scaling [2.88]

&L~ f LT -1, (2.93)

where f is a dimensionless scaling function.

At the critical temperature T = T¢, the normalised correlation length /L becomes independent of
temperature. We will determine the temperature of the phase transition by plotting £/L as a function
of T for several different system sizes L, and fitting to Equation (2.93). If these curves do not cross,
then this will be taken as indication that no phase transition is present.

2.B.3 Simulation parameters

We simulate our system for system sizes of L € {12,14,18,24,28,36}. Equilibration of our system is
found by logarithmically binning the correlation length, and requiring that three successive bins agree
to within error bars. To save time, the equilibration testing was only done on L = 14,24, 36, and these
times were reused for L = 12,18, 28. The times and temperature ranges are given in Section 2.B.3.

For L = 12, 14 the correlation length is recorded for 5000 disorder samples, 1000 samples are taken
for L = 18,24, and 500 for L = 28,36. The temperature ranges are swept over with a resolution of
AT = 0.025. Error bars are generated for all the data is given by the 95% confidence intervals given
by bootstrapping, using 10,000 resamples. An example crossing plot is given for p = 6% in Figure 2.9.
By performing this analysis for each p, we can estimate the phase boundary, as seen in Figure 2.3. All
the simulations took a total of 1.1 x 10¢ CPU-hours, or 120 CPU-years.
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Figure 2.9: Crossing diagrams for p = 6%. a) Normalised correlation length versus temperature, for several
system sizes, with critical temperature indicated. b) Finite-size scaling of normalised correlation length. All
error bars indicated are 95% confidence intervals given by bootstrapping.
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p (%) T T4 Tod  T36
2.00 200-250 | 14 16 18
4.00 2.00-2.50 | 14 16 18
6.00 1.80 -2.40 | 14 16 18
8.00 1.60 -2.30 | 16 18 22
8.50 1.50-2.10 | 17 21 23

9.00 - 9.10 1.40 -2.00 | 18 22 24
9.20 - 9.50 1.30 -2.00 | 18 22 25
9.55-10.20 | 1.25-2.00 | 19 23 26
10.30 - 10.50 | 1.25-2.00 | 20 24 27

Table 2.1: Temperature ranges and equilibration times. An equilibration time of 7 corresponds to 27
Metropolis-Hastings steps (a number of single spin updates equal to the system size) before the correlation
lengths recorded in the three last logarithmic bins are statistically consistent.

2.C Overlapping independent errors

In this appendix we will consider a correlated noise model which, at least superficially, appears to
have a similar structure to the factored noise considered in Section 2.3. We will show that a statistical
mechanical mapping for these noise models can be given by considering an appropriately enlarged code,
and applying the mapping given for independent noise in Section 2.2.

Consider a model which involves independent noise processes acting on overlapping regions, such
that the overall noise is given by the product of these constituent errors. Specifically we have overlap-
ping regions { R, }, each subject to independent noise given by distributions {p; : Pr;, — R*}. For each
error EJ; ~ p;, the overall error is simply £ = Hj E;. When these regions are non-overlapping each
E; simply corresponds to the restriction E| R, but for overlapping regions multiple constituent errors
can give rise to the same overall error, e.g. both pairs of errors {XY I, 11Z} and {XII,IY Z} give the
overall error EF = XY Z. Due to this redundancy, these noise models take the more complicated form

Pr(E)= Y [[ei(E). (2.94)

(E;}:T1, B=E

The approach here is similar to a stripped-down version of the history code construction considered
in Section 2.5. The idea here is to consider a code now acting on multiple copies of the original lattice,
which we will refer to as the enlarged code. This added redundancy will allow previously overlapping
errors to act on disjoint copies, giving a truly independent noise model. This added redundancy will
in turn be compensated for by introducing gauge generators between the layers.
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Figure 2.10: Overlapping-independent errors effecting nearest neighbour pairs on a square lattice, such as
the ‘NN-depolarizing’ model considered in Ref. [2.89]. a) Overlapping regions R; on the original code. b)
Non-overlapping regions R; on C' = 4 copies of the original code which compose the enlarged code.

Enlarged code

Specifically, consider C' copies of our code, such that each independent noise process can act disjointly
on precisely one copy. Specifically we will consider assigning each R; to one of these copies; we will
denote by {R] }; these now-non-overlapping regions in the enlarged code (see Figure 2.10). If we denote
the error on each copy ¢ of our code by E(©), then the corresponding error on the original and enlarged
codes are given by E = []. E© and E := ®.E respectively. The enlarged error E can be considered
a specific manifestation of the overall error E.

Due to the non-overlapping nature of {Rj }j, the enlarged errors E are independently distributed,

Pr(E) = [Tn, <E‘RJ> . (2.95)

This added redundancy means that the relationship between the errors in the original code E and the
enlarged code F is, as noted earlier, one-to-many. To account for this, we need to introduce gauge
generators acting between copies,

(G = {Xie® X; 11, Zie ® Z; 2y Yies (2.96)

where P; . denotes Pauli P acting on the ith site in the cth copy of our code. By construction, the set
of all enlarged errors F which correspond to the same overall error E is given by cosets of (G});.

Next we define our stabilisers in the enlarged code, Sy, to simply be the original stabilisers Sy
acting on the the first copy of our code,

Sp=S,@I® -1 (2.97)
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We now define the corresponding stat mech mapping analogous to that in Section 2.2, as
Hy(@§) =- Y Ji(o) o, E]] S¢ T] G| (2.98)
7 0'673'~j k l

with corresponding Nishimori condition

BJ; (o) Z logp;(7) [o,771] . (2.99)

TGP"

Recalling that the gauge generators {G;}; map between different manifestations E of the same overall
error F, and {Sk}, between stabiliser-equivalent errors, we have that

e PHE00) — py(f), (2.100)

Y e P09 = pr(p), (2.101)
7

Zp =Y e PHEED) = pr(E), (2.102)
g

in analogy to Theorem 2.1.
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Abstract

The surface code, with a simple modification, exhibits ultra-high error correction thresholds when
the noise is biased towards dephasing. Here we identify features of the surface code responsible
for these ultra-high thresholds and show how to exploit them to achieve significant improvement in
logical failure rate. First, we consider the infinite bias limit, meaning pure dephasing. We prove that
the error threshold of the modified surface code for pure dephasing noise is 50%, i.e., that all qubits
are fully dephased, and this threshold can be achieved by a polynomial time decoding algorithm. The
sub-threshold behavior of the code is controlled by the parameter g = ged(j, k), where j and k are
dimensions of the surface code lattice. We demonstrate a significant improvement in logical failure
rate with pure dephasing for co-prime codes that have g = 1. The effect is dramatic: the same logical
failure rate achievable with a standard surface code and n physical qubits can be obtained with a
co-prime surface code using only O(y/n) physical qubits. Finally, we use an approximate optimal
decoder to demonstrate that this improvement persists for a general Pauli noise biased towards
dephasing. In particular, we observe a significant improvement in logical failure rate against biased
noise using a smaller co-prime (j—1)xj surface code compared with a square jxj surface code.

3.1 Introduction

Quantum error correcting codes are expected to play a fundamental role in enabling quantum com-
puters to operate at large scale in the presence of noise. The surface code [3.1], an example of a
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Figure 3.1: Logical failure rates fsxs and frxs as a function of physical error probability p for small comparable
square 8x8 and co-prime 7x8 codes, and the logarithm of the ratio of logical failure rates log(frxs/fsxs) with
noise biases n € {0.5,10,30,100,300,00}. Data points are sample means over 60000 runs using the BSV
decoder [3.8] with approximation parameter y = 96. Dotted lines connect successive data points for a given 7).

topological stabiliser code [3.2], is one of the most studied and promising candidates, giving excellence
performance for error correction while only requiring check operators (stabilisers) acting on a small
number of neighbouring qubits [3.3].

The error correction threshold of a code family, which denotes the physical error rate below which
the logical failure rate can be made arbitrarily small by increasing the code size, is strongly depen-
dent on the noise model. The most commonly studied noise model is uniform depolarisation of all
qubits, where independent single-qubit Pauli X, Y, and Z errors occur at equal rates. However, in
many quantum architectures the computational basis corresponds to states of non-degenerate energy
levels, which causes dephasing noise, whereby Z error are more likely to occur than other errors.
Examples of systems known to experience such Z-biased noise include superconducting qubits [3.4],
quantum dots [3.5], and trapped ions [3.6], among others. Recently, it was shown that, with a simple
modification, the surface code exhibits ultra-high thresholds with such Z-biased noise [3.7].

In this paper, we identify and characterise the features of the modified surface code that contribute
to its ultra-high thresholds with Z-biased noise and demonstrate a further significant improvement in
logical failure rate. We note that the modification of the surface code, described in Ref. [3.7], simply
exchanges the roles of Z and Y operators in stabiliser and logical operator definitions. Therefore,
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results for the modified surface code with Z-biased noise can equivalently be expressed in terms of the
standard surface code with Y-biased noise, where Y errors occur more frequently than X or Z errors.
In order to frame our analysis in the context of the familiar standard surface code, and to simplify
comparison with other codes, we consider pure Y noise and Y-biased noise on the standard surface
code throughout this paper. However, we emphasise that our results apply equally to the modified
surface code with pure Z noise or the Z-biased noise prevalent in many quantum architectures.

Our main analytical result is a structural theorem that reveals a hidden concatenated form of the
surface code. We shotw that, in the limit of pure Y noise, the surface code can be viewed as a classical
concatenated code with two concatenation levels. The top level contains the so-called cycle code whose
parity checks correspond to cycles in the complete graph. The bottom level contains several copies
of the repetition code. We prove that the cycle code has the error threshold of 50% and give an
efficient decoding algorithm that achieves this threshold. As a corollary, we show that the threshold
of the surface code with pure Y noise is 50% thus answering an open question posed in Ref. [3.7]. The
concatenated structure described above is controlled by the parameter g = ged(j, k), where j and k are
dimensions of the surface code lattice. In particular, the top-level cycle code has length O(g?) while
the bottom-level repetition codes have length O(jk/g?). Two important special cases are co-prime
codes and square codes that have g = 1 and g = j = k respectively. Informally, a co-prime surface code
can be viewed as a repetition code, whereas a square surface code can be viewed as a cycle code (in the
limit of pure Y noise). Although the repetition and the cycle codes both have 50% error threshold, we
argue that the former performs much better in the sub-threshold regime. This suggests that co-prime
surface codes may have an intrinsic advantage in correcting strongly biased noise.

We present further insights into the origins of the ultra-high threshold by investigating the form
of logical operators. We show that logical operators consistent with pure Y noise are much rarer and
heavier than those consistent with pure X or Z noise, and their structure depends strongly on the
parameter g. In particular, there are 297! Y-type logical operators of which the minimum weight is
(29 —1)(jk/g?). This compares to 2/:~1) X-type logical operators of which the minimum weight is ;.
In the case of co-prime codes there is only one Y-type logical operator and its weight is jk. Hence the
distance of co-prime codes to pure Y noise is O(n) whereas for square codes it is O(y/n).

Based on the intuitions behind these results, we define an exact optimal maximum likelihood Y-
noise decoder that is efficient for co-prime codes and tractable for moderate-sized square codes. We
use this decoder to confirm in numerical simulations the 50% threshold for the surface code with pure
Y noise and demonstrate a significant reduction in logical failure rate for co-prime codes compared
to square codes with pure Y noise. In particular, we demonstrate that the logical failure rate decays
exponentially with the distance to pure Y noise such that a target logical failure rate may be achieved
with quadratically fewer physical qubits by using co-prime codes.

Finally, we demonstrate a remarkable property of surface codes: by removing physical qubits
appropriately from square surface codes to yield one with linear dimensions that are co-prime, we
observe a significant reduction in logical failure rate with biased noise. Specifically, we use the tensor
network decoder of Ref. [3.8], which is an approximate maximum likelihood decoder, to demonstrate
the aforementioned significant reduction in logical failure rate against biased noise that is achieved
using a smaller co-prime (j—1)xj code compared with a square jxj code. Fig. 3.1 summarises this
result, comparing logical failure rate as a function of physical error probability for a co-prime 7x8
code and a square 8x8 code across a range of biases, where bias 7 is the ratio of the probability of a
Y error to the probability of an X or Z error occurring. We see that the advantage of the co-prime
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code over the square code is greatest in the limit of pure Y noise (n = oo) and remains significant
down to more modest intermediate bias, n = 100 (where Y errors are 100 times more likely than
both X and Z errors). We further argue that the relative advantage of co-prime codes over square
codes increases with code size, motivating the search for efficient near-optimal biased-noise decoders
for co-prime codes.

Note this performance with biased noise is not shared by all topological codes; in stark contrast,
the triangular 6.6.6 colour code [3.9] exhibits a decrease in threshold with bias; see the Appendix.

The paper is structured as follows. Section 3.2 provides some definitions used throughout the paper.
Our main analytical results for surface codes with pure Y noise are in Section 3.3. Section 3.4 presents
our numerical results for surface codes with pure Y noise. The demonstration of the advantage of
using co-prime codes with biased noise is detailed in Section 3.5. Section 3.6 includes a discussion of
our results in the context of prior work and raises some open questions for future work.

3.2 Definitions

Surface code.— We consider jxk surface codes [3.1] on a square lattice with “smooth” top/bottom
boundaries and “rough” left/right boundaries. Physical qubits are associated with edges on the lattice.
Following the usual convention, stabiliser generators consist of X operators on edges around vertices,
Ay = [leey Xe, and Z operators on edges around plaquettes, B, = [] e€p Ze. The stabiliser group is,
therefore, G = (A,, Bp). The X (Z) logical operator consists of X (Z) operators along the left (top)
edge, such that X,Z € C(G)\ G and XZ = —ZX, where C(G) = {f € P: fg=gf ¥V g € G} is the
centraliser of G and P is the group of n-qubit Paulis. As such, a jxk surface code encodes one logical
qubit into n = 2jk — j — k + 1 physical qubits with distance d = min(j, k). Fig. 3.2 illustrates a 4x5
surface code.

_’Z'Z‘Z‘Z‘_Z X VA
X-o‘o‘o$o$o- X X ZBZ
X o o o o X A
X-QTOTOT.T.- -o—to-X Z:}Z
X X X A

Figure 3.2: Standard 4x5 surface code, with logical operators given by a product of X along the left edge
and a product of Z along the top edge. Stabiliser generators are shown at right.

Surface code families — For jxk surface codes, we define the following code families: square where
Jj = k; ged(j, k) = g constant; and co-prime where g=1 (special case of g constant).

Y -type stabilisers and logical operators.— We define a Y-type stabiliser to be any operator on a
code that is in the stabiliser group G and consists only of Y and identity single-qubit Paulis. We define
a Y-type logical operator to be any operator on a code that is in C(G) \ G and consists only of Y and
identity single-qubit Paulis. We define X- and Z-type stabilisers and logical operators analogously.
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As usual, the weight of an operator is the number of non-identity single-qubit Paulis applied by the
operator.

Y -distance.—We define Y-distance, or distance dy to pure Y noise, of a code as the weight of
the minimum-weight Y-type logical operator. X- and Z-distance are defined analogously. The overall
distance of the code is defined in the usual way and is upper-bounded by min(dx, dy, dz).

Y -biased noise.— Several conventions have previously been used to define biased Pauli noise mod-
els [3.4,3.7,3.10-3.22]. We adapt the approach of Ref. [3.7] to Y-biased noise, by considering an
independent, identically distributed Pauli noise model defined by an array p = (1 — p,px,py,pz)
corresponding to the probabilities of each single-qubit Pauli I (no error), X, Y, and Z, respectively,
such that the probability of any error on a single-qubit is p = px + py +pz. We define bias 7 to be the
ratio of the probability of a Y error to the probability of a non-Y error such that n = py /(px + pz)-
For simplicity, we restrict to the case px = pz. With this definition n = 1/2 corresponds to standard
depolarising noise with px = py = pz = p/3 and the limit n — oo corresponds to pure Y noise, i.e.,
only Y errors with probability p. We define X- and Z-biased noise analogously.

3.3 Features of surface codes with pure Y noise

In this section, we present our analytical results for surface codes with pure Y noise. We start by
highlighting the specificities of syndromes of pure ¥ noise. Our main result reveals that error correction
with the surface code with pure Y noise is equivalent to a concatenation of two classical codes: the
repetition code at the bottom level and the cycle code at the top level. As a corollary, we show that
the surface code with pure Y noise has a threshold of 50%. We also highlight that for jxk surface
codes with small g = ged(j, k), the more effective repetition code dominates the performance of the
code. Finally, we give explicit formulas for the minimum weight and count of Y-type logical operators.
These results explain the ultra-high thresholds of the surface code with Y-biased noise, as shown in
Ref. [3.7], and the lower logical failure rates seen with co-prime surface codes, presented in Sections 3.4
and 3.5.

3.3.1 Syndromes of pure Y noise

An obvious feature of Y noise on the surface code is that Y errors anticommute with both X- and Z-
type stabiliser generators, providing additional bits of syndrome information. For comparison, Fig. 3.3
shows a sample of Y-error configurations alongside identically placed X- and Z-error configurations
with corresponding anticommuting syndrome locations for each error type. In each case, we see that
Y -error strings anticommute with more syndrome locations than X- or Z-error strings, providing the
decoder with more information about the location of errors to be corrected.

We remark that the displacement between the X- and Z-type stabiliser generators appears to be
significant. For example, the colour 6.6.6 code has co-located X- and Z-type stabiliser generators, so
that, even if Y errors anticommute with more stabiliser generators, the number of distinct syndrome
locations triggered by Y errors is no greater than for X or Z errors.
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Figure 3.3: A sample of X-, Y- and Z-error strings, indicated by coloured circles, with corresponding anti-
commuting syndrome locations, indicated by yellow stars.

3.3.2 Structure of surface codes with pure Y noise

In this section we consider surface codes subject to pure Y noise. We describe a polynomial time
decoding algorithm and prove that it achieves an error threshold of 50%. We also derive an exponential
upper bound on the probability of logical errors in the sub-threshold regime. Our main result is a
structural theorem that reveals a hidden concatenated structure of the surface code and highlights
the role of the parameter g = ged (7, k). The theorem implies that error correction with the surface
code subject to Y noise can be viewed as a concatenation of two classical codes: the repetition code
at the bottom level and the so-called cycle code at the top level. Both codes admit efficient decoding
algorithms and have an error threshold of 50%, although the repetition code scores much better in
terms of the logical error probability. We show that for a fixed number of qubits, the size of each code
can vary drastically depending on the value of g. Loosely speaking, the error correction workload is
shared between the two codes such that for small g the dominant contribution comes from the more
effective repetition code. This explains the enhanced performance of co-prime surface codes (g = 1)
observed in the numerics.

We will demonstrate this concatenated structure by studying the restricted patterns of syndrome
locations which can arise from pure-Y errors. Specifically we will see that this syndrome information
is highly redundant. We will then show that, by considering a code involving concatenations of the
repetition code, we can remove this redundancy to reveal the underlying effective classical code: the
cycle code.
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Concatenated structure

Consider a Pauli error
Ply) =Y eY;?®- - @Y/, (3.1)

where y € {0,1}". As described in Section 3.3.1, the syndrome of P(y) is given by

ay(y) = Zye and bp(y) = Zye (3.2)

ecv eep

where v and p run over all vertices and all plaquettes of the lattice and the sums are modulo two.
A decoding algorithm takes as input the error syndrome and outputs a candidate recovery operator
P(y') that agrees with the observed syndrome. The decoding succeeds if ¢’ = y and fails otherwise.
(More generally, the decoder only needs to identify the equivalence class of errors that contains P(y),
where the equivalence is defined modulo stabilisers of the surface code.)

Consider a classical linear code of length n defined by the parity checks a,(y) = 0 and b,(y) = 0
for all v, p. We shall refer to this code as a Y-code. As described above, error correction for the surface
code subject to Y-noise is equivalent to error correction for the Y-code subject to classical bit-flip
errors. We shall now establish the structure of the Y-code. For any integer m > 3, let K,, be the
complete graph with m vertices and e = m(m — 1)/2 edges. Consider bit strings = € {0, 1}¢ such that
bits of x are associated with edges of the graph K,,. Let z; ; be the bit associated with an edge (3, ).
Here it is understood that x; ; = x;;. Define a cycle code Cp, of order m that encodes m — 1 bits into
e bits with parity checks

T DDk =0 forall1<i<j<k<m. (3:3)

Thus parity checks of C,, correspond to cycles (triangles) in the graph K,,. Note that Eq. (3.3) defines
a redundant set of parity checks. It is well-known that any connected graph with m vertices and e
edges has e — m + 1 independent cycles. Thus C,, has e — (m — 1) independent parity checks. The
number of encoded bits is m — 1. Note that Cs is a trivial code (it has no parity checks). Let REP(m)
be the repetition code that encodes one bit into m bits. We can now describe the structure of the
Y -code.

Theorem 3.1 (Y-code structure). The Y -code is a concatenation of the cycle code Cgy1 at the top level
and g(g+1)/2 repetition codes at the bottom level. The latter consists of repetition codes REP(jk/g?),
REP(2jk/g?), and REP(4jk/g?) with multiplicities 1, 2(g — 1), and g(g + 1)/2 — 2g + 1 respectively.

An important corollary of the theorem is that a decoding algorithm for the cycle code can be
directly applied to correcting Y errors in the surface code. Indeed, a decoder for the Y-code can be
constructed in a level-by-level fashion such that the bottom level repetition codes are decoded first and
the top level cycle code is decoded afterwards.

For example, Theorem 3.1 implies that, with pure Y noise, a co-prime (g = 1) surface code is
essentially a single repetition code of size growing linearly with n, whereas a square surface code is
equivalent to the concatenation of bottom-level fixed-size repetition codes REP(1), REP(2), REP(4)
and a top-level cycle code of size growing linearly with n, where n is the number of physical qubits in
the surface code.
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Figure 3.4: Diagonals 6 for the 4 x 4 surface code. We consider the symmetry group R generated by reflections
of the lattice against §' and §°. Note that any diagonal 6’ is symmetric under reflections from R.

Proof. Let us first prove the theorem in the special case of square surface codes, j = k = ¢g. Let
G C {0,1}™ be the codespace of the Y-code. We shall use a particular basis set of codewords called
diagonals. The j x j lattice has j + 1 diagonals denoted §',62,...,6't! € G; see Fig. 3.4. Given a
codeword y € G, let Oy € {0,1}7 be the restriction of y onto the top horizontal row of edges in the
surface code lattice. We claim that y is uniquely determined by dy. Indeed let Hq, ..., H; be the rows
of horizontal edges (counting from the top). Let Va,...,V; be the rows of vertical edges (counting
from the top). By definition, the restriction of y onto H; coincides with dy. Suppose the restriction of
y onto HiVa...H, is already determined (initially p = 1). Vertex parity checks a,(y) = 0 located at
the row H), then determine the restriction of y onto V,11. Likewise, suppose the restriction of y onto
H,V;...H,V), is already determined. Plaquette parity checks b,(y) = 0 located at the row V), then
determine the restriction of y onto H,,1. Proceeding inductively shows that any codeword y € G is
uniquely determined by 0y.
Define bit strings

e =100...0, €2=010...0, e>=001...0 etc.

Then 96" = el, 96° = et~ 4 ¢’ for 2 < i < j, and 067! = eJ; see Fig. 3.4. It follows that 96',..., 087
span the binary space {0,1}/. Accordingly, the diagonals §',...,67 span the codespace G and

St =5'psa...ad.

In particular, dim (G) = j, that is, the Y-code encodes j bits into n bits.

Let R = Zo x Zso be a group generated by reflections of the lattice against the diagonals §' and
871, Note that any diagonal 6° is invariant under reflections from R, see Fig. 3.4. Suppose f is an
edge of the surface code lattice. Let R(f) be the orbit of f under the action of R. The above shows
that any diagonal &° is constant on orbits of R, that is, R(f) = R(g) implies that 6} = 5;. Since the
diagonals §* span the full codespace G, we conclude that any codeword y € G is constant on orbits of
R, that is, R(f) = R(g) implies that y; = y,. Equivalently, each orbit of R of size m gives rise to
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Figure 3.5: A set of qubits O such that each orbit of R contains exactly one qubit from O. In this example
the group R has 10 orbits of size 1,2, 4.

R R R

[:] [62] [85]

[64] [55]

Figure 3.6: Restrictions of the diagonal §° onto O define a basis set of codewords for the top level code.

the repetition code REP(m). A simple counting shows that R has a single orbit of size 1 (the central
vertical edge), 2(j — 1) orbits of size 2 (pairs of qubits located on the diagonals §' and §/*!), whereas
all remaining orbits have size 4. This proves the last statement of the theorem (in the special case
j=k).

Fix a set of qubits O such that each orbit of R contains exactly one qubit from O. In other
words, O is a set of orbit representatives. We shall choose O as shown on Fig. 3.5. A simple counting
shows that |O| = j(j+1)/2. Consider a codeword y € G and let [y] € {0,1}°l be a vector obtained by
restricting y onto O. We define the top-level code as a linear subspace £ C {0, 1}|O| spanned by vectors
[y] with y € G. Equivalently, £ is spanned by vectors [6‘] with i = 1,...,5 + 1. A direct inspection
shows that each qubit e € O belongs to exactly two vectors [6/] and [0*] for some i # k, see Fig. 3.6
for an example. Thus one can identify O with the set of edges of the complete graph K, whereas
the vectors [0%] can be identified with “vertex stabilisers” in K j+1- In other words, the support of each
vector [6'] coincides with the set of edges incident to some vertex of Kjy1. We conclude that parity
checks of £ corresponds to closed loops in Kj11. Thus the top-level code coincides with the cycle code
Cjy1.

The above proves the theorem in the special case j = k. Consider now the general case j # k.
Let us tile the surface code lattice by ¢ = jk/g? tiles of size g x g as shown on Fig. 3.7. Note that
each horizontal edge is fully contained in some tile. Let us say that a vertical edge is a boundary edge
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if it overlaps with the boundary of some adjacent tiles. If one ignores the boundary edges, each tile
contains a single copy of the g x g surface code. For each tile define the diagonals §',62,...,697! as

Oy N %% A
o o °

@ { @
Lo® A %) Y

Figure 3.7: Partition of the 8 x 12 surface code into 4 x 4 tiles. Solid red circles: the extended diagonal A!
alternating between §! and &°, see Fig. 3.4.

above. Let G be the codespace of the Y-code for the full j x k lattice. Recall that any codeword y € G
is is fully determined by its projection 9y onto the top horizontal row of edges. Using this property one
can easily verify that the codespace G is spanned by “extended diagonals” A’ such that the restriction
of A’ onto the top left tile coincides with §* and A? alternates between 6° and 6972~ in a checkerboard
fashion, see Fig. 3.8. An example of the extended diagonal A! is shown on Fig. 3.7. By definition,

o )
e o)

Figure 3.8: Extended diagonal A’.

A’ has no support on the boundary edges. This implies that the Y-code has a weight-1 parity check
for each boundary edge. Ignoring such weight-1 checks, each codeword A’ consists of ¢ copies of the
diagonal §* with some copies being reflected. Considering ¢ copies of each codeword instead of a single
copy is equivalent to replacing the repetition codes REP(1), REP(2), REP(4) in the above analysis by
REP(t), REP(2t), REP(4t), where t = jk/g? is the number of tiles. O

Decoding the cycle code

Here we consider the cycle code subject to random errors. We give a polynomial-time decoding
algorithm that achieves the error threshold of 50%. Fix some integer m > 3 and consider the cycle code
Cp, defined in Section 3.3.2. Recall that C,, has length n = m(m —1)/2. We consider independent and
identically distributed (i.i.d.) bit-flip errors such that each bit is flipped with probability p € [0,1/2).
Define an error bias € > 0 such that

op(1 — p) = % e (3.4)
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Lemma 3.1 (Cycle code decoder). Let e € {0,1}"™ be a random iid error with a bias €. There exists
an algorithm that takes as input the syndrome of e and outputs a bit string € € {0,1}" such that

Proble/ = ¢] > 1 —2m? - exp (—2€*m). (3.5)
The algorithm has runtime O(m3).

Proof. Recall that the cycle code C,, is defined on the complete graph with m vertices such that each

bit of Cp, is located on some edge (7, j) of the graph. Let e; ; be the error bit associated with an edge

(4,7). We begin by giving a subroutine that identifies a single error bit e; j. Without loss of generality,

consider the edge (1,2). This edge is contained in m — 2 triangles that give rise to syndrome bits
sg=e12Der3Desy,

sS4 =e12BexqDeyqn,

Sm =€12D €2m D em1. (3.6)

Since errors on different edges of each triangle are independent, the conditional probability distributions
of syndromes s; for a given error bit e o are

1
PI‘Ob[Sj = 1|€1’2 = 0] = 5 — €,

1
Prob[sj = 0|€1’2 = 0] = 5 + €,

1
Prob[sj = 1|€172 = 1] = 5 + €,

1
Prob[s; = 0le12 = 1] = ;€

Furthermore, since different triangles in Eq. (3.6) intersect only on the edge (1,2), we have

Prob[ss,...,smle12] = H Prob(s;|eq o] (3.7)
j=3

This is an iid distribution of m — 2 bits which is e-biased towards e 2. Hoeffding’s inequality gives
Prob[sz + ... + sm > m/2le12 = 0] < 4exp (—2¢2m)

and
Prob[ss + ...+ sm < m/2le12 = 1] < 4dexp (—262m).

The desired subroutine outputs e; 2 = 0 if s3 + ... + s, < m/2 and e; 2 = 1 otherwise. Clearly, the
above calculations take time O(m).

The full decoding algorithm applies the above subroutine independently to each edge of the graph
learning error bits one by one. By the union bound, such algorithm misidentifies the error with
probability at most 2m? exp (—2¢2m) since the complete graph K,,, has m(m —1)/2 edges. The overall
runtime of the algorithm is O(m?). O
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Note that the decoding algorithm of Lemma 3.1 can be viewed as a single round of the standard
Belief Propagation algorithm, which is commonly used to decode classical low-density parity check
(LDPC) codes. Also recall that the cycle code C,, has length n ~ m?/2. Thus the probability of a
logical error in Eq. (3.5) decays exponentially with y/n (this scaling is unavoidable since the cycle code
Cm, has distance O(m)). As a consequence, the proposed decoder performs very poorly in the small
bias regime. For example, reducing the error rate from 49% to 1% would require code length n ~ 107
(here we used Eq. (3.5) as a rough estimate of the logical error probability). In contrast, the logical
error probability of the repetition code REP(n) decays exponentially with n.

3.3.3 Threshold of the surface code with pure Y noise

The surface code with pure Y noise is equivalent to a concatenation of two classical codes, as shown
above, and both of these classical codes have thresholds of 50%. These results lead directly to the
fact that the threshold of the surface code with pure Y noise is 50%. Indeed, let us employ the
level-by-level decoding strategy such that the bottom-level repetition codes are decoded first. Assume
that the pure Y noise has error rate p < 1/2. Then the j-th repetition code makes a logical error
with probability p; < p < 1/2. The effective error model for the top-level cycle code is a product
of symmetric binary channels with error rates pi,...,pn < p, where m = g(g + 1)/2 is the length of
the cycle code. One can easily verify that the decoder of Lemma 3.1 corrects such random error with
probability given by Egs. (3.4) and (3.5). Finally, Theorem 3.1 implies that each parity check of the
repetition or the cycle code is a linear combination (modulo two) of the plaquette and vertex parity
checks of Eq. (3.2). The coefficients in this linear combination can be found by solving a suitable
system of linear equations in time O(n?®). This enables an efficient conversion between the surface code
syndrome and the syndromes of the bottom-level and the top-level code. To conclude, Theorem 3.1
and Lemma 3.1 have the following corollary.

Corollary 3.1 (Y-threshold). The error correction threshold for the surface code with pure Y mnoise
is 50%. This error threshold can be achieved by a polynomial-time decoding algorithm.

A numerical demonstration of the 50% threshold of the surface code with pure Y noise is given in
Section 3.4.1.

In previous work [3.7], we used the BSV decoder [3.8] to estimate the error threshold of the surface
code with a range of biases including with pure Y noise (equivalently pure Z noise on the modified
surface code of Ref. [3.7]). The BSV decoder is tuned via an approximation parameter y, which
defines the scale of correlations between syndrome bits. With y exponentially large in the number of
physical qubits, the approximation becomes exact but decoding becomes inefficient. In order to keep
the simulations tractable, we used x = 48 and found that the decoder performance saturated for large
bias, n > 300, giving an estimate for the threshold with pure Y noise of 43.7(1)%, where error bars
correspond to fitting variance not decoder approximation. We noted that, although clear thresholding
behavior was seen, the BSV decoder had not completely converged with x = 48. Corollary 3.1 indicates
that the saturation of the decoder performance was likely a side effect of having too small a value of

X-
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3.3.4 Y-type logical operators

The structure of surface codes with pure Y noise, described in Section 3.3.2, also manifests itself
in the structure and, consequently, the minimum weight and count of Y-type logical operators, i.e.
logical operators consisting only of Y and identity single-qubit Paulis. In this section, we give explicit
formulas for the minimum weight and count of Y-type logical operators. Highlighting the cases of
co-prime and square codes, as well as comparing the formulas to those for X- and Z-type logical
operators, we remark on how the minimum weight and count of Y-type logical operators contributes
to the performance advantage with pure Y noise and Y-biased noise seen in Ref. [3.7], for surface codes
in general, and in Sections 3.4 and 3.5, for co-prime codes in particular.

Logical operator minimum weight

We show that the minimum-weight Y-type logical operator is comparatively heavy. The X-distance,
dx, of a code is the weight of the minimum-weight X-type logical operator. Clearly, the minimum-
weight X-type logical operator on a jxk code is a full column of X operators on horizontal edges,
and hence dx = j; similarly dz = k. It is also clear that the minimum-weight Y -type logical operator
on a square jxj code is a full diagonal of Y operators, and hence dy = 25 — 1. From the proof of
Theorem 3.1, it is apparent that, in the case of pure Y noise, a jxk surface code can be viewed as a
tiling of jk/g? copies of a square gxg code, where g = ged(j, k). Therefore, the Y-distance of a general
jxk surface code is given by the following corollary.

Corollary 3.2 (Y-distance). For a jxk surface code, the weight of the minimum-weight Y -type logical
operator, and hence the distance of the code to pure Y noise, is

(2g — 1)jk

dy =
g2

where g = ged (7, k).

The distances to pure noise for various surface code families are summarised in Table 3.1. We note
that, for all code families, Y-distance exceeds X- or Z-distance, which is consistent with the increase
in error threshold of surface codes with biased noise seen in Ref. [3.7]. Furthermore, we note that
the Y-distance of square codes is dy = O(y/n) while that of a co-prime codes is dy = O(n), where
n is the number of physical qubits in a jxk surface code. This feature contributes to the significant
improvement in logical failure rate of co-prime codes over square codes with pure Y noise and Y-biased
noise, see Sections 3.4 and 3.5.

Code family dx dy dz
square J 25 —1 J
co-prime j ik k
ged(s, k) =g j (29 -1)(jk/g*) k

Table 3.1: Distances to pure noise for jxk surface code families. (dp refers to the distance to pure P noise,
where P € {X,Y, Z}.)
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Logical operator count

We show that Y-type logical operators are comparatively rare. The number cx of X-type logical
operators is equal to the number of ways the logical X operator can be deformed by X-type stabiliser
generators. The number of X-type stabiliser generators (i.e. vertices) on a jxk surface code is j(k—1),
and hence cx = 2/(-=1); gimilarly ¢z = 20~1D%_ From the proof of Theorem 3.1, it is apparent that the
g basis codewords of the Y-code correspond to a single logical operator and a full set of g — 1 linearly
independent Y-type stabilisers of a jxk surface code, where g = ged(j, k). Therefore, the number of
Y-type logical operators of a general jxk surface code is given by the following corollary.

Corollary 3.3 (Y-count). For a jxk surface code, the number of Y -type logical operators is
cy = 291
where g = ged (4, k). The number of Y -type stabilisers is also cy .

The counts of pure noise logical operators for various surface code families are summarised in
Table 3.2. We note that, for all code families, the number of logical operators for pure Y noise is much
lower than the number for pure X or Z noise, which is consistent with the increase in error threshold
of surface codes with biased noise seen in Ref. [3.7]. Furthermore, we note that the number of Y-type
logical operators for square codes is ¢y = O(2V") while for co-prime codes it is ¢y = O(1), where
n is the number of physical qubits in a jxk surface code. This feature contributes to the significant
improvement in logical failure rate of co-prime codes over square codes with pure Y noise and Y-biased
noise, see Sections 3.4 and 3.5.

Code family cx cy cz
square 2i%=J 9i—1  9i°—j
co-prime 2i(k=1)  q 9(j—1)k

Table 3.2: Counts of pure noise logical operators for jxk surface code families. (cp refers to the number of
P-type logical operators, where P € {X,Y, Z}.)

3.4 Advantage of co-prime surface codes with pure Y noise

In Section 3.3, we presented our analytical results for surface codes with pure Y noise, highlighting
features that contribute to the ultra-high thresholds seen in Ref. [3.7] with Y-biased noise. Our
analytical results also indicate that co-prime codes should achieve lower logical failure rates than
square codes with pure Y noise.

Here we present our numerical investigation into the performance of surface codes with different g
with pure Y noise. In particular, we present results for co-prime, g=4 and square surface code families,
confirming the 50% error threshold. We also demonstrate a significant reduction in the logical failure
rate for co-prime codes compared to square codes. Specifically, quadratically fewer physical qubits
may be used to achieve a target logical failure rate by using co-prime codes.
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Figure 3.9: Logical failure rate f as a function of physical error probability p for jxk surface code families:
square, g=4, and co-prime, where g = ged(j, k), subject to pure Y noise. Data points are sample means over
60000 runs using the Y-decoder described in Section 3.4.2. Dotted lines connect successive data points for a
given code size.

We also define the exact optimal decoder for pure Y noise that we used in order to achieve optimal
results and avoid the limitations of an approximate (see Section 3.3.3) or non-optimal (see Section 3.3.2)
decoder.

3.4.1 Performance of surface codes with pure Y noise

We investigate the performance of surface codes with pure Y noise. Besides confirming the 50%
threshold for the surface code, we demonstrate a significant reduction in logical failure rate for co-
prime surface codes compared to square surface codes such that a target logical failure rate may be
achieved with quadratically fewer physical qubits using co-prime codes in place of square codes. That
is, we demonstrate that logical failure rate decays exponentially with Y-distance for square and co-
prime codes but since, in accordance with Corollary 3.2, the Y-distance of these codes is O(y/n) and
O(n) respectively, the logical failure rate decays quadratically faster with n for co-prime codes, where
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Figure 3.10: Exponential decay of the logical failure rate f with respect to code distance dy to pure Y noise
in the regime of physical error probability p at and below the error threshold for jxk surface code families:
square, g=4, and co-prime, where g = ged(j, k), subject to pure Y noise. Data points are sample means over
60000 runs using the Y-decoder described in Section 3.4.2. Dotted lines indicate least squares fit to data for a
given p and error bars indicate 1 standard deviation.
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n is the number of physical qubits.

In Fig. 3.9, we plot logical failure rate f as a function of physical failure rate p for jxk surface
codes belonging to the following families: square, g=4, and co-prime codes, where g = ged(j, k). For
co-prime codes, we see clear evidence of an error threshold at p. = 50%, consistent with Corollary 3.1.
For g=4 and square codes, the data is consistent with a threshold p. = 50% but the evidence is less
definitive. Within a code family, it is expected that smaller codes will perform worse than larger codes
below threshold. However, comparing the performance of smaller co-prime codes to square codes, we
see a significant improvement in logical failure rate across the full range of physical error probabilities.
For example, the 20x21 co-prime code clearly outperforms the 21x21 square code. This can be seen as
a qualitative demonstration of the effect of the features of surface codes with pure Y noise identified in
Section 3.3. For g=4 codes, we see logical failure rates intermediate between square codes and co-prime
codes, as expected.

In Fig. 3.10, we plot logical failure rate f as a function of code distance dy to pure Y noise at
physical error probabilities p at and below the threshold p. = 50% for surface codes belonging to
the following families: square, g=4, and co-prime codes. For each code family, we see exponential
decay of the logical failure rate f ~ exp(—ady ), where « is a function of (p. — p), which is consistent
with the threshold p. = 50% predicted by Corollary 3.1. Considering jxk surface codes, according to
Corollary 3.2, dy = 2j — 1 for square codes and dy = jk for co-prime codes. That is, dy = O(y/n)
for square codes and dy = O(n) for co-prime codes. As a result, based on the observed exponential
decay, quadratically fewer physical qubits are required to achieve a target logical failure rate for a
given physical error rate by using co-prime codes in place of square codes.

To investigate the performance of different families of surface codes with pure Y noise, we used the
Y-decoder, defined in Section 3.4.2, to sample the logical failure rate across a full range of physical
error probabilities for square, g=4 and co-prime codes. We used code sizes: {5x5, 9x9, 13x13,
17x17, 21x21} for square codes, {4x8, 8x12, 12x16, 16x20, 20x24} for g=4 codes, and {4x5,
8x9, 12x13, 16x17, 20x21} for co-prime codes, and 60000 runs per code size and physical error
probability. In our implementation of the Y-decoder, we used the Python language with SciPy and
NumPy libraries [3.23,3.24] for fast linear algebra and the mathmp library [3.25] for arbitrary-precision
floating-point arithmetic, enabling up to 50 decimal places of precision.

3.4.2 Exact optimal Y-decoder

Here we define the exact optimal decoder for pure Y noise that we used in our numerical simulations
of Section 3.4.1. As mentioned in Section 3.3.2, it is possible to decode Y noise on the planar code
by treating it as the concatenation of a cycle code and repetition codes and decoding level-by-level.
However, while efficient, such a decoder is not necessarily optimal. Also, as mentioned in Section 3.3.3,
the performance of the approximate maximum likelihood decoder [3.8] used in previous studies [3.7]
was found to saturate with pure Y noise when tuned for efficiency. Here we explicitly define an exact
maximum likelihood decoder for the surface code with pure Y noise that is efficient for jxk surface
code families with small ged(7, k), such as co-prime codes, and tractable for moderate-sized square
codes.

Consider a surface code with n physical qubits and m independent vertex and plaquette stabiliser
generators. In the case of pure Y noise, the only possible error configurations are Y-type Pauli
operators, i.e. operators consisting only of Y and identity single-qubit Paulis. Let Py denote the
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group of n-qubit Y-type Pauli operators, let Gy denote the group of Y-type stabilisers, and define the
centraliser of Gy as C(Gy) ={f € Py : fg =gf ¥V g € Gy }. If the result of measuring the vertex and
plaquette stabiliser generators is given by syndrome s € {0,1}™ and f; € Py is some fixed Y-type
Pauli operator with syndrome s then the set fsC(Gy) of all Y-type Pauli operators with syndrome s
is the disjoint union fsC(Gy) = fsGy U fsLGy, where L is one of the single class of logical operators
possible with pure Y noise.

For a given syndrome s and probability distribution 7 on the Pauli group, the maximum likelihood
decoder for pure Y noise can be implemented by constructing a candidate Y-type recovery operator f
consistent with s, and returning arg max; 7(fGy) where f € {fs, f<L} and 7(fGy) = > gegy T([9)-

On a jxk surface code, the size of the group of Y-type stabilisers is |Gy | = ¢y = 297! where
g = ged(j, k), see Corollary 3.3. Therefore, for surface codes with small g, such as co-prime codes,
the Y-decoder is efficient, provided that a candidate Y-type recovery operator fs, the group of Y-type
stabilisers Gy and logical operator L can be constructed efficiently. In the next two subsections, we
describe these constructions.

Constructing Y-type stabilisers and logical operators

The construction of Y-type stabilisers and logical operators for a jxk code is illustrated in Fig. 3.11. A
minimum-weight Y-type logical operator is constructed by applying Y operators along a path starting
at the top-left corner of the lattice and descending diagonally to the right, reflecting at boundaries,
until another corner is encountered from within the lattice. We construct Y-type stabilisers similarly,
starting at each of the next ged(j, k) — 1 qubits of the top row and reflecting until the path cycles.
Together these stabilisers generate the full group of 297! Y-type stabilisers, and combine with the
minimum-weight logical operator to give the 29~! Y-type logical operators of the jxk code.

Constructing candidate Y-type recovery operators

The construction of a candidate Y-type recovery operator, consistent with a given syndrome, depends
on whether the code is co-prime, square or neither.

For co-prime codes, it is possible to construct an operator, consisting only of Y and identity single-
qubit Paulis, that anticommutes with any single syndrome location. We refer to such operators as
Y-type destabilisers. Given a complete syndrome, a candidate Y-type recovery operator is then simply
constructed by taking the product of Y-type destabilisers for each syndrome location. One way to
construct Y-type destabilisers for co-prime codes is illustrated in Fig. 3.12. For a given syndrome
location, a partial recovery operator is constructed by applying seed Y operators along a path starting
directly below the syndrome location and descending diagonally to the right until a boundary is
encountered; further Y operators are applied along paths descending diagonally to the left of each
of these seed Y operators, reflecting at boundaries, until the bottom boundary is encountered. The
partial recovery operator then anticommutes with the original syndrome location and residual syndrome
locations on the bottom boundary. A residual recovery operator is constructed for each residual
syndrome location by applying Y operators along a line starting directly to the right of the syndrome
location and ascending diagonally to the right, reflecting at boundaries, until a corner is encountered
from within the lattice. The residual recovery operators then anticommute with the residual syndrome
locations. The destabiliser for the original syndrome location is then simply the product of the partial
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(c.i) (c.ii) (c.iii)

Figure 3.11: Examples of Y-type stabiliser and logical operator construction by applying Y operators along
the indicated path until a corner is encountered or the path cycles. Minimum weight Y-type logical operators
(a) and (b) for square 4x4 and co-prime 3x4 codes, respectively, are constructed by starting at the top-left
qubit. Generators of the group of Y-type stabilisers (c) for the square 4x4 code are constructed by starting at
each of the next ged(j,k) — 1 = 3 qubits of the top row. (For co-prime codes, there are no Y-type stabilisers
other than the identity.)

and residual recovery operators.

For square codes, Y-type destabilisers do not exist in general, and hence a different approach to
constructing a candidate Y-type recovery operator must be adopted. Given a complete syndrome for a
square code, a candidate Y-type recovery operator can be constructed by taking the product of partial
recovery operators for each syndrome location, since the residual boundary syndrome locations cancel
in the case of square codes, see Fig. 3.13.

For surface codes that are neither co-prime nor square, a candidate Y-type recovery operator is
constructed by dividing the lattice into a co-prime region and square regions. Partial recovery operators
are constructed for each region leaving residual syndrome locations only on plaquettes between regions.
Residual syndrome locations can then be moved off the lattice using Y-type stabilisers on the square
regions.

3.5 Advantage of co-prime surface codes with biased noise

In Section 3.4, we gave a demonstration that co-prime surface codes outperform square surface codes
with pure Y noise in terms of logical failure rate. It is natural to ask if co-prime codes also outperform
square codes with Y-biased noise, i.e., when X and Z errors may also occur. We demonstrate that a
significant reduction in logical failure rate against biased noise can be achieved using a smaller co-prime
(j—1)xj code compared to a jxj square code.

Our results are summarised in Fig. 3.1. With standard depolarising noise, i.e., n = 0.5, and
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Figure 3.12: Example of Y-type destabiliser construction for a co-prime code. (a) Single syndrome location.
(b) Partial recovery operator is constructed by applying Y operators, from below the syndrome location along
a diagonal to any boundary, then from that diagonal along perpendicular diagonals, until the bottom boundary
is encountered. (c) Residual recovery operators are constructed by applying Y operators, from right of each
residual boundary syndrome location along a diagonal away, until a corner is encountered. (d) Destabiliser is
product of partial and residual recovery operators.
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Figure 3.13: Example of candidate Y-type recovery operator construction for a square code using partial
recovery operators. (a) Original error and complete syndrome. (b) Partial recovery operators with residual
boundary syndrome locations. (c) Candidate recovery operator is the product of all partial recovery operators,
since residual boundary syndrome locations cancel in the case of square codes.

with low bias, e.g. n = 10 (where Y errors are 10 times more likely than both X and Z), we see
similar performance for the co-prime 7x8 and square 8x8 codes below the respective thresholds [3.7]
of 18.9(3)% and 28.2(2)% for square codes with those biases. For bias as low as n = 30, we see a clear
improvement in logical failure rate below threshold. In the limit of pure Y noise, we see the very large
improvement, across the full range of physical error probabilities, that was already demonstrated in
Section 3.4.1. Most interestingly, the improvement remains large through the intermediate bias regime,
n = 100, over a wide range of physical error probabilities, indicating that the advantage of co-prime
codes over square codes persists with modest noise biases.

The advantage of co-prime codes with biased noise can be explained in terms of the features of
surface codes with Y noise identified in Section 3.3. The co-prime 7x8 code is only slightly more
sensitive to X noise, having X-distance, dx = 7, which is only slightly less than the X-distance,
dx = 8, of the square 8x8 code. The Z-distance, dz = 8, of both codes is identical. However, the
co-prime code is much less sensitive to Y noise, having a much larger Y-distance, dy = 56, than the
square code, dy = 15, and having only one Y-type logical operator, cy = 1, compared to many more
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such operators, ¢y = 27 = 128, on the square code. Therefore, for sufficient bias, we expect co-prime
(j—1)xj codes to outperform square jxj codes. Importantly, we also expect the relative advantage
to increase with code size, as the slight increase in X-noise sensitivity becomes relatively smaller and
the decrease in Y -noise sensitivity becomes relatively larger.

To compare the performance of co-prime and square codes with Y-biased noise, we sampled the
logical failure rate across a full range of physical error probabilities for a co-prime 7x8 code and a
square 8x8 code with noise biases n € {0.5, 10, 30, 100, 300, o0 }. Sample means were taken over 60 000
runs per code, bias and physical error probability. To avoid any advantage being attributed to using a
larger code, we chose the co-prime code to be smaller than the square code. Since the noise is biased,
we could not use the Y-decoder for exact maximum likelihood decoding, so the natural choice was the
BSV Decoder [3.8], which approximates maximum likelihood decoding. The BSV decoder is tuned via
an approximation parameter y, which defines the scale of correlations between syndrome bits. With
pure Y noise, we observed that larger x was required to achieve a performance close to that of the
Y -decoder for co-prime codes than for square codes, which is consistent with the larger Y-distance of
co-prime codes. For this reason we used relatively small codes with a large xy = 96 to achieve good
convergence and keep the computational requirements to a reasonable level.

3.6 Discussion

In this paper, we have described the structure of the surface code with pure Y noise and shown that this
implies a 50% error threshold and a significant performance advantage in terms of logical failure rate
with co-prime codes compared to square codes. Furthermore, we have provided numerics confirming
our analytical results with pure Y noise and demonstrating the performance advantage of co-prime
codes with Y-biased noise. It is important to note that our results apply equally to pure Z noise, i.e.,
dephasing noise, and the Z-biased noise prevalent in many quantum architectures, through the simple
modification [3.7] of the surface code that exchanges the roles of Z and Y operators in stabiliser and
logical operator definitions. We have, therefore, identified and characterised the features of surface
codes that contribute to their ultra-high thresholds with Z-biased noise, seen in Ref. [3.7], and to the
further improvement in logical failure rate with co-prime codes demonstrated in this paper.

In the limit of pure Y noise, we have shown that the surface code is equivalent to a concatenation
of classical codes: a single top-level cycle code and a number of bottom-level repetition codes. We have
shown that this implies the surface code with pure Y noise has a threshold of 50% and, for jxk surface
codes with small g = ged(j, k), the more effective repetition code dominates leading to a reduction
in logical failure rate. In terms of logical operators, we have shown that Y-type logical operators are
rarer and heavier than X- or Z-type equivalents, and co-prime surface codes, in particular, have only
one Y-type logical operator and its weight is O(n).

We have confirmed, numerically, the 50% error threshold of the surface code with pure Y noise,
and demonstrated that co-prime codes with pure Y -noise significantly outperform similar-sized square
codes in terms of logical failure rates such that a target logical failure rate may be achieved with
quadratically fewer physical qubits using co-prime codes. Furthermore, we have demonstrated that
this advantage persists with Y-biased noise. In particular, we found that a smaller co-prime code
outperforms a square code, over a wide range of physical error probabilities, for biases as low as
n = 30, where Y errors are 30 times more likely that X or Z errors. We argued that the relative
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advantage of co-prime codes over square codes increases with code size.

Although our analytical results focus on features of the surface code with pure Y noise, it is
interesting to put our observations of the performance of surface codes with biased noise in the context
of other proposals to adapt quantum codes to biased noise [3.4,3.10-3.21]. Several proposals have been
made for constructing asymmetric quantum codes for biased noise from classical codes [3.10-3.13]
(see Ref. [3.12] for an extensive list of references) but of particular interest here are approaches that
can be applied to topological codes. A significant increase in threshold with biased noise has been
demonstrated by concatenating repetition codes at the bottom-level with another, possibly topological,
code at the top-level [3.4,3.14,3.15]; interestingly, this mirrors the structure we have found to be
inherent to the surface code. Performance improvements with biased noise have also been demonstrated
by modifying the size and shape of stabilisers in Bacon-Shor codes [3.16-3.18] and surface / compass
codes [3.19], by randomising the lattice of the toric code [3.20], or by concatenating a small Z-error
detection code to the surface code [3.21]. These approaches are distinct from the use of co-prime codes
(with the modification of Ref. [3.7]), which maintains the size and locality of surface code stabiliser
generators, and so they could potentially be combined to yield further performance improvements.

Looking forward, the identified features of surface codes and the insights behind them suggest
several interesting avenues of research. For the surface code, specifically, different geometries may be
more robust to logical errors than co-prime codes in the high bias regime, where a few well-placed
X and Z errors can combine with strings of Y errors to produce more common and lighter logical
operators. Similarly, certain geometries of surface code used to encode multiple qubits [3.26] may or
may not maintain the high performance of simple surface codes with biased noise. For topological
codes, more generally, one can ask which codes exhibit an increase in performance with biased noise
and what are the family traits of such codes; we have seen, for example, that the standard triangular
6.6.6 colour code does not exhibit an increase in performance. (Although this colour code is equivalent,
in some sense, to a folded surface code [3.27], the mapping that relates the two does not preserve the
biased noise model.)

Finally, although this paper focuses on features of surface codes with Y or Y-biased noise rather
than the issue of efficient decoding, it may be possible to adapt the cycle code decoder or Y-decoder,
defined herein, to implement a fast fault-tolerant decoder for biased noise. This would help to address
the highly significant open question of whether the high performance of surface codes with biased noise
can be preserved in the context of fault-tolerant quantum computing.
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3.A Color code thresholds with biased noise

We demonstrate that the threshold of the triangular 6.6.6 colour code [3.9] decreases when the noise is
biased. This is in stark contrast to the surface code, which exhibits a significant increase in threshold
with biased noise [3.7]. Our results are summarised in Fig. 3.14, in which, we contrast our new
results for the colour code with those for the surface code reproduced from Ref. [3.7]. We note that
the results for the surface code where originally presented in terms of Z-biased noise on a modified
surface code but to simplify comparison with the colour code we restate the results in terms of Y-
biased noise on the standard surface code. From statistical physics arguments, the optimal error
threshold for the standard surface code with pure Z noise is estimated to be 10.93(2)% [3.3, 3.28],
and with depolarising noise it is estimated to be 18.9(3)% [3.29]. The colour code has similar error
thresholds [3.29,3.30] to the surface code with pure Z noise and depolarising noise. Our results for
the colour code, using an approximate maximum likelihood decoder, reveal a decrease in threshold
with Y-biased noise; 18.7(1)% with standard (n = 0.5) depolarising noise, 13.3(1)% with bias n = 3,
11.4(1)% with bias n = 10, 10.6(1)% with bias n = 100, and 10.6(2)% in the limit of pure Y noise. In
contrast, previous results [3.7] for the surface code revealed a significant increase in threshold with Y-
biased noise; 18.7(1)% with standard (n = 0.5) depolarising noise, 22.3(1)% with bias n = 3, 28.2(2)%
with bias n = 10, 40.3(8)% with bias n = 100, and 43.7(1)% (analytically shown to be 50% assuming
exact optimal decoding, see Section 3.3.3) in the limit of pure Y noise. Our decoder implementation
and numerics are described below. The features of surface codes that contribute to their exceptional
performance with biased noise are discussed in the body of the paper.

Decoder.— In order to take account of correlations between X- and Z-type stabiliser syndromes,
we implemented a tensor network approximate maximum likelihood decoder for triangular 6.6.6 colour
codes following the same principles as the BSV decoder [3.8] used in Ref. [3.7] for surface codes.

Consider a colour code with n physical qubits and m independent stabiliser generators. Let P
denote the group of n-qubit Pauli operators, let G denote the stabiliser group, and recall that the
centraliser of G is given by C(G) = {f € P : fg = gf ¥V g € G}. If the result of measuring the
stabiliser generators is given by syndrome s € {0,1}" and f; € P is some fixed Pauli operator
with syndrome s then the set f;C(G) of all Pauli operators with syndrome s is the disjoint union
fC(G) = fsGU fsXGU fYGU fsZG, where X, Y and Z are the logical operators on the encoded
qubit.

For a given syndrome s and probability distribution 7 on the Pauli group, the maximum likelihood
decoder can be implemented by constructing a candidate recovery operator fs consistent with s, and
returning arg max; m(fG) where f € {fs, [« X, fsY, fsZ} and 7(fG) = deg m(fg).

By analogy with the BSV decoder [3.8] for the surface code, we define a tensor network whose
exact contraction yields the coset probability 7(fG) for the colour code. Fig. 3.15 (a-b) illustrates a
distance 5 colour code, whereas (c) illustrates a tensor network with the same layout of qubits and
stabilisers. Bonds have dimension 4. Stabiliser tensors are defined such that each element has value
1 if all indices are identical, and value 0 otherwise. Qubit tensors are defined such that each element
has the single-qubit probability 7 of the product of the restriction of f to that qubit with the Paulis
associated with bond indices where indices map to Paulis as 0 — I, 1 +— X, 2 — Y, 3 — Z. In this
way, all possible combinations of stabilisers are applied to f and the exact contraction of such a tensor
network yields the coset probability 7(fG).

The exact contraction of the tensor network is inefficient with a runtime exponential in the number
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Figure 3.14: Threshold error rate p. as a function of bias 1. Red inverted triangles show threshold estimates
for the triangular 6.6.6 colour code. For comparison, blue triangles show threshold estimates for the surface
code (reproduced from Ref. [3.7]), whose saturation at high bias is due to decoder approximation. Error bars
indicate 1 standard deviation relative to the fitting procedure. The points at the largest bias value correspond
to infinite bias, i.e. only Y errors. The gray line is the zero-rate hashing bound for the associated Pauli error
channel.

of qubits n. However, by merging neighbouring qubit tensors in pairs, the tensor network can be
transformed into a square lattice, see Fig. 3.15 (d), so that techniques, used in the BSV decoder [3.8],
can be applied to efficiently approximate the coset probability. The approximation is controlled by a
parameter x which defines the maximum bond dimension retained as the tensor network is contracted.
We refer the reader to [3.8] for full details of the approximate contraction algorithm. We found that
the performance of the decoder converged well for y = 36 across all noise biases, see Numerics below.

Numerics.— We followed the general approach taken in Ref. [3.7]; we give a brief summary here
and refer the reader to Ref. [3.7] for full details. We used triangular 6.6.6 colour codes of distances
d = 7,11,15,19. We estimated the threshold for biases n = 0.5, 1, 3,10, 30, 100, 300, 1000, co, where
n = py/(px + pz) and px = pz, such that n = 0.5 corresponds to standard depolarising noise and
1 = oo corresponds to pure Y noise (see Section 3.2). We approximated maximum likelihood decoding
using the decoder, described above, with approximation parameter y = 36. The decoder converged
well (generally better than in Ref. [3.7]) across the full range of biases with weakest convergence in
the low bias regime, see Fig. 3.16. We ran 30000 simulations per code distance and physical error
probability. As in Ref. [3.7], we used the critical exponent method of Ref. [3.31] to obtain threshold
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estimates with jackknife resampling over the code distances to determine error bounds.
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Figure 3.15: (a) Distance 5 triangular 6.6.6 colour code with logical operators given by a product of Z
along the bottom edge and a product of X along the left edge. (b) Color code stabilisers. (c¢) Tensor network
corresponding to coset probability of distance 5 colour code; gray discs represent qubit tensors; white stars
represent stabiliser tensors; lines represent bonds. (d) Equivalent tensor network as a square lattice.
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Figure 3.16: Decoder convergence, represented by shifted logical failure rate f, — fss, as a function of x near
the threshold physical error probability p for distance d = 19 triangular 6.6.6 colour codes. Each data point
corresponds to 60000 runs with identical errors generated across all x for a given bias.
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Abstract

We explore the relationship between approximate symmetries of a gapped Hamiltonian and the
structure of its ground space. We start by considering approximate symmetry operators, defined as
unitary operators whose commutators with the Hamiltonian have norms that are sufficiently small.
We show that approximate symmetry operators can be restricted to the ground space while approx-
imately preserving certain mutual commutation relations. We generalise the Stone-von Neumann
theorem to matrices that approzimately satisfy the canonical (Heisenberg-Weyl-type) commutation
relations, and use this to show that approximate symmetry operators can certify the degeneracy
of the ground space even though they only approximately form a group. Importantly, the notions
of “approximate” and “small” are all independent of the dimension of the ambient Hilbert space,
and depend only on the degeneracy in the ground space. Our analysis additionally holds for any
gapped band of sufficiently small width in the excited spectrum of the Hamiltonian, and we discuss
applications of these ideas to topological quantum phases of matter and topological quantum error
correcting codes. Finally, in our analysis we also provide an exponential improvement upon bounds
concerning the existence of shared approximate eigenvectors of approximately commuting operators
under an added normality constraint, which may be of independent interest.

4.1 Introduction

Given a quantum system described by a Hamiltonian H, a symmetry is simply an operator that
commutes with H. The symmetry can be block diagonalised with respect to the energy eigenspaces, and
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so the degeneracy within these blocks is constrained by the symmetry. In a system that possesses exact
symmetries, a sufficiently weak perturbation will preserve the number of states of any band gapped
away from the rest of the spectrum, but the symmetries will generally become only approximate.

In this work we consider a natural converse to this: suppose we know that a system has some
approximate symmetries and a gapped band, such as the ground space band. Can we “unperturb”
the symmetries into exact symmetries within the given band? Can we also use the approximate group
structure of the approximate symmetries to count the degeneracy within the band? We answer these
questions in the affirmative, giving quantitive bounds on when such a procedure can be performed,
and thus when such approximate symmetries can be used as certificates of ground space degeneracy.

A related area of mathematical research with a long and rich history is the relationship between
the properties of approximately and exactly commuting matrices. An exemplary problem which dates
back as far as the 1950s [4.2-4.6] is whether a pair of approximately commuting matrices lie near an
exactly commuting pair, i.e. whether there exists a dimension independent § > 0 for each € > 0 such
that for all H, S with | H|, ||S|| <1,

I[H,S]|| <9 == JH, S : [ﬁ,g]:(), where HH_ﬁH7HS_‘§H§6’

where here and throughout the norm || - || is the operator norm. Interpreting H as the Hamiltonian and
S as a symmetry, this problem can be interpreted as whether approximate symmetries are necessarily
near exact symmetries of a perturbed system. It has been shown that just such a theorem holds if
all matrices are Hermitian [4.7-4.10]. A physical consequence of this is that a pair approximately
commuting observables can be approximately simultaneously measured [4.10].

For unitary matrices the above is however known to be generally false [4.11]. This is due to a
K-theoretic obstruction [4.12-4.14], though it is true if this obstruction vanishes [4.7,4.8,4.15], or
under the assumption of a spectral gap [4.16]. Imposing a form of self-duality analogous to time-
reversal symmetry the relevant K-theoretic obstruction reduces to the spin Chern number of a fermionic
system [4.17], highlighting a link between the fields of topologically ordered quantum systems [4.18]
and approximately commuting matrices.

Here we will consider Hamiltonians H with multiple non-commuting approximate symmetries, and
establish a connection to the ground space degeneracy. Ground space degeneracy is a property of a
quantum system that plays a special role in several important applications, such as quantum coding
theory and the study of phases of matter. Quantum codes, especially those encoded into ground spaces
of local Hamiltonians, are the leading candidates for thermally stable quantum memories [4.19,4.20];
in these models approximate symmetries constitute approximate logical operators and the ground
space degeneracy corresponds to the code size. In the context of condensed matter systems, the link
between symmetries and degeneracies plays an important role both in classical symmetry-breaking
phases [4.21], and also in exotic quantum phases, such as those exhibited by topologically ordered
models [4.18]. Unfortunately, determining the ground space degeneracy of (finite) systems is generally
#P-complete, even for gapped bands [4.22]. However, if we restrict to more structured examples such
as 1D-local spin systems, then ground spaces can in fact be efficiently approximated [4.23,4.24]. Our
results show that when structure is present in the form of certain mutual commutation relations, one
can obtain certifiable bounds on the degeneracy of a ground space by only knowing bounds on these
relations. We go into more detail about these two applications in Section 4.5.

The form of non-commutation we will consider will involve twisted commutation relations.
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Definition 4.1 (Twisted commutator). For a € [0,1), the twisted commutator is defined as
[X,Y], = XY — ¥V X,

We will refer to a as the twisting parameter, and for some unitarily invariant norm ||-|| we will refer
to |[-,-],ll as the twisted commutation value. When considering a pair of operators in tandem such
that each has a small twisted commutation value we will refer to it as a twisted pair.

We note that the o« = 0 and o = 1/2 cases correspond to the commutator and anti-commutator
respectively.

Commuting operators exist in all dimensions, finite or infinite. Twisted commuting operators
on finite-dimensional spaces, however, only exist in certain dimensions depending on the twisting
parameter, e.g. no a # 0 twisted commutator can non-trivially vanish in a one-dimensional space. For
general operators, twisted commuting operators were studied in some detail in Ref. [4.25]. If we restrict
to unitary operators however, the Stone-von Neumann Theorem' [4.26,4.27] classifies the dimensions
in which twisted commutation can occur.

Theorem 4.1 (Finite-dimensional Stone-von Neumann theorem). Given o = p/q with p,q coprime,
then unitary operators X and Y which exactly twisted commute as

(X,Y],=0
only exist in dimensions which are multiples of q.

In this paper we will generalise this connection into the regime of approrimately twisted-commuting
operators. Properties of both approximate commuting, and approximately twisted-commuting oper-
ators are reviewed in Ref. [4.28]. The rigidity of algebraic structures to small perturbations in the
commutation relations that define them has been studied in several other settings, such as the soft
torus [4.29,4.30] and approximate representations of groups [4.31-4.33].

Suppose we have a physical system with a self-adjoint Hamiltonian H, acting on a possibly infinite-
dimensional Hilbert space. Let II be the orthogonal projector onto the finite-dimensional ground space,
and II := I — II. For simplicity, take the ground state energy of H to be zero, such that IIH = 0.
As well as this, we will assume that the excited states are gapped away from the ground space, such
that they all have an energy at least A, i.e. H > AIIL. For such a system there exist two notions of
symmetry we will discuss.

Definition 4.2 (Symmetry). We define a ground symmetry as an operator U that commutes with the
ground space projector
[U,1I] = 0,

and acts unitarily on the ground space IIUTUTL = IIUU'TL = I1. Moreover, we refer to a unitary as an
e-approximate symmetry if it approxzimately commutes with the Hamiltonian with respect to a given

unitarily invariant norm
I, H]|| < e.

!As usually stated, the Stone-von Neumann theorem is much more general than Theorem 4.1. We will only be
concerned with twisted commutation in finite-dimensional spaces, and unconcerned with uniqueness, so this form will
suffice for our purposes.
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Here we use ||-|| to denote any unitarily invariant norm.

The error thresholds we are going to consider will depend on the spectral gap A of the system in
question. One way to improve the scaling with the gap would be to consider symmetries defined not
by commutation with the Hamiltonian, but by commutation with functions of the Hamiltonian. For
example we could consider commutation with an (unnormalised) Gibbs state

[ <<

Such a symmetry can be seen to be an e-approximate symmetry of H' = I — e #H which shares a
ground space with H and has a gap of 1 — e P2, If we have some control over the temperature, such
as in Monte Carlo simulations, then this gives a tradeoff we can use to improve the gap scaling. If for
example we set § = In(2)/A, then we get a fixed gap of 1/2. A similar analysis could be performed
with any function of H which leaves the relevant band gapped.

4.1.1 Results

The main goal of this paper will be to establish a connection between twisted commuting symmetries
and the ground space dimension, even when the relevant commutation relations are only approximate.
A key feature of our bounds is that they can be expressed entirely in terms of the Hamiltonian, and
do not require objects such as the ground space projector, which can often be prohibitively difficult
to calculate, represent, or perform calculations with. Without access to the ground space projector,
whether or not a unitary is a ground symmetry cannot be directly verified.

In Section 4.2 we will explore the relationship between approximate and ground symmetries, show-
ing that an approximate symmetry is always near a ground symmetry. Extending this to the case of
multiple symmetries, we will see that approximate symmetries can be restricted to the ground space
with low distortion, implying the existence of unitaries on the ground space with certain twisted com-
mutation relations. In showing these results, we will make repeated use of the following function and
note some simple bounds on it,

Fi0A 5001, f@i=1-VIi-z, f<fl@)<az.
Then our first main result is the following.

Theorem 4.2 (Restriction to the ground space). For two e-approxzimate symmetries U and V which
approrimately twisted commute

U, VIl <6,

then if £ := €/A < 1 there exist unitaries u and v acting on the ground space which also approximately
twisted commute as

llu, vloll < 0 +2¢% + 4£(€7).

Rather importantly, we note that the above theorem holds independent of the ground space dimen-
sion. This will allow us to use approximate symmetries alone as witnesses of ground space degeneracy,
circumventing the need for direct access to the ground space, which is often inaccessible in non-exactly
solvable models.
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Note that for simplicity we will henceforth take the band in consideration to be an exactly degen-
erate ground space. We will see however that our proof will rely not on the bound H > AII, but on
its relaxation H? > A?II, meaning that the band could be anywhere in the spectrum, so long as it is
gapped on both sides by at least A. Furthermore we can take w := ||HII|| > 0 when our band has
a potentially non-zero width. By considering the new Hamiltonian H' := H — HII, we get that our
restricted result holds for more general bands once the necessary changes have been made.

Corollary 4.1 (Restriction to a general band). If there are two e-approximate symmetries U and V
which approximately twisted commute

U V1all <9,

then if & = (e +w)/A < 1 there exists unitaries u and v acting on band of gap A and width w which
also approximately twisted commute

I[w, o] [l < 6+ 267 + 4£(¢7).

Now that we have restricted our symmetries down to the ground space, by studying the relationship
between dimensionality and approximate twisted commutation, we can hope to use these twisted
symmetries as witnesses of ground space degeneracy. As above, we will henceforth adhere to the
convention of upper case letters denoting operators which act on the system as a whole, and lower case
operators which only act on the ground space.

In Section 4.3 we start by giving a proof of Theorem 4.1, and consider generalising this argument to
the case of approzimately twisted commuting operators. We consider a twisted pair of unitaries, and
construct states which can be used to lower bound the number of eigenvalues these operators possess.
By doing so we will show that if these operators have a sufficiently small twisted commutation value
in the operator norm, then a lower bound on their degeneracy can be inferred.

Theorem 4.3. If u and v are unitaries such that for some d € N

2
H[U, ’U]l/dH < m |:]. — COS7T/di| s
then the dimension of each operator is at least d.

While we do not have a closed form bound on the twisted commutation value required to certify
other dimensions (d # 1/a), in Section 4.B we discuss an algorithm to determine which degeneracies
are certified by twisted pairs of given parameters. Using this we will plot the dimension that can
be certified as a function of both the twisting parameter and the corresponding twisted commutation
value.

In Section 4.A we strengthen existing results on shared approximate eigenvectors for approximately
commuting operators when a normality condition is introduced, exponentially improving the dimension
dependence of the bounds relative to known results [4.34]. Using this, in Section 4.3.3 we consider
extending this procedure to the case of two pairs of twisted commuting unitaries. Here we will once
again construct a set of ground states, showing that for sufficient parameters that they are linearly
independent. Using this we can obtain a similar dimensionality lower bound.
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Theorem 4.4. If uy, us, v1 and ve are unitaries such that they satisfy the commutation relations
Mus,ualll <7 lu,velll <6 [ug, vl <0

and twisted commutation relations

H[ul?vl]l/dl S 5 H[uQ?UQ]l/dQ S 5
with di < dy and )
sin”(7/2d;)
did di +d9)d < ——~——2
Vydids + (dy + da) <(d1d2—1)2’

then the dimension of each operator is at least dids.

In Section 4.4 we provide a more comprehensive analysis for the case of a single twisted pair.
Leveraging results from spectral perturbation theory, we find an explicit closed form for the minimum
twisted commutation value for a class of norms known as the (p, k)-Schatten-Ky Fan norms. These
are defined as the p-norm of the largest k singular values, or more formally as

1X N 1= sup { (Tr|AX[P)M2 | A]l < 1, xank(A) < k} .
’ A

For a g-dimensional operator, the special case k = g reduces to the Schatten p-norm, and the case
p = 1 reduces to the Ky Fan k-norm. In particular, the p = co and (p, k) = (2, g) special cases reduce
to the operator and Frobenius norms respectively.

Theorem 4.5 (Minimum twisted commutation value). Suppose that u and v are g-dimensional uni-
taries, then for any p > 2 the twisted commutator is lower bounded

where |||, ) s the (p, k)-Schatten-Ky Fan norm.  Moreover this bound is tight, in that sense that
there exist families of g-dimensional unitaries which saturate the above bounds and only depend on
|ga|, the nearest integer to go.

lga] — ga

e p

> 2k1/P gin <7r

(p.k)

For a given twisted pair, all dimensions for which the twisted commutation value falls below this
minimum can therefore be ruled out as valid dimensions. As this bound is not monotonic as a function
of g, it not only provides a lower bound, but a full classification of which dimensions are disallowed.

After giving proofs of the main results outlined above in Sections 4.2, 4.3, and 4.4, we turn to
broader discussion and applications of these ideas. Section 4.5 is devoted to discussion of future
directions for this work that add the additional constraint that the Hamiltonian is local, and we discuss
the relationship to the notions of topological order and topological quantum codes. In particular we
show how recent numerical methods for studying quantum many-body systems [4.35] could leverage
the bounds presented here to provide certificates of the topological degeneracy of certain quantum
systems.
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4.2 Restriction to the ground space

In this section we will make precise the notion that approximate symmetries can be utilised as prox-
ies of ground symmetries. We first establish a relationship between approximate symmetries and the
ground symmetries that they imply. Then we consider operators with approximate twisted commuta-
tion relations, and we show that these can also be restricted faithfully to the ground space with low
distortion.

Constructing a ground symmetry from an approximate symmetry will come in two steps. First
we will pinch the symmetry U with respect to II, giving an operator P for which [P,II] = 0. While
this will render P no longer unitary, we will see that its action upon the ground space will still be
approrimately unitary. Using this we will construct a nearby operator U that retains commutation
with the ground space projector, and acts unitarily on the ground space, thus constituting a ground
Symmetry.

We will start by showing that the off-diagonal blocks of an approximate symmetry are small, and
then follow by showing that its action on the ground space is approximately unitary.

Lemma 4.2 (Small off-diagonal blocks). If U is an e-approxzimate symmetry, then off-diagonal blocks
of U with respect to I1 have bounded norms, in particular H}l:[UH + HUI:I}H < ¢/A. For Hamiltonians
of the form H = All, this inequality is tight.

Proof. We start by noting that |A|* > |B|? implies |AX|* > |BX|? for any X, where |M| := vV MTM.
Taking X to be finite-rank, we have from Weyl’s inequalities [4.1] that the singular values of AX
majorise those of BX. Unitarily invariant norms® act as symmetric gauge functions on finite-rank
operators [4.36—4.38], which implies from Refs. [4.36, Prop.IV.1.1, Thm.IV.2.2] that |AX] > |BX|—
a similar argument for the adjoint also gives | X A| > | X BJ|. Because H has a gapped band with
projector II, we have that H?> > A?II. Using this, we can bound the off-diagonal blocks in terms of
the commutator

A|[FUTE + TUTH| = [|(TTA + T0) (VT + TIUTT) (AT + 1|
< ||(IH + 1) (TUTI + TIUTL) (HI+10) ||
= ||IHUT + U HTI

)

where the inequality follows from the aforementioned monotonicity property. Now using the unitary
invariance of the norm (since IT — II is unitary), we find that

ITHUT+ MU HTL| = |[THUT - 0 AT
= ||, o)+ 1 |
<HUll <«

where the second equality makes use of HII = 0 and the first inequality is the pinching inequality.

With regard to tightness, if we take H = AII then we can see [H, U] has no on-diagonal blocks, and
therefore A (fIUH — HUfI) = [H,U]. Taking norms of both sides of this equation give AH‘I_IUH + HUfI}H =
I[H, U]|l, meaning that ||IIUTI + IUTI||| < e/A is tight.

O

2Following Ref. [4.36,4.37] we adopt the normalisation || A|| = ||A|| for all rank-1 operators A.
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Lemma 4.3 (Approximate unitarity on the ground space). For an e-approzimate symmetry U with
¢ :=¢€/A <1, the action on the ground space is approrimately unitary

T — [TUTL) < £(€%),
where f(z):=1—+/1—x. In the operator norm, this expression is tight.

Proof. First we can bound |IIU H]2 near II by using the unitarity of U itself as

I — [UT? = I — U U TI
=U'Un - U o
= IUTIUTI
= |fwm)?.
Together with Lemma 4.2, the sub-multiplicativity of unitarily invariant norms on finite-rank operators
let us conclude that ||[IT — [IIUTI|? || < £2. Next we need to use this bound on [|IT — |[IIUTI|?||, and create

a bound on ||IT — [IIUTI||.

Consider a function f(z) = > -2 | apa™, where a,, > 0 and f(1) < co. For any finite-rank operator
0 < X <1, we can use the triangle inequality and submultiplicativity of ||| to derive a Jensen-like

inequality

IlF (Ol =

o
E an X"
n=1

If we let a, = T'(n—1/2)/2y/7n!, then we get f(z) =1—+/1 — z for z € [0,1]. If we let X = II—|IIUTI|,
then applying the above gives

00 [e's)
<Y anl X< anll XN = £ AXID -
n=1 n=1

it — oy = | (11— o) |

< (Ju-mon])
< f(€%).

We note that /2 < f(z) < z, which means that this bound improves upon the bound trivially given
by the contractivity of IIUTI,

I — o) < i - o] < e

For the purposes of tightness, consider a two-dimensional Hilbert space, and a Hamiltonian H and

(0 [ cos¢ sing
H = < A) and U= <— sin¢g cos gb) ’
In the operator norm ||[U, H]|| = Asin¢ and ||II — [IIUTI||| = 1 — cos ¢, which saturates the above
bound. O

unitary U given by
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Using these bounds we can now construct a ground symmetry U by pinching U with respect to II,
and then restoring unitarity on the ground space.

Lemma 4.4 (Approximate symmetries are nearly ground §ymmetries). For an e-approrimate symme-
try U with £ := €/A < 1, there exists a ground symmetry U which is close to U

Jo- ol < e
and closer still in the ground space
[ (v-2) ] < s,
The first inequality is tight to leading order in &, and the second is tight in the operator norm.

Proof. We start by considering the polar of decompositon IIUII = W |IIUTI|. As the ground space
im(IT) is an invariant subspace of IIUII, we can take® W to also leave the ground space invariant,
[W,TI] = 0. Given this, we define our ground symmetry to be U := IIWTII 4 IIUTI.

We will now consider bounding the distance between U and U block-wise. The off-diagonal blocks
are bounded by Lemma 4.2 as

| (0 -v)n+ i (o -v)nj = oo+ non| <.
The bound on the ground space however follows from Lemma 4.3
[ (0 = o) | = ywr— w momy = g - o < ).
Finally the fact that U was unchanged on the excited space trivially implies
(oo -».
Putting everything together, this gives the desired bound
|o-o]|=|on(@-v)n+n(@-v)n+n(o-v)n+a(o-ov)a|
<[ (@ -y (@ - w)af + (0 - o)+ o (o - n|
<€+ (€.

As for tightness, Lemma 4.2 gives that H UTI + HUI:[m = ||[H,U]|l/A for Hamiltonians of the form
H = AIL If we assume that ||[U, H]| = ¢, then applying the pinching inequality gives

oo = (v - o) nrn(v-o)n) = oo+ nonj = ¢

which proves our bound on H‘U — ffw is tight to leading order in £. The tightness of the norm distance

in the ground space follows directly from the tightness of Lemma 4.3. U

3Such a W could be found by performing the polar decomposition restricted to the ground space, and padding the
unitary out to act as the identity on the rest of the space.
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We will now consider how the existence of nearby ground symmetries allows twisted commutation
relations of approximate symmetries to be pulled down into the ground space.

Theorem 4.2 (Restriction to the ground space). For two e-approxzimate symmetries U and V which
approrimately twisted commute

U, VIl <6,

then if £ :== ¢/ A < 1 there exists unitaries u and v acting on the ground space which also approximately
tunsted commute as

. o]oll < 6+ 262 + 4f(€%).
Proof. Consider a U and V given by applying Lemma 4.4 to U and V respectively, such that

H‘HUH _ HUH(

)

HHVH - Hf/Hm < f(€2).

Next we consider the twisted commutator of U and V, and that of U and V, both projected into the
ground space. By expanding out the twisted commutators we have

I [U, V], TT — IT [U, f/} L= (UL 1V, — [HUH, Hf/H} 4 LU VI = VI [UIL
— (HUH - HUH) IV — 27TV IL - (HUH - HUH)
IO - (HVH — Hf/H) _ 2mia (HVH _ Hf/ﬂ) TUTI

+ U - TIVII — e2™°TIVII - TIUTL.

Using the triangle inequality, the contractivity of IIUII and IIVII, and the bound on the off-diagonal
blocks from Lemma 4.2, we can bound this as required:
H(H U, V], 11— 1I [U, ﬂ Hm < (H (HUH _ Hﬁn) : anm + ‘HHVH - (HUH _ HUH) m
+ |mom- (v - o) || + [ (mvi - nvm) - o |
+ ||IUT - IVIT|| + |[OVID - TUTI|
< 2||\nom - nom| + 2fjmv - v |
+ [T Ty + ffrov - o]
< Af(€) + 262

Next we let u and v be the restriction of U and V to the ground space respectively. As each are
ground symmetries, v and v are both unitaries. If we consider the embedding of operators on the
ground space back into the larger Hilbert space, then we can use the above to bound the twisted
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commutator of our ground space unitaries

Iw, ]l = llue 0,ve 0],
- ‘H[H(NJH,HVH]Q

~ . 710
< II[U, VI II|| + 267 + 4£(£%)
< U, Viall + 282 4+ 4£(£%)

< 64262+ 4f(€7).

Note that if we had a set of more than two unitaries, this additive growth in the twisted commutation
value would hold equally for every pair separately. O

4.3 Degeneracy lower bounds

In this section we show how twisted pairs of unitary operators can be used to give lower bounds on
the degeneracy of the ground space. We start by considering an exact twisted pair and the Stone-
von Neumann theorem. We will then show how this argument can be generalised to approximate
twisted pairs, and how a lower bound on the degeneracy follows from an upper bound on the twisted
commutator value. Finally we will see how this can also be extended to more general collections of
twisted commuting operators through the example case of two twisted pairs that are approximately
mutually commuting.

4.3.1 Stone-von Neumann Theorem

Consider a u and v which exactly twisted commute, so that uv = e?™*vu. Let (), [1)) be an eigenpair
of u. Using the twisted commutation relation, we see that |¢') := v|¢)) forms a \e*™*-eigenvector. It
follows that v forms an isomorphism between the \ and \e?™-eigenspaces of u, which allows us to
conclude that their dimensions must be the same. Carrying this argument forward, we can see that
any eigenspaces whose eigenvalues differ by any power of €™ must also be isomorphic.

Suppose we take o € Q, with a@ = p/q with p, ¢ coprime. As we can see in Figure 4.1, a simple
divisibility argument implies that the eigenspaces come in isomorphic multiples of ¢, which therefore
implies that the overall dimension of u and v is a multiple of ¢ also.

We now generalise this connection between the twisted commutator and the spectrum of one of the
operators to allow for only approximate twisted commutation.

4.3.2 One twisted pair

Let us first extend the above argument to the case of a single approximate twisted pair. For simplicity,
we consider the case where a = p/q with p = 1 and ¢ = d, so the corresponding phase in the twisted
commutator is n := e27/d_ This is not much of a restriction since if p > 1 we can replace v with v?
where p is the modular multiplicative inverse of p such that pp = 1 mod ¢ and then apply the results
of the p = 1 case. Under this substitution the twisted commutator will grow by at most a factor of
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() v) v?|)
v'[y) vi[y) v[y)

v3 ) w3 ) vl|9)

w4y v2[y) !

) v3y) v?[h)
v[)) v®lep) vt|h)

Figure 4.1: The action of powers of v on an eigenvector |¢) of u. On the left [u, v]1/7 = 0, in the centre

[u,v]2/7 = 0, and on the right [u,v]3/7 = 0. Here the position of the circle represents the corresponding
eigenvalue of u.

lg/2]. However, in Appendix 4.B we will show an alternative method that in fact works for arbitrary
a € R and gives tighter bounds than this simple reduction. We also consider without loss of generality
the case where u has at least one +1 eigenvalue, which can always be achieved by redefining u by
multiplying by a complex unit phase factor.

Suppose we have two unitaries 4 and v such that

H[u,vh/dH = |juv — nuul| < 6.

Our results will show that these operators must, for sufficiently small §, be at least d-dimensional. To
do this we will explicitly show that u has at least d distinct eigenvalues.

Let |¢) be a +1 eigenvector of u, i.e. u|yp) = [¢). Consider the orbit of |¢)) under v, i.e. the states
7)== vI[y) for j = —[%F],..., [452]. These vectors are precisely the vectors depicted in Figure 4.1.
We first show that these are approximate eigenstates of u.

Lemma 4.5 (Change in expectation value: One pair). The expectation value of u with respect to |j)
is approximately 1’ , specifically
|(lulg) — | < 1416.

Proof. This follows from the twisted commutator of 4 and v being small. By expanding the commutator
and applying the triangle inequality we can see that ||uv — nuu|| < § implies Huvj -l vjuH < |jlé.
From this we can see that the expectation value of |j) lies close to 7’
18 = [luv? —n?vlu

~ o~tu? —

> [(@|[o77ue? = u] )]

> [(|v 7w [9) — ! (Plule)|

= [{jluli) — ']
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N

Figure 4.2: Lemma 4.6 gives that if there exists an expectation value in the blue region, there must exist an
eigenvalue within the minor segment indicated by the dotted line.

So we can see that the {|j)} form a set of vectors with expectation values distributed approximately
evenly around the unit circle, much like the states in the § = 0 case as seen in Figure 4.1. To relate
these states to the dimensions of u and v, we will now show that there must exist an eigenvalue of u
near the expectation value of each state.

Lemma 4.6 (Existence of eigenvalues). If there exists a state |x) such that
(alulz) — ] < ¢
then u possesses a nearby eigenvalue e'® such that
¢ — 0] < cos™' (1 - ).
Proof. The bound on the expectation value with respect to u implies
Re <x‘e_i9u’x> >1-C.

As this expectation value is a convex combination of the eigenvalues of u, all of which lie on the unit
circle, there must exists an eigenvalue of e~*u with real value at least 1 — ¢ (see Figure 4.2). This in
turn implies that u possesses an eigenvalue e*® such that

Re e = cos(¢p —0) > 1— (.
O

Combining the two above lemmas, we can place a lower bound on the number of distinct eigenvalues
of u.

Theorem 4.4. If u and v are unitaries such that

H[u, U]l/dH < % [1 - cosw/d},

then the dimension of each operator is at least d.
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Proof. From Lemma 4.5 we know that |(jlulj) — eQi”j/d‘ < |7]6. Applying Lemma 4.6 we therefore
get that u must have a corresponding eigenvalue €'?/ where

|6 — 2jm/d| < cos™" (1 —|j]0).

As such we can see that each eigenvalue is within some error of a dth root of unity.

Next we want to find a bound for § which ensures that these eigenvalues must be distinct, by
bounding the regions in which these eigenvalues must exist away from each other. To do this we need
|¢j — ¢r| > 0 for all j # k. Taking the worst case over j # k:

' k
65— onl = | 3 (G~ k) + (@-—2‘2”) - (m—Qd”)]
2m 27 2k
Z%’J‘k‘_ ¢j_ﬂ - ¢k—7ﬂ

5 o ] o 55)

Here the last line follows from the fact that j and k cannot both saturate the worst-case distance

of [451]. Therefore, the worst case can be chose without loss of generality to be j = [451] and
k=-— {d;Qlj Using the concavity of cos™!(z) over z € [0, 1], we can loosen this to
2 d—1
6, — pi| > % —2cos”! (1 - 5> .

Clearly this step is trivial for odd d.
Thus we get that a sufficient condition for all of the eigenvalues to be distinct is that the right-hand
side of this inequality is strictly positive, and therefore we have the equivalent condition

d—1 T
-1

R Z.
cos < 5 5><d

Rearranging, we find the specified bound on § of

0 < % [1 = cos(w/d)}.

O]

Above we have only considered the case d = 1/«, similar analysis could be performed for bounds
required to certify dimensions d’ # 1/«. In Section 4.B we describe an algorithm for calculating which
dimensions can be certified for an arbitrary pair of parameters o and § — running this algorithm gives
Figure 4.3.

4.3.3 Two twisted pairs

Next we are going to argue that the above analysis can be extended to more general collections of
twisted commuting symmetries. By way of example, we are going to consider the case of two twisted
pairs

<d

)

H[Ul,vl]l/dl <9, H[U%W]l/dz
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Figure 4.3: The dimension that can be certified, as a function of the twisted commutator value and twisting
parameter, i.e. the minimum possible dimension of operators u and v for which ||[u,v] | < 0 as a function of
« and 0. The blue crosses indicate the bounds corresponding to degeneracy d and o = 1/d, as considered in
Theorem 4.3. The algorithm for calculating this figure is demonstrated in Section 4.B, by considering how the
certification is calculated at the turquoise dot (o« =1/4 and § = 1/2).

each of which approximately commute
lfur, woll| <7, fug, o]l <6, |[[ug, ]| < 0.

The equivalent of Stone-von Neumann theorem laid our in Section 4.3.1 gives that for v = 9§ = 0,
the dimension of such operators must be a multiple of dids. We are going to give bounds on + and §
below which we can prove the dimension to be at least didas.

Previously we bounded the dimension from below by bounding the number of distinct eigenvalues.
This is possible because these eigenvalues imply the existence of an orthonormal set of associated
eigenvectors. As u; and ug do not commute, they will not necessarily possess an orthonormal set
of shared eigenvectors. Instead we will have to address these vectors more directly, constructing
approrimate shared eigenvectors and proving their linear independence. First we will see that the
approximate commutation of w1 and us can be used to demonstrate the existence of such a vector.

The existence of approximate shared eigenvectors of approximately commuting matrices was first
proven in generality by Bernstein in Ref. [4.34]. Whilst Bernstein considers potentially non-normal
matrices, in our case both 1 and u9 are unitary. In Section 4.A we leverage this additional structure to
exponentially tighten the bounds on the approximate shared eigenvectors. One of the relevant bounds
considered in Section 4.A gives the following immediate corollary.
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Lemma 4.7 (Approximate eigenvector). There exists a vector |1)) such that, after multiplying u; and
ug by appropriate phase factor, it is an approximate shared +1-eigenvector of both, namely that

[ur|ep) =[O s lJuzl) — )| < Vydida/2.

Proof. Given an assumption that the dimension is at most dids, this is a direct application of Theo-
rem 4.1, which we consider in detail in Section 4.A. O

As in the case of a single pair, we will then consider the orbit of this vector under the action of
products of v; and ve. Let |i, j) := vivg|e) fori = — {%J ey {%—‘ and j = — [%J ey [%—‘
For convenience once again let n; 1= e™/di
Lemma 4.8 (Change in expectation value: two pair). The states |i,j) are shared approximate eigen-
states of uy and ug. Specifically their approrimate eigenvalues are the corresponding powers of m and

2

)

Proof. From Lemma 4.7 we have

[(Ylurlyp) — 1] < /ydida/2.

Applying an argument similar to that in Lemma 4.5 we can bound the change in eigenvalue under the
action of v, as

| (@, Oluald, 0) — i (W|ur|)] <] .

Applying the same argument for vy gives

The triangle inequality allows us to merge these three inequalities, giving the stated bound. A similar
argument can be performed for us. O

In the single pair case, we used the expectation values to imply the existence of nearby eigenvalues.
Due to the lack of a shared eigenbasis of u; and us, we cannot do the same in the two pair case.

The reason that a set of distinct eigenvalues lower bounds the dimension is that, for normal oper-
ators such as unitaries, the eigenvalues imply the existence of an orthonormal eigenbasis. Instead of
proving the existence of such vectors indirectly through the eigenvalues, we could instead prove our
vectors {|i,7)} to be linearly independent — this is the approach we will take.

To this end, we will start by showing two approximate eigenvectors of a unitary with inconsistent
expectation values are approximately orthogonal.

Lemma 4.9 (Low overlap). If two normalised vectors |x) and |y) have expectation values with some
unitary w such that

<¢

[(@lole) — e

<S¢ and  [(yloly) - e
then the two vectors have a bounded overlap
0, — 0,
el <V fsc (%55 .
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o

Figure 4.4: A disc representing the expectation values of vectors with respect to w, as well as the three regions
X, Y, Z into which the disc is divided. The expectation values with respect to |z) and |y) lie in each of the blue
regions.

Proof. Firstly, let w' := e %= w and 0 = 0y — 0,. Next consider splitting the unit circle into three
arcs X, Y, and Z. We let X and Y be centred on 6, and 6, respectively, and define them to be the
largest possible regions such that they remain disjoint. We define Z to be the remaining arc, as shown
in Figure 4.4. Note that by convexity any linear combination of eigenvectors whose eigenvalues lie in
X will have an expectation value in the segment subtended by X, and similar for Y.

Now split |x) into two components

z) = V1= AJzx) + VAl 2),

where |zx) is in the span of eigenvectors with values in X, and |ry z) similar for Y U Z. By definition
of X, we have
Re <l‘yz‘w/|$yz> < COS(@/Q) < Re <$X|w/‘$x> <1

Next we use the bound on the expectation value.

¢ 2 [(efuw']e) - 1|
>1-—Re <x|w"x>
=1—(1-X)Re <:UX‘w'}xX> — Mz Re <xyz|w"xyz>
>1—(1—=MXy)— Apcos(6/2)
= 2\, sin?(0/4)
Thus we conclude that A\, < ((/2)csc?(6/4). Similarly if we were to have decomposed |y) into parts
contained in Y and X Z as |y) = /1 — Aylyy) + /Aylyxz) then Ay < ((/2) csc?(0/4).

Further decomposing

|y z) = cos pe|zy) + 8inpy|T7) lyxz) = cospylyx) +sinpylyz),
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then the inner product has the form

[(z|y)| = \v 1= Xe/Ay cos gy (2x]yx) + VA /T = Ay cos ou (@y |yy) + v/ Aa /Ay sin g sin gy (22]y2)
<+/1-— /\x\/gcoswy + \/E\/l — Ay COS @y + \/E\/Esingox sin py,.

Using the identity |A cos ¢ + Bsin¢|* < |A|> + |B|?, we can maximise over ¢, to get

|(z]y)| < m\/ky cos @y + \/E 1 — Xy cos? @,

Using cos ¢, < 1, we can simplify this bound to

[(Zly)] < VA + Ve
Applying the {-dependent bounds on the A values, we get the stated bounds. O

Now that we have a way of bounding the overlap between our vectors, we need to determine how
low this overlap needs to be before linear independence can be ensured.

Lemma 4.10 (Overlap threshold). Take a set of normalised vectors S = {|v;)} for 1 <i < n. If the
pairwise overlap between any two vectors is bounded |(v;|v;)| < 1/(n — 1) fori # j, then S is linearly
independent.

Proof. Let G be the Gram matrix associated with S. As each of the vectors is normalised G;; = 1
for all 4. As all of the non-diagonal entries are strictly modulus-bounded by 1/(n — 1), this matrix is
strictly diagonally dominant, i.e.
|Gu| > Z |Gl]| for all 7.
J#i
From the Geshgorin circle theorem, such matrices are non-singular and full rank, allowing us to conclude
that S is linearly independent.

Note that this analysis is tight, i.e. if (v;|v;) = —1/(n — 1) for all i # j then G is singular and
> i lvi) = 0. By considering the eigenvectors of such a Gram matrix, a set of vectors satisfying this
can be backed out. O

Given this bound, we can finally find the condition for our vectors to be linearly independent and
therefore lower bound the dimension of the space in which they reside.

Theorem 4.5. If uy, us, v1 and vy are unitaries such that they satisfy the commutation relations
Muv,woll| <~ u, vl <6 [[[ug, 0] <6

and twisted commutation relations

[ulavl]l/dl S 5 H[u27v2]1/d2 S 5
with di < dy and )
sin®(m/2dy)
did di +d9)d < ———~——2
Vil + (B0 < (g, 1

then the dimension of each operator is at least dids.
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Proof. From Lemma 4.8 we have that our vectors have expectation values bounded near powers of 71
and 1o

(i, gluali 3) = 18| < VAdida/2 + (1l + 1) .

Take a pair of vectors |i,j) and |/, j') such that i # ¢'. Applying Lemma 4.9 with w = u; we get
that their overlap is bounded as

(G dlealis ) = i,

s
wwaﬂfsb@wﬂnmwwujMﬂ+WWT“§Cgm”>

Combining this with a similar argument for us, and assuming dy < da, we get that for (i,5) # (i, j)

‘<i7j‘i/7j/>‘2 < [\ﬁdldQ + (d1 + d2)(5} csc? (22)

1

Thus we can see that .

2( ™ -
{\Fydldg + (d1 + d2)5:| cse <2d1> < (dy — 172

implies |(i, j|', j')| < 1/(d1d2 —1) for all (i,7) # (¢/,7"). By Lemma 4.10 this means that the collection
of vectors {7, j) }; j are linearly independent, constructively proving the dimensionality of the operators
in question to be at least dido. Rearranging this gives the specified bound. O

4.4 Minimum twisted commutation value

In the previous section we considered finding lower bounds on the dimensions of approximately twisting
commuting operators. In the exact case, the Stone-von Neumann theorem (c.f. Theorem 4.1) tell us
that unitaries « and y for which

[x7y]1/d =0

are not only at least d-dimensional, but are a multiple of d-dimensional. We might therefore hope
for a more comprehensive understanding of twisted commutation that provides more information than
simply a lower bound on the dimension. In this section we will consider the twisted commutator in the
Schatten-Ky Fan norms ||-[| := [|-||, 5y with p > 2, and find the minimum possible twisted commutator
value as a function of dimension.

Definition 4.3 (Minimum twisted commutator value). Let Aé{) (’lk) be the minimum twisted commutator
value, with respect to the Schatten-Ky Fan (p, k)-norm, over all pairs of unitary matrices of dimension

I (,k)
A97;1

= min ol

)

In this language, the Stone-von Neumann theorem gives that Agzj &k = 0 if and only if ga € Z. If

we had an understanding of the values of Aé‘? ) where ga ¢ Z, then we could use twisted commutation

value as a way of certifying dimension. In particular, if one thinks of a as fixed, and one knows the

)

value ||[u, v] aH(p k) to be less than Agf o for certain dimensions g, then these certain dimensions are

ruled out as possible dimensions of v and v. In this section we will explicitly evaluate Ag? ,’f) for p > 2.
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To lower bound Ag? Jf), we will utilise techniques from spectral perturbation theory to bound a

related quantity known as the spectral distance. By considering a family of operators which twisted
commute, we will furthermore show this bound to be tight.

Definition 4.4 (Spectral distance). The spectral (p, k)-distance d, x)(a, b) between two matrices a and
b is the (p,k)-norm of the vector containing the differences between eigenvalues of the two matrices,
minimised over all possible orderings. If we let A(x) denote the vector of eigenvalues of a g X g matriz
x then algebraically

1/p

k
d(p,k)(a,b) := min [jo [A(a)] = AD)| 1) = min > Pogy(@) = 0] :
=1

0ESy 0€Sy
where the minimisation is over all elements o of the permutation group Sy on g symbols.

4.4.1 Frobenius spectral bound

Before attacking the spectral distance, we are first going to restrict ourselves to the case of the Frobenius
norm (p = 2, k = g), where we shall denote the norm by ||-||, the corresponding spectral distance

by dp(-,-), and the twisted commutator minimum by Aé@. In this special case, the spectral distance
between two normal matrices is bounded by their norm difference.

Lemma 4.11 (Wielandt-Hoffman inequality [4.39]). For normal matrices a and b, dp(a,b) < ||a — b|| .

Once again let 1 := %™, Applying Wielandt-Hoffman to AEJQ we see that the corresponding

spectral distance provides a lower bound,

Aé@z min HvTuv—nuHF> min  dp(viuw,nu) = min dg(u, gu) .

u,0el(d) — uwel(g) uel(g)

Though HvTuv — nuHF depended on both u and v, dp(u, nu) depends only on the spectrum of u, making
for a much simpler optimisation. This inequality will turn out to be tight for matrices minimising the
twisted commutator value.

Denote the eigenvalues of u by {¢?%}, then the spectral distance in question is given by
I . 2 d Oy —0; — 21
d7(u, nu) := min 0ot — !05+2m0) 1" — 1in )" 4 5in? ( G % > .
oES, TESy “ 2
7=1 7j=1
Define f(o;601,...,0,) to be the argument of the above optimisation
9 Oyiy —0; — 2T
flo;01,...,04) = Z4sin2 ( A€ 2J > (4.1)
7j=1
such that d%(u,nu) = min, f(o;61,...,0,) . The optimisation of d%(u,nu) can therefore be reduced
to an optimisation of f(c;61,...,6,).
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We can now break the optimisation of f down into two parts. First we will show that for any
assignment of permutation and angles, there exists a cyclic permutation, and adjusted angles, for
which the value of f is the same. This will allow us to consider a minimising permutation which has
only a single cycle without loss of generality. Secondly we shall see that, for such a cyclic permutation,
the set of angles which minimise f are those that are equally distributed around the unit circle. Given
these, we will find an explicit minimum for f, and thus for dr(u,nu).

Lemma 4.12 (Reduction to cyclic permutations). For a given multi-cycle permutation o and set of
angles {0;}, there exists a cyclic permutation o' and set of adjusted angles {0} such that

flo;61,...,04) = f(a’;@’l,...,%).

Proof. Firstly, our indices can be reordered such that the cycles of o are contiguous, i.e. in cycle
notation

o=(1 ... k1—=1)(ky ... ko —=1)...(ky ... g),

for some 1 < kj--- < k,, < g. (Note that the result is trivially true if ¢ = 1, so we restrict to g > 1.)
As f only depends on the difference between angles whose indices are within the same cycle of o, if
we shift all the angles within the same cycle by the same amount, the value of f will not change. For
example if we take the change of angle

-0, 1<j<k
0;j —0p, k1 <j<ks

/ Pyp—
0; =
0;j — 0k, kn<j<g.
then f(o;01,...,04) = f(0;01,...,0;). Notice that 0 =0, =--- =0, =0 by construction.
We now wish to merge the permutation ¢ into a single cyclic permutation

o :=(...9). (4.2)

To do this, the only entries of the permutation which need to be changed are those at the end of each
cycle.

O‘(k‘l—l)zl — O‘l(k‘l—l):kil
O'(k?g—l):kil — O'/(kig—l):kig

olg)=kn — o'(g)=1.

By definition of the adjusted angles however, the only indices that change are those for which the
angles have already been made identical in the previous step, i.e. 6/ 0 = 0 'G) for all j. As f only
depends on ¢ through how it acts on the angles, this means that this doesn’t alter the value of f,

therefore f(o;0y,...,0,) = f(o';01,...,0;). O

Now that we have addressed the nature of the optimal permutation, namely showing that it can
be taken to be cyclic, we turn out attention to the optimal angles.
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Lemma 4.13. For a given single-cycle permutation o, the sets of angles which optimise f, as defined
in Equation (4.1), correspond to those evenly distributed around the unit circle, and the difference
between adjacent angles 8; and 0,y is 27| dal/g, where |-] denotes integer rounding. Moreover the
corresponding minimal value of f is

Proof. Denote both of the terms” in f which depend non-trivially on 6; by f;(6;). Using the double
angle formula and the auxiliary angle method, we can reduce the ¢; dependence to a single sinusoidal

term.
0 — 0,1 — 2 0,105y — 0; —2
fj(ej):4sin2< 1~ 7o) m) +4sin2( S0 A m)

lga] — ga
g

mi}n f(o;61,...,04) =2,/gsin <7T

JjJJ

2 2

Oy — Op—1(5 Op(iy + 0p—1(;
=4 —4cos (27704—1—0)21(1)) cos <0j_(3)21(3)> ‘

We can therefore see that the optimal 6, leaving all other angles fixed, satisfies
9]' = (Gg(j) —+ 90—10)) /2 mod .

This implies that 0,;) — 0; = 0; — 0,-1(;) mod 2, i.e. f; lies in at the ‘midpoint’ of its neighbours,
as described by o. By inducting the above argument we find that 0,(;) — 0; = 054) — 0 mod 2 for
all j, k meaning that all adjacent angles are equally spaced around the unit circle. This means that if
we have g angles, and label our indices such that o(j) = j + 1 mod g, then for some fixed integer m,
the optimal angles are of the form

0; =61 +2mm(j —1)/g. (4.3)

The only free parameter left now is m, the spacing between adjacent points. Plugging these angles
into the definition of f we find

f(o;01,...,0,) =2\/g|sin(m [m/g — a])’.

This is in turn minimised for m = |ga|, giving the stated spacing and minima. O

As this minimum of f is independent of the permutation o, we get an overall minimum for f for
free.

(F)

Corollary 4.14. The minimum twisted commutator value (Definition 4.3) in the Frobenius norm Ag o
lga] — g

1s lower bounded
Aé{;) > 2,/gsin <7r p ) .

“In saying there are two such terms we have assumed g > 3. If g = 1 the lemma is trivial (f is constant), and if g = 2
then we have double counted in f;(6;), but our analysis of its minimum remains valid.
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Proof. This result can be seen by recalling that the definition of f in Equation (4.1) gives that

min dp(u,nu) = min f(o0,601,...,0,).
i Al ) = s 1000 0)

As Lemma 4.12 tells us that we can consider cyclic permutations without loss of generality, we can
apply the minimum found in Lemma 4.13, giving

Applying the Wielandt-Hoffman theorem (Lemma 4.11), we get that the above minimum spectral
distance lower bounds the twisted commutator in the Frobenius norm, as required. O

lga] — ga

min dp(u,nu) = 2/gsin <7T
g

u€l(g)

4.4.2 Higher norms and tightness

With the above bound in hand, we now turn our attention to tightness. A canonical family of operators
which exhibit twisted commutation is that of the generalised Pauli operators, also known as Sylvester’s
clock and shift matrices

C::ij_1|j)(j|, S:=Z|jea1><j|

where w = €™/ is a primitive gth root of unity, and & denotes addition modulo g. As S simply
cyclically permutes the eigenbasis of C, we can see that STCS = wC, or [C, S]l/g = (0. By taking
appropriate powers these operators can also yield pairs which twisted commute with a phase that is
any power of w, specifically we see [C, Sk] kg = 0. Suppose we take such a pair and evaluate the

twisted commutator at an arbitrary phase 7 = e?7*. We then find,

Ile-s*],

Lo,
=[ja-wtnest,
= Vo [1-wh)
= 2\/§’sin(7r (a—l—k/g))’.

If we now take k = — |ga], then we saturate Corollary 4.14, proving tightness of the bound on Agf;),

allowing us to conclude

For the above optimisations we restricted ourself to the p = 2 case of the Frobenius norm. The
nature of the minimisers found allows us to pull this analysis up into minima for the p > 2 Schatten
norms as well.

lga] — ga

Ag@ = 2,/gsin <7T 7
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Theorem 4.6 (Minimum twisted commutation value). Suppose that u and v are g-dimensional uni-
taries, then for any p > 2 the twisted commutator is lower bounded

where |||, k) s the (p, k)-Schatten-Ky Fan norm.  Moreover this bound is tight, in that sense that
there exist families of g-dimensional unitaries which saturate the above bounds and only depend on
|ga|, the nearest integer to go.

lga] — ga

.| g

> 2k1/P gin <7r

(p.k)

Proof. By the equivalence of Schatten-Ky Fan norms, the minimum Frobenius norm will also provide
a lower bound for other (p, k)-norms as well. Specifically for p > 2 we have

1My = KPg 2 M.

Applying these to the definition of Agf&k), this bound gives that A(g%k) > kl/pgfl/QAgQ for p > 2.
It turns out that this inequality is saturated by matrices M with flat spectra, i.e. those proportional
to unitaries. It so happens that the clock and shift operators considered to demonstrate tightness have
a twisted commutator with precisely this property, and therefore also saturate and demonstrate the
tightness of the induced p > 2 bounds. We therefore conclude that

lga] — ga

A = Wrg A = 2k ([ L29L

Some plots of this bound are shown in Figure 4.5.

4.5 Applications and open questions

We now discuss several avenues for improvements, generalisations, refinements, and applications of
these ideas.

4.5.1 Local Hamiltonians

In this paper the only assumption we made about our Hamiltonian H was the presence of a spectral
gap. A natural additional structure to impose is that H be a many-body Hamiltonian: decompose our
Hilbert space into a tensor product of many smaller Hilbert spaces, and let our Hamiltonian take the

form
H=> I
k

where each term hy acts non-trivially on a constant number of these tensor factor spaces. Additional
to this we could also impose that the factors on which it acts are geometrically local as well. Under this
special case it may be that either the bounds on degeneracy certification might be able to be improved,
or we might be able to prove the existence of degeneracy witnesses with additional structure, e.g. such
witnesses might act in a geometrically local fashion.
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a) b) 1.5
- ! ——a=1/7
§ \ ——a=2/7
i \ --- 2sin(7/2g)

A

102

0 0.2 0.4 0.6 0.8 1
Q g

Figure 4.5: The twisted commutator value minimum (in the operator norm, p = co) Ag?of) ), a) The dependence

on the twisting parameter « for a few fixed dimensions g. The presence of roots at multiples of 1/g are those
predicted by Theorem 4.1. b) Now fixing the twisting parameter «, the dependence on the dimension g is shown.

Note that g can only take integer values, indicated by the circles and pluses, with the continuous lines simply

intended to guide the eye. The dotted black line indicates an a-independent upper bound on Ag,(,)ap) given by

applying the bound |z — [z]] < 1/2.

4.5.2 Topologically ordered systems

While the notions of approximate symmetry and degeneracy of a ground band are both robust to small
perturbations, naively one can only consider perturbations of a strength no larger than the gap. For
topologically ordered systems [4.18] however, we can afford much larger perturbations under certain
locality assumptions.

Under the influence of local perturbations, the low-energy band structure, most notably the ground
space degeneracy, is robust even if the overall strength of the perturbation is extensive [4.40,4.41], for
frustration-free Hamiltonians with local topological quantum order and a local gap. Moreover, any
symmetries which witnesses this degeneracy can be quasi-adiabatically continued [4.42] into approxi-
mate symmetries which witness the degeneracy of the ground band in the perturbed system. It is in
this sense that the existence of degeneracy witnesses can be considered robust to even rather strong
perturbations, at least for the ground band.

The family of abelian quantum double models possess symmetries supported on quasi-1D regions
which satisfy twisted commutation relations related to the braid and fusion rules of the underlying
anyons [4.43]. More general models such as non-abelian/twisted quantum doubles [4.43-4.45], and
Levin-Wen string net models [4.46] are all believed to possess symmetries which satisfy more general
commutation-like relations based on more general notions of commutation. One possible example is
the twist product [4.47] which only commutes the two operators on part of the system, braiding them

together.
(> a2 a))oo(Y B0 B)) =3 AiB; @ Bj A
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109

101

0 1/5 2/5 3/5 4/5 1

Figure 4.6: The twisted commutator value for ribbon operators on the Zs quantum double model, as calculated
using the algorithm of [4.35], as compared to the minimum possible twisted commutator value in 5-dimensions.
Note that the difference between the two plots is no more than 3 x 1073,

An obvious extension of this work is to take various properties of these underlying systems implied
by this commutation-like relations, and see if they too carry through into the regime of approrimate
relations.

In a recent paper, Bridgeman et. al. sought to classify the phases of 2D topologically ordered spin
systems belonging to the same phase as abelian quantum doubles [4.35]. This was done by numerically
optimising twisted pairs of symmetries. This optimisation was done over a tensor network [4.48,4.49]
ansatz of quasi-1D operators known as matrix product operators. For two operators L and R, supported
on intersecting quasi-1D regions, the cost function takes the form

C(L,R;a) o €2 + €% + 62

where €, = |[[L, H]| . € = |[R, H] |z and 8 = [|[L, R], | -

Minimising C(L, R; «) over L and R for a fixed «, they found that in the abelian quantum doubles
the minimisers were unitary, and that both ¢; and e vanish to within numerical accuracy, leaving
only the twisted commutator value §. By observing the values of « for which the minimum cost is
low, they hoped to classify the topological phases of the underlying Hamiltonian. By Theorem 4.2
we know that, at least to within numerical accuracy, the ribbon operators found restrict down to
ground symmetries with the same twisted commutation relations. In Figure 4.6 we compare, for the

Zs quantum double model, their numerically obtained values of this twisted commutator d,i, with
the minimal possible twisted commutator Agg,

efficacy of this numerical method.

showing close agreement and lending support to the

4.5.3 Quantum codes

One class of systems for which twisted commuting symmetries play a special role are quantum codes,
in which they can be interpreted as logical operators [4.19,4.50,4.51]. For a quantum code encoding
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N codewords, the logical algebra must correspond to Maty(C), which necessarily contains a pair of
operators X and Z such that [X, Z], IN = 0; indeed the algebra generated by any two such operators
X and Z is itself Maty(C).

While the existence of logical operators which & = 1/N twisted commute can be ensured, we might
only see and expect operators with twisted commutations characteristic of smaller ground spaces if we
restrict the locality of these operators. Though the logical algebra is given by Maty(C), this space
often naturally decomposes into a tensor product decomposition: the logical qudits. By geometrically
restricting where on the system the operators can act, we can often restrict which factors the logical
operators have nontrivial commutation relations with. This is the case for celebrated examples such as
the toric code [4.43]. This can be seen above in Figure 4.6, where the logical operators are restricted to
string-like regions that are only sensitive to one Mats(C) factor of the larger Matgs(C) logical algebra;
one of the two 5-level qudits. In the same way that Ref. [4.35] sought to use the existence of twisted
commuting symmetries to classify topological phases, how this existence varies with respect to the
geometry imposed on these operators might provide a tool to probe what portion of the logical algebra
is accessible on certain regions.

In the language of quantum codes, our results can be interpreted as bounds below which approx-
imate logical operators imply the existence of a certain number of code words. A possible avenue for
future work is whether there exists bounds below which not only can the number of codestates be
bounded, but reliable encoding, decoding, and error correction can all be performed with these ap-
proximate logical operators. Understanding when information stored in such states is approximately
preserved, as opposed to exactly preserved [4.52], could have interesting applications in approximate
quantum error correction.
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4.A Approximate shared eigenvectors for approximately commuting
matrices

In this section we will show that for two approximately commuting matrices, an approximate shared
eigenvector exists. This problem has been considered before by Bernstein [4.34], who showed the
following result.

Theorem 4.6 ([4.34]). Take A and B to be complex matrices of dimension n > 2. If |B|| <1, and
for some & > 0 we have

(1 —9)

4, B < 520,

then for each eigenvalue \ of A, there exists a p and normalised |x) such that

[Afz) = Alz) [}, | Blz) — plz)l| < 0.
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Notice above the required bound on the commutator scales like O(6"™) for small §. Below we will
improve this dimension scaling by adding the additional assumption that one of the matrices is normal,
allowing us to bring this down to a O(62/n?) dependence. First we will state the more general result,
which only requires one of the matrices to be normal, followed by a more specialised result which
applies when both matrices are normal.

The existence of an entire basis of shared approximate eigenvectors is closely related to approximate
joint diagonalisation, a problem that has been widely considered and has found application in fields
such as quantum chemistry [4.54], machine learning [4.55] and image processing [4.56]. This literature
is too vast to review in this appendix, but see Ref. [4.53] for a discussion of the relationship between
approximately commuting matrices and joint diagonalisation. Techniques similar to those used be-
low have also been used in Ref. [4.57] to address the related problem of constructing nearby exactly
commuting operators, in the case in which one matrix is Hermitian. Whilst this analysis gives better
bounds than those presented below, it leverages a combinatorical construction [4.58] that explicitly
uses the reality of the eigenvalues, and therefore cannot be directly applied to the case we will consider
in which one matrix is normal, but not necessarily Hermitian.

Take A and B to be n X n matrices. Let A be normal, with an eigenvalue decomposition A =
Yo Aili)(i].  Next take A to be a specific eigenvalue of A. Let Iy be the singleton set containing the
index corresponding to A, or all these indices if A is degenerate. Define I, to be all the indices whose
eigenvalues are within some radius r > 0 in the complex plane (to be chosen later) of those in Ij_1,
ie.

I = {i\EIjeIk_l : |)\i_)\j’ ST}

Clearly this sequence becomes fixed after at most n terms, and so let I := I, be this fixed point.
Intuitively I can be thought of as the indices corresponding to eigenvalues which form a cluster around
A where every eigenvalue in the cluster is linked to at least one other by a disk of radius r in the
complex plane.
By construction this set has two properties we require. First it is bounded away from any other
index,
iEI,j%I - ’)\i_/\j|>r

Second, because all of the eigenvalues corresponding to elements in I have nearby neighbours in I, this
means that the diameter of the disk containing all of the eigenvalues in I has a diameter bounded by
at most nr,

iel = |[N—A<nr.

Next let V' be the space spanned by the eigenvectors whose indices lies in I,
V := Span{|i)|i € I}.

Denoting the orthogonal complement of V' by V, then we can decompose both A and B into blocks on

VeV as
A= and B = .
( Ay Byy  Byy

Lemma 4.15. If ||[A, B]|| < €, with A normal and decomposed as above, then Ay is close to scalar,

|Ay — A1y || < nr,
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and the off-diagonal blocks of B are bounded,
[Byy || < ne/2.

Proof. Given that A is normal, we can see that Ay is approximately scalar due to the bound between
eigenvalues in I:

”AV - )\]lVH = max |>\i — )\| < nr.
i€l

Next, using the fact that the operator norm dominates any component of a matrix, we can simply
evaluate the relevant component of the commutator to bound elements of B:

e |14 5]
> [(il [A, B 1)
= (il [AB — BA]|j)

= [Ai = Mgl - GBI -

In the eigenbasis of A, the components of By, correspond to (i|B|j) for i ¢ I, j € I. By construction
of I we have that |A\; — A\;| > 7, and so

€ €
| Blj)| £ —— < —.
GBI < 5y <

This implies therefore that || By ||, < €/r, where ||| .. denotes the elementwise max-norm. Using
the fact that the operator norm exceeds the max-norm by at most the square root of the number of

elements, we get
[Bovl < 1By llmay X VdimV x dim V.

Given that dim V + dim V = n, we have that dim V' x dim V' < n?/4, and so
| By || < ne/2r.

O]

Using these bounds, we can now put bounds on an approximate shared eigenvector. Imposing
normality on both matrices, we can even impose the stricter requirement that both of the approximate
eigenvalues are in fact exact eigenvalues.

Theorem 4.1 (Shared approximate eigenvector). Suppose that A and B are n X n matrices, such that
A is normal and ||[A, B]|| < e. For any X which is an eigenvalue of A, there exists a normalised |u)
and p such that

1AJu) = A | [|Blu) — plu)]| < ny/e/2.

If B is also normal, then for any \ which is an eigenvalue of A, there exists a v which is also an
eigenvalue of B and normalised |w) such that

[Alw) = Alw)l, | Blw) — vjw)|| < nv/e.

109 of 251



CHAPTER 4: APPROXIMATE SYMMETRIES OF HAMILTONIANS

Proof. Take |u) to be a right eigenvector of By (contained within V'), of eigenvalue p. By Lemma 4.15,
this then gives that the relevant errors with respect to A and B behave as:

[AJu) = Alu)|| = [[Av|u) — Alu)

| 1Blu) — plw)| = | Bvv|u) — plu) + Byy|u)|

= [[(Ay = AD)[w)]] = [[Byv|wll
< [[Av — AT < [|Byvll
<nr < ne/2r.

If we now let r = \/6/72, we get the stated overall bound of n\/e/72

For the case of both matrices being normal, we can show that any approximate eigenvalue must lie
near an exact eigenvalue. Taking |w) once again to be a right eigenvector of By with eigenvalue v/
(for a different value of r to |u)), we can see that

| Blw) — V'|w)|| < ne/2r = (w|(B —v)(B — v)|w) < n2e/4r?.

As (B — V){(B — /) is positive semi-definite, the existence of such a |w) implies (B — v/){(B — /)
possesses an eigenvalue at most n?e?/4r2. By the normality of B, this implies in turn that B contains
an eigenvalue v such that |v — /| < ne/2r. Using this we can see that the error with respect to B
gains a factor of 2

|Blw) — v|w)| < ||Blw) = V'|w)|| + |v = /| < ne/r.

Now taking r = /¢, we find the stated bound of n+/e. O

4.B An algorithm for the certifiable degeneracy of a twisted pair

In this appendix we sketch how, for a given pair of parameters o and ¢, we can calculate the minimum
possible dimension of unitaries v and v such that [|[u,v],| < J. Lemmas 4.5 and 4.6 give that for all
j € Z, there exists an eigenvalue e® of u such that

|pj — 2maj| < cos_1(1 —1419).

The question now is to find the minimum number of eigenvalues such that at least one lies in each of
the above arcs. This is known as the transversal number, and can be efficiently calculated by a greedy
algorithm [4.59]. We now sketch this algorithm for the example parameters « = 1/4 and § = 1/2
(indicated by the turquoise dot in Figure 4.3).

The first thing to note is that these arcs are trivial for ¢ |j| > 2, in that they are the entire unit

circle. For this reason we need only consider a finite number of arcs for j = —[2/6],...,|2/d]. In our
case this corresponds j = —3,...,3. Below we have drawn these non-trivial arcs, omitting the trivial
j =0 arc.
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Next we note that the j = 0 arc is simply a point, implying that v must contain a +1 eigenvalue.
Given this, any arc containing +1 can be thrown away (indicated in red below), allowing us to unfold
our arcs on a circle into intervals on a line.

A\ 4

We then take the intervals to be sorted by end-point. Considering each interval in order, we place
an eigenvalue at the end of each interval as necessary, indicated as a green line below. Note that any
interval which already contains an included eigenvalue when we arrive at it can be ignored, indicated
by the red interval below.

Including the already found eigenvalue at +1, this gives us the minimum number of points necessary
to satisfy each arc. Applying the algorithm for a large number of points, we can plot the certified
degeneracy as in Figure 4.3.
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Abstract

We analyse families of codes for classical data transmission over quantum channels that have both a
vanishing probability of error and a code rate approaching capacity as the code length increases. To
characterise the fundamental tradeoff between decoding error, code rate and code length for such
codes we introduce a quantum generalisation of the moderate deviation analysis proposed by Altug
and Wagner as well as Polyanskiy and Verdu. We derive such a tradeoff for classical-quantum (as
well as image-additive) channels in terms of the channel capacity and the channel dispersion, giving
further evidence that the latter quantity characterises the necessary backoff from capacity when
transmitting finite blocks of classical data. To derive these results we also study asymmetric binary
quantum hypothesis testing in the moderate deviations regime. Due to the central importance of
the latter task, we expect that our techniques will find further applications in the analysis of other
quantum information processing tasks.
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CHAPTER 5: MODERATE DEVIATION ANALYSIS FOR CQ CHANNELS

5.1 Introduction

The goal of information theory is to find the fundamental limits imposed on information processing and
transmission by the laws of physics. One of the early breakthroughs in quantum information theory
was the characterisation of the capacity of a classical-quantum (c-q) channel to transmit classical
information by Holevo [5.1,5.2] and Schumacher-Westmoreland [5.3]. The classical capacity of a
quantum channel is defined as the maximal rate (in bits per channel use) at which we can transmit
information such that the decoding error vanishes asymptotically as the length of the code increases.
However, for many practical applications there are natural restrictions on the code length imposed,
for example, by limitations on how much quantum information can be processed coherently. Therefore
it is crucial to go beyond the asymptotic treatment and understand the intricate tradeoff between
decoding error probability, code rate and code length.

For this purpose, we will study families of codes that have both a rate approaching the capacity
and an error probability that vanishes asymptotically as the code length n increases. The following
tradeoff relation gives a rough illustration of our main result: if the code rate approaches capacity
as O(n~") for some t € (0,1/2), then the decoding error cannot be smaller than exp(—0(n!=2!)). In
fact, we will show that the constants implicit in the © notation are determined by a second channel
parameter beyond the capacity, called the channel dispersion. We will also show that this relation is
tight, i.e., there exist families of codes achieving equality asymptotically.

Our work thus complements previous work on the boundary cases corresponding to ¢t € {0,1/2}.
The error exponent (or reliability function) of c-q channels (see, e.g., Refs. [5.4-5.6]) corresponds to
the case t = 0 where the rate is bounded away from capacity and the error probability vanishes expo-
nentially in n. This is also called the large deviations regime. Moreover, the second-order asymptotics
of c-q channels were evaluated by Tomamichel and Tan [5.7]. They correspond to the case ¢t = 1/2
where the rate approaches capacity as @(n_l/ 2) and the error probability is non-vanishing. This is
also called the small deviations regime.

In the present work, we consider the entire regime in between, which is dubbed the moderate
deviation regime.! The different parameter regimes are illustrated in Fig. 5.1.

Main results. Before we present our main results, let us introduce the notion of a moderate sequence
of real numbers, {z,}, for n € N, whose defining properties are that z, \, 0 and /nxz, — +0co as
n — 00.? Our two main results concern binary asymmetric quantum hypothesis testing and c-q channel
coding.

1. The first result, presented in detail in Sect. 5.3, concerns binary quantum hypothesis testing
between a pair of quantum states p and o. We show that for any moderate sequence x,,, there
exists a sequence of tests {Q,}, such that the two kinds of errors satisfy

Tr p®"(1 - Q) = e " and Tro®"Q, = exp ( - n(D(pHU) — V2V (p|lo) xn + 0(.7}n)>) ,
(5.1)

'In the technical analysis, we are considering moderate deviations from the mean of a sum of independent log-likelihood
ratios, thus justifying the name emanating from statistics [5.8, Theorem 3.7.1].
2As mentioned above an archetypical moderate sequence is x, = ©(n"*) for some t € (0, %) The boundary cases are

not included —in fact ¢t = 0 requires a large deviation analysis whereas t = % requires a small deviation analysis.
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regime error moderate deviation | constant error moderate deviation strong converse
& exponent (below capacity) (second-order) (above capacity) exponent
error prob. | exp(—0(n)) exp(—o(n)) & w(l) (1) 1 —exp(—o(n)) & 1 —w(1) 1 —exp(—B(n))
code rate C-0(1) | C—o(l) & C—w(n~2) | C-O(n"2) C+o(l) & C+w(n"z) C+e(1)

Figure 5.1: The figure shows the optimal error probability as a function of the rate, for different block
lengths. Darker lines correspond to longer block lengths, and the capacity is denoted by C. The table shows the
asymptotics in each region, as the blocklength n goes to infinity. The functions of n implicit in the ©, o, and w

notation are assumed to be positive-valued.

and another sequence of tests {Q,},, such that the errors satisfy

Trp®"(1-Q)) =1~ e~"n and Tr o¥"Q! = exp < — n<D(pHU) + 2V (pllo) x, + o(a:n)» ,
(5.2)

where D(-||-) and V(||-) denote the relative entropy [5.9] and relative entropy variance [5.10,5.11],
respectively. (The reader is referred to the next section for formal definitions of all concepts
discussed here.) Most importantly, we show that both of these tradeoffs are in fact optimal.

2. The main result, covered in Sect. 5.4, concerns coding over a memoryless classical-quantum
channel WW. Let us denote by M*(W;n,e) the maximum M € N such that there exists a
code transmitting one out of M messages over n uses of the channel W such that the average
probability of error does not exceed e. For any sequence of tolerated error probabilities {e;, }r

vanishing sub-exponentially with ¢, = e_"x%, we find that
1
- log M*(W;n,e,) = CONV) — v/ 2VininW) zp + 0(z) , (5.3)

%log M*W;n,1—¢€,) =CW) + /2Vinax(W) z, + 0(2,) , (5.4)
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asymmetric binary | channel coding | quantum hypothesis | classical-quantum

hypothesis testing testing channel coding
large deviation (<) [5.18] [5.19,5.20] [5.5,5.21] unknown?
moderate deviation (<) [5.22] [5.12,5.13] this work this work
small deviation [5.23] [5.23-5.25] [5.10,5.11] [5.7]
moderate deviation (>) this work this work this work this work
large deviation (>) [5.26,5.27] [5.28,5.29] [5.30,5.31] [5.32]

Table 5.1: Exposition of related work on finite resource analysis of hypothesis testing and channel coding
problems. The rows correspond to different parameter regimes, labelled by the deviation from the critical rate
(i.e., the relative entropy for hypothesis testing and the capacity for channel coding problems).

where C(-) denotes the channel capacity and Viin(-) and Vipax(-) denote the minimal and max-
imal channel dispersion as defined in Ref. [5.7], respectively. This result holds very generally
for channels with arbitrary input alphabet and without restriction on the channel dispersion,
strengthening also the best known results for classical channels. Moreover, as in Ref. [5.7], this
generality allows us to lift the above result to a statement about coding classical information over
image-additive quantum channels and general channels as long as the encoders are restricted to
prepare separable states.

Since quantum hypothesis testing underlies many other quantum information processing tasks such
as entanglement-assisted classical communication as well as private and quantum communication, we
expect that our techniques will have further applications in quantum information theory.

Related work. For classical channels, Altug and Wagner [5.12] first established the best decay
rate of the average error probability for a class of discrete memoryless channels (DMCs) when the
code rate approaches capacity at a rate slower than @(n_l/ 2). Shortly after the conference version
of Ref. [5.12], Polyanskiy and Verdu [5.13] (see Refs. [5.14,5.15] for applications of their techniques
to the quantum setting) relaxed some of the conditions on the class of DMCs and also established
the moderate deviations asymptotics for other important classical channels such as the additive white
Gaussian noise channel. The other main contributions to the analysis of hypothesis testing, channel
coding, quantum hypothesis testing, and c-q channel coding in the different parameter regimes are
summarised in Table 5.1.

From a technical perspective the moderate deviations regime can be approached via a refined large
deviations analysis (as was done in Ref. [5.12]) or via a variation of second-order analysis via the
information spectrum method (as was proposed in Ref. [5.13]). In our work, we mostly follow the
latter approach, interspersed with ideas from large deviation theory. In particular, we build on bounds
from one-shot information theory by Wang and Renner [5.16] and use techniques developed for the
second-order asymptotics in Ref. [5.7]. In concurrent work, Cheng and Hsieh [5.17] provide a moderate
deviation analysis for c-q channels via a refined error exponent analysis. Their result holds for c-q
channels with finite input alphabets and their techniques are complementary to ours.

3In contrast to classical channels a tight characterisation of the error exponent of c-q channels remains elusive to date
even for high rates. See, e.g., Refs. [5.4-5.6] for partial progress.
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5.2 Preliminaries

5.2.1 Notation and classical coding over quantum channels

Let H be a finite-dimensional Hilbert space and denote by S := {p € H| Trp =1, p > 0} the quantum
states on H. We take exp(-) and log(-) to be in an arbitrary but compatible base (such that they are
inverses), and denote the natural logarithm by In(-). For convenience, we will consider the dimension
of this Hilbert space to be a fixed constant, and omit any dependence constants may have on this
dimension. For p,o € § we write p < o if the support of p is contained in the support of o. For any
closed subset S, C S, we will denote by P(S,) the space of probability distributions supported on S,.
We equip S with the trace metric d1v(p, p') := 3 ||p — p/||; and P(S) with a weak-convergence metric’
dwe, such that both are compact metric spaces with

f:S — R continuous = P— /dIP(p) f(p) continuous. (5.5)

We will use the cumulative standard normal distribution function ® is defined as

B(a) = /_ \/12?@—’5 dz. (5.6)

Following Ref. [5.7], we consider a general classical-quantum channel W : X — S where X is
any set (without further structure). We define the image of the channel as the set imWW C S of all

quantum states p such that p = W(x) for some z € X. For convenience we assume that our Hilbert
space satisfies

H = Span supp(p) (5.7)
pEIM W

such that ¢ > 0 is equivalent to p <« ¢ for all p € im W.

For M,n € N, an (n, M )-code for a classical-quantum channel W is comprised of an encoder and a
decoder. The encoder is a map E : {1,2,..., M} — X" and the decoder is a positive operator-valued
measure { Dy, }M_, on H®". Moreover, an (n, M, €)-code is an (n, M)-code that satisfies

1 4 "
T (@W(Ei(m))Dm> >1—e, (5.8)
m=1 i=1

i.e. the average probability of error does not exceed e. The finite blocklength achievable region for
a channel W is the set of triples (n, M, ¢) for which there exists an (n, M, e€)-code on W. We are
particularly interested in the boundary

M*(W;n,e) :=max {M € N: 3 a (n, M, e)-code for W} . (5.9)

Specifically we are going to be concerned with the behaviour of the mazimum rate, which is defined as
R*(W;n,e) := %log M*(W;n,e).

“An example of which is the induced Lévy-Prokhorov metric (see, e.g., Section 6 and Theorem 6.4 in Ref. [5.33]).
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5.2.2 Channel parameters

An important parameter of a channel is the largest rate such that there exists a code of vanishing
error probability in the large blocklength limit. This critical rate is known as the capacity of a channel
C(W), which is defined as

C(W) := inf liminf R*(W;n,€). (5.10)

e>0 n—oo

For classical-quantum channels there exists a strong converse bound, which states that the capacity
described the asymptotic rate not just for vanishing error probability, but those for non-zero fixed
error probabilities as well [5.34,5.35]. Together with the original channel coding theorem [5.1,5.36],
this yields

lim R*(W;n,e) =C(W) forall e € (0,1). (5.11)

n—oo
In essence the strong converse tells us that the capacity entirely dictates the asymptotic behaviour
of the maximum rate at a fixed error probability. How quickly the rate approaches this asymptotic value
for arbitrarily low and high error probabilities are described by the channel min-dispersion Viin (W)
and maz-dispersion Vipax(WW), which are defined respectively as

e COW) — R*W;n,e)\>
‘min = infl ,
Vinin (W) 1= inf lim sup ( B 1(e)/Vn
* . 2
C(W), R*(W;n,e) ' (5.13)
R OYNG

As with the strong converse, the min and max-dispersions also describe the dispersion at other fixed
error probabilities [5.7]:

(5.12)

Vinax(W) := sup lim sup

e<l mn—oo

(5.14)

lim
n—oo

<C(W) — R*(W;n, e))2 ~VamW) €€ (0,1/2)
d=1(e)/v/n ] Vi (W) €€ (1/2,1)°

5.2.3 Information quantities

Classically, for two distributions P and @Q, the relative entropy D(P||Q) and relative entropy variance
V(P||Q) are both defined as the mean and variance of the log-likelihood ratio log(P/Q) with respect
to the distribution P. In the non-commutative case, for p,oc € § with p <« o, these definitions are
generalised as [5.9-5.11]

D(p|lo) :=Trp(logp —logo), (5.15)
V(pllo) :== Tr p(log p — logo — D (p||o) - id)2 . (5.16)

If p &« o both quantities are set to +oco.
Following Ref. [5.7], for a closed set S, € S, the divergence radius® x(S,) is given by

()= sw [ dP(p)D(pH / dP(p’)p’>. (5.17)

PeP(S,)

SWhilst Equation (5.17) characterises the divergence radius, we will mostly rely on a more useful form presented in
Definition 5.2.
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where P(S,) denotes the space of distributions on S,. If we let II(S,) denote the distributions which
achieve the above supremum, we also define the minimal and mazimal peripheral variance, vmin(So)
and vmax(So), as

Vnin(So) = inf / d[P’(p)V(pH / dP(p/)p/>, (5.18)

PEH(SO)

() = sup [0y (p H [ ) p’) . (5.19)

For the image of a quantum channel, the above three information quantities correspond exactly to
the three previously defined channel parameters [5.7]. Specifically, for S, = im )V, we have

CW) =x(So), Vinin(W) = vmin(So), Vinax V) = Uimax (So). (5.20)

5.2.4 Moderate deviation tail bounds

We now discuss the relevant tail bounds we will require in the moderate deviation regime. Let {X; , }i<n
be independent zero-mean random variables, and define the average variance as

1 n
n = Xinl 21
v, n;Var[ ] (5.21)

Recall that a sequence {t,},, is moderate if x,, \, 0 and \/nz, — +00 as n — oco. Given certain
bounds on the moments and cumulants of these variables, which we will make explicit below, we will
see that the probability that the average variable %Z?:l X n deviates from the mean by a moderate
sequence {ty}, decays asymptotically as

mpr |1 ix >t | =—(1+ 0(1))ﬁ. (5.22)
n gl w,n Z— tn 2Vn

Lemma 5.1 (Moderate deviation lower bound). If there exist constants v > 0 and 7 such that v <V,
and

% zn: E [\Xi,n|3} <7 (5.23)
=1

for all n, then for any n > 0 there exists a constant N({t;},v,7,m) such that, for all n > N, the
probability of a moderate deviation is lower bounded as

2

1 — nt
InPr |— Xin>th| > —(1 . .24
[ o P E 521

Lemma 5.2 (Moderate deviation upper bound). If there exists a constant v such that

n

lz sup

d3
—InE [eSXi’”]
N s€(0,1/2]

— <7, (5.25)
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for alln, then for anyn > 0 there exists a constant N ({t;},~,n) such that, for alln > N, the probability
of a moderate deviation is upper bounded as

ZXm >t ] <t (5.26)

InP
ner oV, +q

If V,, has a uniform lower bound, then as n \ 0 the above two bounds sandwich together, giving
the two-sided asymptotic scaling of Eq. 5.22. In this case we can see that

- [:LZXZ-] — Vifn=0(/yvn)  and — Vi, =e(), (5.27)
=1

where o [-] denotes the standard deviation. If we interpret the standard deviation as setting the ‘length-
scale’ on which a distribution decays, then the above two quantities—the deviation of the average,
and average® of the deviation—set the length-scales of small and large deviation bounds respectively.
Using this intuition, we can generalise moderate deviation bounds to give tight two-sided bounds for
distributions with arbitrary normalisation, in which V,, is no longer bounded. To do this we will tail
bound for deviations which are moderate, in units of /Vj.

Corollary 5.3 (Dimensionless moderate deviation bound). If there exists a vy such that

n 3

d— InE [ SX"*”]

o <1, (5.28)

1
— sup
nVT‘f/2 i—1 s€[0,1/2]

for all n, then there exists a constant N ({t;},~) such that, for alln > N, we have the two-sided bound

2

2
—(1+77)nn<lnPr[ Zin>tn n

—(1 -5 (5.29)

We present proofs of these lemmas in Section 5.A.

5.2.5 Reversing lemma

Intuitively one might expect that moderate deviation bounds can be ‘reversed’ e.g. that the bound on
the probability given the deviation (see Lemmas 5.1 and 5.2) of the form

Vy, 1 & 1
lim In Pr [n dXi> tn] =5 (5.30)

n%oonQ —
1=

is equivalent to a bound on the deviation given the probability

lnPr[ ZX >t] < _;} = (5.31)

We will now see that such an ability to ‘reverse’ moderate deviation bounds is generic. We do this
by considering two quantities A and B defined on the same domain, and considering the infimum value
of each quantity for a fixed value of the other.

1
lim — inf {t eR

n—oo n

5More specifically the root-mean-square
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Lemma 5.4 (Reversing Lemma). Let {A;}; and {B;}; be sequences of real functions with inf; A;(t) <0
and inf; B;(t) <0 for all i. If we define

An(B) = inf A DBLO B} and  Bula) = inf B0 Au(D) Sa}  (5.52)
then
An(bn Bn(an
lim (bn) =1, V{b,} moderate = lim Bulan) =1, VY{a,} moderate. (5.33)
n—oo by n—oo
Proof. See Section 5.B. O

5.3 Hypothesis testing

Whilst the divergence radius characterises the channel capacity, one-shot channel bounds are charac-
terised by a quantity known as the e-hypothesis testing divergence [5.16]. As the name suggests, as
well as being relevant to one-shot channel coding bounds, the hypothesis testing divergence also has
an operational interpretation in the context of hypothesis testing of quantum states. We will start by
considering a moderate deviation analysis of this quantity.

5.3.1 Hypothesis testing divergence

Consider a hypothesis testing problem, in which p and o correspond to the null and alternative hy-
potheses respectively. A test between these hypotheses will take the form of a POVM {Q,I — Q},
where 0 < @) < I. For a given @, the type-I and type-II error probabilities are given by

a(@;p,0) :=Tr(I = Q)p, B(Q;p,0) == TrQo. (5.34)
If we define the smallest possible type-1I error given a type-I error at most € as
= 3 . . < .
Be(pllo) Orénégﬂ{ﬁ(@ p,0) | a(Q;p,0) < €}, (5.35)

then the e-hypothesis testing divergence is defined as

Pelpllo)

Di(plle) i= ~ log Z5 2

(5.36)

We note that the denominator of 1 — € follows the normalisation in [5.37] such that Dj (p|lp) = 0 for
all p.

An obvious extension of this hypothesis problem is to the case of n copies of each state, i.e. a
hypothesis test between p®" and o®", or more generally between two product states ®! ,p; and
®i_,0;. A second-order analysis of the e-hypothesis testing divergence for a non-vanishing e was given
in [5.10,5.11].

Theorem 5.1 (Moderate deviation of the hypothesis testing divergence). For any moderate sequence
{an}n and states {pn}n and {on}n such that both Amin(0:) and V(pil|oi) are both uniformly bounded
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away from zero, the €,- and (1 — €,)-hypothesis testing divergences of non-uniform product states for
€n = e~"% scale as

1 n
W <®m
1=1
1 n
1—en
el <® pi
i=1

where Dy, == L3 D(ps||o;) and V;, := 2 370 V(pilloy). More specifically for any p and o such that
p K o, the hypothesis testing divergences of uniform product states scale as

é UZ’) =D, — 2V, an + o(ay), (5.37)
=1

® 0¢> =Dy + V2V, an + 0(ay), (5.38)
i=1

D (5" [0®") = Dipllo) ~ 2V an + ofan), (5.30)
DL (o |0=") = D(pllo) + v/2V(pl7) an + olan). (5.40)

In Sect. 5.3.3 we will bound the regularised hypothesis testing divergences towards the relative
entropy (the inward bound), and in Sect. 5.3.4 we will bound them away (the outward bound).

Remark 1. For sequences €, bounded away from zero and one the second-order expansion in Refs. [5.10,
5.11] yields

V(pllo)

=D (6" [0™") = Dipllor) + #1640 (51 (5.41)

n

where © denotes the cumulative distribution function of the standard normal. As already pointed out in
Ref. [5.15], for small €, we have ®~'(e,) ~ v/—21Ine,. Ignoring all higher order terms, the substitution
€n = e~ into (5.41) then recovers the expression in (5.39). In this sense the two results thus agree
at the boundary between small and moderate deviations.

Remark 2. A similar argument can be sketched at the boundary between moderate and large deviations.
The quantum Hoeffding bound [5.5, 5.21] states that if 2 Di" (p®"||c®") < D(p|lo) — r for some small
r > 0 then e, drops exponentially in n with the exponent given by

-1
s = [D(plle) ~ 7 = Da(pllo)], (5.42)
0<a<l «

where Dy (pl|o) is the Petz’ quantum Rényi relative entropy [5.38]. For sufficiently small r, the ex-
pression in (5.42) attains its supremum close to o = 1 and we can thus approzrimate D, (p|lo) =~
D(pllo) + 252V (pl|o) by its Taylor expansion [5.39]. Evaluating this approzimate expression yields

2

e = e "Gl (5.43)

up to leading order in r. Substituting r = \/2V (p||o)ay into (5.43) then recovers (5.39). An essentially
equivalent argument is also applicable to the strong converse exponent derived in Ref. [5.30].
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5.3.2 Nussbaum—Szkola distributions

To allow us to apply a moderate deviation analysis to the quantum hypothesis testing divergence, we
leverage the results of Ref. [5.10] which allow us to reduce the hypothesis testing divergence of quantum
states to a quantity known as the information spectrum divergence of certain classical distributions,
known as the Nussbaum—Szkota distributions.

Definition 5.1 (Nussbaum-Szkola distributions [5.40]). The Nussbaum-—Szkota distributions for a
pair of states p and o are given by

PP7(a,b) = 1o [{daltn)*  and Q77 (a,b) = sy |{dalt) ] (5.44)
where the states are eigendecomposed as p =, Tq |¢a){(Pa| and o =" sp [1hp) (p].

The power of the Nussbaum—Szkota distributions lies in their ability to reproduce both the diver-
gence and variance of the underlying quantum states

D(pllo) = D(P??[|Q@™7),  and  V(pllo) =V (P"7[|Q”7). (5.45)

As well as capturing these asymptotic quantities, the hypothesis testing relative entropy, which arises
one-shot channel coding bounds, can also be captured by the Nussbaum—Szkota distributions. Specifi-
cally this is done via the information spectrum divergence, which is defined for two classical distributions
P and @ by a tail bound on the log-likelihood ratio as

zxuwazwm{R‘X@;@%ixﬁigR]SE}. (5.46)

Inserting the Nussbaum—Skzota distributions, we find that the (classical) information spectrum diver-
gence approximates the (quantum) hypothesis testing divergence.

Lemma 5.5 (Thm. 14, Ref. [5.10]). There exists a universal constant K such that for any states p
and o with Amin(0) > X and € < 1/2, we find that Dy (p||lo) is bounded as

1—

Di(pllor) < DI(P7QP) +log 5o 5 +log K[In(1/ )] (5.47)
1

Di(pllo) = DIA(PP7IIQ") = log 5 — log K [In(1/ )], (5.48)

and D}~ ¢(p||o) is bounded as

1—e 1—¢/2 o o 1 - E/2

Dy~ (pllo) < DIA(PPo)QP7) + log —— = + log K [In(1/)] (5.49)
1

Dy (pllo) = Di7*(PP7(|Q%) ~ log - — log KIn(1/)]. (5.50)

As the information spectrum divergence is defined in terms of a tail bound, we will bound these
quantities using the moderate deviation tail bounds of Sect. 5.2.4. To do this, we will start by showing
that the log-likelihood ratio of Nussbaum—Skzota distributions is sufficiently well behaved, specifically
that its cumulant generating function has bounded derivatives.
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Lemma 5.6 (Bounded cumulants). For A > 0, there exists constants Ci()\) such that the cumulant
generating function h(t) := InE [etz] of the log-likelihood ratio Z := log PP? /QP° for Amin(0) > A is
smooth and has uniformly bounded derivatives in a neighbourhood of the origin

k
otk

sup
[t[<1/2

h(t)} < Cy. (5.51)
We present a proof of this lemma in Section 5.C.

5.3.3 Inward bound

Proposition 5.7 (Inward bound). For any constants \,n > 0, there exists a constant N({a;}, A, n)
such that, for n > N, the hypothesis testing divergence can be bounded for any states {p;}; and {o;};
with Amin(0;) > X as

1 n
EDEH <® Pi

i=1
1 n n
ﬁDlll_en <® pi @ O’Z‘) < Dy + 2V, an + nay,. (5.53)
= =

where Dy, := L3 D(pjl|o;) and Vi, := 230 V(psloy).
Proof. Firstly, let Z; be the log-likelihood ratios

. PPi:Ui(AZ.,Bi)
«.— Og QinUi(AZ"BZ‘),

® ai> > D, — \/Man — Nay, (5.52)

i=1

Zz' (Al, Bz) < prodi, (554)

In terms of these log-likelihood ratios, the lower and upper bound on the €,- and (1 — €, )-hypothesis
testing divergences respectively from Lemma 5.5 become

n n n 1

Dir <®pz ®O’i> > sup {R Pr ZZZ- <R Sen/Q} —logﬁ—logKnﬂn(l/)\ﬂ,
i=1 i=1 Li=1 - " "

(5.55)

n n n 1—€,/2
i=1 i=1 Li=1 -

n

IN

(5.56)

Recalling that €, := e~"9% we can see that in both cases the error terms scale like O(na?) and

©(logn) respectively, which are both o(nay). As such, there must exist an Nj({a;},A,n) such that,
for n > Nj, these error terms are bounded by nnay,/2 as

1 n n 1 n
Ly ((X)m ®) pr{a Sz <n
n i=1 i=1 " i=1
1 = - 1
Lo (80| @) < Lo
n n
=1 =1

Pr

Sen/Z} —nan/2, (5.57)

i=1

Pr

< 1—en/2}+nan/2. (5.58)
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Next we want to apply the tail bounds of Sect. 5.2.4. To this end, we will start by defining zero-mean
variables X; := Z; — D(p;||o;). In terms of these variables, the above bounds take the form

1 n n '
ED;" <® Di ®O’i> > D, —inf {t
i=1 =1
1 n n
ED%I_G" (@ Pi @ Ui) < D, +inf {t
i= i=

By Lemma 5.6 there exists constants V() and v()), such that V; <V and

B
5 IE _es(im” <5 (5.61)

_1 n
Pr|— E (_X2> 2 t
n
L =1

< en/Q} —nan/2, (5.59)

1 n

Pri—> (+X;) >t
n

=1

< en/2} + nay /2. (5.60)

sup
tel0,1/2]

for all ¢. If we let ¢,, := (\/2Vn + 77/2) ap, then Lemma 5.2 gives an Na({a;}, A, n) such that, for n > Ny,
the tail probability is bounded as

1 — —nt?
InPr|— +X,) >t < —2— 5.62
ner n;( )2t =9V, +12/3 (562)
2
< _(—VQV”_H?/Q)TW? (5.63)
- 2V, +n?/5 " '
VP4
_ 5.64
< 2Vn+n2/5nan (5.64)
772 2
= (14— .
< +40Vn+4n2>nan (5.65)
772 2
< |14+ —— . 5.66
= < +40v+4n2>”“" (5.66)

As n?/(40V +4n) is a constant and na? — oo, there must exist a constant N3({a;}, \,n) such n > N3
implies
n

%Z(:I:X@) > tn] < _nai —1=1In(e,/2), (5.67)

i=1
inf {t

Putting everything together, we get that for any n > N({a;}, A\,n) := max{N1, Na, N3} we have

In Pr

and therefore that

Pr

,rllzn:(:l:Xl) > t] < Gn/2} < tn. (568)

=1

1 n n
~Df (@ pi|| & az-) > D,, — \/2V, an — nan, (5.69)
i=1 =1
1 n n
~D" <® il Q Ui) < Dy + \/2Vy a + nan. (5.70)
=1 =1
as required. O
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5.3.4 Outward bound

Proposition 5.8 (Outward bound). For any constants A\,n > 0, there exists a constant N({a;}, \,n)
such that, for n > N, the hypothesis testing divergence can be bounded for any states {p;}; and {o;};
with Amin(0i) > X as

1 n n
;Dﬁ” <® Pi ® ai> < Dy + nay, (5.71)

i=1 i=1

1 . n n
ED%I " <® Pi ®0i> > D, —nay,. (5.72)

=1 =1

where Dy, := 23" | D(p;||o;). Moreover, if we let V,, == £3°%  V(pi|lo), and there also exists a
constant v > 0 such that V; > v for all i, then there exists an N'({a;}, \,v,n) such that, for n > N’,
the hypothesis testing divergence is more tightly bounded as

1 n
EDE” (@ pi

i=1
1 n
ﬁDkll_e" <® pi
1=

Proof. Similar to Proposition 5.7, we will start by taking the upper and lower bounds on the €,- and
(1 — €,)-hypothesis testing divergences respectively from Lemma 5.5. This gives that there exists an
Ni({a;}, A, n) such that, for n > Nj, we have

=1

® ai> < Dy, — \/2Vypay + nay, (5.73)

n
®al-) > Dy + 2V, ay — nan. (5.74)
=1

n

1 - - 1
~Dy <®pz~ ®m~) < D, — inf {t Pri—> (=X;) Zt] < 2en} + 1100 /2, (5.75)
i=1 i=1 =1
1 n n 1 n
EDﬁ;ﬁn ((X) pi ®ai> > D,, + inf {t Pr|— > (+X) > t] < 2en} — nan/2. (5.76)
i=1 i=1 =1

where Xi = Zi — D(,Oz”dl)
Firstly, applying Chebyshev’s inequality two standard deviations below the mean gives us that

1 n
Pr|— +X;) > -2V, > 3/4 > 2ep, 5.77
[ng )2 —2\/Va/n| 2 3/4 > 2 (5.77)

and so we conclude that

inf {t

By Lemma 5.6, V,, must be bounded V,, < V()), and thus \/V;,/n = O(1/y/n) = o(a,). As such, there
must exist an Na({a;}, A, n) such that n > Ny implies 21/V,,/n < nay/2. Inserting this tail bound, we

Pr

;’i (+X;) > t] < 2€n} > =2/ Vi /n. (5.78)

=1
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get that for any n > N({a;}, A, n) := max{Ny, Na} that

1 n n
E‘D}eln <® Pi ®Uz> < Dy, — nay, (579)
=1 =1
1 pi-en é) ; éa‘ > D, +na (5.80)
- h Pi i | =2 Yn T Nan, .
=1 =1

as required.

If there also exists an v > 0 such that V; > v, then we can use a more refined moderate deviation
bound. Specifically, Lemma 5.6 gives us a bound on the absolute third moment of X;, which allows us
to apply Lemma 5.1. If we let t,, := (v/2V,, —1/2)a,, and assume i < v/8v such that {¢,}, is moderate,
then this gives us that there exists an N3({a;}, A, v, 1) such that, for any n > N3, the tail probabilities
are bounded

1< —\ nt?
In Pr n;(iXi) > tn] > —(1+n/\/ﬁ)m (5.81)
(1+n/V2V) (V2Vi = n/2)°
> — A na, (5.82)
> _ (1+ ﬁ/\/m%é\/m - 7]/2)2”%21 (5.83)
> — <1 - Z?j) na?. (5.84)

Once again, the second term in the parenthesis is a non-zero constant, and thus there must exist an
Ni({a;}, \,n) such that

n

1
- > (EX) > tn] > —naZ +1 = In2e,, (5.85)
=1

log Pr

allowing us to conclude Pr [1 3" | (£X;) > t,,] > 2¢,, and therefore

. 1 ¢
inf {t - E;X > t] < 2en} >t (5.86)
1=

Inserting this into the above bounds, we find that for any n > N'({a;}, \,v,n) := max{Ny, N3, Ny},
we have the desired final bound

1 n
EDE” <® Pi

=1

1 n
5D11176” <® pi
=1

Pr

®Ui) < Dy, — \/2V, an + nay, (5.87)

i=1

® az-> > D, + \/Man — Nan. (5.88)
i=1
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5.4 Channel Coding

We are now going to show how the above moderate deviation bounds can be applied to the capacity
of a classical-quantum channel.

Theorem 5.2 (Moderate deviation of c-q channels). For any moderate sequence {a,}, and memoryless
c-q channel W with capacity C(W) and min-dispersion Viin(W), being operated at error probability no
larger than €, = e‘”“i, the optimal rate deviates below the capacity as

R*(W;n,ey,) = COW) — /2Viin(W) ay, + o(ay). (5.89)

Conversely, if the channel has mazx-dispersion Vimax and is operated at error probability no larger than
1 —¢,, then the optimal rate deviates above the capacity as

R Win,1 - en) = COV) + \/2Vinax V) an + 0(ay). (5.90)

If either the min- or max-dispersion is non-zero, an application of Lemma 5.4 gives an equivalent
formulation in terms of the minimal error probability at a given rate.

Corollary 5.9. For any moderate sequence {s, }n, the error probability for a code with min-dispersion
Viin > 0 deviating below capacity by s, scales as

1
2vain '

1
lim — Ine*W;n,C —s,) =

n—00 N2

(5.91)

Similarly, for a code with max-dispersion Vipax > 0 deviating above capacity by sn, the error probability
scales

1
2Vmax .

lim ihn(l —eW;n,C + Sn)) =—-

n—00 ns2

(5.92)

Remark 3. Recall that our definition of c-q channels does not put any restriction on the input set.
In particular, this set may be comprised of quantum states itself such that the c-q channel is just a
representation of a quantum channel. Hence, as pointed out in Ref. [5.7], our results immediately
also apply to classical communication over general image-additive channels [5.41] as well as classical
communication over quantum channels with encoders restricted to prepare separable states. We refer
the reader to Corollaries 6 and 7 of Ref. [5.7] for details.

We will split the proof of Theorem 5.2 in two, in Sect. 5.4.1 we will prove a lower bound on the
maximum rate (‘achievability’), followed in Sect. 5.4.2 by a corresponding the upper bound (‘optimal-
ity’). For the rest of this section, we will fix the channel W, and omit any dependencies on W from
here on for notational convenience.

5.4.1 Achievability

For achievability, we will use a lower bound on the e-one-shot rate that is essentially due to Hayashi
and Nagaoka [5.42] who analysed the coding problem using the information spectrum method.
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Lemma 5.10 (Theorem 1 of Ref. [5.16]). If we have a c-q channel which maps from a finite message
space Y as y +— p(y) , then the mazimum rate with error probability at most € and 1 — ¢, R*(¢) and
R*(1 — €) respectively, are lower bounded

c 8(2 —
R*(e) > sup Dh/2 (ry z|lmy @ mz) — log ( - 2 (5.93)
Py
8(1 —
R*(1—€) > sup D} * (ny 7|7y ® 77) — log (1=¢) (5.94)

Py €

where Ty 7 is the joint state of the input and output, with inputs chosen according to the distribution
Py
myvzi= Y Pr(y) l)iyly © o) (5.95)
yey

Proposition 5.11 (Channel coding: Achievability). For any moderate sequence {an}, and error
probability €, := e*”“%, the rate is at least

R* (n,ey) > C — \/2Vipinay + o(ay). (5.96)

Similarly, at error probability 1 — €, the rate is at least

R*(n,1—€,) > C 4+ \/2Vipaxan + 0(ay). (5.97)

Proof. Let X be our, possibly infinite, message space. By Lemma 3 of Ref. [5.7], there exists a finite
subset Y C X, and a distribution @y thereon, such that D(p|lo) = C and V(p||o) = Vinin for states

p=> Qv wlep? and o= Qv e > Qv )™ (5.98)
yey yey y' ey

Clearly by restricting the message space we can only ever decrease the rate. By applying Lemma 5.10
to the restriction of the message space to Y, we can lower bound the maximum rate of the full code.
Applying this reasoning to n memoryless applications of our channel we find
8(2—¢€p)

€n

nR*(n,€,) > sup DE”/Q (mynzgnl||Tyn @ Tzn) — log (5.99)

Pyn

na.

Substituting in both the error probability, which is no larger than ¢, = e~ %, and a product distribu-

tion Q= (7) = [17; Qv (3:) then we get
I e
R*(n, ey) > HDh“/2 (0%"|o®"™) + O(a2). (5.100)

Applying Proposition 5.7, we get an overall bound on the rate of
R*(n,€,) > C — \/2Viin an + 0(ay,). (5.101)

If instead we were to take a distribution Qy such that V(p||o) = Viyax, then the same arguments would
allow us to use Proposition 5.8 to analogously give

R*(n,1 —¢€,) > C 4+ \/2Vinax an + 0(ay). (5.102)
O
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5.4.2 Optimality

Similar to the second-order analysis of Ref. [5.7], we are going to do this by relating the capacity and
one-shot maximum rates to geometric quantities known as the divergence radius and divergence centre.

Definition 5.2 (Divergence radius and centre). For some set of states Sy C S, the divergence radius
X(Sp) and divergence centre o*(Sp) are defined as

X(Sp) := inf sup D(pl|lo), 0*(Sp) := arg min sup D(p||o). (5.103)
c€eS peSy c€eS PESO

Similarly the e-hypothesis testing divergence radius xf(So) is defined as

X3 (So) i=inf_sup D (p]) (5.104)
o pPESO

Whilst we have seen that the divergence radius captures the capacity of a channel, the e-hypothesis
testing divergence radius approximates the one-shot capacity.

Lemma 5.12 (Proposition 5 of [5.7]). For Z := im W, the maximum rate with error probability at
most €, R*(e), is upper bounded as

R*(€) < x3°(I) + log o (5.105)
Similarly for an error probability 1 — €, the maximum rate is upper bounded as
R*(1—¢) < xi “*(I) +log 2(262_ ). (5.106)
If we take Z, := imW®" to be the closure of the image of n uses of this channel, then we can
extend this bound on the one-shot rate to the n-shot rate as
nR*(n,e,) < xi (L) + log 1 —26n (5.107)
nR*(n,1 — €,) < X7 (Zn) + log 2(27_26") (5.108)

n

As we are considering memoryless c-q channels, Z,, simply consists of elementwise tensor products of
T

p;i € I}. (5.109)

=1

Once again we are going to take a, to be an arbitrary moderate sequence, and €, := €
Expanding this out, this gives bounds on the rate of

2
—na;

2
R*(n,¢e,) <inf sup D2€" pi —log 5.110
en) = {pi}cz ™ <® > 1—e’ (>10)
€ 2(2 B 6)
R*(n,1 — <inf sup 1 n/2 pillo ) 5.111
it m e SBE e, WP ® n oA
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A standard approach now is to pick a state ¢™, such that we can bound the above quantities for
arbitrary sequences {p;} using the moderate deviation analysis of the hypothesis testing divergence
presented in Sect. 5.3. To do this we need to consider two cases. The high cases are those in which the
empirical relative entropy corresponding to {p;}? is close to capacity, and the low cases are those
in which the empirical relative entropy Correspondlng to {pi}l~, is far from capacity. Specifically, for
some constant v that will be chosen later, the n which correspond to high and low cases are denoted
by H({pi},v) and L({p;},7), respectively. They are defined as

=3 Dloiln) < C—’y}

iZD@i\pn)zO—v} and L({p;},7) := {n ‘
- - (5.112)

H({pi},7) = {n

such that H({p;},7) and L({pi},~y) bipartition N for all

Before employing a moderate deviation bound, we are going to construct a separable state o"
that will allow us two different moderate deviation analyses for low and high sequences, such that
we can obtain the required bounds in both cases. A convenient choice of 0™ would be o" = p&m
where p, = %Z?:l pi, but the order of the infimum and supremum require ¢” to be chosen to be
independent of the sequence {p;}. Instead we are going to construct o™ from a mixture of states that
lie in a covering of S, and the divergence centre o*(Z).

The following lemma is based on a construction in Lemma I1.4 of Ref. [5.43].

Lemma 5.13 (Lemma 18 of Ref. [5.7]). For every § € (0,1), there exists a set C° C S of size

20(2 1 2d? 9 1 d—1 24>
‘C(S‘ < <0(C;+)> <8d(cé+) +2) < (95()2d> (5.113)

such that, for every p € S there exists a state T € C° such that

D(p||T) <6 and Amin (7) > d d

> 2 5.114
= 8d(2d+1)+6 ~ 25d2 (5:.114)

Given this covering upon states, we now want to take ¢" to be the separable state given by a
mixture over such a covering, and the divergence centre

n e 1 * ®n
o"(y) = 5o (I) 2‘67/4 > (5.115)
TECY/4
Using the inequality
D (p || po + (1 = w)o’) < Di(pllo) —log (5.116)

we will be able to bound divergences with respect to ¢” by those divergences with respect to either
elements of C/%, or ¢*.

We will start by considering the low case. We will see that this case only accounts for hypothesis
testing relative entropies which are below the capacity by a constant amount.
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Lemma 5.14 (Low case). For any v > 0, there exists a constant N ({a;},v) such that

Dy (@ pi anm) <C-9/4 (5.117)
i=1

%Dﬁ:e" (é} pi an(7)> <C-/4, (5.118)
i=1

for any {p;};i C I, n € L({p;i},7y) and n > N.

Proof. We are going to start by considering the ¢,-hypothesis testing divergence. Take 7, to be the
closest element in C?/* to 5y, such that D(pn||mn) < 7/4. Splitting out the 7, term from o, (), we
have

n n
Dy ((X)m %('y)) < Di" (@pi TS}”> +1log2|C7| (5.119)
=1 i=1
- 120d
< D <® pi T,?"> + 242 log( 3 > . (5.120)
=1

As the final term depending on |C7/ 4‘ is independent of n, there must exist a constant Nj(vy) such that
2d?1og(120d/~?%) < nvy/4 for any n > Ny, and thus that

1. (& 1. (&
Dy (® onm) <1y (®m
i=1 i=1

Applying Proposition 5.8 to the €,-hypothesis testing relative entropy with respect to 7, we get
that there exists an Na({a;}, ) such that

1 n
O (@ b
1=1

for any n > Ns. As for the divergence terms given with respect to 7,,, we can rearrange them in terms
of divergences relative to the sequence mean p,, using the information geometric Pythagorean theorem,
yielding

ﬁ?”) + /4. (5.121)

1 n
®) < =5 Dipillm, 4 5.192
Tn)_n; (pillTn) + /4, (5.122)

> D(pillmn) =D Trpi(log pi —log pn) + > Tr pi(log pn — log ) (5.123)
=1 =1 =1
= ZD(szﬁn) +nD(ﬁn”Tn> (5'124)
=1
< D(pillpn) + ny/4. (5.125)

=1
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If we let N({a;},v) := max{Ny, Na}, then pulling the above results together we see that for any
n>N

1 (& 1 (& .
~Dy ((X)pz- Un(’y)> <Dy (@pi ® > + /4 (5.126)
=1 i=1
1 n
<= Dlpillm) +2v/4 (5.127)
=1
1 & -
<= D(pillpn) +3v/4. (5.128)

=1

Finally, since n € L({p;}, ) the average relative entropy is bounded away from capacity, and we arrive
at the bound:

1 n
ot (@
n )
=1
As we only relied on Proposition 5.8 to bound the regularised hypothesis testing divergence to

within a constant of the average relative entropy, we could perform a similar analysis for the (1 — €,)-
hypothesis testing divergence using Proposition 5.7 instead, which gives

*Dl n <® Pi

Un(7)> < C —~/4. (5.129)

on(y ><C /4. (5.130)

O]

Now that we have dealt with cases far from capacity, we turn our attention to the high cases.

Lemma 5.15 (High case). For any n > 0, there exist constants I'(n) and N({a;},n), such that

1 n
L (@m Unm) < C— Va4 (5.131)
n

=1

forany{p;}i CI,ne€ H{pi},T') andn > N. Similarly, the (1—e,)-hypothesis testing relative entropy
s bounded

*Dl o <® Pi

Proof. Splitting out the o* factor within o,() gives

Dir <® pi || on(y > < Dt <® pi
= @) - (@)

on( ) < C + v/ 2Viaxay + nay,. (5.132)

> +log2, (5.133)

) +log 2. (5.134)
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As Llog2 = o(ay), there exists an Ny({a;}) such that n > N; implies
Dy (@ pi || on(y ) <Dy (@ pi
o (@) < 01 (@

We now wish to employ a moderate deviation result. We will start by addressing the e,-hypothesis
testing divergence. For the weaker bound of Proposition 5.8 we will have no required bounds on
LS V(pillo*), but for the stronger bound we will need a uniform lower bound.

If Vinin < n?/18, then the weakened bound of Proposition 5.8 is sufficient, giving an No({an},n)
such that n > Ny implies

) + nan /3, (5.135)

> + 1an/3. (5.136)

€ - 1 € = n
Dy (@m %(v)) < D ((X)m N ) +1an/3 (5.137)
=1 i=1

1 n
< =N"D(pillo*) + 2nan/3 5.138
n; (pillo™) + 2nan/ (5.138)

1 n
< EZD(,;,-HU*) — V/2Viin @ + 10, (5.139)

=1

— v/ 2Viin apn + nay,. (5.140)

Next We need to consider the case where Viyin > 772 /18. To do this, we will need to establish a lower
bound on = Zl 1 V(pillo*), which places it near Vinin. The min-dispersion is defined for distributions
which exactly achieve capacity; we will now consider an analogous quantity for distributions which are
near capacity. Specifically

V) i= int{ [P0 v lle) | [ar o (o] faren o) zc-af. G

By definition of the channel dispersion we have that Vi, (0) = Vinin. By Lemma 22 of Ref. [5.7] we
can strengthen this to lim7 —0+ Vmin(7Y) = Vinin, and so for any n > 0 there must exist a constant I'(n)
such that

\/2Vmin(r) > \/QVmin - 77/3- (5'142)

As Vipin > n?/18, this implies that Vi, (I') > 0.
Next, let P, be the empirical distribution corresponding to the set {p;}_;, i.e. Po(p) := 1 3" 6(p — pi).
For all n € H({p;},T"), these distributions are near capacity

Jaro) 0 (s H [ar) o) = iiilmpinpn) sco-, (5.143)
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and so we can lower bound the average variance with respect to the divergence centre

n

L3Vl = [ AP V(plo™) = Vain(T) 0. (5.144)

i=1

Using this lower bound, we can apply the stronger bound from Proposition 5.8 to give a constant
Ns({ai},n), such that, for every n € H({p;},I') and n > N3, the hypothesis testing divergence is
upper bounded

n n
1
Dy <® pi an(w) < D <® pi ®"> +nan/3 (5.145)
i=1 =1
1< 2 —
< EZD@Z-HU*) —\l> ;V(pina*)an + 201, /3 (5.146)
<= ZD pillo*) = v/2Viain (L) an + 2nan /3 (5.147)
— v/ 2Vinin an + NGy, (5.148)

Performing a similar argument for Vi,.,, we construct a function

Vi (7) ::PZ%{ [aro v o) | [are (o [are) #)zc o). Gaw)

and define a I' such that

\/2Vmax < \/2Vmax + 77/3 (5150)

Following through the rest of the argument, and employing Proposition 5.7, we also get a bound on
the (1 — e, )-hypothesis testing divergence

Dl €n (®p2

on(y > < C + v/ 2Viaxan + nay,. (5.151)

O

Proposition 5.16 (Channel coding: Optimality). For any moderate sequence {ay}, and error prob-
ability €, := e~ ™%, the rate is upper bounded as

R* (n,e,) < C — \/2Viin an + 0(ay,). (5.152)

For error probability (1 — €,) the rate is similarly upper bound as

R*(n,1—¢€,) < C+ /2Viax an + o(ay). (5.153)
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Proof. Applying Lemmas 5.14 and 5.15, we get that there exist constants I'(n) and Ny({a;},n) such

that
L oen n [ C-T/4 ne€ L({p;},T)

for any n > Nj. As I is a constant, there must exist some No({a;},n) such that I'/4 > /2Viinay,. As
such, for any n > max{Ny, Na}, high or low, we have

1 n
ﬁDﬁ" (@ Pi
1=

Pulling this bound back to Eq. 5.110, we have

Un(F)> < C — /2Viin G + Nay,. (5.155)

1, = 1
R*(n,e,) < sup —Dy" illa™(T) | + —log 5.156
(n, €n) S b (gp ( )) S (5.156)
1
< C — v/ 2VinGyn + nay, + - log T (5.157)

Finally, noting that 1/n = o(a,), there must exist a constant N3({a;},n) such that n > N3 implies

1 2
- log . < nay,. (5.158)

— €,

We can therefore conclude that, for n > max{ Ny, No, N3}, we get the overall upper bound

R*(n,en) < C — /2Vimin an + 21an. (5.159)
As this is true for arbitrary n > 0, we can take n \, 0 and conclude
R*(n,e,) < C — /2Vininan + 0(ay,) (5.160)
as required. A similar analysis for the (1 — €, )-error regime shows
R*(n,1 =€) < C + v/2Vimaxtn + 0(ay). (5.161)
O

5.5 Conclusion

The main result of this paper is to give a second order approximation of the non-asymptotic funda-
mental limit for classical information transmission over a quantum channel in the moderate deviations
regime, as in Eqgs. 5.3 and 5.4:

1
- log M*(W;n, ep) = COWV) — /2Vinin(W) 2, + 0(2) , (5.162)

%log M*Win, 1 =€) = COV) + v/2VemanOV) n + 0l ) (5.163)
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Along the lines of third and fourth order approximations for classical channel coding in the fixed
error regime (see, e.g., Refs. [5.44-5.46]), a natural question to ask is whether we can expand this
further and resolve the term o(z,). A preliminary investigation suggests the conjecture that o(z,) =
O(x2) + O(logn) and that at least some of the implicit constants can be determined precisely. We
leave this for future work.

Due to the central importance of binary asymmetric quantum hypothesis testing we expect our
techniques to have applications also to other quantum channel coding tasks. In particular, source
coding [5.47,5.48], entanglement-assisted classical coding [5.49] as well as quantum [5.50] and private
coding [5.51] over quantum channels have recently been analysed in the small deviations regime by re-
lating the problem to quantum hypothesis testing. An extension of these results to moderate deviations
using our techniques thus appears feasible.

Acknowledgements. MT is funded by an Australian Research Council Discovery Early Career
Researcher Award (DECRA) fellowship (Grant Nos. CE110001013, DE160100821). Both MT and
CTC acknowledge support from the ARC Centre of Excellence for Engineered Quantum Systems
(EQuS). We also thank Hao-Chung Cheng and Min-Hsiu Hsieh for useful discussions and insightful
comments.

5.A Moderate deviation tail bounds

5.A.1 Lower bound

Here we apply the lower bound of Ref. [5.52], which gives a Berry—Esseen-type inequality with multi-
plicative error.

Lemma 5.17 (Theorem B2, Ref. [5.52]). There exists universal constants ki, ke such that, for inde-
pendent zero-mean variables Xq,..., X, with

v, = % ;Var X  and Ty i= Tllz; E {pmﬂ : (5.164)

and a t,, bounded

Vi, V2
Vor S ta< 2 (5.165)

the probability that the average variable %Z;;l X, deviates above the mean by t, is lower bounded

1 — 2 T,nt3 Totn
In Pr [nZXiztn] > | - % —W+ln(1—ﬁ2 > (5.166)
i=1 n n

Given this Lemma, we can now prove the desired lower bound on the moderately deviating tail.
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Proof of Lemma 5.1. First we note that the bound on the average third absolute moment also imposes
a bound on the average variance

_1 2
V=~ ;E [X?] (5.167)
1< 3
<= ;E [\X\ + 1] (5.168)
=T +1 (5.169)
<741 (5.170)

As {t;}; is moderate, and the moments are bounded v <V,, < 7+ 1 and T,, < 7, there must exist an
Ny({ti},v, ) such that

1 2
o<t <™ (5.171)
T

n

for n > Ni. Applying Lemma 5.17, we have that for n > Ny

1 — 12
In Pr <n Y Xin > t) >nd | — % -~ %nti +ln (1 - %t@ : (5.172)
i=1 n

As nt2 — oo and V,, < 7 + 1, there must exist a constant Ny({t;},7) such that n > Ny implies
nt?/V, > 1. Using the standard bound In ®(—z) > —22/2 — In+/87x for z > 1, we find

1 & t2 | nt2
InPr (n ZXW > t) > —;7“” —1In 8#% - %ntf’l +In (1 — %t,& . (5.173)
i=1 " "

As t,, is moderate, we have that the first term —nt2 /2V;, dominates as n — oo in the above. As such,
for any n > 0, there must exist an N3({¢,},v,7,n) such that, for all n > Nj, the other terms are
smaller than this dominant term by a multiplicative factor of n > 0, such that

nt2 KT 3 KoT nt>
_n = _ _ e < 7”. .
In /87 A + V3 nt, —In |1 7?/215” 772Vn (5.174)

We conclude that for n > N({t;}, v, 7,n) := max{Ny, N2, N3}

2
nt;,

1 n
=Y Xin 2t 2 (1) 1
lnPr[ni_1X7 t] (1+m 57 (5.175)
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5.A.2 Upper bound

For the upper bound we are going to use a proof technique similar to that used to prove Cramér’s
and Gartner-Ellis theorems in the large deviation regime (see, e.g., Ref. [5.8]), and for Lemma 4 of
Ref. [5.53] in the iid moderate deviation regime. However, our approach differs from that in Ref. [5.53]
because we do not want to assume that the average variance, V,,, is bounded away from zero.

Proof of Lemma 5.2. Let hy(s) be the average cumulant generating function

1 n

==Y InE[e"Nin], (5.176)
n “
=1
such that
1 n

hn,(0) =0 R(0)==) E[X;,] =0, R (0 Var [X; ,] = V.. 5.177
(0) =0, n(0) ”;1[’] E ar | ( )

For our tail bound we are going to employ a Chernoff bound. Specifically for any o > 0, an application
of the Markov inequality gives

]E |:eat"l Z?:l Xi’":|

eant?

1< n
Pr [ S X > tn] = Pr [eat" i Xin > eanti} < (5.178)
n

i=1

Using the independence of {X;}, the above bound can be expressed in terms of the average cumulant
generating function as

In Pr [711 Z;Xi’n > tn] < —n(atl — hp(aty)). (5.179)

In general our choice of a will depend on n. If we assume for the moment that a is bounded then,
as tp, — 0, there exists a constant Nj({t;}, ) such that n > N; implies at,, < 1/2. Applying Taylor’s
theorem for such n, specifically a second-order expansion with the error in Lagrange form, gives that
there exists an s € [0, aty,] C [0, 1/2] such that

B () = hn(0) 4 atphly (0) + a2 R (0) /2 + >t Y (5) /6 (5.180)
< P2V, /2 + Pty /6. (5.181)

Plugging this Taylor expansion in to our Chernoff bound above gives
lnPr [ ZXM >t ] (a?Vy)2 — @) + a®~t,, /6. (5.182)

We now need to choose our value of a. An obvious choice would be a = 1/V,,, which gives the tightest
possible asymptotic bound. As we have not imposed a lower bound on V,,, this value is not necessarily
bounded, and therefore could render the previous Taylor expansion invalid. Instead we will slightly
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modify this choice such that the Taylor expansion is still valid, whilst only changing the final bound
by the introducing of an n. Specifically we will take

= /i +1/4 <\/Vn+n/4+ \/ﬂ). (5.183)

As required, this choice of « is bounded independent V;, as v < 2/n, meaning that the previous Taylor
expansion was indeed valid, and that N1 = Ny({¢;},n). Plugging this choice in to Eq. refeqn:chernoff
gives

1 nt? 27
InPr|=Y X,,>t — 4 ot 5.184
n r!nZ; Z,n_n]_ 2V—|—77/2+ ( )

Similar to Lemma 5.1, the bound on the third derivative of cumulant function bounds the variances
as Var[X;] <y + 1. Given this, there must exist a constant Na({¢;},~,n) such that n > Ny implies
1 27 1

_— t, < ————. 5.185
2V, +77/2Jr 3P "= 2V, 41 ( )

We conclude therefore that for any n > N({t;},7,n) := max{Ny, No} we have the desired tail bound

1 — nt?
InPr|— X; <t,| <-— n__. 5.186

d

5.A.3 Dimensionless bound

The non-dimensional bound follows as a corollary of the two previous bound, where we explicitly use
the possible dependence of our random variables X; , on n.

Proof of Corollary 5.5. Starting with random variables {Xj , }i<n, define rescaled variables as X; n =
Xin/\/Vy for all i <n. This scaling has the property that it normalises the average variance

1< .
= Y Var(X;,] =1. (5.187)

As well as this, we can see the dimensionless assumption on X,

sup 71111@, sXin]| < ~, 5.188
S/Q;SGM Jo INE [ (5.188)
is equivalent to the bound on Xi,n

1 « d3

=3 swp —31nE[ } < 7. (5.189)

N~ s€[0,1/2] ds
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Noticing that

SRR
[ ZXM <t/ Va =Pr [n > Xin < tn] : (5.190)
=1

we can simply apply the existing tail bounds of Lemmas 5.1 and 5.2 to Xim, giving that, for any n > 0,
there must exist a constant N ({¢;},~,n) such that

_Pr[ Zin/f<tn

—(1+n)"% <lnPr[ megtn —(1—77)%. (5.191)
2
0
5.B Proof of Lemma 5.4
Lemma 5.18. Let A and B be two real functions both defined on the same domain , with
A(b) = inf {A(t)|B(t) < b} and  B(b) := inf {B(t)|A(t) < a}, (5.192)
then for any a > inf; A(t) and 6 > 0
A(B(a)+6) <a (5.193)
A(B(a) - 6) > a. (5.194)

Proof. By the definition of the infimum in B(-), there must exist a t* such that A(t*) < a and
B(t*) < B(a) + 0. Hence we can upper bound

A(B(a) +6) = inf {A(s)‘B(s) < Ba) + 5} < A(t") < a. (5.195)

Next, suppose A(B(a) —6) < a— ¢ for some € > 0. By definition of the infimum in A(+), there

must therefore exist an s* such that B(s*) < B(a) — ¢ and A(s*) < a. This in turn allows us to upper
bound

B(a) = inf {B(1)|A(t) < a} < B(s"). (5.196)

We can therefore conclude that B(z) < B(a) — 4, proving A(B(a) — ) > a — € by contradiction. As
this is true for arbitrarily small €, we therefore conclude

A(B(z) - 6) > a. (5.197)

d
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Proof of Lemma 5.4. By swapping both A,, and B,, we can see that the forward and backwards direc-
tions of this proof are equivalent, as such we will only consider the forward direction. First, we assume
that

Bn n
lim Zr(en)

n—00 an

=1, Va, moderate. (5.198)

Next we split the proof of the limit into upper bounding the limit superior, and lower bounding the
limit inferior.

Take any moderate sequence by, and let a,, := b, /2 and b/, := By(a,) + by /n. By Lemma 5.18 we
have that A, (b,) = A, (En(an) + b,/n) < a,. By assumption we then have that

v B 2 B 1
lim 22— qgy Dolon) F20/n ) Balan) 1 (5.199)
n— 00 bn n—00 2% n— o0 2an 2

As a result we have, for sufficiently large n, that b, < b,. Using this we can bound the limit superior:

A (b
lim sup 2200 < iy 2 (5.200)
n—00 n n—00 b;b
= lim — =1, (5.201)

n—00 Bn(an>

Moreover, if we take a, := 2b, and b, := En(an) — bp/n then, by an analogous argument,
Lemma 5.18 gives us A, (b)) > ay, and the assumption gives us b, > b, for sufficiently large n.
As such we can also bound the limit inferior

Qn

iminf 2200) S i Iy = 1. (5.202)

O]

5.C Proof of Lemma 5.6

Proof. Consider the moment generating function m(t) := E [e?], such that h(t) = Inm(t). Similar to
the relationship between cumulants and central moments, the derivatives of h(t) can be expressed in
terms of derivatives of m(t):

h=Inm (5.203)

/
w="" (5.204)

m

m'"m —m'm’
pr= (5.205)
W m"'mm — 3m”m3'm +2m'm'm/ (5.206)
m

(5.207)
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As such, if we bound m(t) away from zero, proving that the derivatives of m(t) are uniformly bounded
would imply the same about h(t). Noticing that >, r, = 1 implies >, r2 > 1/d and A < 1/d, we can
see that m is bounded away from zero for any ¢ < 1:

m(t) = Zb:ra [{Galte) | (ra/sp)" (5.208)
> 36 Sl (5.200)
> Altz’:r,ﬁt (5.210)
> ;iri (5.211)
> % ; 1 (5.212)

Next we can use the bound sup,¢(y 1) v/Z In*(1/x) = (2k/e)*, to bound the derivatives of the moment
generating function for |¢| < 1/2

0] = [l afon) b (/) (5.213)
< zbj [(Gal) (raf o) |in” (rafs1)| (5.214)

< ﬁ;ra [(Galio)? (ra/se)" |In*(1/s1) + (1) | (5.215)

< Zb [(Galtn) /sy [In¥(1/50) + In* (1/r)| (5.216)

< é?g /s [m’fu /s) + In*(1 /r)} (5.217)

s
< IA max, [10¥(1/5) + Vit (1/1)] (5.218)
05
< 1A [mk (i) + (2k:/e)k} — Gy (5.219)
O
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Abstract

Thermodynamics is traditionally constrained to the study of macroscopic systems whose energy fluc-
tuations are negligible compared to their average energy. Here, we push beyond this thermodynamic
limit by developing a mathematical framework to rigorously address the problem of thermodynamic
transformations of finite-size systems. More formally, we analyse state interconversion under ther-
mal operations and between arbitrary energy-incoherent states. We find precise relations between
the optimal rate at which interconversion can take place and the desired infidelity of the final state
when the system size is sufficiently large. These so-called second-order asymptotics provide a bridge
between the extreme cases of single-shot thermodynamics and the asymptotic limit of infinitely large
systems. We illustrate the utility of our results with several examples. We first show how thermo-
dynamic cycles are affected by irreversibility due to finite-size effects. We then provide a precise
expression for the gap between the distillable work and work of formation that opens away from the
thermodynamic limit. Finally, we explain how the performance of a heat engine gets affected when
the working body is small. We find that while perfect work cannot generally be extracted at Carnot
efficiency, there are conditions under which these finite-size effects vanish. In deriving our results
we also clarify relations between different notions of approximate majorisation.
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CHAPTER 6: BEYOND THE THERMODYNAMIC LIMIT

6.1 Introduction

Background. Thermodynamics forms an integral part of contemporary physics, providing us with
invaluable rules that govern which transformations between macroscopic states are possible and which
are not [6.1]. In modern parlance thermodynamics is an example of a resource theory [6.2]. These pro-
vide us with a general framework to study the question of state interconversion by leveraging the struc-
ture imposed by the free states and operations within a given theory. The resource-theoretic approach
has recently garnered renewed attention in the field of quantum information (see [6.3] for a recent
review) and allows us to quantify notions like entanglement [6.4], coherence [6.5-6.7] and asymme-
try [6.8,6.9]. In the study of entanglement, for example, local operations and classical communication
constitute the free operations and separable states are treated as free states. In an analogous way, a
rigorous resource-theoretic formulation of quantum thermodynamics was provided in Refs. [6.10-6.12],
with thermal Gibbs states being free and the laws of thermodynamics being captured by the restricted
set of free operations known as thermal operations.

One of the main problems studied within the resource theory of thermodynamics is single-shot
state interconversion, i.e., identifying when it is possible to convert a given state to another using only
free operations (or, alternatively, identifying what extra resources are necessary to enable such trans-
formations). Although for general quantum states only partial results are known [6.13-6.15] (see also
Ref. [6.16] for the most recent progress), the full solution was found for the restricted case of transform-
ing states with no coherence between distinct energy eigenspaces. For such energy-incoherent states
the necessary and sufficient conditions for single-shot state interconversion are given by a thermoma-
jorisation relation between the initial and final states [6.11]. As a result the allowed transformations are
in general irreversible, which is captured by the fact that the amount of work needed to create a given
state, the work of formation, is larger than the amount of work one can extract from it, the distillable
work. We note that formally the thermomajorisation condition is strongly related to the majorisa-
tion condition appearing within the resource theory of entanglement when studying transformations
between pure bipartite states [6.17].

An important variant of the interconversion problem, lying on the opposite extreme of the single-
shot case, is asymptotic state interconversion. In this case one considers having access to arbitrarily
many copies of the initial state, and asks for the maximal conversion rate at which it is possible to
transform instances of one state to another with asymptotically vanishing error. It was found that
this rate is given by the ratio of non-equilibrium free energies of the initial and target states [6.12].
Thus, the asymptotic interconversion rate is directly linked with the amount of useful work that can
be extracted on average from a given state. Moreover, in this regime all transformations become fully
reversible, as work of formation and distillable work asymptotically coincide. Again, this result closely
resembles that obtained in pure state entanglement theory, where the optimal interconversion rate is
given by the ratio of the entanglement entropies of the initial and target states [6.18].

In this work we study the interconversion problem in an intermediate regime, between the single-
shot and asymptotic cases described above. We thus consider transformations of a finite number n of
instances of the input state and tolerate a non-zero error, which affects the optimal conversion rate.
By developing the notions of approximate majorisation [6.19] and thermomajorisation, we extend a
formal relationship between the resource theories of pure state entanglement and thermodynamics
of incoherent states to the approximate case. This allows us to adapt recently developed tools for
approximate entanglement transformations in Ref. [6.20] to study corrections to the asymptotic rates
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of thermodynamic transformations, the so-called second-order asymptotics (see, e.g., Refs [6.21-6.28]
for other recent studies of second-order asymptotics in quantum information). The crucial technical
difference between Ref. [6.20] and our work is the reversed direction of the majorisation relation,
resulting in free states being given by uniform states rather than pure states. The second-order
corrections were known to scale as 1/4/n [6.12], and our main technical contribution is identifying the
exact constant (including its dependence on the error) and interpreting its thermodynamic meaning.

Motivation. Probably the most famous thermodynamic result concerns the irreversible nature of
thermodynamic transformations, and is often captured by the oversimplified statement “entropy has to
grow”. The dynamics of a system interacting with a thermal bath is irreversible since transformations
performed at finite speed lead to heat dissipation, resulting in a loss of information about the system.
One thus often studies idealised scenarios, when the system undergoes changes so slowly that it stays
approximately in thermal equilibrium at all times. In this quasi-static limit one recovers reversible
dynamics. However, thermodynamic reversibility actually requires one more assumption that is usually
made implicitly. Namely, the thermodynamic description is only valid when applied to systems whose
energy fluctuations are much smaller than their average energy. This is true for macroscopic systems
composed of n — oo particles, in the so-called thermodynamic limit, and is reflected by the reversibility
of the interconversion problem in the asymptotic limit. However, for finite n the macroscopic results
do not hold anymore, leading to another source of irreversibility.

In the emerging field of quantum thermodynamics (see Ref. [6.29] and references therein) a focus is
placed on possible transformations of small quantum systems interacting with a thermal environment.
The necessity to go beyond classical thermodynamics is motivated by the fact that at the nanoscale
quantum effects, like coherence [6.13,6.14,6.30-6.33] and entanglement [6.34-6.36], start playing an
important role. However, beyond these phenomena, in the quantum regime one also deals with systems
composed of a finite number n of particles. Hence, thermodynamic transformations of such systems
are affected by the effective irreversibility discussed in the previous paragraph. The results we present
in this paper provide a mathematical framework to rigorously address this problem. We thus provide
a bridge between the extreme case of single-shot thermodynamics with n = 1 and the asymptotic limit
of n — oo, allowing us to study the irreversibility of thermodynamic processes in the intermediate
regime of large but finite n.

Main Results. In order to state our main results we first need to introduce some concepts that
will be defined more formally in Sections 6.2 and 6.3. Let us consider a finite-dimensional quantum
system, characterised by its Hamiltonian H, in the presence of a thermal bath at fixed temperature 7T'.
The initial state of the system is in general out of thermal equilibrium, and the bath can be governed
by an arbitrary Hamiltonian. Energy-conserving operations that interact the system with a bath in
thermal equilibrium are then known as thermal operations. A simple example of a thermal operation
just swaps the system with a bath (governed by the same Hamiltonian), replacing the initial state with
a thermal Gibbs state. Gibbs states for H, denoted by -, are thus free states in the resource-theoretic
formulation of thermodynamics.

In the following we focus on a system comprised of a finite number n of non-interacting subsystems,
each governed by the Hamiltonian H. Let us consider a pair of subsystem states p and o that both
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commute with H.! Our results will be expressed in terms of two information quantities: the relative
entropy [6.37] with the Gibbs state, D(:||y), and the relative entropy variance [6.21,6.22] with the
Gibbs state, V (+]|7). These quantities can also be interpreted thermodynamically: kgT - D(p||y) is the
difference between the generalised free energies of p and v (with kp denoting the Boltzmann constant);
and V(pl|y) is proportional to a generalised heat capacity of the system. The latter interpretation
is justified since for p =+’ being a Gibbs state at temperature 7" # T, the quantity V(v'[|v) is
proportional to the heat capacity at T7". We also note that D(p||y) vanishes if and only if p = ~,
whereas V' (p||y) vanishes whenever p is proportional to the Gibbs state on the support of p, e.g., when
p is pure.

Let us now consider the problem of thermodynamic state interconversion between a finite number
of instances of a state and for a fixed inverse temperature 3 of the background bath. Formally, we are
looking for the maximal rate R for which there exists a thermal operation £° such that £%(p®") = &
for some state & on Rn subsystems that is sufficiently close to o®#”. To measure the proximity of
two quantum states we will use infidelity, i.e. we require that F(c®%" &) > 1 — ¢ for some accuracy
parameter € € (0,1), where F(-,-) denotes Uhlmann’s fidelity [6.38]. The maximal conversion rate,
denoted by R*(n,e€), depends on both the number of subsystems n and the accuracy e. We can
assume that neither the initial state p nor the target state o are the thermal state 7, as otherwise the
interconversion problem is trivial. We then find the following expansions of R*(n, €) in n:

“(n.¢) = 20l) VI 1) ~ Plel) V(o) 1y,
B9 = Dot (1 *\ wDGel? v >> ~ Do) (l " \/ W Dipl Dl 27 ¢ >> :
(6.1a)

where 7,1 is the inverse of the cumulative function of Rayleigh-normal distribution Z, introduced in
Ref. [6.20] with v given by

L, — Vel"/Dplly)
V(alv)/D(ellv)’

and ~ denotes equality up to terms of order o(1/1/n). We note that Zy = ® is the cumulative normal
distribution function and Z; is the cumulative Rayleigh distribution function. The inverse of the
cumulative Rayleigh-normal distribution is typically negative for small values of € (unless ¥ = 1), and
thus the finite-size correction term that scales as 1/y/n is generally negative. For the special case
V(pllv) = V(o|y) = 0 (when v is undefined) we provide an exact formula for R*(n, €), up to all orders
in n.

In deriving our results we also prove an important relation between two different notions of ap-
proximate majorisation [6.19]. More precisely, we show that pre- and post-majorisation, which hold
when the majorisation relation holds up to the smoothing of the majorising or majorised distribution,
are equivalent. We further extend these concepts to thermomajorisation, which allows us to rigorously
address the problem of approximate thermodynamic transformations.

(6.2)

Tn a particular case of trivial Hamiltonian H o 1, p and o can be arbitrary quantum states.
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Discussion. One of the main applications of our result is to the study of thermodynamic irreversibil-
ity. In the asymptotic limit, n — oo, the optimal conversion rate R* from p to ¢ is equal to the inverse
of the conversion rate from o to p [6.12]. We can thus transform p®" through ¢®®™ back to p®",
so that the rate of concatenated transformations R} is equal to 1 and the process can be performed
reversibly. However, using Eq. (6.1a) twice, one finds the correction term to reversibility rate R, which
is proportional to 1/4/n. Moreover, if v # 1 this correction term is negative for small errors. In fact, it
diverges when the error approaches zero, preventing a perfect reversible cycle. However, pairs of states
with equal ratios of relative entropy and relative entropy variance with respect to the thermal state
(such that v = 1) are reversibly interconvertible up to second-order asymptotic corrections, mirroring a
recent result in entanglement theory [6.39]. Thus, v can be interpreted as the irreversibility parameter
that quantifies the amount of infidelity of an approximate cyclic process.

One particular consequence of the discussed irreversibility is the difference between the distillable
work, Wp, and the work of formation, W, for a given state p [6.11]. The former is defined as the
maximal amount of free energy in the form of pure energy eigenstates 1) that can be obtained per copy
of p; the latter as the minimal amount of free energy in the form of pure energy eigenstates ¥ needed
per copy to create the target state p. We note that in the special case when 1 is chosen to be the
ground state, the distillation process can be considered as Landauer erasure (resetting to zero energy
pure states), whereas the formation process can be seen as the action of a Szilard engine (creating
states out of information). In single-shot thermodynamics Wp and Wy were shown to be proportional
to max- and min-relative entropies with respect to the thermal state [6.11]; while in the asymptotic
scenario they are both equal to W = kgT - D(p||7y), the non-equilibrium free energy of a state [6.12].
Here, using appropriately modified Eq. (6.1a), we show that for large n the values of distillable work
and work of formation per particle lie symmetrically around the asymptotic value, Wp ~ W — AW
and Wrp ~ W 4+ AW, and provide the exact expression for the gap AW. Moreover, in the special
case when the investigated state p is itself a thermal state at some temperature different from the
background temperature, AW can be directly related to the relative strength of energy fluctuations of
the system.

Finally, we investigate how one can investigate the performance of heat engines with finite working
bodies using an appropriately chosen interconversion scenario. This allows us to study finite-size
corrections to the efficiency of a heat engine and the quality of work it performs. More precisely,
we consider a heat engine operating between two thermal baths at temperatures 7} and T, and a
finite working body composed of n particles initially at temperature T,. We show that, unless the
irreversibility parameter satisfies v = 1, near-perfect work can be performed only with efficiency lower
than the Carnot efficiency nc. However, allowing for imperfect work allows one to achieve and even
surpass n¢ [6.40]. Moreover, we find that it is possible for a finite working body to have two thermal
states at different temperatures, T, and T¢s, such that the irreversibility parameter for them is equal
to 1. Thus, in a particularly engineered setting, it is possible to achieve Carnot efficiency and perform
perfect work, while the finite working body changes temperature from 7; to T,.

Overview. The remainder of this paper is organised as follows. We first describe the resource-
theoretic approach to thermodynamics in Section 6.2 and introduce necessary mathematical concepts
used within the paper in Section 6.3. In Section 6.4 we state our main result concerning state in-
terconversion under thermal operations, and discuss its thermodynamic interpretation and possible
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applications. We then proceed to Section 6.5, where we present auxiliary results concerning approx-
imate majorisation and thermomajorisation, which we believe may be of independent interest. The
technical proof of the main result can be found in Section 6.6. We conclude with an outlook in
Section 6.7.

6.2 Thermodynamic setting

6.2.1 Thermal operations

We begin by describing the resource-theoretic approach to the thermodynamics of finite-dimensional
quantum systems in the presence of a single heat bath at temperature 7" [6.11,6.41]. The investigated
system is described by a Hamiltonian H = ), F; | E;)(E;| and prepared in a general state p, whereas
the bath, with a Hamiltonian Hp, is in a thermal equilibrium state,

eiﬁHB

= ire—BHz’ (6.3)

B
where 8 = 1/kpT is the inverse temperature with kg denoting the Boltzmann constant.” The evolution
of the joint system is assumed to be closed, so that it is described by a unitary operator U, which
additionally conserves the total energy,

[U,H + Hp] = 0. (6.4)

The central question now is: what are the possible final states that a given initial state p can be
transformed into?

More formally, one defines the set of thermal operations [6.10], which describes the free operations
of the resource theory of thermodynamics, i.e., all possible transformations of the system that can be
performed without the use of additional resources (beyond the single heat bath). These are defined as
follows:

Definition 6.1 (Thermal operations). Given a fized inverse temperature (3, the set of thermal opera-
tions {EP} consists of completely positive trace-preserving (CPTP) maps that act on a system p with
Hamiltonian H as

&(p) = Tr (U (p@ ) UT) | (6.5)
with U satisfying Eq. (6.4), vp given by Eq. (6.3), and Hp being arbitrary.

Note that energy conservation condition, Eq. (6.4), can be interpreted as encoding the first law of
thermodynamics; whereas the fact that the bath is in thermal equilibrium leads to £°(v) = v, with
~ being the thermal Gibbs state of the system (i.e., given by Eq. (6.3) with Hp replaced by H), thus
encoding the second law.

2Note that within the paper we will refer interchangeably to systems at temperature Ty or inverse temperature fy.
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6.2.2 Thermodynamic state interconversion

The thermodynamic interconversion problem is stated as follows: given a system (i.e., fixing H) to-
gether with initial and target states, p and o, does there exist a thermal operation £° (for a fixed
) such that £%(p) = o7 The general answer for such a question is not known beyond the simplest
qubit case [6.13,6.14] (however, we note that the problem has very recently been solved for a larger
class of free operations given by generalised thermal processes [6.16] for coherent state interconversion).
Nevertheless, for a restricted problem involving only energy-incoherent states, i.e., p and o commuting
with H, the set of necessary and sufficient conditions was found [6.11]. First, note that within this
incoherent subtheory a quantum state can be equivalently represented by a probability distribution.
For a non-degenerate Hamiltonian H, the initial and target states, p and o, that commute with H
are diagonal in the energy eigenbasis, so we can identify them with probability distributions p and gq,
with p; = (E;| p|E;) and ¢; = (E;| o |E;). For degenerate Hamiltonians we note that unitaries within
a degenerate energy subspace are thermal operations, so one can always diagonalise a state within
such subspace for free. Therefore, in a general case the components of p and q representing p and o
are simply given by the eigenvalues of p and o. Next, in Ref. [6.10] (see also Refs. [6.11,6.42] for an
expanded discussion) the existence of a thermal operation between incoherent states was linked to the
existence of a particular stochastic map via the following theorem.

Theorem 6.1 (Theorem 5 of Ref. [6.10]). Let p and o be quantum states commuting with the sys-
tem Hamiltonian H, and ~ its thermal equilibrium state. Denote their eigenvalues by p, q and =,
respectively. Then there exists a thermal operation E° such that £5(p) = o if and only if there exists
a stochastic map AP such that

AMy=~, ANp=gq. (6.6)

As a result, studying thermodynamic interconversion problem between energy-incoherent states,
one can replace CPTP maps and density matrices with stochastic matrices and probability vectors.
We will fully address this simplified problem in Section 6.3.

In this paper we study a particular variant of the general interconversion problem: the limit of
asymptotically many copies of input and output states. Informally, we want to find the optimal rate
R* allowing one to transform n copies of an energy-incoherent state p into R*n copies of another
energy-incoherent state o, as n becomes large. Since the dimension of the input and output spaces
must be the same?, we note that one can append any number of states in thermal equilibrium, Y™, to
both the initial state p®”, and target state c®%". Physically, it is motivated by the fact that thermal
states are free resources; mathematically, it comes from the fact that the bath Hamiltonian Hpg is
arbitrary (so, in particular, it may contain m copies of the system, effectively adding Y™ to the initial
state) and that transforming any copy of the system into 7 is a thermal operation (so that the part
of the final state beyond o®f'" can always be replaced by v*™). Therefore, we ask for the maximal
value of R* (in the limit n — oc) for which there exists a thermal operation £ satisfying

EF(p®" @O = o BT @ 4O, (6.7)

where ~ denotes closeness in some distance measure, e.g. infidelity or trace norm.

3Strictly speaking this is only true because of our choice of Definition 6.1. More generally the partial trace in Eq. (6.5)
may be taken over arbitrary subsystem, not necessarily B. However, as it does not affect our analysis, we believe that it
is more compelling to keep the dimension of the system under study fixed.
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As already mentioned in the Introduction, our focus here is on R* for large but finite n, i.e., we
look for corrections of order 1/4/n to the optimal conversion rate coming from the finite number of
systems involved in the thermodynamic process.

6.3 Mathematical preliminaries

6.3.1 Majorisation and embedding

Unless otherwise stated we consider d-dimensional probability distributions and their products. We
define the uniform state n and the thermal Gibbs state « at inverse temperature 3 as

1

ni= [l 1) (6.82)
1

vi= 3 e PP L, eiﬁEd} , (6.8b)

with E; denoting the eigenvalues of H and Z =}, e PPi being the partition function of the system.
Moreover, we we call a distribution f flat if all its non-zero entries are equal. Note that in the infinite
and zero temperature limits, 5 — 0 and 8 — oo respectively, the thermal state v becomes flat.
Specifically, in the former case v — m, and in the latter v — s := [1,0,...,0] for Hamiltonians with
non-degenerate ground spaces.

The most general transformation between two probability distributions is given by a stochastic
matrix A satisfying A;; > 0 and ), A;; = 1. We denote by AP a Gibbs-preserving stochastic matrix
with a thermal fixed point, i.e., APy = ~. In particular, a matrix A? that preserves the uniform
distribution 7 is also called bistochastic. A probability vector p is said to majorise q, denoted by
p >+ q, if and only if

k k
> pr > df, (6.9)
=1 =1

for all k € {1,...,d}, with p* denoting a probability vector with entries of p arranged in a non-
increasing order. We then have the following central result that is used in the study of state intercon-
version:

Theorem 6.2 (Theorem I1.1.10 of Ref. [6.43]). There exists a bistochastic matriz mapping from p to
q if and only if p > q, i.e.
JAY: A% =n and A'p=gq — p>-q. (6.10)

The above theorem can be generalised from bistochastic matrices A° to Gibbs-preserving matrices
AP with arbitrary 8. To achieve this we first need to introduce the following embedding map.

Definition 6.2 (Embedding map). Given a thermal distribution ~ with rational entries, ~; = D;/D
and D;, D € N, the embedding map TP sends a d-dimensional probability distribution p to a D-dimensional
probability distribution p := T'?(p) as follow:

R P1 P1 Pd Pd
S e N <L A . 4 6.11
p Dl’ Dl, ’Dd’ ’Dd ( )
D1 times Dy times
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The potentially irrational values of v; can be approached with arbitrarily high accuracy by choosing D
large enough.

Note that 4 = n”, i.e., embedding maps a thermal distribution into a uniform distribution over D
entries, and that T'% is injective, implying the existence of a left inverse (Fﬁ )~1. The action of (I‘ﬁ )1
on a D-dimensional vector r is given by summing up all the entries belonging to the same block of
D; entries. Moreover, I'¥(T'¥)~! is a bistochastic map, that transforms each block of D; entries into a
uniform distribution, i.e., given an index j belonging to a block D;, denoted by j € [D;], we have

LT
D8 (%)~ 1p); = @. (6.12)
D;
We can also introduce the embedded version of a matrix AP,
AP = TPAP(DA) L. (6.13)

Notice that AP is a bistochastic matrix, as it clearly maps the set of D-dimensional probability distri-
butions into itself, and it preserves the uniform state n=,

APnP =TPAP(DP) 14 = TPANPy = TPy = 9P, (6.14)

Using the notion of embedding we can define thermomagjorisation relation [6.11] (originally intro-
duced in Ref. [6.44] as d-majorisation). A probability vector p is said to thermomajorise g, denoted
by p =P g, if and only if the majorisation relation holds between the embedded versions of p and q,
i.e.,

p-"q = p=-q (6.15)

Note that for § = 0 thermomajorisation becomes standard majorisation, as the embedding map is the
identity matrix. Now, we have the following equivalence

AMp=q << MAp=yq, (6.16)
which, since AP is bistochastic, allows us to use Theorem 6.2 to obtain

Corollary 6.1 (Thermodynamic interconversion). There exists a Gibbs-preserving matriz mapping
from p to q if and only if p =P q, i.e.

JAP . APy =~ and A’p=gq — p-Pq. (6.17)

Due to Theorem 6.1, Corollary 6.1 specifies the necessary and sufficient conditions for energy-
incoherent state interconversion under thermal operations. In Fig. 6.1 we present the chain of equiva-
lence relations leading to this result.

6.3.2 Information-theoretic notions and their thermodynamic interpretation

The relative entropy or Kullback-Leibler divergence of a probability distribution p with q is defined as

d
D(pllq) == pi IOg% (6.18)
i=1 v
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of Thm. 6.1 AP

&y
Nej
g
@]

q

Figure 6.1: Interconversion equivalence. Quantum states p and o are energy-incoherent, and their eigenvalues
are given by p and q, respectively. The arrow between states (distributions) symbolises the existence of a given
map.

whenever the support of g contains the support of p (otherwise the divergence is set to +00). Denoting
the average of a random variable X in a state p by

(X)p=>_ piXi, (6.19)
i
we can introduce a random variable L with

Pr [L = log pi] = pi, (6.20)
q;

so that the divergence can be interpreted as the expectation value of the log-likelihood ratio, D(p||q) = (L)p.
Similarly, we define the corresponding variance, the relative entropy variance, as

V(pllg) := Varp(L), (6.21)

where
Vary (X) = (X — (X))%)p- (6.22)
The following equalities are an immediate consequence of the embedding map introduced in Eq. (6.11):
D(pllg) = D(pllg)  and  V(pllg) =V(pla)- (6.23)

In this work we will mostly encounter these quantities in the special case when q = = is the thermal
distribution corresponding to inverse temperature 3,

_ —BE;
= Z=) e PP (6.24)

Then, both D(p||7) and V(p|v) can be interpreted thermodynamically. First note that

D(pllv) = B(E)p — H(p) +10g Z, (6.25)
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with (E)p being the average energy and

d
H(p):=—> pilogpi (6.26)
i=1

denoting the Shannon entropy of p (as a function of a distribution p it should not to be confused
with the Hamiltonian H). Now, recall that the classical expression for free energy reads U — T'S, with
U being the average energy of the system, T' the background temperature and S the thermodynamic
entropy; and that the free energy of the thermal state is —kpT log Z. We thus see that D(p||v)/8
can be interpreted as a non-equilibrium generalisation of free energy difference between an incoherent
state p (represented by a probability distribution p) and a thermal state .

Now, to interpret V(p||7y) let us first introduce a covariance matrix M for the log-likelihood logp
and energy in the units of temperature SE:

v~ | Covp(BE,BE)  Covp(BE,logp) ]

| Covp(logp, BE) Covp(logp,logp) (6.27)

where Covp(X,Y) = (XY)p — (X)p(Y)p. The relative entropy variance can then be expressed as

2
V(plly) = > My (6.28)

3,j=1

In a particular case when the distribution p is a thermal distribution 4’ at some different temperature
T' # T, the expression becomes

Vil = (1-T) e (6.29)
7 7 - T kB7 .
where 8<E)
_ Y’
R (6.30)

is the specific heat capacity of the system in a thermal state at temperature 7".

Finally, let us note that one can define quantum generalisations of both the relative entropy,
D(p||o) [6.37], and the relative entropy variance, V(p||o) [6.21,6.22]. Moreover, for a quantum state p
commuting with the Hamiltonian, these relative quantities with respect to the thermal state + coincide
with classical expressions,

D(pllv) = D(pllv),  V(pollv) = V(pllv), (6.31)

where p denotes the vector of eigenvalues of p.

6.3.3 Approximate interconversion

As already mentioned in Section 6.2 we will focus on approximate interconversions, allowing the final
state q to differ from the target state g, as long as it is close enough. We measure distance between
states using the infidelity,

6(p,q) :=1-F(p,q), (6.32)
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where the fidelity (or Bhattacharyya coefficient) is

d 2
F(p,q) = <Z \/]T‘]i) : (6.33)

i=1

We will also use the fidelity F between two (continuous) probability density functions f(z) and g(x),

defined as . )
F(f.9) = ( / VI dx) - (6.34)

The two important properties of the infidelity that we will use throughout the paper are as follows.
First, since fidelity is non-decreasing under stochastic maps we have

5(A°p, A\°q) < é(p, q). (6.35)

Second, the distance d between two probability vectors is the same as between their embedded versions,
ie.,

o(p,q) = 4(p,q), (6.36)

which can be verified by direct calculation.

Although we will be mainly concerned with “smoothing” the final distribution (allowing it to differ
from the desired target one), it is useful to introduce two dual definitions of approximate majorisation
and thermomajorisation.

Definition 6.3 (Pre- and post-thermomajorisation). A distribution p e-pre-thermomajorises a distri-
bution q, which we denote p ~° q, if there exists a p such that

p>"q and i(p,p) <e (6.37)
A distribution p e-post-thermomajorises a distribution q, which we denote p >—6’8 q, if there exists a q
such that

p="G and  d(q,q) <e (6.38)

In a particular case of B = 0, when thermomajorisation coincides with majorisation, we will speak of
pre- and post-magjorisation, denoted by .~ and ., respectively.

Let us make a few comments about the above definition. First, notice that due to Corollary 6.1,
p =% q means that in the vicinity of p there exists a state p and A? that maps it to q. Similarly,
p >§ q means that there exists A? that maps p to ¢, which lies in the vicinity of q. We illustrate
this in Fig. 6.2. Next note that both >€ and 0>f8 reduce to thermomajorisation >?, specifically =0
and 0>0 are equivalent to the standard majorisation relation . Let us also mention that the concept
of majorisation between smoothed distributions has been recently studied in Refs. [6.19,6.45, 6.46].
Moreover, as with exact thermomajorisation, approximate thermomajorisation specifies the existence
of a thermal operation between two energy-incoherent states. More precisely, due to Theorem 6.1,
Corollary 6.1 and Definition 6.3, we have the following;:
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Corollary 6.2. Let p and o be quantum states commuting with the system Hamiltonian H. De-
note their eigenvalues by p and q, respectively. Then there exists a thermal operation E° such that
5(EB(p), o) < e if and only if p -0 q.

Finally, let us make an important comment concerning approximate majorisation. Consider two
distributions, p and q, such that p >. q. By definition there exists q close to g that is majorised by
p. As majorisation is invariant under permutations, p also majorises any distribution IIg, where II is
arbitrary permutation. However, the fidelity between q and Ilq is, in general, permutation-dependent.
It is the largest, when the ¢-th largest entries of ¢ and IIg coincide for all ¢, and so it is equal to
F(q*,@"). Therefore, for a given § satisfying some majorisation relation, we know that for every state
q there exists I1q satisfying the same relation, and with

F(11g,q) = F(q", q"). (6.39)

Thus, in the context of approximate majorisation, while calculating fidelities between any two states
we will assume, without loss of generality, that they are ordered.

B

P.~"q

Figure 6.2: Pre- and post-thermomagorisation. Arrows depict the existence of Gibbs-preserving maps between
corresponding distributions, whereas e-circles represent sets of probability distributions whose distance § from
p and from q is smaller than e.

6.3.4 Asymptotic notation

As we will be interested in approximating the optimal rate up to terms of order O(1/y/n), we will
adopt the following asymptotic notation for sequences {a, }, and {b,}, in n € N.

an ~b, <= a,—b,=0(1/vn),

(6.40a)
an Sby = an—b, < fr=0(1/v/n), (6.40Db)
an 2 by, = ap—by > g, =o0(1/vn), (6.40c¢)

where {f,}, and {g,}, are auxiliary sequences that we usually do not introduce explicitly.
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6.3.5 Rayleigh-normal distributions

The dependence of the finite-size corrections to optimal interconversion rate on the infidelity is given by
generalisations of the Gaussian distribution known as the Rayleigh-normal distributions. This family
of distributions was first introduced in Ref. [6.20] in the context of LOCC entanglement conversion. In
order to define it, let us first denote the Gaussian cumulative distribution function, with mean value
i and variance v, by ®,, ,,

1 T -w?
CIDWJ(JU):\/%T/ e 2 dt. (6.41)
—0o0

As a shorthand notation we will also use ® to denote ®¢ ;. Following Ref. [6.20] we can now define

Definition 6.4 (Rayleigh-normal distributions). For any v > 0 the Rayleigh-normal distribution is a
distribution on R, whose cumulative function is given by

Zy,(p) :=1— jli%}" (A, @Lyy) , (6.42)

where the supremum is taken over all monotone increasing and continuously differentiable A : R — [0, 1]
such that A > ® pointwise; and f'(x) denotes the derivative of f(x).

(@ _ (v)

<1 v>1
—_— =0 — U =00
— v =1/10 1+ — v =10 1F
v=1/6 1/:6
—v=1/3 =
—_— =1 —_—p =1
0.75| 0.75}
0.5
(25 .
3 2 1 0 1 2 3 3 2

Figure 6.3: Rayleigh-normal distributions. Plots of Rayleigh-normal cumulative probability distributions in-
troduced in Ref. [6.20]. Note the difference between the above graphs and those presented in Fig. 1 of Ref. [6.20].
The parameter is chosen in the ranges (a) v € [0,1] and (b) v € [1,00]. Due to the duality property, Eq. (6.45),
the plots can be directly related to the ones presented in panel (a).

We now present some relevant properties of the Rayleigh-normal distributions.

Lemma 6.3 (Section 2 of Ref. [6.20]). The Rayleigh-normal distributions have the following properties:
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e The v — 0 case converges in distribution to the normal Gaussian,

lim Z,(u) = @(u). (6.43)

v—0

e The v =1 case reduces to the Rayleigh distribution of scale parameter o = /2,

1—e /4 >0,

6.44
0 w<0. ( )

Zi(p) = R s5(pn) == {

o The Rayleigh-normal distributions possess a duality under inversion of the parameter v of the
form

As well as these properties, an explicit form for the Rayleigh-normal distribution can be given. If
we define o, as the unique solution [6.20, Lemma 3] to

i) _ o) (6.46)
P, (2)  Puu(z)
and let
D(ay,,)
o) l,(w)iu x < oy,
A%U = a (I)u,u(auﬂ/) a (647)
(I)(IL‘) x> Qv
then for v > 1 we have
arg max F (A", @, ) = Al ,, 6.48
o (4,8],) = 4, (649

and so Z,(u) =1—F (A, @LW) [6.20, Theorem 4]. Using the duality property, Eq. (6.45), a similar
expression can be given for v € (0,1). We present plots of Rayleigh-normal distributions for a few

selected values of v in Fig. 6.3.

6.4 Second-order asymptotics for thermodynamic interconversion

6.4.1 Statement of the main result

We are now ready to state our main result concerning the second-order analysis of the approximate
interconversion rates between independent and identically distributed (i.i.d.) states under thermal
operations. We focus on initial and target states, p and o, that commute with the Hamiltonian H, so
that we can represent them as probability distributions, p and g, over their eigenvalues. For two fixed
distributions p and g we will be interested in the trade-off between three parameters in the asymptotic
n — oo regime: the rate of conversion R, the infidelity €, and the inverse temperature of the bath 3.

4Note that for fixed H the inverse temperature § fully specifies the thermal Gibbs distribution ~.
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Specifically, we will be interested in the triples (3, ¢, R) for which there exist Gibbs-preserving maps
AP such that

(5(A5 (p®" @ 42, (¢¥Fr & ,y®n)) <e (6.49)

where v denotes the Gibbs state at inverse temperature 3. By Corollary 6.1 and Definition 6.3 this
condition is equivalent to approximate post-thermomajorisation,

and, by Corollary 6.2, there exists a thermal operation transforming p®" into a state e away in the
infidelity measure from o®f".

We then define the optimal interconversion rate Rz; (n,€;p,q) and the optimal infidelity of inter-
conversion € (n,R;p,q) as

Rj :=max {R ‘ pEn @ 4Ol B g®hn g 7®”} , (6.51a)

Xn

R SR ¥ (6.51b)

ez :=min {e

When it is clear from context we will drop the explicit dependence on p and g. Our main result is
then given by the following theorem.

Theorem 6.3 (Second-order asymptotic interconversion rates). Let p and o be energy-incoherent
initial and target states with eigenvalues given by p and q, respectively. Then, for inverse temperature
B and infidelity € € (0,1), the optimal interconversion rate has the following second-order expansions

Dl (4 | Vil o )
9= Digl (1+ W D(p|ly)2 21wt )) (6.52a)

_ D(pllv) V(glv) B

~ D(qllv) (1+ \/TLD(pHFy)D(qH»y) Zy (€)> : (6.52b)

where

V(pllv)/D(plv)
V(allv)/D(qllv)

(6.53)

is the irreversibility parameter.

The full proof of Theorem 6.3 can be found in Section 6.6. Before presenting it, we will discuss
some of its consequences and applications in Section 6.4.2, and prove auxiliary results concerning
approximate majorisation in Section 6.5. But first, let us make a few technical remarks about the
above theorem. Note that Eq. (6.52a)-(6.52b) are simply related by the duality property of Rayleigh-
normal distribution, Eq. (6.45). The reason to state both formulas is that this way one covers each
of the special cases, V(p||v) = 0 and V(q|y) = 0, avoiding the use of Z!, which is undefined. The
special case when both relative entropy variances vanish is covered separately in Section 6.6.2, where
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Figure 6.4: Comparison between the second-order approximation R, and exact thermal interconversion rates
R*, when converting from p = 5 [0)(0] + 2 [1)(1| to o = 35 0)(0| + & |1)(1], with Hamiltonian H = |1)(1| and
access to a thermal bath at temperature 1/8 = 3. The circles indicate exact conversion rates (c.f. Section 6.C),
and the lines the second-order approximation given by Eq. (1). As the exact interconversion rate is always a
multiple of 1/n, we have also indicated the rounding of the second-order approximation to the nearest multiples
of 1/n with error bars. The colours indicate the infidelity tolerance, with € = 5 x 1072 for red and ¢ = 107°
for blue. The dotted line indicates the asymptotic interconversion rate R;. We plot the results for n < 20 in
Figure 6.10.

an exact expression for R*(n,¢€) is provided (the asymptotic expansion of which coincides with the
appropriate limit of Eq. (6.52a)).

Furthermore, since all the involved states are energy-incoherent, one can replace probability distri-
butions p, g, in Theorem 6.3 with density matrices p,o,~. This way one can study interconversion
between non-commuting states p and o, as long as they both commute with H. For example, if the
Hamiltonian is trivial, H o« 1, p and ¢ may be arbitrary states. Thus, Theorem 6.3 yields a com-
plete second-order analysis of interconversion under noisy operations [6.47], as for trivial Hamiltonians
thermal operations coincide with noisy operations.

Finally, using results originally derived in Ref. [6.48] (see Section 6.B), one can numerically evaluate
the optimal interconversion rates. In Section 6.C we show that this algorithm can be executed with
a runtime that is efficient in the system size. Using this, in Figures 6.4 and 6.10 we can compare
our second-order expansion to the exact interconversion rates. We find that even for relatively small
system sizes, the second-order asymptotic expansion gives a remarkably good approximation to the
optimal interconversion rates, especially when compared to the first-order asymptotics.

6.4.2 Discussion and applications

Although general state interconversion may seem to be a rather abstract problem, we will now show
how the formalism can be applied to study more familiar thermodynamic scenarios. Since asymptotic
conversion rates allow for reversible interconversion cycles and the results presented in the previous
section describe finite-size corrections to these rates, our considerations will mainly revolve around
irreversibility. We will first quantify it directly, by calculating the rate at which n copies of a system
can be transformed from initial state p, through o, and back to p. We will then discuss the gap
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between work of formation and distillable work that opens when one processes finite number n of
systems. Finally, we will apply our results to study the performance of heat engines operating with
finite-size working bodies.
Finite-size reversibility

We start by considering the following thermodynamic process

p®n —y g®Rn _, p®R’Rn’ (6.54)
with optimal interconversion rates given by
R = Rz(nﬂ €1; D, q)7 RI = RE(RT% EZ;qap)7 (655)

where p and o commute with the Hamiltonian and their eigenvalues are given by p and g, respectively.
Without the second-order asymptotic corrections derived in this work, the reversibility rate R} := RR’
is equal to 1, and Eq. (6.54) describes a perfect cyclic process illustrated in Fig. 6.5a. However,
including finite-size corrections, from Eq. (6.52a) we get

* VpllY) 1) o Vigllv) -1,
RT‘(” nD(p|r)E 1 ”) (“ RnD(ally)? m)’

with the irreversibility parameter v given by Eq. (6.53). Now, using the duality of Rayleigh-normal
distribution, Eq. (6.45), and ignoring the terms of order o(1/y/n) we obtain

Ri~1+ V(p|’7)2 (Zf/ly(el) + Zf/ly(62)> . (6.56)

nD(plv)

The error is accumulated during both transformations appearing in Eq. (6.54). However, since the
infidelity ¢ is not a metric, we cannot simply add the errors. Instead, we note that v/ is a metric,
and so it satisfies the triangle inequality. Thus, the total error €, i.e., the infidelity between the final
state and the target state p®%", satisfies /e < Vel + /€. Actually, for €; + e < 1, one can obtain a
tighter upper bound [6.49],

< (Val-a)+vVal-a) (6.57)

Let us now introduce a threshold amount of infidelity,
€0 = Z1,,(0) = Z,(0), (6.58)

where the equality comes from duality of Rayleigh-normal distribution. Note that, if v = 1, resulting
in €9 = 0, then for any finite error one can eventually achieve R} > 1, and a perfect transformation
with R} = 1 and arbitrarily small error can be achieved. Thus, pairs of states satisfying v = 1 are
reversibly interconvertible up to second-order asymptotic corrections, analogously to a recent result in
entanglement theory [6.39]. The use of such states in thermodynamic transformations is favourable,
as it minimises the dissipation of free energy to the environment.
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We will now show that the irreversibility parameter v quantifies the incompatibility of two states
(in that transformation from one state to the other leads to irreversibility) also beyond the special
v = 1 case. Consider a process in which one requires that the number of systems n stays constant at
all times. In other words, we require R = R’ = 1, which implies

€1 = €9 = €. (6.59)

Now, since Z,(0) < 1/2, with equality achieved only for v = 0 and v — oo, the error rates satisfy
Eq. (6.57) and the total error € can be bounded by

e < deo(1 — o) = 42,(0) (1 — Z,(0)) . (6.60)

We present the above bound as a function of v in Fig. 6.6a. We see that the closer v is to 1, the
less error will be induced while performing a thermodynamic transformation p®"* — ¢®" — p®" or, in
other words, the more reversible the process will be.

() (b)

n, 6P, q

p®n ~ D(q|]v) U@Rn p®n O_®Rn

Irreversible
process

Reversible

QR Rn

P

Figure 6.5: Finite-size irreversibility. (a) In the asymptotic limit, n — oo, the optimal conversion rate from
p to o is equal to the inverse of the conversion rate from o to p. Therefore, reversible cycles can be performed.
(b) In general, finite n corrections to conversion rates for near-perfect interconversion are negative, leading to
irreversibility with R'R < 1.

Distillable work and work of formation gap

One particularly important consequence of irreversibility is the difference between distillable work and
work of formation [6.11]. These quantify the amount of thermodynamically relevant resources that can
be distilled from, or are needed to form, a given state. Similarly to the resource theory of entanglement,
where Bell states act as standard units of entanglement resource [6.4], also within the resource theory
of thermodynamics there are states acting as “gold standards” for measuring the amount of resources
present in a state. These are given by pure energy eigenstates which, having zero entropy, have a
clear energetic interpretation. The transformation requiring a change of an ancillary battery state
|w), with energy w, into a state |0), with zero energy, is thus interpreted as performing work w; and
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a transformation allowing for an opposite change corresponds to extracting work w. Hence, in order
to assess the thermodynamic resourcefulness of n copies of a given energy-incoherent state, p®", we
will now investigate how much the energy of a pure battery system has to decrease per copy of p to
construct p®”, and how much can it increase per copy of p while transforming p®” to a thermal state?

1 \ : : : :
— 47,(0)(1 — Z,(0)) b — 7,(0)
0.8} (a) ’ 1 0.4} ( ) === alog?(v)

0.6 =
0.4 a
0.2 a

| | | |
OO 2 4 6 8 10

Figure 6.6: Bounds on the infidelity of thermodynamic transformations. All plots are symmetric under v — 1/v
transformation. (a) The upper bound on the total error accumulated in a cyclic process p®* — g®% — p®™ as a
function of irreversibility parameter v. (b) Infidelity generated by a heat engine working at the Carnot efficiency
during a process that heats up the finite working body from T; to T., as a function of irreversibility parameter
v (that depends on both T, and T/, as well as on the hot bath temperature through Eq. (6.53)). The optimal
achievable infidelity during the process is plotted in solid line, while the bound on the infidelity generated
during a continuous process (when the finite working body evolves through thermal states at all intermediate
temperatures) is plotted in dashed line.

More formally, to calculate work of distillation Wp we want to find the maximal value w allowing
for the thermodynamic transformation

(p @ 10){0)®" = (v @ Jw)(w])®", (6.61)

where the second subsystem is a battery described by a Hamiltonian Hg = 00)(0| + w |w)(w|. Simi-
larly, to calculate work of formation Wr we want to find the minimal value w allowing for the ther-
modynamic transformation

(v @ [w)(w])®* = (p ® [0)(0)*" (6.62)
Using Theorem 6.3 we can obtain the optimal rate for transformation described by Eq. (6.61) as a
function of w, set it to 1 and solve for w, thus arriving at the approximate expression for the work of
distillation:

Viplly) . —
W ~ kT (D@Hw L2 1<e>> , (6.63)
with p denoting the eigenvalues of p and ®~! being the inverse of the normal Gaussian distribution.
One can obtain the expression for the work of formation in an analogous way, this time looking for the

optimal rate for transformation given in Eq. (6.62), resulting in

Wi ~ kT (D<p|w> - V(””“’)cwe)) | (6.64)

n
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AW =—kpT-/ Y@M -1 (¢)
Diax (Pl17)
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Figure 6.7: Distillable work and work of formation gap. The behaviour of distillable work W and work of
formation W varies in different regimes. In single-shot scenarios they are proportional to min- and max-relative
entropies [6.11]. In the intermediate regime of large but finite n studied in this work, the values of Wp and Wg
lie symmetrically around the value achieved in the asymptotic limit, where Wp and Wr coincide and are equal
to the non-equilibrium generalisation of free energy. Note that the y axis above is in the units of kpT.

First of all, let us briefly comment on the effect that imperfect transformations (characterised by
infidelity €) have on the interpretation of distillable work and work of formation derived above. In
the case of distillable work the non-zero infidelity means that the final battery state may differ from
the pure state |w)(w|®", so one may actually distil less than Wp work per particle. Similarly, for
the work of formation the final state of the battery may differ from the pure state |0)(0|®", so one
may actually use more than W work per particle (by using the purity of the battery). To overcome
such problems, one may employ the idea of e-deterministic work extraction [6.50] in the following way.
After the distillation process (the argument for the formation process is analogous) one can simply
measure the battery in its energy eigenbasis. With probability larger or equal to 1 — ¢ the battery
state will collapse on |w)(w|®™ (and so n - Wp work will be distilled), and with probability e the work
gain will differ from the derived value. Additionally, one has to take into account the thermodynamic
cost of measuring the battery (erasing memory), proportional to the binary entropy of € (note however
that this cost is constant and so the cost per particle vanishes as 1/n). Crucially, by choosing € to be
arbitrarily small, one can approach deterministic work distillation arbitrarily well, i.e., distil n - Wp
work with probability arbitrarily close to 1.

Secondly, let us note that with the second-order asymptotic correction Wp and Wg lie symmetri-
cally around the asymptotic value W = kgT - D(p||v),

WpaW — AW, Wpa~ W+ AW, (6.65)
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with

AW = —kpT - V(’;'h)@l(e). (6.66)
Notice that the above correction term is positive for small values of infidelity ¢, so that the resource
cost of near-perfect formation of a state is always larger than the amount of resources than can be
distilled from it. This symmetric gap that opens for finite n is illustrated in Fig. 6.7, where we also
compare it with the values of Wp and Wg for the single-shot scenario n = 1 (where Wp and Wg
generally lie asymmetrically around the asymptotic value ).

Furthermore, our second-order correction for distillable work exactly coincides with the one derived
in Ref. [6.50] within an alternative thermodynamic framework, where state transformations are mod-
elled by a sequence of energy level transformations (changes of Hamiltonian eigenvalues interpreted as
performing/extracting work) and full thermalisations (replacing a state with the thermal state), rather
than by thermal operations. This might have been expected, as the authors of Ref. [6.51] (and more
recently of Ref. [6.52]) showed that any transformation between energy-incoherent states which can
be achieved via a thermal operation, can also be achieved by a sequence of level transformations and
partial level thermalisations.

Finally, let us analyse the special case when the state under scrutiny is itself a thermal equilibrium
state 4/, at some temperature 7" different from the background temperature 7. In the asymptotic
limit n — oo, both distillable work Wp and work of formation Wx coincide with the standard thermo-
dynamic result: the maximal (minimal) amount of work that can be extracted (needs to be invested)
while changing the temperature of the system from 7" to T (from T to T”) is given by its free energy
change. However, we also obtain the second-order asymptotic correction to Wp and W, given by

AW = —|T —T'| ]“3% > (e), (6.67)

where we have used Eq. (6.29) to relate the relative entropy variance with c7v, the heat capacity of
the system at temperature 7”. In order to interpret this correction term, we first note that standard
thermodynamic results apply when fluctuations of energy are much smaller than the average energy of
the system. Now, to quantify the relative strength of fluctuations, we introduce a fluctuation parameter
f as a ratio of the total energy variation and the total energy itself,

Var~/(E k / T
fi= vnVary (E) \/ BET” . (6.68)
n<E>7/ n <E>,7/
We then see that the correction term AW can be expressed as
1 T
AW = —fwd " (e), w = (E)y |1 77| (6.69)

so that AW is directly related to the relative strength of fluctuations f, and disappears when the stan-
dard thermodynamic assumption, f = 0, holds. Note that ®~1(¢) is negative for € < 1/2. Moreover, w
is the amount of work performed by an engine operating at Carnot efficiency between two heat baths
at temperatures 7' and 7", when the amount of heat equal to (E).s flows in to, or out of, the bath at
temperature 7" (the former for T' > T”, the latter for 77 > T)).
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Corrections to efficiency of heat engines

One of the consequences of studying thermodynamics in the quantum regime is that it may not
always be plausible to assume that working bodies and thermal reservoirs are infinite. Thus, recent
studies focused on the effects finite-size baths have on standard thermodynamic results like fluctuation
theorems [6.53], Landauer’s principle [6.54], second [6.55] and third law of thermodynamics [6.56].
Moreover, the performance of heat engines operating between finite-size baths was investigated in
Refs. [6.57,6.58] (by directly focusing on the behaviour of thermodynamic quantities and not on the
interconversion problem) and Ref. [6.59] (where the main focus was on the energetic structure of the
finite bath and not on its size). Here, we will show how our results can be employed to investigate
the performance of heat engines with finite working bodies, by studying the appropriately chosen
interconversion problem. As we will discuss systems in equilibrium at different temperatures, we will
indicate the (inverse) temperature in the subscript. More precisely, a system at temperature Ty (at
inverse temperature ) will be denoted by 7, and the corresponding partition function by Z. Also,
note that equilibrium states are diagonal in the energy eigenbasis, so our results are applicable.

We consider two infinite baths at temperatures T}, > T¢, and a finite working body composed of n
particles initially at a cold temperature T, (analogous considerations hold for the initial temperature
being T},). As in the previous subsection, we also include a battery system comprised of n two-level
systems, each described by Hamiltonian Hp = w |w)(w|, initially in a zero energy eigenstate |0)(0|“".
We now couple the working body at temperature T, and the battery to the hot bath, allowing us to
perform a thermal operation with respect to temperature 7j,. In particular, we consider the following
transformation

(e ® [0)(ON®"™ = (yer ® [w) {w])®". (6.70)

This transformation can be understood as a result of heat @Q;, flowing from the hotter background
bath into an engine; part of it, Qoyt, then heats up the working body composed of n particles from T,
to T, while the remaining energy is used to perform work n - w on n particles comprising the battery.
We schematically present this thermodynamic process in Fig. 6.8.

The heat Qout flowing into the working body is given by the change of energy,

Qout = nAE, (6.71)

while the optimal amount of performed work W = n - w can be calculated similarly as in the previous
subsection (by setting the rate from Eq. (6.52a) for the transformation given by Eq. (6.70) to 1 and
solving for w), yielding

V(e _
w ~ kpTh (AD + Wzl/ly(e)> : (6.72)
where we have introduced the following shorthand notation
AE = (E)y, — (E)~., (6.73a)
AD := D(vcllm) — D(ve|lm), (6.73Db)

and v =V (ve||vm)/V (v || 7). Now, using energy conservation,

Qin = Qout + W, (674)
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(a) (b)

Th ﬂl

Qout[VQiW = V
. K =)

" |0)(0]*" V& ®

‘@m

Figure 6.8: Performance of a heat engine as an interconversion problem. (a) The transformation of the
working body (initially at cold temperature 7;) and the battery (initially in the ground state), (y. @ |0)(0])®™,
can be seen as heat flowing in and out of the engine that performs work on the battery. (b) As a result of
such interconversion, i.e., the heat engine performance, the finite working body ends up at the intermediate
temperature T, , while the battery gets transformed to an excited state |w)(w|®".

we can calculate the efficiency of the considered process to be

w Qout !
n—Qin—<1+ W > , (6.75)
with Qout and W given by Egs. (6.71) and (6.72), respectively.

In order to interpret the obtained expression let us first analyse the limiting case. Ignoring the
second-order asymptotic correction (sending n — 00), the extracted work is just equal to the change
of the free energy of the working body. In Appendix 6.A we show that this is exactly the amount of
work that would be extracted by an engine operating at Carnot efficiency,

Tk
Ty’
between an infinite bath at fixed temperature T, and a colder finite bath that heats up during the

process from Ty = T¢. to Tx = Ti. In other words, without the 1/y/n correction we obtain an integrated
Carnot efficiency nii* that arises from an instantaneous Carnot efficiency nc at all times,

ne(Tx) ==1- (6.76)

AE \!

N (T = To) = (14 —= | . :

¢ (Te = To) ( +kBThAD> (6.77)
The relation becomes even more evident when we consider the limit AT — 0. Then
AE 212% op AT, (6.78a)
AT—0 1 1

AD —— ¢, AT .78b
<,I€BT kBTh> ’ (6 ® )
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with c7. denoting the heat capacity of the system at temperature 7¢, and so

i AT—0
ng‘lt(TC — TC’) ;> Ule; (Tc)- (6.79)

Now, the finite-size correction leads to a modified expression for integrated efficiency, given by

i i kB (Th - TC)AE cT _
nt i 1
e (kpThAD + AE‘)2 nkp 1/1/(6)’ (680)

where we have used Eq. (6.29) again to relate the relative entropy variance with the heat capacity of
the system. We first note that there exists a threshold amount of infidelity €p, given by Eq. (6.58),
below which the correction term is negative. Since the infidelity between final and target states can
be interpreted as performing imperfect work, near-perfect work can be performed only with efficiency
strictly smaller than niélt. On the other hand, accepting infidelity ¢ > ¢y allows one to achieve and
even go beyond the integrated efficiency corresponding to instantaneous Carnot efficiency. This is in
accordance with a recent result showing that the Carnot efficiency can be surpassed by extracting
imperfect work [6.40].

As in the asymptotic limit, we also want to investigate the instantaneous efficiency, when T is
very close to T.. In particular, we will focus on the quality of performed work when the engine
works at instantaneous Carnot efficiency. We thus require that the error Ae accumulated during an
infinitesimal step that changes the temperature by AT — 0 is equal to the threshold error €y. Since
then the correction term vanishes, we have 1"t ~ niélt and we know that for small AT this yields nc.
Because the two considered thermal states are close, v is close to unity, and as such the infidelity of

the process can be expanded as
Ae = Z,(0) = Z14a,(0) = @AV, (6.81)
where o = 0.0545 can be numerically evaluated. The expansion of Av in terms of AT is given by
Av =~ g(Tc)AT, (6.82)

with

g(Te)

= o log Vi)l (6.83)

Tv=Tc

As discussed in Section 6.4.2, it is not infidelity, but its square root that satisfies the triangle inequality.
We thus have that the instantaneous rate of accumulating square root infidelity is given by

dyv/e
dTx

~ Valg(Ty), (6.84)

and so one can achieve the instantaneous Carnot efficiency by paying the price of an instantaneous
rate of accumulating error. This can be then translated into the bound on the total accumulated error
in the following way

2

e < < /T T i‘j{f dTX>2 —a < / T (T dTX> . (6.85)
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It is straightforward to show that this upper bound is larger than alog? v, which in turn is larger
than Z,(0). This shows that the error accumulated in a continuous process (with the working body
continuously passing through all intermediate temperatures) is in general larger than that of an optimal
“one-step” process. We illustrate this in Fig. 6.6b.

Finally, let us comment on a special case when v = 1. For initial and target states being thermal
equilibrium states at distinct temperatures (and different from background temperature T,), the value
of v depends on the Hamiltonian of the investigated system. If it happens that for a given Hamiltonian
there exist Ty and Ty such that v = 1, then it is possible to achieve perfect work extraction at integrated
Carnot efficiency nicnt(TX — Ty). Interestingly, for any Hamiltonian there always exist such pairs of
temperatures. To see this note that for both T3 = 0 and T = Tj, the relative entropy variance vanishes,
V(~vx||vn) = 0. Since it is a continuous function of temperature, we get that for any 7 in the interval
(0,Ty,) there exists at least one other temperature Ty, such that V(vx||vn) = V(7 ||7m), resulting in
v = 1. This shows that by appropriately choosing the temperatures between which the heat engine
operates, one may decrease or even avoid irreversible losses.

6.5 Results on approximate majorisation

We now proceed to the presentation of a few technical lemmas that may be of independent interest.
These concern relations between different notions of approximate majorisation and thermomajorisation
introduced in Section 6.3.3. We first need the following auxiliary result.

Lemma 6.4. For fized probability vectors p and q denote by p any distribution that majorises q, and
by q any distribution that is majorised by p. Then the mazimum fidelity between p and p over all such
p is equal to the maximum fidelity between q and q over all such q, i.e.,
max F(p,p) = max_F(q,q). (6.86)
P P-q q: p-q
The proof of the above lemma is based on the results first derived in Ref. [6.48] and can be found in
Appendix 6.B. Moreover, the proof includes an explicit construction of the state p* maximising the left
hand side of Eq. (6.86), so that one can calculate the value of optimal achievable fidelities appearing
in Lemma 6.4.
Now we can prove the following crucial result concerning pre- and post-majorisation, i.e., approxi-
mate thermomajorisation for 8 = 0.

Lemma 6.5. Pre- and post-majorisation are equivalent, i.e., p .>~q if and only if p ¢ q.

Proof. First, assume that p .~ q. This means that there exists p such that p > g and §(p,p) < e. By
Theorem 6.2 this implies that there exists a bistochastic A? such that A’ = q. Let ¢ := A°p, so that
p  q. Using the fact that fidelity is non-decreasing under stochastic maps, we then have

5(q,q) = 6(A"p,Ap) < (B, p) <, (6.87)

which means that p.>~q = p>cq.
Now, assume that p >, q. This means that there exists ¢ such that p > g and §(q, q) < €. Let

p" = arg {riax F(p,p). (6.88)
P: P-q
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By definition p* > q and, by Lemma 6.4, we have

F(p,p*) = max F(q.q') > F(q,q). (6.89)
q': p-q

so that d(p,p*) <e. Thus p > g <=p >~ q. O

The next lemma links post-majorisation of embedded vectors with post-thermomajorisation for

B #0.

Lemma 6.6. Post-majorisation between embedded vectors is equivalent to post-thermomajorisation
between the original vectors, i.e.,

P g — p=Fq (6.90)

Proof. First, assume p =, ¢. This means that there exists a bistochastic matrix A% such that A% = ¢
with §(q, g ) < e. This, in turn, means that

APp =T"14, (6.91)

with A? = I~1A'T being a Gibbs-preserving matrix and I' a shorthand notation of the embedding map
I'. We thus conclude that p =2 F_lé. It remains to show that 5(q,1“_1(:1) < e. To achieve this we
use the facts that embedding is fidelity-preserving, TT~! is bistochastic and fidelity is non-decreasing
under stochastic maps, so that

F(q,T7'q) = F(I''¢,I''q)
= F(I'T™'¢,IT"'q) > F(4,9). (6.92)

Therefore §(q, F_l(:l) < e, which results in p -5 q.

Now, assume that p >§ q. This means that there exists a Gibbs-preserving matrix A? such that
APp = g with §(q, q) < e. Through embedding this is equivalent to the existence of a bistochastic AP
such that Aﬂp = q, resulting in p > q. It remains to show that 4(q, q) <e This, however, follows
directly from the fact that the embedding map is fidelity-preserving, as §(q, q ) =d(q,q) < e. We thus
conclude that p > q. O

The statement of Lemma 6.6 can be rephrased as
3q: -4, 6(4,q) <« — 3G: -4, 6(4,9) <« (6.93)

so that it can be interpreted as the fact that embedding (denoted by hat) and smoothing (denoted by
tilde) commute when applied to the target state.
Finally, we present a result that links pre-majorisation of embedded vectors with pre-thermomajorisation

for 5 # 0.

Lemma 6.7. Pre-majorisation between embedded vectors is implied by the pre-thermomajorisation
between the original vectors, but it does not imply it, i.e.,

0

ﬁe>_ — p5>'/8q7 (694&)
p.-q SN p."q. (6.94b)
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Figure 6.9: Relations between approzimate pre- and post-thermomajorisation relations.

Proof. We first prove Eq. (6.94a). Assuming p. ~Aq (and recalling that embedding is fidelity pre-
servmg) means that there exists p majorising ¢ and satisfying §(p, p) < e. Then, by simply choosing
P =D, Wegetp>qand(5(p, )Se so that p .>~q.

Now, in order to prove Eq. (6.94b) we will construct a particular counterexample. Consider the
distributions

S0l q=[1/2,1/2], = [3/4,1/4]. (6.95)
Their embedded versions are then given by
p=[1/3,1/3,1/3,0,, ¢=1[1/6,1/6,1/6,1/2] (6.96)

We note that p = [1/2,1/4,1/4, 0] majorises ¢ and that §(p, p) = (3 — 2v/2)/6 =: €. Therefore, P-4
On the other hand, for a general two-dimensional distribution, p = [p, 1 — p|, we have §(p,p) =1 — p,
and the smallest p for which p =7 ¢ is equal to 1 /2. This means that the optimal €; for which p ~Bq
holds is €; = 1/2 > ¢y. We thus conclude that p >4 does not imply p ~"q. O

The results of this section are collectively presented in Fig. 6.9. We also would like to make a
couple of remarks. First, using the equivalence between p >=. ¢ and p >f g one can, in principle,
calculate the optimal fidelity (equivalently: minimal distance d) between the final and target state
under thermodynamic interconversion. More precisely, given initial distribution p and final g, the
optimal fidelity F'(q, ) among g that are thermomajorised by p is equal to the optimal fidelity F(q, (:1)
among q that are majorised by p. This in turn, via Lemma 6.4, is equal to the optimal fidelity F (P, p)
among P that majorise ¢. But such an optimal state p* is given by the explicit construction presented
in Appendix 6.B, and thus we can directly calculate

max F(q,q) = F(p,p"). (6.97)
4 p-°q
In Section 6.C we discuss applying these very concepts to numerically compare our approximations
of the optimal conversion rate to the true optimum for small system sizes. We give examples of such
numerics in Figures 6.4 and 6.10.

Second, we want to point out that Lemmas 6.5 through 6.7 still hold if one applies them to the
concept of approximate thermomajorisation based on total variation distance, i.e., if one replaces (p, q)
with %Hp — q|| in Definition 6.3. The required modifications of the proofs are rather straightforward
(with the exception of Lemma 6.5 which requires some fiddling), and we discuss them in Appendix 6.D.
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® nR*(n,e=5x10"2)
——nRa(n,e=5x107?)
81| ® nR*(n,e=5x10"")
——nRa(n,e =5 x 1079)
R

nR
.
.

Figure 6.10: Comparison between the second-order approximation R and exact thermal interconversion rates
R* for small system sizes, converting from p = % |0)(0] + 2 [1)(1] to o = 2 (0)(0| + 3 [1)(1], with Hamiltonian
H = |1)(1| and access to a thermal bath at temperature 1/8 = 3, as in Figure 6.4. The circles indicate number
of states produced (c.f. Section 6.C), and the lines those given by the second-order expansion from Eq. (1). As
the exact number of states produced is always an integer, we have also indicated the rounding of the second-
order approximation both up and down with error bars. The colours indicate the infidelity tolerance, with
€ =5 x 1072 for red and € = 1075 for blue. The dotted line indicates the number of produced states predicted
by the asymptotic interconversion rate R;.

6.6 Proofs of the main result

We will now present a proof of our main result, Theorem 6.3. We will do this by first showing a
reduction to special case of bistochastic interconversion, which corresponds to infinite temperature.
We recall that as we are considering energy-incoherent initial and target states, p and o, we only need
to consider their eigenvalues, denoted by p and q, with the embedded versions of these given by p and
g. Also note that the embedded thermal state 4 simply corresponds to the uniform state n. We can
thus use the equivalence between approximate post-thermomajorisation and embedded majorisation,
Lemma 6.6, to obtain:

Ri(n, € p,q) = R5(n, € P, 4), (6.984)
ez(n, B p,q) = eg(n, R; P, G). (6.98D)
Conveniently, the second-order expansion only depends on the states through the relative entropy and
relative entropy variance, both of which are invariant under embedding, as noted earlier in Eq. (6.23).

We can thus solve the problem for embedded distributions and 5 = 0, and in the final result exchange all
D(al|n) and V(al||n) with D(al||y) and V (al|7y), respectively. For the remainder of this section we will
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henceforth drop the embedding hats and define D(a) := D(a||n). We also note that V(a|n) =V (a),
where

V(a) = ((—loga; — H(a))?*)q (6.99)

is the entropy variance, and that V(a) = 0 if and only if a is flat. Specifically, the irreversibility
parameter given in Eq. (6.53) can be expressed as

_V(p)/D(p)
V(a)/D(q)

We will split the infinite-temperature proof into four parts, based on whether the relative entropy
variances of the initial and target states are non-zero.

14

(6.100)

V(g)=0 V(g) >0
0 | Flat-to-flat Formation
0 | Distillation Interconversion

Vip) >

We start with the case where both initial and target states have zero relative entropy variance. We
refer to this as flat-to-flat interconversion, since both the initial and target state are flat. Recalling that
states with embedded distributions being flat are proportional to the thermal state on their support,
we note that this case contains the conversion between sharp energy states as a special case. We will
then consider the cases of distillation and formation, in which either the target or initial states are flat
respectively. These are so-named because they contain both the distillation of, and formation from,
sharp energy states. Finally we will consider the general interconversion problem, in which neither
state is flat. We refer to the non-flat distribution case as general, because it in fact implies the three
other results by using the limiting behaviours of the Rayleigh-normal distributions given in Eq. (6.43).

6.6.1 Central limit theorem

Before we present our proofs, we first formulate the main mathematical tool needed for such a small
deviation analysis: a central limit theorem. Specifically, we want to give tail bounds on i.i.d. product
distributions. Considering the standard central limit theorem, one can derive the following tail bound.

Lemma 6.8. For any distribution a such that V(a) > 0,
; Xn ®n —
nh_)rgoz {(a®")[(a®"); > 1/kn(x)} = ® (), (6.101)
where k() := Lexp <H(a®") +z V(a®”)>J.

For completeness we provide the proof of the above known result in Appendix 6.E. We will also rely
on an alternate form of central limit theorem.
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Lemma 6.9 (Lemma 12 of Ref. [6.20]). For any distribution a such that V(a) > 0,

; @n)+ _
nlgrr;o ; (a®™); = ®(x), (6.102)

where ky(z) := Lexp <H(a®”) + x\/mﬂ.

We now want to convert the above result into the specific form of a bound we will use. For some
rate R(n), we define the total initial and target states as

Pr = pPn g @R (6.103)
Qn . q®nR(n) ® 77@”_ (6103b)

We note that generally R depends on n, but will henceforth omit this explicit dependence. We also
introduce a quantity analogous to ky,(z),

K, (z):= Lexp <H(Q") + x\/V(Q”))J , (6.104)

that will be crucial in all our proofs. The central limit theorem for these distributions is given by the
following result.

Lemma 6.10 (Central limit theorem for P™ and Q™). If V(q) > 0 and R is bounded away from zero,
then Q™ has the tail bound

Kn(z)
lim QM = (x). (6.105)
1

n—oo 4
1=

Moreover, if we consider a rate of the form

D(q) n

L [D(p)+ bp)Via) | (6.106)

for some p € R, then P™ also has a corresponding tail bound

Kn(x)
- ny _
nh_}n;o El P =a,,(x), (6.107)

with v given by Eq. (6.100).

Proof. We start by noticing that Lemma 6.9 remains true if the product distribution is “smeared out”.
Specifically, for any flat state f we have

b ()
lim Y (a®"® f)! = ®(x), (6.108)

n—oo <4
=1
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where
ke () = [exp (H(a®” ® f) + x\/W)J . (6.109)

Using this, if we make the substitutions a®” < ¢®f"" and f < n®", recalling that R is bounded away
from zero, we arrive at

: nl _
nlgrolo E_l Q" = d(x). (6.110)

Applying the same argument to P"™ gives

K} (y) . y
lim Pin =0 —— |, (6.111)

where K (y) := |exp (H(P™) + yy/n)]. Note that we did not include the variance in the definition of
KP (as we did in K,,), because we have not assumed V(p) > 0. Indeed, if we interpret ®(y/V (p)) as
cumulative of the zero-mean Dirac distribution for V(p) = 0, then this also holds for V(p) = 0.

We now want to express Eq. (6.111) as a summation up to K,(z) for some z. Noticing that
R, = D(p)/D(q) + o(1), our choice of rate R, can be rearranged to give

H(Q")~ H(P") —\/n——=V(q)p. (6.112)

Therefore, K’ (y) = K, (z) is equivalent to

y vier) uw _z—p
==z - —== +o(1). (6.113)
V(p) V(Pm) v
Finally, using the continuity of ® gives the desired tail bound
O LU K7 (27 . v
dm 3Rt S oRt=tm Y e () e iy

Recalling that v is proportional to V(p), we note that all of the above expressions are still well-defined
if V(p) = 0, where we understand ®,, ¢ to be the cumulative of the Dirac distribution with mean p. O

6.6.2 Bistochastic flat-to-flat

We start with the case of flat-to-flat conversion, where both the initial and target states are flat. In this
boundary case, which was not considered in Ref. [6.20], we can provide an exact single-shot expression
for the optimal rate.
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Proposition 6.11 (Bistochastic flat-to-flat). For any initial state p and target state q such that
V(p) = V(q) =0, and infidelity € € [0, 1), the optimal interconversion rate is given by

nD(p) —log(1 — G)J _ D(p)
D(q) ~ D(q)

Before proving this, we first consider the optimal majorising distribution in the case where all
distributions involved are flat.

Ri(n, e) = % { (6.115)

Lemma 6.12 (Single-shot flat-to-flat). If we let @ and b be distributions such that V(a) = V(b) =0,
then

min {¢/a = b}:max{l— m,o}. (6.116)

Proof. First, from Lemma 6.5 we know that
min {€|a >, b} = min{¢|a >~b}. (6.117)

Now, the right hand side of the above equation is minimised by a state a*, whose explicit construction
(found in Ref. [6.48]) we present in Appendix 6.B while proving Lemma 6.4. Using it one finds that

_ a* if a>b,
a*t = (6.118)
bt if a#b.
Since a and b are flat, in the first case we have
- H(b)
F(a* bhy = 2230 6.119
] (6.119)
which leads to Eq. (6.116). O

We can now apply this to give an exact expression for the optimal rate.

Proof of Proposition 6.11. Applying Lemma 6.12 to a = P™ and b = Q" we find that €j(n, R) vanishes
for any R < D(p)/D(q), and

1 .
—log(1 = €5(n, R)) = D(p) — RD(q) (6.120)
for any R > D(p)/D(q). Converting the expression for the optimal infidelity into an expression for the
optimal rate, and recalling that nR*(n, €) must be an integer, gives Proposition 6.11 as required. [
6.6.3 Bistochastic distillation
We now consider distillation, in which the target state is flat.

Proposition 6.13 (Bistochastic distillation). For any initial state p and target state q such that
V(q) = 0, and infidelity € € (0,1), the optimal interconversion rate has the second-order expansion

Ri(n,€) ~ D(p) + V(p)q)l(e)] . (6.121)

1
D(q) n

182 of 251



CHAPTER 6: BEYOND THE THERMODYNAMIC LIMIT

Instead of utilising the techniques of Ref. [6.20], we will, similar to the flat-to-flat case, prove
Proposition 6.13 by first considering a single-shot expression for the optimal error.

Lemma 6.14 (Single-shot distillation). Let a and b be distributions with V(b) = 0. Then

i
i>exp H(b)

min{ela = b} = > af. (6.122)

Proof. First, from Lemma 6.5 we know that
min {e|a >, b} = min{¢|a >~b}. (6.123)

Now, to find a state minimising the right hand side of the above equation, consider a distribution a
such that @ > b. Since b is flat, this is equivalent to the statement that a has a support which is no
larger than that of b. This condition is clearly necessary; it is sufficient as any distribution with d
or fewer non-zero entries majorises the flat distribution over d entries. Using the Schwarz inequality
one can then show that the distribution @ which contains at most exp H (b) non-zero elements, and is
closest to a, is simply the truncated-and-rescaled distribution,

o
0 1 i {ai if i <expH(b), (6.124)
a

i Z;};pl(H(b)) ) 0 if i>expH(b).

It is a straightforward calculation to show that the infidelity of such a smoothed state is given by mass
of the truncated tail

da,a)= Y af (6.125)

O]

We can now use Lemma 6.10 to bound this tail, giving a second-order expansion for asymptotic
case.

Proof of Proposition 6.13. Applying Lemma 6.14 to a = P™ and b = Q" we find that

&Ry = Y P (6.126)
i>exp H(Q"™)
Now consider a rate of the form
1 V(p)
ru(n) = Dlq) [D(P) S Ve 10 (6.127)

for some p € R. We then have

H(Q") = H(P") — jiy/V(P™), (6.128)
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and so if we apply the first bound of Lemma 6.10 (with P™ in place of Q™), we arrive at
lim ey(n,r,) =1—®(—p) = D(p). (6.129)

n—o0

Reversing the relationship between infidelity and rate, this implies
1 1%
R} (n,€) ~ Bla) [D(p) + ff)é_l(e)] , (6.130)
as required. O

6.6.4 Bistochastic formation

For our final special case, we consider flat initial states.

Proposition 6.15 (Bistochastic formation). For any initial state p and target state q such that V(p) =
0, and infidelity € € (0,1), the optimal interconversion rate has the second-order expansion

Ri(n,e) =~ qu) [D(p) + ggfl’;‘/iq)@l(e)] . (6.131)

This proof is more involved than distillation, and will involve some of the techniques used in the
proof of the general interconversion problem, as first developed in Ref. [6.20]. As with distillation, we
will attempt to bound the rate by bounding the optimal infidelity between the total initial state P™
and a state P™ that majorises the total target state Q™. We will thus fix our rate R, (n) to be given by
Eq. (6.106) from Lemma 6.10, and look for bounds on infidelity between P" and P". More precisely,
our proof is split into two parts: achieveability (upper bound on optimal error/lower bound on optimal
rate) and optimality (lower bound on optimal error/upper bound on optimal rate).

Achieveability

Sketch of construction. The general idea here is to construct a distribution P which is close to
the total initial state P™ and majorises total target state Q™. By the equivalence of pre- and post-
majorisation, Lemma 6.5, this will prove that there exists a distribution Q™ that is majorised by the
total initial state P™ and is close to the total target state Q™. We will start by defining two bins (sets)
of indices, B and B’. We will then construct a scaled distribution S™ such that for indices belonging
to B it has the same shape as P" (i.e., it is flat), but has as much mass as Q™ has over the indices
belonging to B’. The first property Wlll guarantee that S lies close to P™, and the second that it lies
close to a majorising distribution P~ Q". We will then analyse 6(P", P”) giving an upper bound
on the optimal error.

Binning. For some small ¢ > 0, define two bins of indices
— (L K+ C/2)}, (6.132a)
= {Kn(u—i—g'),...,oo}, (6.132b)

where oo is shorthand for the largest index, and y fixes the value of rate R, (n). We will consider B
as a bin on the indices of P" and B’ on those of Q™. We denote the complements of these bins as B
and B’, respectively.
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Scaled distribution S™. For any j € B define

1
ST .— EkeB’ QZ
J
Sren it

and S7':i=1—- in for some arbitrary [ ¢ B such that S™ is normalised.
By construction the mass of S™ on B is equal to that of Q™ on B’, i.e.

dosr=>"Qpt (6.134)

JjEB JjeB’

1
.pjﬂi — Z Qr, (6.133)

1Bl &

We now want to show that this implies the existence of a nearby majorising distribution P - Q.

Majorising distribution P". Instead of giving an explicit construction of P, we instead present
an existence proof. Specifically we will leverage the following lemma:

Lemma 6.16. For non-negative vectors a and b such that Y, a; =Y, b;, there exists a vector @ such
that >, ap =Y pax, @ > b and||a—al, <|bl-

Proof. Consider a function over indices, f : N — N, and the vector a given by the follow action of f
on b,

ai=> {bilf() =i} (6.135)
J

Clearly such a mapping can only concentrate a distribution, and so @ > b. Now, among a of the above
form we choose that which is closest to a in [oo-norm. Let ¢ be an index at which the /,.-norm of a —a,
denoted by A, is achieved,

i € argmax |a; — a;l . (6.136)
J
We are going to assume that A > ||b||,, and show that this would imply that @ cannot be optimal,
proving ||a — al|, < ||b]|, by way of contradiction.

There are two cases to consider: a; > a; and a; < a;. We start with a; > a;. As @; > 0, there must
exist some « such that f(o) =i and by, > 0. As a # a and ), ar = >, G, there must exist a k such
that ar < ag. Consider changing the map to from f(a) =i to f(a) = k # 4. This has the effect of
lowering a; by b, and raising a by the same amount. Given that b, < A by assumption, this means
that a; —a; changes from A to (0, A), and aj, — ay, changes from [—A,0) to (—A, A). As such, |a; — a;]
and |@; — a;| are now both strictly smaller than A. Since all other entries of @ are unchanged, we have
reduced the number of indices j such that |a; — aj| = A by at least one. Similarly for the case a; < a;
one can make an analogous argument by changing f(«) = k # i to f(a) = k for some k such that
ap > ag. Iterating this we can keep decreasing the number of indices at which the norm is achieved,
eventually giving us |@; — a;| < A for all j, i.e. |@ — a] < A. This shows that the original choice of a
was not optimal as assumed, proving A < ||b|| by contradiction. O

With the use of the above lemma we can now get the desired majorising distribution pm - Q.
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Lemma 6.17. There ezists a distribution P" such that P™ = Q" and

‘15;? — 8P| <1/Kn(u+0) (6.137)

for all j € B.

Proof. The idea here is to apply Lemma 6.16 to the restriction of each distribution to its corresponding
bin. Specifically if we take a := S"|5 and b := Q™ then Lemma 6.16 gives us a vector a such
that a

B/7

B and

la — all < bl = | @™

_ nl _ Anl
5l g%%%@ K (1+0) < 1/Kn(p+ ), (6.138)
where the final inequality follows from normalisation of Q™. We now define our majorising distribution
within bin B as P”‘B i= a, so that [P}' — S}'| < 1/Ky,(n+ () for any j € B as desired; and, once
again, in order to normalise the distribution we also define Pl" =1- ), a; for some arbitrary [ ¢ B.

The fact that @ majorises the restriction of Q™ to B’, together with the sharpness of P outside
of B, gives

QW (6.139)

- Q"i‘B/ and P"

Next, we note that majorisation spreads over direct sum, i.e. a1 > 81 and a9 > (B2 implies a1 &
ag - 31 @ B2. This can be seen by using Theorem 6.2 (i.e., the equivalence of majorisation relation
between two distribution with the existence of a bistochastic map between them), and noticing that
bistochasticity is preserved under direct sum. Applying this to pn gives the desired majorisation
property: P" - 15”\3 D 15”]§ - QMg @ Q”¢|§ = Q". O

Infidelity. By now we have proven the existence of a majorising distribution P Q" and bounded
its distance from the scaled distribution S™ on the restriction to B. The final step involves bounding
the infidelity & (15”, P"). To achieve this we will first show that the closeness of ™ and P" on B, as
given in Lemma 6.17, allows us to bound F(P™, P") in terms of S™.

Lemma 6.18. Asymptotically, the fidelity between the majorising distribution P and the total initial
distribution P" can be bounded as follows

2
linniioréfF<13",P">zlinnigf NI (6.140)

jeB

Proof. First, we apply Lemma 6.17 and the fact that /o —y > \/x — \/y for all x > y > 0 to break
the fidelity into the desired expression and an error term

VEBn Py = S\ [BrPr = 37 max(S7 — 1/K (u+ ), 0} P

JjEB JjEB

=3 WS;?PJW P K+ g)} . (6.141)

jEB
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We can express the second error term as

/ 1Bl [Ka(p+¢/2)
JGB u+< \/ (1+¢) \/Kn(u+<)' (6.142)

Given that ¢ > 0 is a constant and V(g) > 0, we have that K,(u+ ¢(/2)/K,(pu+ ¢) is decaying
exponentially as n — oo. Taking the limit inferior of Eq. (6.141) therefore gives the required bound. [J

Using the above result on fidelity, we can now prove achieveability.

Proof of Proposition 6.15 (achieveability). Substituting the definition of S™ into Lemma 6.18 gives

lim inf F' (P” P”) > hm 1nf Z Qni Z g (6.143)

n—o0
ieB’ jeB

By applying Lemma 6.10 we then obtain

S PN S By 0(n+(/2) =1, (6.144a)
i€EB
SO - a(u+ ), (6.144D)
i€B’
and therefore
lim sup § (15”, P") < ®(u+0). (6.145)
n—oo

Due to the equivalence between pre- and post-majorisation, Lemma 6.5, the above means that there
exists a distribution Q" that is majorised by the total initial state P™ and such that

lim sup & (Qn, Q") < B(u+0). (6.146)

n—o0

As this is true for any ¢ > 0 we can take ¢ N\, 0 and conclude that the optimal infidelity is upper
bounded

limsup e(n, R,) < ®(p), (6.147)

n—oo

which implies a corresponding lower bound on the optimal rate

X 1 D(p) V(g) 51,

as required. ]

, (6.148)
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Optimality

We now turn our attention to a corresponding second-order upper bound on the optimal rate. We will
make use of the following lemma from Ref. [6.20], which upper bounds the fidelity between a flat state
and a majorising distribution.

Lemma 6.19 (Lemma 6 of Ref. [6.20]). Let a, a and b be any distributions such that V(a) = 0 and
a > b. Also, let M <expH(a). Then

VE@.a)< > ard b+ > ap > b, (6.149)

<N  j<N >N >N

where N := |{i|b; > 1/M}|.
We can now use the above lemma to obtain an optimality bound which matches that given for
achieveability.

Proof of Proposition 6.15 (optimality). Consider any distribution P" »— Q". Now choose & = P™,
a = P™" and b = Q". Also, notice that M := K,,(uu — () satisfies M < exp H(a). Hence, we can apply
Lemma 6.19 to upper bound the fidelity,

Jrbnp < [S iy gt [y o @150
i<N  j<N i>N  j>N
where N := [{i|Q} > 1/K, (1 — ()}|. By the standard central limit theorem Lemma 6.8, we have

N
Y=y e
i=1

i

U _
e ] (6.151)

The normalisation of Q™ gives us that N < K,,(u — (), and so we can apply Lemma 6.10 to obtain

N Kn(p—¢)
YoPr< > P @,0(u—¢)=0. (6.152)
=1 =1

Applying these limits to Eq. (6.150) yields
lim inf § (15", P”) > (- () (6.153)

n—oo

for any P - Q". Due to the equivalence between pre- and post-majorisation (c.f. Lemma 6.5) the
above means that for any distribution Q™ that is majorised by the total initial state P™ we have

liminf 6 (Q",Q") > ®(u ) (6.154)

Taking ¢ ™\, 0 this gives a lower bound on the optimal infidelity
lim inf c5(n. R) > P(y1), (6.155)

which implies a corresponding upper bound on the optimal rate
Ry(n,e) S qu) [D(p) " ggz; Y@ g1 (6.156)
O]
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6.6.5 Bistochastic interconversion

Finally we turn to the general case in which neither relative entropy variance is vanishing.

Proposition 6.20 (Bistochastic interconversion). For any initial state p and target state q such
that V(p),V(q) > 0, and infidelity e € (0,1), the optimal interconversion rate has the second-order
expansion

Ry(n,€) ~ —— [D(p) + MZfﬁ/(e)

n

: (6.157)

where v is giwen in 6.100.

The proof is similar to that of formation, so it will also utilise many of the ideas inspired by
Ref. [6.20]. The main complication is that for the general interconversion problem the binning of
indices is more elaborate: we now have two sets of bins instead of two individual bins, and we need to
introduce a function A which controls the relative placement of these bins. Once again we will break
the proof into both achieveability and optimality bounds.

Achieveability

Sketch of proof. As with formation, the idea here will be to give an explicit construction of P Q"
which is close to P". Again, due to the equivalence of pre- and post-majorisation, this will prove that
there exists a distribution Q" that is majorised by the total initial state P™ and is close to the total
target state Q™. We will start by introducing two sets of bins for each distribution. Using these bins, we
will once again construct a scaled distribution S™ which reflects the fine-grained features of P™ (same
shape within corresponding bins) and coarse-grained features of Q™ (same mass within corresponding
bins). We will then show that S™ necessarily lies close to a majorising distribution pn. Finally we
will analyse the infidelity of this distribution with respect to the total initial distribution P™ and, by
taking the appropriate limits of the parameters in our construction, prove the desired achieveabilty
bound of Proposition 6.20.

In Section 6.6.4 our construction was parameterised by a single slack parameter ¢ > 0. Here,
we will have three parameters: A > 0, I € N, and a monotone continuously differentiable function
1> A > ® pointwise. The parameter \ will control the width of our bins, I the number of bins, and
A the relative placements of the two sets of bins.

Binning. For —1 < i < I we define our two sets of bins as

Bi = {Kn(xl), ceny Kn(:vi_,_l) - 1}, (6.158&)
Bl = {Kn(¥i), -, Kn(yis1) — 1}, (6.158b)

where the two sequences are defined by

,— 1 L+ 1
x; = AL 7 and y; = &' <A </\Z—;>> (6.159)
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for —1 < i < I. We will consider B; as bins on the indices of P" and B; on those of Q™. We note that
A > ® implies y; > ;41 + A/I, resulting in B; being gapped away from B, i.e., all indices belonging
to B! are much larger than those belonging to B;. This choice plays a role analogous to that of the
slack parameter ¢ for the bins in Section 6.6.4. For convenience we also define
-1 -1
B:=|J B and B':= (] Bj (6.160)
i=—1I i=—1

to be the union of bins, and B and B’ to be the corresponding complements.

Scaled distribution S™. As in Section 6.6.4, we now define S™ in each bin B; to have the shape
of P" within B;, but the mass of Q™ within B.. As the bins B; are all disjoint, for any j € B there
exists a unique —I <4 < I such that j € B;. For such indices we define 8™ as

Shen Q1
Sn — keB; %k P,w

PTE o o b
ZkEBZP]:

We normalise §™ by taking S;' :=1 — ZjeB S3 for some arbitrary [ ¢ B.

(6.161)

Majorising distribution P". We now want to prove a result analogous to Lemma 6.17: the exis-
tence of a distribution that simultaneously majorises the total target distribution Q™ and is close to
S™ (within each bin).

Lemma 6.21 (Existence of a majorising distribution). There exists a distribution P" such that P™ -
Q" and

‘ﬁf — 5P| < 1/Kn(m) (6.162)

forallj € B; and —1 <1 < 1.

Proof. The proof is analogous to that of Lemma 6.17, with an application of Lemma 6.16 for each pair
S"|p, and Q”]le_, with —I < i < I. This gives us P" such that for all -1 <i < [ and j € B; it is
close to S"

‘Pf =57 < g,réz}g;Q?i < 1/Kn(yi), (6.163)
and possesses the majorisation properties
P"|p, = Q™|p and P"|5 - Q™|z. (6.164)

Splitting the majorisation across the direct sum, as explained in the proof of Lemma 6.17, gives us the
desired overall majorisation
I-1
P"~ P P'lp, & P'lp
i=—1I

-1
- P Qo - Q. (6.165)

i=—1
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Infidelity. The next step involves bounding the fidelity between the total initial state P™ and ma-
jorising distribution P"™ given by the above construction. We will start by bounding the fidelity for a
fixed set of parameters A, \ and 1.

Lemma 6.22. For any monotone continuously differentiable function 1> A>®, A >0, and [ € N
there exists a sequence of distributions P™ = Q™ such that

2
A
- A A
. . n TLL > / — / JRE—
hﬁnmfF(P , P > > (/A \/A (m—i— I) o, (x I> d:c) , (6.166)

with the prime superscript in A’ and <I)1W denoting a derivative.

Proof. The first part of the proof is analogous to the proof of Lemma 6.18. More precisely using
Lemma 6.21 (in place of Lemma 6.17) and employing the fact that B; is gapped away from B}, we can
apply the argument presented there to obtain

2
. . ~n n . . n n
hnrglcng(P P ) > lim inf %,/Sjpj . (6.167)
J

Inserting the definition of the scaled distribution S™ yields

liminf |/ F (Pn Pw) > lim inf Z RV

i=—1I jeB;
I-1 ) Qni
keB!. %k
= lim inf Z Z ZReE TR prd, /p
J J
nee T s \ ke, B
-1
—hnrgloréfz Sy P (6.168)
i=—1 jEBZ’. keB;

Recalling that ®(y;) = A(x;42) and applying Lemma 6.10 gives

lim PN =@y (wi1) — @), (6.169a)
JjEB;

Jim Y Q= Alwigs) — Alwira). (6.169b)
JEB]

Substituting these into our lower bound on fidelity yields

lim inf F<15”,P”¢) Z VA@iys) — A(wirs) \/‘I’u, (i1) — Ppw (i)
i=—TI
Z_ZI EEUE A(Mz‘;w)XW () o (M),

(6.170)
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Using the differentiability of A and ®,,, we can express these finite differences as integrals

/ = | T A A A
3 pn nd ! - / _ -
hnrglol.}f F (P , P ) > Z //\ A <x+ I) dz x /)\ D, <JJ I) dz. (6.171)

i i
i=—1 I 1

Finally, we apply the Schwarz inequality to arrive at the desired bound

- [-1 )it 3 )
i 3 n . / -z / _ =
liminf |/ F (P, P )Z,;/; \/A <x—|—I> !, <x I) dz
A
A A
= /_/\\/ ’(:p—i— I) D0 <:c— I> dz. (6.172)

d

Now, by taking the appropriate limits of our parameters A, A\ and I, we will get the desired
achieveability bound on the optimal infidelity, and therefore also on the optimal rate.

Proof of Proposition 6.20 (achieveability). By Lemma 6.22 we know that there exists a family of dis-
tributions P majorising Q" and such that lim inf F’ (15”, PW) is lower-bounded by

n—o0

(/_1 \/A/ <x i ;> P (x B ?) d“">2 : (6.173)

Due to the equivalence between pre- and post-majorisation, Lemma 6.5, this means that there exists
a family of distributions Q” that is majorised by the total initial state P™ and such that their fidelity
with the total target state Q" is also lower bounded by the above expression, which implies a lower
bound on the asymptotic ideal fidelity

. . % . . "n TLL

llnlgl.g.}f\/l es(n, R,) zhnrglolgqu<Q ,Q )
>//\ A LIH—i ol x—i dz. (6.174)
- Y I 12214 I

As the left hand side is independent of I, A and A, we can now take the desired limits. Note that the
order of limits will be important: first we will take I — oo, then A — oo, followed by a supremum over
A.

Firstly, we take the limit inferior I — oo. As a consequence of the fact that \ is still finite, together
with the continuous differentiability of A and ®,,,, we have the point-wise limit

\/A’<:E—|—j_\>\/<1>jw<x—;\> LN \/M\/m. (6.175)
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Using the compactness of [—2A,2\] we can apply the dominated convergence theorem to move this
limit inside the integral, which gives

liminf 1 —¢€(n, Ry,) >hm1nf/ \/A’ JJ—{— ( A) dz
n—00 I—c0 1

AIhﬁngo\/ ! :z:—l— (m—;\)dx
—/A\/mdx. (6.176)

Secondly, we want to take A — oo. The existence of this limit follows from monotone convergence
theorem, which we can apply due to the monotonicity of A and ®,,,, together with the boundedness
of the continuous fidelity. Taking the limit gives us a bound in terms of the continuous fidelity

hnniig.}f \/1—¢(n,Ry) > )\li}n;o ,/ z) P, (z
> / ,/A/ (z) !, (x)de = \/F (A, @, ). (6.177)

Lastly, we want to take a supremum over all continuously differentiable monotone functions 1 >
A > &, which gives us the Rayleigh-normal distribution

liminf ej(n, R,) <1 — sup F (4, @), ) =: Z,(1). (6.178)
n—oo A>® ’

Using the above and the duality property of Rayleigh-normal distributions, Eq. (6.45), we obtain
the lower bound on the optimal rate

Ri(n, <) leD(p)+ V) 7ot o).

@ . (6.179)

O]

Optimality

We now proceed to the proof of the optimality of Proposition 6.20. To this end, we will employ
two lemmas originally proved in Ref. [6.20]. The idea is to start by showing that, after a particular
coarse-graining, the fidelity between ® and ®,,, is close to the optimal fidelity sup 4»q F(A', @), ,) =

1- ZI/(/‘I’)

Lemma 6.23 (Lemma 17 of Ref. [6.20]). For any ¢ > 0, there exist real numbers s <t <t' < s such
that ®'(x)/®), () is strictly monotone decreasing for x € (s,s') and

o(t) _ ¥(s)

Dy t) B ()’
1—o) (s
L= B, ()~ ¥, ()

(6.180a)

(6.180Db)
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Moreover, if we define Fyy(-,-) to be the fidelity of distributions which have been coarse-grained on
x <t andx >t specifically

Fiv(p,q) <\// dx+/ \/—d:n—l—\//t, q(a:)dx>2,

(6.181)

then this coarse-grained fidelity has an upper bound

Frp (P, CIDZW) — (¢ < sup F(4, @L’V). (6.182)
A>D

Notice that ® and ®,,, are exactly the distributions that appear in central limit theorem, Lemma, 6.10.
Thus, we would like to relate the fidelity F'(P", P”) back to the Rayleigh-normal distribution via this
coarse-grained fidelity between Gaussians. To be able to argue this for any P" = Q™, we will first give
a sufficient condition for a distribution a to have the highest possible fidelity with respect to a second
distribution b among all distributions satisfying a majorisation-like condition.

Lemma 6.24 (Lemma 15 of Ref. [6.20]). Let a and b be probability distributions such that a;/b; is
strictly decreasing for all ©. Then, for any distribution ¢ such that

k k
> ai<d e VE (6.183)
i=1 i=1

we have
F(e,b) < F(a,b), (6.184)
with equality if and only if ¢ = a.
We are now ready for the optimality proof.

Proof of Proposition 6.20 (optimality). To prove optimality we need to show that for any P Q",
the infidelity between P and P" can be lower bounded by the Rayleigh-normal distribution. This,
through Lemma 6.5, will yield a lower bound on the infidelity between any final state Q” (i.e., any
distribution majorised by the total initial state P™) and the total target state Q™. We will start by
using the monotonicity of fidelity under coarse-graining to bound the fidelity between P" and P" by
the fidelity between their coarse-grained versions (with coarse-graining over particularly chosen bins
of indices). We will then use Lemma 6.24 (along with the monotonicity properties of Lemma 6.23)
to bound the fidelity between coarse-grained versions of P™ and pn by the fidelity between coarse-
grained versions of P™ and Q". Next, by applying Lemma 6.10, we will show that this coarse-grained
fidelity asymptotes to a fidelity between Gaussians. We will conclude by returning to the last part of
Lemma 6.23, which will allow us to give a final bound in terms of the Rayleigh-normal distribution.
Fix ( >0 and I € N. Let t,# € R be those given by Lemma 6.23 and introduce

2= t(1—i/1) + £ (i/]) (6.185)
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for 0 <4 < I. Define a set of bins
By = {Ku(z), .., Kn(zi1) — 1} (6.186)
for 0 < i < I, as well as two end bins

B_y={1,...,K,(t) — 1}, (6.187a)
By = {K,(t),..., o0}, (6.187D)

so that { B;} now gives a partition of all indices. Using the monotonicity of fidelity under coarse-graining
we get

VF(Br, Pr) = ZZ\/W

i=—1j€B;
I
<> DS P =, (6.188)
i=—1\ je€B; JjEB;

We now define the limiting coarse-grained versions of total initial and target distributions

a;:= lim > (6.189a)
n oojGBi

b = lim > P, (6.189D)
n oojGBi

for —1 <4 < I. We note that the above limits all exist by Lemma 6.10, specifically

a_1 = ®(t), (6.190a)
a; = D(ziy1) — P(z), (6.190b)
ar=1-®(t), (6.190c)

bor=@,,(t), (6.190d)
bi = Ppu(zip1) — Puu(2i), (6.190e)
by=1-®,,(t). (6.190f)

We would also like to analogously define a distribution ¢ that would be a coarse-grained version of
P, but we have no guarantees that the corresponding limits exist. In lieu of this, we will use the
vectorial Bolzano-Weirestrass Theorem”, which gives that there exists a strictly increasing set of indices
{m;}; € N such that {r,} limits to its limit superior

lim 7,,, = limsupry, (6.191)
l—o0 n—00

5Start with a subset of indices {ml(_Q)}z C N on which {r,}, converges to its limit superior. The scalar version of
Bolzano-Weirestrass gives a subset {ml(z)}l C {ml“ﬂ)}l on which ¢; exists. Applying this for each —1 < ¢ < I, one obtains
a set of indices {m}; := {mlm}l with the desired property.
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and that all the limits

. M,
¢ 1= lim Z prt (6.192)
JEB;
exist, for all —1 <i¢ < 1.
We now want to apply Lemma 6.24 to bound the fidelity F(e,b) with F(a,b), but first we must
show that a;/b; is strictly decreasing. Lemma 6.23 allows us to relate this ratio at the ends, i = —1
and ¢ = I, to the ratio of Gaussian derivatives,

a_p Q) P(s)

by @) @,(s)

ar  1-0) ()
by 1—®u, () @)

(6.193a)

(6.193b)

For 0 < i < I we can apply Cauchy’s mean value theorem, which gives that there exists some s; €
(23, zi+1) the ratio of finite differences is given by a ratio of derivatives

a _ _ ®laip) (=) ?/(Si) _ (6.194)
bi Puu(zit1) — Puplzi) P (s0)
Given that {s,s0,...,57-1,8'} is a strictly increasing sequence, and that ®'(z)/®), ,(v) is strictly

decreasing on (s, s’) by Lemma 6.23, we therefore have that a;/b; is strictly decreasing as required.
Now that we have shown that a;/b; is strictly decreasing, we can apply Lemma 6.24. This gives us

lim sup F(P", P") < F(c,b) < F(a,b). (6.195)

n— oo
Expanding this out, we have

lim sup F(ﬁ”,P”)S D(20) Py, (20)

n—oo

I-1
+ Z \/q>(zi+1) - CD(ZZ')\/(I)M,V(ZiJrl) - (I)u,u(zi)
=0

/(1 260) (1= #en). (6.196)

If we take I — oo, these finite differences above approach derivatives, and we get a bound in terms of
a coarse-grained fidelity

limsup \/ F(P", Pn) < \/®(1)®,,,(t)
o
—{—/t ,/‘1>’(:E)<I>L7l,(m) dz

+ \/<1 - (I)(t’)) (1 - CI)W,(t’)). (6.197)
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Finally, we apply the last part of Lemma 6.23, which allows us to bound this in terms of the Rayleigh-
normal distribution, giving

lim inf §(P", P™) > Z, (1) — C. (6.198)
n—oo
Taking ¢ \, 0, we can once more use the equivalence between pre- and post-majorisation, Lemma 6.5,
to conclude that

liminf ej(n, R,) > Z, (). (6.199)

n—o0

Using the above together with the duality property of Rayleigh-normal distributions, Eq.17 (6.45), we
obtain the upper bound on the optimal rate

Ri(n,e) < 1[D(p)+ Vflp)zl/ly(e) . (6.200)

D(q)

O]

6.7 Outlook

In this paper we have derived the exact second-order asymptotics of state interconversion under ther-
mal operations between any two energy-incoherent states. It is then natural to ask whether such a
characterisation is also possible for general, not necessarily energy-incoherent, states. Due to the fact
that thermal operations are time-translation covariant, such that coherence and athermality form in-
dependent resources [6.13,6.31], it seems unlikely that the current approach can be easily generalised.
Instead, one would need to rely on the full power of Gibbs-preserving maps [6.60,6.61] that form a
superset of the thermal operations. For such maps, we believe that a reasonable conjecture is in fact
given by Eq. (6.1a), with the relative entropy and relative entropy variance replaced by their fully
quantum analogues given in Refs. [6.37] and [6.21,6.22], respectively.

We also provided a physical interpretation of our main result by considering several thermodynamic
scenarios and explaining how our work can be employed to rigorously address the problem of ther-
modynamic irreversibility. We derived optimal values of distillable work and work of formation, and
related them to the infidelity of these processes. This could potentially be used to clarify the notion
of imperfect work [6.40,6.50,6.59], and to construct a comparison platform allowing one to continu-
ously distinguish between work-like and heat-like forms of energy. We also discussed thermodynamic
processes with finite-size working bodies, focusing particularly on the optimal performance of heat
engines. We have shown that there are non-trivial conditions under which an engine can operate at
Carnot efficiency and extract perfect work. This opens the possibility of engineering finite heat-baths
and working bodies in order to minimise undesirable dissipation of free energy. Moreover, our formal-
ism is general enough to address other interesting problems involving finite-size baths, like fluctuation
theorems, Landauers’ principle or the third law of thermodynamics [6.53,6.54,6.56].

A number of natural technical extensions to our result suggest themselves. We have used the
infidelity as our error measure, and conjecture that Theorem 6.3 will also hold when € is a bound on the
total variational distance. Our second-order expansion falls into a larger class of results known as small
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deviation bounds, in which we consider a fixed error threshold e. Two natural extensions are to the
regime of large deviations [6.62], in which a fixed rate is considered, and moderate deviations [6.63,6.64],
in which the rate approaches its optimum and the error vanishes. Last, but not least, we expect that
our treatment of approximate majorisation can be extended to cover other distance measures.
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6.A Work extraction with Carnot efficiency

Here we consider a thermodynamic process involving a heat engine with a finite working body. Suppose
the working body starts at the cold temperature, T.. Then, the heat flowing from the hot bath will
steadily increase the temperature of the working body, from 7; to T.,. We assume that thermalisation
happens on a much shorter time-scale than the heat flow, so that the working body is at all times in
thermal equilibrium. We are now interested in the amount of work that can be extracted if the engine
at each time step operates with the maximal allowed Carnot efficiency (with respect to the background
hot temperature and the instantaneous temperature of the working body).

By definition, the efficiency of an infinitesimal process involving the flow of heat dQ;, from the hot
bath to the engine, dQqyt of which flows out to the cold bath, while the remaining energy is converted
into work dW, is given by

_dw i\
7T 4Quw T AW T dQour’
where the equality comes from the conservation of energy. Hence, the work extracted during the
infinitesimal flow of heat dQoyt into the cold bath at temperature Ty that heats it up by d7x,

(6.201)

d(F
onut = (dTHx dTX7 (6202>
is given by
AW = % dQous. (6.203)

The Carnot efficiency of an engine acting between the hot bath at fixed temperature T}, and the working
body at varying temperature 7Ty is given by

ne(Ty) =1 — ==, (6.204)
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Thus, the work produced by an engine working at maximum allowed efficiency is given by

_ (T d(E),
dW_(TX 1) T dT,. (6.205)

We now want to calculate the total work W extracted by such an optimal engine while the tem-
perature of the working body changes from T¢ to T/,

T,
W = dw. (6.206)
Tc
By simply integrating by parts we get
T Tx=Ty T, <E>
w=(22_1 (E) + Th/ A AT (6.207)
Ix T =T, . I

The second term can be calculated by switching from temperature Ty to inverse temperature 8y and
recalling that the average energy is a negative derivative of log Z, over fy:

T (E) 1 (5 dlog Z 1
Ti “’XdTX:/ X dpx = — (log Zo — log Z.) . 6.208
h/TC 72 &) an B 5}1( g g 2c) ( )

By noting that the entropy of a thermal equilibrium state is given by

H(vx) = Bx(E)~, +log Zx, (6.209)

we thus have

W= (@ - ) - (181, - 152). (6210)

Finally, comparing the above with Eq. (6.25) we arrive at

W = kgTh(D(yellvm) — D(vellm)), (6.211)

which is equal to the change of free energy of the finite bath.

6.B Proof of Lemma 6.4

6.B.1 Preliminaries

In Ref. [6.48] an explicit construction the solution p* to the following maximisation problem,

p* = arg max F(p,p), (6.212)
p: P~q

was given. We will now describe the construction of this optimal distribution, as it is crucial for our
proof, the second part which will very closely follow the reasoning presented in Ref. [6.48]. As explained
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in Section 6.3.3, without loss of generality we will assume that all the distributions are non-increasingly
ordered.
First, for any distribution a define
d ko—1
Bf =) a;, Aj*(a):=) a=E} —Ef. (6.213)

= 1=k1
Note that p > q is equivalent to E,f < EZ for all k. Now, for a given p and q the construction of p*
is given by the following iterative procedure. Set Iy = d + 1 and define

l .

li—1 i—1

A A7 ()

lj = argmmfil(q) rj = % (6.214)
k<li-1 AT (p) A (p)

If the minimisation defining /; does not have a unique solution then [; is chosen to be the smallest
possible. We will also denote by N an index for which [y = 1. The i-th entry of the optimal vector
for i € {l;,...,lj—1 — 1} is then given by
ﬁ: =Tjpi- (6.215)
It is straightforward to verify that p* is normalised, and p* > q as the construction guarantees
that E,’: < EZ for all k. Moreover, the optimal fidelity between p and a distribution that majorises g
is given by

li1—1

M=

V5 -

i=1 Jj=1 i=l;
1

N q 21 1—1
() o

j=1 '(p) i=l;

N 1
—Z Ab=1 ()AL ( ))2 (6.216)
= I (q) ; P :

<
I
—

The crucial observation in proving the optimality of the above, which we will also need in our proof,
is that for all j we have

i <Tjt1. (6.217)
This follows from the definition of I;, r; and the fact that for a,b,c,d > 0 one has (see Ref. [6.48] for

details)
a+tc

<
+

— (6.218)

SalES]
S
S8
@\Q
&\0

6.B.2 Proper proof
Proof. We will prove the equality in Eq. (6.86) by showing that the following two inequalities hold

max F(p,p) < max _F(q,9), (6.219a)
P p-q L p-
max F(p,p) > nax F(q q). (6.219Db)
P P-q L p-
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We start with the easier part, Eq. (6.219a). It is enough to show that the inequality holds for any p
within the constraints. Let us then take any p such that it majorises g. Due to Theorem 6.2 this is
equivalent to the existence of a bistochastic matrix By such that Bop = g. This implies that

max_F(q,q) = max F(q, Bp), (6.220)
q: p>~q B

where the maximisation on the right hand side is over all bistochastic matrices B. We now observe
that

mBaxF(q, Bp) = max F(Bop, Bp) (6.221a)
> P(Bop. Bop) (6.221b)
> F(5,p) (6.221c)

where in the last step we used the fact that fidelity obeys data processing inequality. We thus have

max_F(q,q) = F(p,p), (6.222)
q: p~q

for any p majorising q, and so Eq. (6.219a) holds.
We now proceed to proving Eq. (6.219b). It is again enough to show that the inequality holds for
any q within the constraints. Let us then take any g such that it is majorised by p. We now have

d N
F(q,q) = Z@:Z Z qiGi

AN
M) =
S
(]
ISX

Jj=1 i=l; i=l;
N ! 3
j— - ~ 2
= Z(Azj @) l(q)) : (6.223)
i=1

where [; and A],zf are defined as in Egs. (6.213)-(6.214). We now introduce
wj =Bl —Ef >0, (6.224)
where the inequality holds for every j because p > q. Observing that
l l

AYTH(G) = Aljfl(p) +z;—xj—1 >0 (6.225)

J

we arrive at \/F(q,q) < f(x) with

o) =3 (a7 (@) (A0 )+ 25— ) (6.226)
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We will now show that f(x) achieves its maximum within the positive orthant z; > 0 when x = 0,
which will finish the proof. This is because then

F(q,q) < F(p,p*) = max F(p,p) (6.227)
p: p-q

for any g majorised by p, which implies Eq. (6. 219b) First, by direct calculation one can find a matrix

M of second derivatives of f(x), i.e., M;; = gmf éw). Then, using Gershgorin circle theorem, one can
verify that M is negative definite in the allowed region of @, so that there are no local extrema and
the maximal value must be obtained at the boundary. Finally,

of(x) 1
G| =3 (VT vTEm) <0, (6.228)
;=0
which means that the maximal value is obtained for « = [0,...,0], which finishes the proof. O

6.C Efficient algorithm for calculating interconversion infidelities

The construction given in Section 6.B gives a natural algorithm for calculating maxp.5.q F'(p, D). The
run-time of this algorithm is O(d?), where d is the size of the input distributions. We now want to argue
that this algorithm can be adapted for states described by p®™, such that the optimal interconversion
rates can be numerically calculated in a time which is efficient in n, as is done in Figures 6.4 and 6.10.

The key property we will leverage is that whilst distributions such as p®" have an exponential
number of entries, they only possess a polynomial number of distinct entries (in this case O(n?~1)).
As majorisation is invariant under permutations, it is only the distinct entries (and their degeneracies)
that are relevant to our calculation.

Consider taking as input two distributions P and @ which possess D = exp(O(n)) total entries, but
each only poly(n) distinct entries. This means there exists indices 1 = i1 < iy < -+ < iy < g1 = D + 1,
where ¢t = poly(n), such that Pj and Qf are constant on each interval i € {is,...,is41 — 1} for
se{l,...,t}.

The main step in the algorithm, and the bottleneck giving an exponential run-time, is calculating
the pivot indices {l;}; used to construct P. Specifically these take the form

i-1—1 Al
lj = argmaxu (6.229)

l 1
k<lj_1 ijl P\L

Using the constancy of PiJ’ and Qf on each of the intervals we can see that, for a fixed s, the function
being optimised takes the form

S 1Q¢_ak+5

) (6.230)
SR ko
for any k € {is,...,%s41 — 1}. As this function is monotonic as a function of i, we conclude that the

indices [; must lie on the edges of these intervals, i.e. {l;}; C {is}s. This means that we can restrict our
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attention only to the these ‘edge indices’ without loss of generality, lowering the algorithms run-time
down from O(D?) to O(t?).

Using the above argument, we now have an efficient algorithm for computing €(n, R; p, ). Utilising
the idea of embedding, this also allows us to calculate the thermal variant of this, eE(n,R;p, q).
Finally, by sweeping over R, we can use this to calculate Rz(n, R;p,q). Examples of this are shown
in Figures 6.4 and 6.10.

6.D Approximate thermomajorisation based on total variation dis-
tance

Here we show how to modify the proofs of Lemmas 6.5, 6.6 and 6.7, so that they hold for approximate
thermomajorisation defined with total variation distance §(p,q) = 5||p — q||. In all three proofs one
needs to replace the statement “embedding is fidelity-preserving” with “embedding preserves the total
variation distance”, and “fidelity is non-decreasing under stochastic maps” with “total variation dis-
tance is non-increasing under stochastic maps”. This is already enough to prove modified Lemma 6.6.
In Lemma 6.7 we additionally need to replace the expression ey = (3 — 2/2)/6 with ¢y = 1/6. Finally,
we replace the second part of Lemma 6.5 with the following reasoning.

Assume that p =, g. This means that there exists a ¢ such that p = ¢ and 6(q, q) < €. Define M
to be the largest integer such that

Zp¢ <1- (6.231)

and then define p by cutting off the tail of p, and placing all of its mass into the largest element
( pf +e for i =1,
pf for 1 <i< M,

pi = (6.232)
' pz—i—l—e—E:pi fori =M,

0 for ¢ > M.

By definition of M we can see that d(p, p) = e. We now need to show that p > g. For k > M we have
k k

SYoir=1>Y g (6.233)

=1 i=1

For k < M, we can use p > q and d(q, q) < € to give

k k k k
PP ELEDSUSIEDI S (6.234)
i=1 i=1 i=1 i=1

Thus p.~ q <= p > q.
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6.E Proof of Lemma 6.8

Proof. Consider a discrete random variable L = —loga, such that (L), = H(a) and Vare(L) = V(a),
and therefore

log k() = n(L)q + x/n Varg(L). (6.235)

If we let {L;}1<j<n be i.i.d. copies of L, then we can write the tail bound of a®” in terms of tail bounds
on the average of these variables as

> {(@®);[(@®"); = 1/kn()} (6.236)

= > (ITe|IT e = 1/ka@) (6.237)

= Z H ai;|— Z loga;; > log k() (6.238)
i1yeenrin | j=1 j=1
=Pr |Y Lj <n{L)a+zy/nVara(L)| . (6.239)
j=1

By applying the standard central limit theorem

lim Pr En: Li={La <zvn| = (x), (6.240)

n—o0 = Varg (L)

we get the desired bound. O
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Abstract

We consider the problem of interconverting a finite amount of resources within all theories whose
single-shot transformation rules are based on a majorisation relation, e.g. the resource theories of
entanglement and coherence (for pure state transformations), as well as thermodynamics (for energy-
incoherent transformations). When only finite resources are available we expect to see a non-trivial
trade-off between the rate r,, at which n copies of a resource state p can be transformed into nry,
copies of another resource state o, and the error level €, of the interconversion process, as a function
of n. In this work we derive the optimal trade-off in the so-called moderate deviation regime,
where the rate of interconversion r, approaches its optimum in the asymptotic limit of unbounded
resources (n — oo), while the error ¢, vanishes in the same limit. We find that the moderate
deviation analysis exhibits a resonance behaviour which implies that certain pairs of resource states
can be interconverted at the asymptotically optimal rate with negligible error, even in the finite n
regime.

7.1 Introduction

In principle, while processing quantum information, any initial state can be transformed into any final
state. One could thus conclude that all quantum states are equally valuable or resourceful. In reality,
however, some transformations are harder to implement than others, which results in a partial ordering
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of the set of quantum states, with the hardest to prepare at the top, and easiest at the bottom. Such a
resource hierarchy arises naturally when we face any kind of restrictions: from the locality constraint,
through experimental difficulties in preparing particular superpositions, to fundamental constraints
induced by physical laws like energy conservation. The mathematical framework developed to study
possible state transformations under such restrictions is known under the collective name of resource
theories [7.1,7.2].

Inspired by classical information theory, the early resource-theoretic works considered optimal
conversion rates between different resource states in the asymptotic regime, i.e., the limit of processing
infinitely many copies of a given state. This led to the discovery of asymptotic resource measures,
which provided operational meaning to quantities such as entropy of entanglement [7.3] and non-
equilibrium free energy [7.4]. Namely, a given transformation becomes asymptotically possible if and
only if the corresponding asymptotic resource measure is non-increasing, which allows one to reversibly
interconvert between all resource states.

On the other hand, almost simultaneously to the asymptotic studies, the single-shot regime was
investigated, where one aims at deciding whether it is possible to convert a single copy of an initial
state into the final state. Here, probably the most famous contributions are the Nielsen’s theorem [7.5]
within the resource theory of entanglement, and more recently the family of second laws for the resource
theory of thermodynamics [7.6]. In general, in the single-shot regime simple asymptotic transformation
rules get replaced by more complex sets of conditions, which also give rise to irreversible transformation.

In this paper we focus on the interconversion process in the intermediate regime, when the number
of processed resource states is large, but finite. This way we aim at keeping the simplicity of the
asymptotic analysis, but also at preserving the irreversible nature of single-shot regime. The first steps
in this direction were recently made in Refs. [7.7] and [7.8] for the resource theories of entanglement
and thermodynamics, where the corrections to asymptotic conversion rates were found in the scenario
with a constant transformation error (i.e., in the small deviation regime [7.9]). Here, we present a
moderate deviation analysis [7.10] (see also [7.11,7.12] for applications in the quantum domain) of
the interconversion problem within a unified framework that includes all resource theories for which
the single-shot transformation rules can be expressed via majorisation or thermo-majorisation. This
way we find finite-size corrections to conversion rates in resource theories of entanglement [7.13],
coherence [7.14] and thermodynamics [7.15], in the regime where the transformation error, measured
by either infidelity or total variation distance, asymptotically vanishes.

Our results can be directly applied to the study of important problems such as entanglement distil-
lation [7.16] or coherence dilution [7.17], but also allow one for a rigorous analysis of the irreversibility
arising when finite-size resources are interconverted. Most intriguingly, we find that if a pair of states
satisfies a particular resonance condition, one can achieve lossless interconversion, i.e., transformation
that is arbitrarily close to reversible even for finite n. In the accompanying paper [7.18] we discuss
how this effect can be employed to avoid irreversibility, which directly affects, e.g., the performance of
heat engines working with finite-size working bodies [7.19].

This paper is structured in the following way. First, in Sec. 7.2, we set the scene by introducing
necessary tools and concepts. Next, in Sec. 7.3 we state our main result concerning moderate deviation
corrections to the asymptotic interconversion rates for majorisation-based resource theories. We then
proceed to Sec. 7.4 that contains auxiliary technical results concerning tail bounds, which are used in
the formal proof that can be found in Sec. 7.5. Finally, we provide conclusions and outlook in Sec. 7.6.
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7.2 Setting the scene

7.2.1 Resource theories in different regimes

Every quantum resource theory [7.1,7.2] is defined by a set of quantum operations that are considered
free, and a set of restrictions that make other operations impossible without an additional cost. Such
restrictions may arise from practical difficulties, e.g., when preparing a system in a superposition of
particular states is experimentally challenging, but may also be of fundamental nature, as with the
laws of thermodynamics constraining possible transformations to preserve energy and increase entropy.
A resource is then defined as a quantum system that allows one to lift a given restriction. Typical
examples of resources include an excited pure state that acts as a work storage, and thus can be used
to reduce the entropy of another system (overcoming thermodynamic constraints [7.15]); an entangled
Bell pair, which can be used to teleport a quantum state (overcoming locality constraints [7.13]); or
a system in the superposition of energy eigenstates, which can be used as a reference frame for time
(overcoming symmetry constraints [7.20]).

Once the restrictions and the corresponding resources are defined, the central question concerns
resource interconversion, i.e., what final states can be obtained from the initial one. This problem so far
was mainly approached in either the single-shot regime [7.21], or in an idealised asymptotic limit [7.22].
The first approach, due to its generality and the corresponding complexity of the answer, provides only
a limited insight into the nature of different resource states. The second one provides an elegant and
simple answer in the form of optimal conversion rate, which tells us how many copies of the final state
can be obtained per one copy of the initial state, if one assumes access to an infinite source of initial
states. From a practical point of view, however, such an assumption is unjustified, as most quantum
resources will be available only in small amounts in the foreseeable future. More fundamentally, finite-
size effects may be of interest themselves, as it is the case within quantum thermodynamics [7.23],
where one aims at accurate description of heat and work processes involving small number of particles.

Very recently the first steps have been made to study the intermediate regime, where one focuses on
the interconversion of large but finite number n of resource states. First, in Ref. [7.7] the authors focused
on transformations within the resource theory of entanglement. Their results were then generalised
and adapted to the studies of the interconversion process in the resource theory of thermodynamics
by the present authors [7.8]. In both these works the second-order correction to the asymptotic
rate was found in the so-called small deviation regime [7.9], where the conversion rate approaches
the asymptotic one for n — oo, but the transformation is realised with a constant error. In the
current work we solve the issue of constant error by deriving corrections to the asymptotic rate in
the moderate deviation regime [7.10], where the correction term still vanishes as n — oo, but also
the transformation is asymptotically error-free. For the completeness of discussion, we also note that
the interconversion problem may be studied in the large deviation regime [7.24], where the error is
exponentially vanishing for the price of the constant gap between the realised conversion rate and the
asymptotic one. In Table 7.1 we collect references to central results concerning state interconversion
within the investigated resource theories in various regimes.

7.2.2 Exact single-shot interconversion

Irrespective of the investigated regime, the first step is to find single-shot interconversion rules, which
form the basis of further analysis. In this work we study the interconversion problem within all
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Ent. Coh. Thermo.
n=1¢e=0 [7.5] [7.25] [7.15]
n— 00, € = 0 [7.3] [7.4]
n < oo, e>0 [7.7] [7.8]
n < oo, e—0 This work

Table 7.1: Interconversion in various regimes. Exposition of works on state interconversion within resource
theories of ent(anglement), coh(erence) and thermo(dynamics) in single-shot regime (n = 1,e = 0), asymptotic
limit (n — 0o, € — 0), small deviation regime (n < oo, € > 0) and moderate deviation regime (n < oo, e — 0).

majorisation-based resource theories, i.e., when conditions for single-shot transformations can be ex-
pressed as majorisation partial order [7.26], or a variant known as thermo-majorisation [7.15,7.27].
Within such theories, each resource state can be represented by a probability distribution, and the
conversion process is possible when the distribution representing the initial state majorises (or is ma-
jorised) by the distribution representing the final state, with majorisation > defined by
i .
ar-b <« Vj: > af>> 0, (7.1)

i=1 =

[y

where a' denotes the vector a in a decreasing order.

Three prominent examples of majorisation-based resource theories include the resource theories of
entanglement, coherence and thermodynamics. These are defined via the relevant sets of free operations
and free states: Local Operations and Classical Communication (LOCC) and separable states in
entanglement theory [7.13]; Incoherent Operations and incoherent states in coherence theory [7.14];
Thermal Operations and the thermal equilibrium state « in the resource theory of thermodynamics
(with respect to a fixed background temperature 7' = 1//) [7.28]. As mentioned above, within each of
these theories there exists a representation of initial and target quantum states, p and o, as probability
distributions p and q. For entanglement theory, given initial and target pure bipartite states, p =
|¥)(¥| and o = |®)(P|, with the Schmidt decomposition given by

@) = Zai!@biwi% ) = Z bilpidi), (7.2)

we can represent them via probability distributions
pi = lail’, a4 = [bif*. (7.3)

For coherence theory, with respect to a fixed basis {|i)}, one can represent pure initial and target
states, p = |¢)(¢] and o = |¢){¢], using

pi =il 7, g =1 (ile) . (7.4)

Finally, in the resource theory of thermodynamics, the initial and target energy-incoherent mixed
states p and o can be represented by

pi = (Eilp|Ei), ¢ =(Ei|ol|E;), (7.5)
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where {|E;)} denotes the energy eigenbasis of the system. We will denote distributions representing
free states by f. In entanglement and coherence theories these are represented by sharp probability
distributions s with a single non-zero entry; whereas in the thermodynamic case f is given by a thermal
Gibbs distribution v with ~; o< exp(—SE;).

The celebrated Nielsen’s theorem [7.5] (for entanglement) and the recent result of Ref. [7.25] (for
coherence) state that the initial state represented by p can be transformed into the target state rep-
resented by q if and only if p < g. Similarly, in Ref. [7.15], it was found that a thermodynamic
transformations between states represented by p and q is possible if and only if p > ¢, where a can be
obtained from a via a straightforward application of an embedding map T [7.6,7.29]. For the sake of
our analysis, it is only crucial to note that I'* maps d-dimensional distributions to d-dimensional ones
with d > d; and that an embedded version of the free thermal distribution is given by a maximally
mixed distribution on a larger subspace, i.e., ¥ = n with n = [1/3, e 1/3]

7.2.3 Approximate multi-copy interconversion

When considering transformations between many copies of initial and target states, represented by
p®" and ¢®™, we need to make sure that the dimensionality of the input and output spaces match.
Since one can always append any number of free states f to both the initial and target states, we
introduce total initial and target distributions,

PV = pP g fEM QMM = O™ @ £ (7.6)

Our main object of interest will be the conversion rate r, := m/n, i.e., the number of target states
one can obtain per one copy of the initial state. For notational clarity we will denote total initial and
target distributions by P™ and Q™, with the dependence on m (so, in fact, on r,) kept implicit. The
single-shot interconversion conditions can now be expressed as P" < Q" for the entanglement and
coherence transformations, and P Q" for the thermodynamic transformations.

We also need to introduce the concept of approximate interconversion. Assume that for given P™
and Q" the relevant majorisation relation does not hold, so that the interconversion is impossible.
However, there may exist Q™ that is e-close to Q™ and such that the interconversion is possible. We
then say that an approximate transformation is possible with the error level € quantified by either the
infidelity, 1 — F, or total variation distance (TVD), §, between target and final states, with

F(Q",Q") = (Z W) : (7.7a)

5@ Q") =5 3| - a

. (7.7b)

The concept of approximate interconversion gives rise to two notions of approximate majorisation
introduced in Ref. [7.8], e-post-majorisation >, and e-pre-majorisation >, defined by

a-b <= 3b:a-bandib,b)<e, (7.8a)
a-b < da: a>bandi(a,a)<e (7.8b)
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where, depending on the context, § can be replaced by 1 — F. Crucially, in Ref. [7.8] the present
authors showed that these two notions are equivalent and, moreover, that e-post-majorisation between
embedded vectors, a . 13, is a necessary and sufficient condition for the existence of an approximate
thermodynamic transformation between a and b with error level e.

We conclude that an approximate transformation between initial and target states, represented by

p®™ and ¢g®™™, is possible within resource theories of entanglement and coherence if and only if

P" <. Q", (7.9)

with the free state f = s. We will refer to the above relation as the approximate majorisation relation
for the entanglement direction. Similarly, such a transformation is possible within resource theory of
thermodynamics if and only if

P . Q", (7.10)

with the free state f = . We will refer to this relation as the approximate majorisation relation for
the thermodynamic direction.

7.2.4 Information-theoretic notions

The main role in the quantitative analysis of the interconversion process for the entanglement direction
will be played by the Shannon entropy H and entropy variance V. For a given probability distribution
a these are defined by

H(a)=-)> a;jlna;, (7.11a)

i

V(a) = Z a; [Ina; + H(a)*. (7.11b)

The analogous role for the thermodynamic direction will be played by the relative entropy D and
relative entropy variance V. Given two probability distributions, a and b, these are defined by

Diallb) =3 ailn ", (7.12a)
(2 . )
V(a||b) = Za [m zT — D(aHb)} . (7.12b)

7

An important fact, that can be verified by direct calculation, is that the relative quantities are invariant
under embedding, i.e., D(a||b) = D(al||b) and V (a||b) = V (al|b) [7.8].

In order to formally state our main result we also need to introduce the notion of a moderate
sequence:

Definition 7.1 (Moderate sequence). A sequence of real numbers {t,}, is a moderate sequence if its
scaling is strictly between 1/y/n and 1, meaning that t, — 0 and \/nt, — +00 as n — oo.

Note that an important family of moderate sequences is given by t, ~ n~® for a € (0,1/2), which can
be used to obtain a particularly simple version of our main results.
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Finally, as we will be interested in asymptotic expansions in n, we will employ the standard asymp-
totic notation: o(f(n)), O(f(n)) and ©(f(n)). We will also use < and < to denote eventual inequal-

ities, specifically we write a, < b, if and only if there exists N such that a, > b, for all n > N.
Moreover, we will denote equalities and inequalities up to terms of order o(t,) by ~, < and 2.

7.3 Interconversion rates beyond the asymptotic regime

We are now ready to state our central technical result, which may be of interest outside the resource-
theoretic studies due to ubiquity of majorisation partial order in the broad field of applied mathe-
matics [7.26]. We split it into three theorems. The first two concern state interconversion below the
asymptotic rate and with asymptotically vanishing error (one for each majorisation direction). The
third one concerns practically less relevant scenario of state interconversion above the asymptotic rate
and with error asymptotically approaching 1.

For the entanglement direction we introduce the optimal conversion rate R™(e) as the largest
conversion rate 1, for which the approximate majorisation relation for the entanglement direction,
P" <. Q" holds. Due to the discussion presented in Sec. 7.2, RS (¢) is the maximal rate for which
the approximate interconversion, with error €, is possible between states represented by p and g within
resource theories of entanglement and coherence. We also define the asymptotic rate,

H(p)
R = : 7.13
H(g) (719
and the irreversibility parameter,
V(p)/H(p)
Vot = T (7.14)
Vi(q)/H(q)

We then have:

Theorem 7.1 (Entanglement direction). For any moderate sequence t, and the accepted error level

of ,
€n = e ", (7.15)

the asymptotic expansion of the optimal conversion rate RS (e,) is

R (6) ~ REM — /i]v(é’)’g [1—1/viet

Analogously, for the thermodynamic direction we introduce the optimal conversion rate Ri(e) as
the largest conversion rate r,, for which the approximate majorisation relation for the thermodynamic
direction, P™ =, Q", holds. As before, R'™(¢) is the maximal rate for which the approximate inter-
conversion, with error ¢, is possible between states represented by p and g within the resource theory
of thermodynamics. We also define the asymptotic rate,

tn. (7.16)

w _ D)
= Digllyy (7.17)
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and the irreversibility parameter,

o Vlv/DwlR)
Y= Vigl)/Dial) (7.18)

We then have:

Theorem 7.2 (Thermodynamic direction). For any moderate sequence t,, and the accepted error level
of ,
€n = e ", (7.19)

the asymptotic expansion of the optimal conversion rate R (e,) is

R:Lh(én) ~ R:’;}(l) _ l pH'-Y

Finally, one expects that conversion above the asymptotic rate leads to transformation error ap-
proaching 1. This is formalised in the following theorem which, unlike the previous two theorems (that
hold for the error level measured by both infidelity and total variation distance), applies only to TVD.
In Appendix 7.A, where we relate our current results to the small deviation analysis of Refs. [7.7,7.8],
we also conjecture the analogue of Theorem 7.3 with the error measured by infidelity.

(7.20)

Theorem 7.3 (Converse regime). For any moderate sequence t,, and the accepted TVD error of
n=1—¢ ", (7.21)

the asymptotic expansion of the optimal conversion rate RS (e,) is

R e = R [ 5B (1 1) (7.222)

and similarly for R™(e,) we have

R (e,) ~ R 4 ((ﬂ"“)’) (1 + 1/F) (7.22b)

We present the proofs in Sec. 7.5, after we introduce the necessary tools in Sec. 7.4. Before that
let us make two important remarks.

Remark 1. For initial and target states satisfying v°™ = 1, the optimal conversion rate RE™ in the
regime of vanishing error is given by the asymptotic rate R, This means that, up to terms of
order o(t,), such a transformation is reversible even for finite n. Analogous observation holds for the
thermodynamic direction. We discuss the implications of this particularly interesting scenario in an
accompanying paper [7.18].

Remark 2. When V(p) = 0, resulting in 1/vVv° diverging to infinity and the apparent multiplication

of zero times infinity, one can simply use the definition of v°™ to replace Eq. (7.16) with

2V (q)H(p)
H(q)?

Analogous observation holds for the thermodynamic direction.

R™(e,) ~ R + th. (7.23)
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7.4 Moderate deviation toolkit

7.4.1 Preliminaries

The central result of the moderate deviation analysis can be stated as follows.

Lemma 7.1 (Moderate deviation bound). Let {X;}i<i<n be independent and identically distributed
(i.i.d.) random variables with zero-mean and variance v. For any moderate sequence {ty}n the follow-
ing hold:

1 1
nlin;o - 2 ( E X;>t >] ~ 55 (7.24a)
li 1 1 X; < —t, ! 7.24b
R Z )| =5, (7.24)

The proof of the above lemma can be found, e.g., in Appendix A of Ref. [7.11]. For the remainder
of the paper, consider {t,}, to be a fixed moderate sequence. For clarity we will henceforth omit the
dependence of all implicit constants on this sequence. It should be noted that the above lemma also
holds when v = 0, where we henceforth adopt the convention that 1/v = +o0 in this case.

7.4.2 Two variations on tail bounds

We now want to adapt Lemma 7.1 to our purposes of majorisation-based analysis. For a probability
vector a we thus introduce the following quantity

ky(a,z) :=exp (H(a®") + znty) , (7.25)

which allows us to formulate the magnitude-based version of the moderate deviation bound for products
of distributions.

Lemma 7.2 (Magnitude-based tail bound). Consider an arbitrary probability distribution a. For
xr < 0 we have

1 —z?
li 1 > = 2
ntvoo it HZ{ a™); 2 kn(a,x)} 2V (a)’ (7.262)
and similarly for x > 0 we have
1 —z?
li —l < = . .26b
oo Tt “Z{ a®"), < kn(a,x)} 2V (a) (7.26b)

Proof. Consider the random variable L := — log a, distributed according to a, such that the expectation
value (L) and the variance Var(L) are equal to H(a) and V(a) respectively. We can express k,, in
terms of L as

log kn(a, ) = n(L)q + znt,. (7.27)
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If we let {L;}1<j<n be i.i.d. copies of L, then we can write the tail bound of a®” in terms of tail bounds
on the average of these variables,

a®n a®n 1 — - Qi . - a; . !
Z{( )z ( )z = kn(a,x)} Z JI;[1 g jI;[l iy 2 kn(a,x)

( 11500ln

e 1
:'Z jl_[lalj Zz:logal > log Fn(@,2)

=Pr ZL]- < n(L)+ znt, | . (7.28)

For z < 0, we can now apply Lemma 7.2 to the variables X; := (L; — (L)) /= to obtain Eq. (7.26a).
An analogous argument can be employed for x > 0, with all of the above inequalities reversed, yielding
Eq. (7.26b). Finally, for x = 0 case, we can appeal to the Central Limit Theorem, which gives

1 1 ¢ 1
@ny @n) > _ 1 < n—oo L .
% I{(a )i | (@), 2 kn<a,o>} Pr njEZILJ <L) =3 (7.29)
implying Eqgs. (7.26a)-(7.26b). O

Using the above result we can now prove the majorisation-based version of the moderate deviation
bound.

Lemma 7.3 (Majorisation-based tail bound). Consider an arbitrary probability distribution a satis-
fying V(a) > 0. For x <0 we have

1 @nyd | a?
lim m1n | Yo (@) = “5a) (7.30a)
i<kn(a,x)
and similarly for x > 0 we have
lim — In Y (@ =- v (7.30D)
n—voo | o 0 2V(a)’ '

Proof. Here we follow the proof of the small-deviation analogue of this result, Lemmas 15 and 16 of
Ref. [7.7]. Consider first the < 0 case, and define two sets of indices

(ﬂf) {1,..., [kn(a, )]}, (7.31a)
() { ®M>1/1<; (a, x)} (7.31b)

217 of 251



CHAPTER 7: MODERATE DEVIATION ANALYSIS OF RESOURCE INTERCONVERSION

We note that Lemma 7.2 gives that

lim %m S (@] =~ 2V9'3(a) (7.32)

n—o00 nt2 —
ieS(x)

for any x < 0, and we wish to show an analogous result for Sn(z). We will achieve this by showing,
for any > 0, that Sp(z) C S,(x) C Sy(z + J) holds eventually, i.e., for large enough n. The first
inclusion follows trivially from the normalisation of our distribution, and so it is left only to show that

Sp(x) C Sp(z+9).
Noting that (a®")j —1/kp(a,x +9/2) > 0 if and only if i € S, (z + §/2), we see that

S @t )

i€Sn (x+6/2)
1
>y @) - ,
B ieT [(a ) kn(a,z + 5/2)} ’ (7.33)

for any set of indices T. Taking T = S, (z 4 ), this gives

Sp(z + 6) \ Sz + 5/2)]

kn(a,z +6/2) = Z (a®")j. (7.34)
e i€ 8 (2+0)\Sn (2+5/2)

Lemma, 7.2 tells us that the summation on the RHS scales as 6*9("’%), specifically that there is a lower
bound of the form e~ for some constant C. Since t, — 0, we eventually have that Ct, < §/2, and

so this sum can be lower bounded as follows
Z (a®”)+ S e ontn/2, (7.35)
T
i€Sn (x+6)\Sn (z+5/2)

Applying this bound to Eq. (7.34) allows us to conclude

Sl + 5)‘ > |8, (2 + 6) \ Snlx + 5/2)

B e Mk (a, x4 5/2),
= kn(aw .ZU), (736)
and therefore that Sy, () (T + 9) as required.
S

cS
The inclusions S, (x) C Sy (z) C Sp(x+9), together with Lemma 7.2, give us the following inequal-
ities

o 1 (x + 6)?
on\+
lﬂgf@m AZ (a®")7| > T (a) " (7.37a)
| i€Sh () i
I L Y () < - (7.37b)
Imsup —= In a il = .
noe M| s (a) | 2V(a)
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As this holds for any 6 > 0, we conclude that

TR U B e g g (7.38)

2
nreenty | e

which is equivalent to Equation (7.30a). An analogous proof can be performed for z > 0, resulting in
Eq. (7.30b). O

Remark 3. One can extend Lemma 7.3 to probability distributions a with V(a) = 0 by a direct
calculation, since V(a) = 0 means all non-zero entries of a are equal. One then obtains that Eq. (7.30a)
holds for x < 0 and Eq. (7.30b) for x > 0, i.e., both expressions diverge to —oo.

7.4.3 Tail bounds for total distributions

Recall that in Sec. 7.2.3 we defined total initial and target states for a given rate r, as
P p7 @ O Q= g O (7.39)

where f stands for the free state of a given resource theory, i.e., f is a sharp state s for entanglement
and coherence transformations, and f is the maximally mixed state 1 in the case of thermodynamic
transformations (corresponding to the embedded thermal state «). For notational clarity we will
henceforth omit the | superscripts on these total states, assuming them to be ordered (i.e. we denote
P and Q™ simply by P and Q).

Analogous to the quantity which appears in our moderate deviation bounds, consider the quantity

Ky (z) :==exp (H(Q") + xnty) . (7.40)
Using Lemma 7.3 we can prove the following tail bounds for the total distributions.

Lemma 7.4 (Tail bound for P™ and Q™). For any p € R, consider the conversion rate

_ H(f) — H(p) + pty

Tn = s 7.41
W= H - A (74
and the irreversibility parameter
Vip) H(f)—H(q)
V= . . 7.42
Vie) H(F)—H(p) (742)
The total output state Q™ has the tail bounds
<0:  lim —1 o 7.43
T e ‘Z @i T 2V(p)’ (7432)
| i<Kn(z)
>0:  lim -2 1 Y Q| = v (7.43b)
r=U: nl—{go nt% n o i | — QV(p)' .
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Similarly, the total input state P™ has the tail bounds

.1 (z — p)?
< q P ni — A P/
x<p: nh_{r;o ni2 In | g P Wip) (7.44a)
_ngn(x)
o1 (z — p)?
>p: lim —1 E P =—————. 44
e nt2 o k() ! 2V (p) (7.44b)

Proof. For f = s we have

Z Qr = Z (q®nrn ® s®n)i¢

i<Kn(x) i<knry, (q,2/Tn)

= S (¢®); (7.45)

'Lgknrn (‘LI/TH)
Similarly for f = n we have

Z Qr = Z (q®m~n ® n@n)j

i1<Kn(z) 1<d"knr,, (q,2/Tn)

= Y (¢®);. (7.46)

igknr'n (q,w/rn)

Applying Lemma 7.3 to both of the above equations yields the desired bounds.
Next, define K (y) := exp (H(P") + ynt,). By analogy to Q", we have the following tail bounds
on P"

.1 W
y<0: nlin;o@ln | Z P = W) (7.472a)
Li<KE(y)
>0: lim o1 S o= v (7.47b)
v20: g | R = oy |
Li>KF () ]

Using the rate 7, (1), and expanding out both K,, and K, we find that K (z — u) = K, (z). Substi-
tuting this into the above expressions, we get the desired tail bounds purely in terms of K, (z). O

We now want to consider the regions in which our two total distributions majorise each other.
To do this, we first define the values of x for which the tail bounds for P™ and Q" coincide. Let us
introduce

o= P
(ol -

These correspond to the values of z for which the moderate deviation tail bounds of the total distri-
butions meet on the same side (cis) or on opposite sides (trans), respectively. More precisely, as a

L

d =
an T 1+

(7.48)
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consequence of Lemma 7.4, z¢ and z are the solutions to the following equations

. 1 . 1
nh_}ngon?ln | ZPZ” :nh_{gomln | ZQ? , (7.49a)
" i<Kan(zc) | " [i<Kn(zc) |
lim —— In > Pt |=lim . >oer (7.49D)
n—o0 nt% ) ! n—o00 nt% ] vy
| i>Kn(zc) | |i>Kn(zc) |
lim — In > P |=lim . >oer (7.49¢)
n—o0 nt% ) ¢ n—o00 nt% ] P
_1§Kn(ZT) i _ZZKn(ZT) i
lim — In > Pt =lim . >oer (7.49d)
n—o0 nt% >k ; n—00 TL% o )1 : .
L12Kn(zT) | L= 8nlZT) |

We schematically present the positions of zg and zt in Fig. 7.1, which also serves to illustrate the
proof of the following lemma.

Lemma 7.5 (Dominance of total states). For a bounded interval [a,b], such that a > z¢ (for v < 1)

orb < z¢ (for v > 1), the inequalities
> s Y W (7.50)
i<Kn(x) i<Kn(x)

hold for all x € [a,b], for sufficiently large n. Similarly, for any bounded interval [a,b] with b < zy, the

inequalities
o> > oQp (7.51)

i> K () i<Kn(x)
hold for all x € [a,b], for sufficiently large n.
Proof. We will prove Eq. (7.50) and explain how Eq. (7.51) can be proven in an analogous way. Consider

the function L(y) = log ﬁ, which is strictly increasing for y € (0,1). Next, define two sequences of
functions

Fulz) = 2‘1;(2” )L S o, (7.52a)
n i<Kn(x)
gn(x) = 2‘?;(21))L Z Q. (7.52b)

1<Kn(z)

We can combine the direct and converse parts of Lemma 7.3, i.e., Egs. (7.30a) and (7.30b), to obtain
the limits f,, — f and ¢, — g as n — 0o, where
(z — p)? va’

and g(x) = Tl (7.53a)

flz) =

ER
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| |
| |
| |
l |
0O =2 M xT

Figure 7.1: Schematic representation of cumulative distribution functions for P and Q", and the positions
of z¢ and z7 in different regimes.

We now find that

x>zc forv<l,

flz) >g(x) { (7.54)

r < zo forv>1.

Therefore, for any z in the above regions we have that f,(z) < gn(x). As L is strictly monotone, this
in turn implies that Eq. (7.50) holds eventually in the same region.

The above argument only ensures that f, — f and g, — ¢ point-wise. This does not yet allow us
to conclude that there exists an N such that Eq. (7.50) will hold for all x € [a,b] and all n > N. In
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Section 7.B we close this gap by proving that this convergence is compact.
Finally, Eq. (7.51) can be proven in an analogous way by substituting: ¢, - —¢, and ¢ — —g. O

7.5 Proof of the main theorem

We are now ready to prove Theorems 7.1, 7.2 and 7.3. We will achieve this in a series of steps. First,
we will prove the following result.

Proposition 7.6 (Thermodynamic direction, v = n, TVD). For a TVD error level of

- —nt?
n —€ noor €

=1 e nn, (7.55)

n

the approximation majorisation condition
P" >t Q" (7.56)

with f = n holds with an optimal interconversion rate of

Di(plln) = v/2V (pln) [1 £ 1/v/
D(q|m)

The proof of Proposition 7.6 will consist of two parts: first, in Sec. 7.5.1, we will show that the
claimed rate is achievable for the given error; and then, in Sec. 7.5.2, that it is also optimal. This
way we will prove a special case of Theorem 7.2 for the case of infinite temperature (when v = n)
and error level measured only by TVD; and Theorem 7.3 for the thermodynamic direction and infinite
temperature.

The next step is to generalise Proposition 7.6 to arbitrary finite temperatures (arbitrary thermal
state ). It is enough to note that the approximate interconversion condition for the thermodynamic
direction, P" =, Q", is exactly captured by Eq. (7.56) if one only replaces p and ¢ with p and q,
respectively. Moreover, since the relative entropy and relative entropy variance are invariant under the
embedding map [7.8], one can obtain the optimal rate by “unembeddinig” Eq. (7.57), i.e., replacing
P, ¢ and n = 4 with p, q and ~ respectively. Thus, by proving Proposition 7.6, we in fact prove
Theorem 7.2 for any temperature and the error level measured by TVD; and Theorem 7.3 for the
thermodynamic direction with arbitrary temperature.

Then, in Sec. 7.5.3, we will prove the following result

tn

R:lh(éf) ~ (757)

Proposition 7.7 (Entanglement direction, TVD). For a TVD error level of

- _ e—nt%

or e =1- e Mn, (7.58)
the approximation majorisation condition

P e (7.59)
with f = s holds with an optimal interconversion rate of
H(p) %2V (p) |1 £ 1/vi |,
H(q) '
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To prove Proposition 7.7 we will leverage the proof of Proposition 7.6. More precisely, we will ex-
plain how to adapt that proof, so that the thermodynamic direction gets replaced by the entanglement
direction. This way we will prove Theorem 7.1 for the error level measured by TVD; and Theorem 7.3
for the entanglement direction.

The final missing piece is to show that Theorems 7.1 and 7.2 also hold for the error level measured
by infidelity. We will prove this in Sec. 7.5.4, again by explaining the necessary modifications of the
reasoning that will result in replacing TVD with infidelity distance.

7.5.1 Proof of Proposition 7.6 (Achieveability)

We will start by considering the achieveability of Proposition 7.6, i.e., a lower bound on the optimal
conversion rate for the thermodynamic direction. For notational convenience, we will drop the su-
perscripts on both R and v*", adopt the convention D(-) := D(:||n), and note that V(-||n) = V(-).
Specifically, we will prove the following:

Lemma 7.8 (Proposition 7.6: Achieveability). For a TVD error level of

B 2
€, =e "M or e =1—e " (7.61)

the optimal rate is lower bounded,

Ro(eh) > D(p) + \/2Vl§1()()1)\1 +1//v| tn‘ (7.62)

We will prove this lemma by constructing a family of distributions j () , which eventually obey the
required majorisation condition PW » Qm. We will then show that by picking appropriate values of

~ ~ ev.
p =y and g = p_, one can obtain distributions P#+) such that §(P"™, P(#+)) % €.

Constructing the approximate distribution P

To prove achieveability, we will construct a family of distributions P®*) which, for any fixed p, even-
tually majorise Q™. As in Lemma 7.4, consider the rate

_ D(p) + uty

rn(p) = Dlg) (7.63)

where p € R is a parameter of our construction. We will construct pPW by the cut-and-pile method.
Specifically we will consider starting with P™, removing mass from its tail, and adding it to the largest
element. This construction allows us to construct a nearby state which is higher in the majorisation
order. We start by defining the cutting point,

2u—zc <0, v<l1,
Zuy = { 2C <0, v>1, (7.64)
2T > 0.
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If we let ¢ > 0 be a small slack parameter, then P ig defined as

PP+ > Proi=1,
i>Kn(y)
P 11 <i < Kn(y),

)

0 21> Kp(y),

P = (7.65)

with y = 2, — C.

Showing majorisation P*) » Q"

Given the above construction, we now want to prove the majorisation condition P = Q™ eventually
holds. The idea here is to leverage Lemma 7.5, and show that a cut-and-pile construction with a cut
at K, (z) for any = < z,, will always eventually majorise Q".

Lemma 7.9. For any fized u, P < Q.

Proof. To prove majorisation we need to show that, eventually, the inequalities

k k
S RN qr (7.66)
=1 =1

hold for all k. The ‘cut’ of the cut-and-pile construction implies Eq. (7.66) for large k. Specifically,
the restricted support of P#),

S W=, (7.67)
1<Kn(zp,p—C)

implies that Eq. (7.66) holds trivially for any k& > K, (z,,, — ().

The idea now is to show that the ‘pile’ similarly gives us majorisation for small k£, and then
to leverage Lemma 7.5 to argue that P™ already majorises Q™ for intermediate k. We will split this
argument into the three cases given in the definition of z, ,, and illustrated by panels (a)-(c) of Fig. 7.1.

Case 1: pu < 0, v < 1. Noticing that P" tail bounds in Lemma 7.4 are symmetric under
x — 2 — x, we have that

1 n 1 n
lim i In > P = lim gy m| > P (7.68)
i> K (2p,0—C) i<Kpn(zc+C)

Applying Lemma 7.5, we therefore have that

S Y on (7.69)

iZKn(Z,u,,V_C) ZSKH(ZCJ"C)

Using this, for any k < K,,(zc + {) we can leverage the ‘pile’ in the P® construction to yield

SEW PSS S S or>Y (7.70)

i<k i>Kn(zp,0—C) i<Kn(2c+C) i<k
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which implies Eq. (7.66). Applying Lemma 7.5, we have that Eq. (7.66) must also eventually hold on
the remaining intermediate indices k € [Ky(z2c + (), Kn(2u — Q)]

Case 2: u < 0, v > 1. Noticing that Q" tail bounds in Lemma 7.4 are symmetric under z — —x,
we have that

1
im — | S Q| =tm —m| S Q. (7.71)

n—00 nt% n—o00 nt%
1> Kn(zu,) i<Kn(—2zc)

We now use Lemma 7.5 again, giving for any k < K,,(—z¢) that the ‘pile’ of P implies Eq. (7.66),
SRY > 3RS Yaerzdoan (7.72)
i<k >Kn(zuo—C)  i<Kn(—z20) i<k

A direct application of Eq. (7.5) implies Equation (7.66) also holds on all of the remaining intermediate
indices k € [Kp(—2c), Kn(zuy — ()]
Case 3: u > 0. For k < K, (21 — (), we use Lemma 7.5 to eventually give

S PW s NS N Q=N (7.73)
i<k i>Kp(z1—C)  i<Kn(2r—C) i<k

In this case there is no intermediate region, which implies Eq. (7.66) holds for all k. O

Showing that P® is close to P"

Now that we have shown that P® eventually majorises Q", we want to ask how close PW ig to P
in total variation distance. The answer is provided by the following lemma.

Lemma 7.10. For a fized p < 0,

- y = —2¢)?
§(PW, Py < ex <— (pw = 1 nti) : 7.74
( )< exp o (7.74)
and similarly for p > 0,
- ev. —p—2¢)?
S(P®W, Py L1 —ex <—(Z“’” K mﬁ) : 7.75
( ) b o) (7.75)

Proof. A convenient feature of the cut-and-pile construction is that the total variation distance to the
original distribution takes a particularly simple form. Specifically,

s(PW Pry= N P (7.76)
1> Kn(zp,0—C)

We can now apply Lemma 7.4 to give

. 5 (2 — = €)*
(u<0) ny |\
nhm ni2 In [5(P , P )} WV (p) , (7.77a)
. = (2 — 1 = §)?
_ (u>0) pny| — _ \Z
nhm ni2 In [1 (P , P )} WV (p) . (7.77b)
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This, in turn, implies the eventual inequalities

ev. (z%y —u— 24)2

p(1<0) pn _ 2
In [5(P P )] z O (7.78a)
- ev. —p—2¢)?
nll1—=24 P(,u>0) P i (Z%V K +2 78b
0160, Pry| S B S S, (7.78b)
which are equivalent to our desired bounds. ]

Proof of Achieveability

We now put together the above to prove the achieveability of Proposition 7.6.

Proof of Lemma 7.8. Consider our construction of P for a specific choice of p. Specifically, let
e =14+ 1/y7] (i 2V (p) — 2g) , (7.79)

where p_ will give the direct result (with vanishing error € ), and py will give the converse result
(with error € approaching 1).

From Lemma 7.9 we have that P#=) & Q" as required. Substituting p4+ in Lemma 7.10, we have
that the TVD error is bounded,

5 (15<Mi>, P") T et (7.80)

as required. The rate in these cases takes the form

n\Ht) =
(1) D(a)
D(p) + 1 1/v/7| (£/2V(p) - ) t
= . (7.81)
D(q)
As the above analysis holds for any ¢ > 0, we can therefore conclude that
D +./2V 1+1 tn
() > DR E VAV L 1/l 7s)
D(q)
as desired. O

7.5.2 Proof of Proposition 7.6 (Optimality)

We now move on to showing the optimality of Proposition 7.6, i.e. an upper bound on the optimal
conversion rate for the thermodynamic direction. For convenience we will reuse the notation used in
the proof of achieveability.
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Lemma 7.11 (Proposition 7.6: Optimality). For a TVD error level of

- —nt%

=e or e =1- e Mn, (7.83)

the optimal rate is upper bounded,

Rn(@f) < D(p) + \/2V1§1(9()1)|1 +1//v| tn. (7.84)

We will prove the above by showing that, for any distribution pn obeying the majorisation condition
P" ~ Q" with a rate (1), the TVD distance between P" and P™ is eventually lower bounded by
€. To achieve this, we will use the fact that the total variation distance is monotonically decreasing
under coarse-graining. Specifically, for any distributions @ and b, and index k, the triangle inequality
gives

5(a,b) > | ai— > bl (7.85)

i<k <k

Applying this to distributions P and P™, and index k = K, (x), gives

S(P",P")>| Y PB'— ) P7. (7.86)

i<Kn(z) J<Kn()

The idea is that, with a careful choice of x, we will be able to use the majorisation P Q" to replace
the summations over P" with those over Q". This will then allow us to apply Lemma 7.4 to arrive at
our final bound on the error.

We will first present this argument in detail for the case where y < 0 and v < 1, and then present
the modifications required for the remaining cases of y < 0 and v > 1, and p > 0.

Case 1: p<0,v<1
Here we will perform our coarse-grained binning at x = z¢ — (. Recalling that P" = Q", we have that
>, Bz Y Qn (7.87)
iSKn(ZC_C) ’LSK,L(ZC—C)
Using the positivity of ¢, Lemma 7.5 allows us to also conclude that
D=L N (7.88)
’L'SKn(ZC*C) iSKn(Z07C)

We now use the fact that |o — | is monotonically increasing in « for a > . Using this, we have
an eventual lower bound on TVD purely in terms of the total states P™ and Q",

S(P P> > Q- > P (7.89)

i<Kn(zc—() J<Kn(20—C)
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Applying Lemma 7.4, we see that the tail sum of @™ asymptotically dominates. Specifically, we
have

1 210 n V(ZC - C)2
liinf o 1o [5(P P )} > (7.90)
and therefore
~ ev. —20)?
§(P", P™) > exp <—”(220V(p)omi> : (7.91)
We now choose
\1—1/\ﬂ( V2V(p +2gf) (7.92)
This gives us that §(P", P™) < €,, with a rate of
D(p) + [1-1/v/7| (= V/2V(p) + 207 )t
rn(p) = D(a) (7.93)
As this is true for all { > 0, we can conclude that
o) < D) = VAV [1- 1/l o

Case 2: 1 <0, v >1

Now we consider the case of y < 0 and v > 1. The proof here is similar, starting with a cut at
x = zc + (. Here the tail sum of P" asymptomatically dominates, with Lemma 7.4 giving

- ev. — 1+ 2¢)?nt?

5(P", P") Y exp <_(ZC 5;@)0 n "> (7.95)

We now make the choice
§= \1-1/[\( V2V (p +2¢) (7.96)
which gives that §(P", P™) < €, , and thus
< D) - v2V(p) 1 -1/Vv|ts
Ru(en) S : (7.97)
D(q)

Case 3: 4 >0

Lastly, we consider the case of u > 0. Here, we perform our cut at x = z1 and, instead of using an
argument based on majorisation from above, we use majorisation from below. Specifically, we note that

P" = Q" implies
ooprs ) Qrp (7.98)

i>Kn(2zT) i1>Knp(z1)
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We now use that | — 3] is monotonically decreasing in a for o < 8. This gives us the analogous upper
bound

S(PPY>=| Y Q- > Prl. (7.99)
i<Kn(z1) J<Kn(zT)

Applying Lemma 7.4, we find that the tail sums of P™ and Q" both dominate', yielding

2T — p+ C)Qnt%>
2V(p)

§(P",P") S 1 — exp <—( (7.100)

for sufficiently large n. Substituting
o=+ 1] (V2Ve) +¢) (7.101)
we eventually have that 5(13”, P™) > ¢f, and thus

Ra(eh) < D(p) + 2‘/151(’()1)‘1 + /Y]t (7.102)

7.5.3 Proof of Proposition 7.7

Proposition 7.6 states that the largest rate R, such that the majorisation condition
P @ s gE g (7.103)
holds is of the form

H(n)— H(p) £/2V(p) 1 £1//v[t,
- H(n) — H(q) ’

(7.104)

where

v = : . (7.105)

The proof of the above relied entirely on Lemma 7.4, which holds for f = n as well as f = s. Thus, in
order to rigorously prove Proposition 7.7, one could perform steps analogous to the ones presented in
Sec. 7.5.1-7.5.2, with 1 replaced by s. Instead, below we present a shorter proof that directly employs
the result stated by Proposition 7.6.

Proof of Proposition 7.7. Since Lemma 7.4 holds both for f = 1 and for f = s, the statement of
Proposition 7.6 can be extended to show that the smallest R, such that the majorisation condition

P @ s - 1 q® i @ s (7.106)

!The lack of a slack parameter in the cut means that these two sums compete. In the direct case (vanishing error €, )
this leads to a catastrophic cancellation, but in the converse case, this causes no problem.
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holds is of the form

(e~ HO 1) i(sx)/ivh(rl(’; IS —

where
_V(p) H(s)—H(q)
Vig) H(s)—H(p)
We now want to reverse the direction of majorisation. The first step is simply to swap p < gq,

and use the fact e-post-majorisation is equivalent to e-pre-majorisation [7.8]. This transforms the
considered majorisation relation into the following form

(7.108)

p&nitn @ s&n = q®" @ s&nitn, (7.109)

We see that R, now forms the ‘inverse rate’ of the transformation between states represented by p
and the ones represented by q. To find the true rate of this transformation, we make the following
substitutions

n < nRy,, ty,<+ ty/\/Ry, R, 1/R,. (7.110)
As a result, the desired majorisation condition,
R f (7.111)

holds with the optimal rate of the form

H(p)

H(q) ¥ \/2V(a) 715 |1 £ V7| tn

_HP) £ V2V(p)[1£1//V|
~ H(a) , (7.112)

Rp(eh) ~

n

and

v=_2. 2 (7.113)

7.5.4 Extension to infidelity

We now want to argue that, in the direct regime (for vanishing error €, ), our results extend to the case
where we consider error in terms of infidelity instead of TVD. To show that the achieveability argument,
presented in Sec. 7.5.1, extends to infidelity, we leverage the Fuchs-van de Graaf inequality [7.30],
specifically

1 —\/F(Pn, Pn) < §(P", P"). (7.114)
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Using this, in the direct regime where 5(P”,15") — 0, we have that the corresponding moderate
exponential of infidelity must be bounded by that of the TVD,

hmsup%ln F(P”,Is")} < lim iln {5(P”,1~3")} . (7.115)

n—oo N _7Vﬁ“>n#

Therefore, the TVD upper bounds employed in the proof of achieveability naturally extend to the
infidelity.

In the proof of optimality, presented in Sec. 7.5.2, we used coarse-graining and a monotonicity
argument to bound the TVD as

s(P™, P = |> P - @yl (7.116)

i<k i<k

By using the data-processing inequality and an analogous monotonicity argument, we can similarly

bound the fidelity as
JF(Pr By < \/Z Pt \/Z Py Q. (7.117)

i<k <k i>k >k

In the case where v < 1, we chose k£ such that

Py Qr <y, (7.118)
i<k i<k

and similarly for v > 1
Y Qr<> Pr<i. (7.119)
i>k i>k

In either case, a single tail sum dominates in the bound upon both fidelity and TVD, similarly allowing
us to lower bound the moderate exponent of the infidelity,

lim inf — In [1 —F(P”,ﬁ")} > lim —— In [5(13",13")} . (7.120)

n—oo nts n4m07w2

7.6 Outlook

We have performed the moderate deviation analysis of resource interconversion problems for which
single-shot transformation rules are based on majorisation and thermo-majorisation. As a result,
in the regime of asymptotically vanishing error, we have found unified expressions for second-order
corrections to asymptotic conversion rates within resource theories of entanglement, coherence and
thermodynamics. More precisely, we obtained a family of results that specifies the optimal trade-off
between the speed at which the conversion rate approaches the asymptotic rate, and the speed at
which the error vanishes, when the number of transformed states n grows. Crucially, we have found
that the correction term can vanish independently of n when a certain resonance condition between
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the initial and final states is satisfied. This opens the path to transformation reversibility beyond the
asymptotic limit, the phenomenon that we discuss in detail in the accompanying paper [7.18].

There are quite a few research directions that one may want to take in order to generalise and
extend the results presented in this paper. Since the small deviation analysis of the majorisation-based
resource interconversion has been performed in Refs. [7.7,7.8], and the moderate deviation analysis was
the focus of the current work, the straightforward extension would be to investigate the interconversion
problem in the large deviation regime. This may be of particular interest in the context of fluctuation-
free work extraction, where one may want to sacrifice a constant fraction of possible work output for its
quality [7.31]. On the other hand, one could also look for the exact expression for the third-order term
of the asymptotic expansion of R, which one can conjecture to scale as O(t2 + logn) [7.11]. Another
obvious generalisation is to go beyond the restrictions of pure states (for entanglement direction) and
energy-incoherent states (for thermodynamic direction). This, however, is a much harder task, as the
single-shot transformation rules are still not known for these unrestricted cases. Finally, since the
second-order analysis of resource interconversion led us not only to quantitative results, but also to
qualitatively new predictions concerning finite-size reversibility, a similar analysis for other resource
theories is now very well justified.
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7.A Relation to small deviation bound

In this section we explore the relationship between our moderate deviation results of Theorems 7.1—
7.3, and the small deviation results of Refs. [7.7,7.8]. In these papers, a second-order expansion of the
rate is given for a constant infidelity error, in terms of the Rayleigh-normal distribution. Below we
will consider the expansions of the Rayleigh-normal cumulative distribution function around —oo, and
show consistency with Theorems 7.1 and 7.2. Moreover, we will explain how the expansion around
400 leads to a conjecture analogous to Theorem 7.3 with error level measured by infidelity.

The Rayleigh-normal distributions are a parameterised family of distributions, depending on a
parameter v > 0. For a formal definition and properties, see Ref. [7.7]. We will denote the associated
cumulative distribution functions by Z,(u), for v > 0 and p € R. We will also adopt the notation for
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Gaussian probability and cumulative distribution functions of

1 .
o) = p=e 2, (7.121)
1 2
B () = 7\/%6_(“”‘“) 2, (7.122)
(z) = / 6(1) dt (7.123)
B, (x) = / B (1) dt. (7.124)
7.A.1 Expansion around p = —o0

The crossing point o, is defined by the equation [7.7]

Plouy) (o) (7.125)

¢u,u(a,u,1/) cbu,u(a,u,zz) .

As p — —oo, oy, — +o0o. We will use the z — oo approximation ®(x) ~ 1, which leads to
d(opw)/Puv(opu,y) = 1, resulting in

_r
11—V

We now look at the Rayleigh-normal distribution, which takes the form

Oy = (7126)

2V _ 2 y
VI Zy00) = | DL 000 (o) (000 @) (7.127)

14v?14v

We now note that, as a,,, — +00, the first term on the RHS is exponentially vanishing, and second
exponentially approaching 1. Specifically we have

1 u?
In [1 - \/é(a#ﬂ,)@%y(aﬂ,y)} e (7.128a)

1 2

—p?/A(1+v) ~_o__ M
In [e @1;;;7%(04“7,,)} S TiEavd (7.128b)
and thus for y — —oo we have
1 u?

In|Z, . 7.129
02 ()~ 5 (7.120)

7.A.2 Consistency with Theorems 7.1 and 7.2

The small deviation analyses of Refs. [7.7,7.8] consider transformations with a fixed infidelity, bounded
away from zero. Despite this, using the above expansion one can naively substitute 1 — F' = ¢, into
the expressions for the optimal rates obtained within the small deviation regime. Whilst this analysis
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is no longer rigorous, we will see that it gives a rate which is consistent with our rigorous results,
Theorems 7.1 and 7.2.

Inverting the expansion around p = —oo, we have
Z; N e) = [1 — V| V—2ne, (7.130)
—nt?

for small positive e. In particular, for €, := e™"*» we have

Z; Y ey) = |1 — v| V2nt,. (7.131)

Substituting the above into the results of Refs. [7.7,7.8] yields the expressions for optimal rates from
Theorems 7.1 and 7.2.

7.A.3 Expansion around p = +o0.
The crossing point ¢, , is defined by the equation [7.7]

Aope) _ ) 7.132
¢u,u(au,y) ‘I)m,,(a,u,y). ( : )

As pp — 400, oy, — —00. We can now use the approximation ®(z) ~ ¢(x)/x for x — —oo. Applying
this to the above, we have

¢(a,u,l/) ~ Cb(au,u) CQuy — M

~ (7.133)
¢u,u(au,V) ¢u,1/(04u,l/) voy,y

which in turn implies that

i
1—v’

(7.134)

Oppy ~

Returning to the Rayleigh-normal distribution, we note that /1 — Z,(u) exponentially vanishes
as oy, — —o0, specifically

1+v p?
In [\/‘I’(au,v)@u,v@u,v)] ~ TS (7.135a)
In [e—ﬂz/‘*(“”)cb 2 (a )} oL (7.135b)
o tre - Y 1+v 4’

As such, we can see that the second expression dominates, leading us to conclude that, for y — +o0,
the Rayleigh-normal distribution may be approximated as

In[l — Z,(p)] ~ ———— (7.136)
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7.A.4 Conjectured infidelity analogue of Theorem 7.3

Similar to the case of the expansion around p = —oo, we can use the expansion around p = 400 to
(non-rigorously) obtain a conjecture for the analogue of Theorem 7.3 for error measured in infidelity.
Inverting the expansion around p = +o00, we find

Z7Ne) =~ /—4(1 +v)In(1 —e), (7.137)

v

nt2

for € close to 1. Specifically, for € =1 — e "™ we have

Z; YN eh) = /41 + v)nt,,. (7.138)

Substituting this approximation into the results of Refs. [7.7,7.8], we have that the optimal rates for
an infidelity error level of € are of the following form

2V
R (e,) ~ R 4 Vi (;’)’3\/1 +1/vtht,, (7.139a)

2V
RM(e,) ~ R™ + D(ff"mm + 1/vtht,,. (7.139b)

7.B Compact convergence lemma

Lemma 7.12. Let {f,}n and {gn}n be sequences of non-decreasing real functions, both of which point-
wise converge to continuous functions f and g, respectively. If f > g, then fu|x > gn|x eventually on
all compact X .

Proof. First we note (see, e.g., page 1 of Ref. [7.32]) that sequences of non-decreasing real functions
which point-wise converge to continuous functions do so compactly. Let A, : X — R be defined by
Ap(z) = fu(x) — gn(x) for all x € X. As A = f — g, we know that A > 0. Indeed, because A is
a continuous function on a compact domain, the Extreme Value Theorem tells us that A is bounded
away from zero, i.e., there exists an € > 0 such that A > e. As A,, — A uniformly, we must eventually
have that A, > A —¢€/2 > ¢€/2, and so fu|x > gnlx- O
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Abstract

We identify and explore the intriguing property of resource resonance arising within resource theo-
ries of entanglement, coherence and thermodynamics. While the theories considered are reversible
asymptotically, the same is generally not true in realistic scenarios where the available resources are
bounded. The finite-size effects responsible for this irreversibility could potentially prohibit small
quantum information processors or thermal machines from achieving their full potential. Neverthe-
less, we show here that by carefully engineering the resource interconversion process any such losses
can be greatly suppressed. Our results are predicted by higher order expansions of the trade-off
between the rate of resource interconversion and the achieved fidelity, and are verified by exact
numerical optimisations of appropriate approximate majorisation conditions.

8.1 Introduction

Rapid progress in experimental techniques to control intermediate-scale quantum systems [8.1] may
soon bring the advent of new technologies that will utilise quantum effects to overcome current limi-
tations of electromechanical systems and information processors [8.2]. From a theoretical perspective,
the first step to achieve this is to identify which components of quantum theory can provide such an
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advantage, i.e., to recognise what actually constitutes quantum resources. Once identified, it is then
crucial to understand when different resources can be interconverted, and how efficiently this can be
done. The ultimate goal is to find reversible resource transformations, i.e., transformations that can
be perfectly reversed and that do not dissipate any resources. Such questions can be treated in great
generality under the umbrella of quantum resource theories [8.3,8.4].

With the above applications in mind, we focus on the question of reversibility of resource inter-
conversion for intermediate-scale quantum systems, specifically in the resource theories of entangle-
ment [8.5] and coherence [8.6] (for pure state transformations), and thermodynamics [8.7] (for energy-
incoherent transformations). In particular, we ask under what precise circumstances we can engineer
reversible, and thus dissipationless, transformations between a relatively small number of resource
states. In the above resource theories reversibility always holds in the asymptotic regime, where one
assumes access to an infinite source of resource states [8.8]. This means that, in the appropriate asymp-
totic limit, we can reverse the conversion process perfectly, recovering exactly the resource states we
started with. Such an assumption, however, is unjustified in many practically relevant and fundamen-
tally interesting scenarios. On the one hand, quantum resources like entanglement and coherence will
only be available in small amounts in the near future; on the other hand, in quantum thermodynamics
we want to explore how the known macroscopic laws change when we go beyond the thermodynamic
limit and consider thermal processes involving a finite number of particles [8.9].

A first attempt to address irreversibility beyond the asymptotic limit was made in [8.10] in the
context of entanglement concentration. Then, in [8.12] the authors developed a mathematical frame-
work that allows us to study corrections to reversible entanglement transformations arising due to
finite-size effects, while the conditions for these corrections to vanish were discussed in [8.11]. The
framework of [8.12] has recently been extended to the resource theory of thermodynamics by the
present authors [8.13]. On a technical level all these prior works deal with conversion processes that
asymptotically recover the resource states only up to a constant error. The accompanying work [8.14]
takes a complementary approach that allows us to consider more relevant processes with asymptotically
vanishing error (that are still asymptotically reversible).

These analytical results together with the numerical results presented here reveal the phenomenon
of resource resonance, a surprising feature of resource interconversion that ensures that resource dis-
sipation can be avoided by carefully engineering small quantum systems. Exploring this phenomenon
and discussing its potential impact on quantum information processing and thermodynamic protocols
will be the main focus of this paper.

8.2 Motivating example

Before we delve into the details and present our results in full generality, let us first illustrate their
spirit using the following simple example. Consider a heat engine, with a finite-size working body
consisting of n = 200 non-interacting two-level systems and operating between two thermal baths at
temperatures T, > T., performing work on a battery system initially in the ground state. As we
explain later in the text, such a process can be elegantly phrased as an interconversion problem within
the resource theory of thermodynamics, with the working body at cold temperature T, acting as a
non-equilibrium resource in the presence of the hot bath at temperature 7. While the working body
heats up from 7, to T/, part of its resource content can be converted into work by exciting the battery
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system. Now, a perfect engine with an infinite working body, n — oo, and constantly operating at
the Carnot efficiency would extract the amount of work nWe equal to the free energy change of the
working body. However, since n is small, the energy fluctuations of the working body are not negligible
compared to the average energy, and thus the engine operates beyond the thermodynamic limit. We
can then expect two kinds of effects. On the one hand, the quality of work [8.15,8.16] will not be
perfect, as some of the energy fluctuations will be transferred to the battery. In Fig. la we present
the optimal work quality as a function of T, and T for an engine extracting W = 0.95W¢ per qubit
of the working body. On the other hand, if we demand the work quality to be above some threshold
level, the optimal efficiency of the engine may be affected so that it cannot achieve the Carnot limit.
In Fig. 1b we plot the optimal fraction of Wy that can be extracted when its quality is bounded by a
constant, again as a function of T, and T .

In both plots we see clear resonant lines, indicating near-perfect quality and near-Carnot efficiency
corresponding to reversible (and thus dissipationless) processes, obtained while operating well outside
the asymptotic regime with a finite-size working body. As we argue in this paper, it is in fact a genuine
feature of all resource theories whose single-shot transformation laws are based on majorisation relation.
These include the considered resource theories of entanglement, coherence and thermodynamics, but
also applies to, e.g., the studies of randomness conversions [8.12]. In all these cases, we find that if a pair
of states satisfies a particular resonance condition, one can achieve interconversion with dramatically
reduced losses, i.e., transformation that is arbitrarily close to reversible even for finite number n of
resource states being processed. In what follows we first introduce necessary concepts, then state the
resonance condition, and finally discuss how it can be employed to avoid irreversibility.

8.3 Setting the scene

The interconversion and dissipation of general quantum resources can be suitably analysed within a
resource-theoretic framework [8.3,8.4]. In a resource theory we allow only a subset of all possible
quantum operations, and this in turn restricts the quantum states that can be prepared —the so-
called free states of the theory. Natural restrictions may arise from practical difficulties, e.g., when
preparing a system in a superposition of particular states is experimentally challenging, but may also
be of fundamental nature, as with the laws of thermodynamics constraining possible transformations to
preserve energy and increase entropy. A quantum resource is any quantum system that, in conjunction
with the allowed operations, allows one to overcome these restrictions. A paradigmatic example is
provided by the resource theory of entanglement [8.5]: Alice, facing the restriction of not having access
to a quantum channel to Bob, is unable to share an entangled quantum state |¢)) with him. However,
if they are in possession of a maximally entangled state acting as a resource, they can use it to teleport
Bob’s share of [¢) using only local operations and classical communication.

In this work we focus on the interconversion problem within the resource theories of entanglement,
coherence and thermodynamics. These are defined via the relevant sets of free operations and free
states, the latter of which we will collectively denote by w. More precisely, in entanglement theory
one is restricted to local operations and classical communication (LOCC) and the allowed free states
are given by separable states [8.5]; in coherence theory one is restricted to incoherent operations
and the allowed free states are incoherent in the preferred basis [8.6]; finally, in the resource theory of
thermodynamics (with respect to a fixed background temperature T' = 1/3) one is restricted to thermal
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Figure 8.1: Resonance in work extraction. Performance of the heat engine with a working body consisting
of n = 200 non-interacting qubits, each with energy gap AFE. Hot bath temperature it set by kg7, = 10AE
(where kp is the Boltzmann constant), the working body is initially at cold bath temperature T, and heats up
to T in the process. (a) The optimal quality of work, measured by the infidelity € between the final and excited
battery state, while extracting W = 0.95W¢ per qubit. (b) The optimal fraction W¢ that can be extracted per
qubit when the quality of work is bounded by € < 1073, The dashed line in both plots indicates the position of
the resonance predicted by Eq. (8.9).

operations and the only free state is a thermal equilibrium state  at temperature 7' [8.17]. Rather
surprisingly, all these three prominent examples of resource theories are formally very strongly related,
as single-shot interconversion in each of them is ruled by a majorisation partial order [8.18,8.19] (or its
variant known as thermo-majorisation [8.7]). This not only allows for a unified treatment, but also for
a simplified representation of initial and target quantum states, p and o, as probability distributions,
p and q.

Before we describe this mapping, let us first explain the notions of multi-copy and approximate
transformations. When considering transformations between multiple copies of initial and target states,
p®" and o®f" the number of initial and target states will generally not be the same, i.e., conversion
rate R may differ from 1. However, since one can always append any number of free states w to both
the initial and target states, without loss of generality one can focus on transformations between total
initial and target states,

7= p @win 1 = ¥R @ ", (8.1)

Now, it may happen that for given 7; and 77 the interconversion is impossible, but there exists a state
77 that is e-close to 7¢ and such that the interconversion between 7; and 7y is possible. We then say
that an approximate transformation is possible with the error level €, as quantified by the infidelity
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1— F with F = [Tl“(Tf%f'fo%)%]Q.

We then say that an approximate transformation is possible with the error level € quantified by the
infidelity between target state 7; and final state 7.

As mentioned above, the interconversion conditions for all considered resource theories can be ex-
pressed using theory-dependent representations of initial and target quantum states. For entanglement
theory, given initial and target pure bipartite states, p = |U)(¥| and o = |®)(P|, with the Schmidt
decomposition given by [¥) = > ;1) @ |¢;) and |®) = >, bi|¢i) ® |¢;), we can represent them via
probability distributions

pi = lail®, g = |bil, (8.2)
For coherence theory with respect to a fixed basis {|i)} one can represent pure initial and target states,

p=P)(¢| and o = [¢)(¢l, using
pi = GlY) 1% q=|{(il¢) . (8.3)

Finally, in the resource theory of thermodynamics, the initial and target energy-incoherent mixed
states p and o can be represented by

pi = (Ei|p|E;), q = (Ei|lo|E;), (8.4)

where {|E;)} denotes the energy eigenbasis of the system. We will denote distributions representing
free states w by f. In entanglement and coherence theories these are represented by sharp probability
distributions s with a single non-zero entry; whereas in the thermodynamic case f is given by a thermal
Gibbs distribution v with ~; o exp(—(E;).

8.4 Reversibility condition

The optimal conversion rate R between n copies of an initial state p, represented by p, and Rn copies of
the target state o, represented by g, can now be expressed in a unified way for all considered resource
theories using a general asymptotic expansion,

R~ Ry (p,q) — r(p,q,n,e€). (8.5)

In the above, R, denotes the rate achieved in the asymptotic limit, whereas r is the correction term,
which depends on the number of initial states n and the accepted error level €, and vanishes for
n — oo. Expressions for asymptotic rates R, are well known for the studied resource theories, with
R~ = H(p)/H(q) for coherence and entanglement [8.20], and R = D(p||7v)/D(q||7y) for thermody-
namics [8.21], where H and D denote the Shannon entropy and the relative entropy, respectively. What
is important for the current analysis, is the fact that R (p,q) = 1/R(q, p), i.e., the asymptotic rate
of a given process is equal to the inverse of the asymptotic rate for the reverse process. As a result,
every resource interconversion is reversible in the asymptotic limit, so that no dissipation of resources
takes place.

In the accompanying paper [8.14] we find the next order in the asymptotic expansion of the cor-
rection term 7 for all considered resource theories in the moderate deviation regime, i.e., when one
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demands both error and correction term to vanish with growing n !. The crucial observation is that
for all v the correction term r depends on a parameter v = v(p, q), which we will refer to as the irre-
versibility parameter. Its importance lies in the fact that as v > 0 gets closer to 1, the magnitude of
r diminishes, and in the limit ¥ = 1 it vanishes. Therefore, in the moderate deviation approximation,
states satisfying v = 1 can be interconverted with vanishing error at the asymptotic rate, R = R,
even for finite n, and thus are reversibly interconvertible.

For entanglement and coherence transformations v is given by [8.12]

_V(p)/H(p)
" Vig)/Hlg) 50
with V' denoting entropy variance [8.23,8.24],
Vip) =>_pillogpi+ H(p))", (8.7)

and the correction term reads

r(p.g,n,e ") = (”3 1= 1/vv|tn. (8.8)
with ¢, denoting arbitrary moderate sequence, i.e., t, — 0 and /nt, — +o0o as n — oco. Note that
since the Shannon entropy H quantifies the average (asymptotic) resource content of a state, entropy
variance V' can be understood as quantifying its fluctuations. Indeed, V' vanishes only for distributions
that are uniform on their support, which correspond to maximally coherent and maximally entangled
states. Hence, the ratio V/H tells us about relative strength of resource fluctuations in a single copy
of a given state, and so the resonance condition is satisfied for states with equal relative resource
fluctuations.
Similarly, in the thermodynamic case we have [8.13]

V(pllv)/D@lly)
V(gllv)/D(all)’

with V' denoting relative entropy variance [8.23],

) 2
Virl = S (1o~ Dipll) ) (8.10)

(8.9)

and the correction term reads

2 12V (p||y
T(p7q7n7e tn) = Q|"’)’ |1 - 1/f’ ty. (811)

Note that D, quantifying resource content in the asymptotic (thermodynamic) limit, can be interpreted
as non-equilibrium free energy of a state [8.21]. Thus, the relative entropy variance describes fluctua-
tions of free energy and, again, states with equal relative fluctuations are in resonance. Moreover, as
noted in [8.13], V(+/||y) (for 4" being a thermal state at temperature 7" # T) is proportional to the
heat capacity at 7" and to the squared Carnot factor for 7" and T".

!Complementary to these results, are expressions for 7 in the small deviation regime (when one allows for constant
error € and vanishing r), obtained in [8.12] and our previous work [8.13], for resource theories of entanglement and
thermodynamics, respectively.
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8.5 Resource resonance

The moderate deviation analysis of the asymptotic expansion for the resource conversion rate predicts
a resonance phenomenon. However, the question that remains open is: how well does this analytical
result capture the actual errors and rates arising in resource interconversion of a small number n
of resource states involved? To address this problem, we numerically investigate the interconversion
problem for small-dimensional systems, and compare the results with our analytical predictions. More
precisely, building on an algorithm developed by the present authors in [8.13], we find the actual
optimal conversion rates for a fixed error level, and also the actual error level for a fixed conversion
rate. The details can be found in the Supplementary Material, and here we focus on presenting a few
illustrative examples.

We start by considering the following scenario: imagine one has access to n systems, each initially in
a state p1 or p2, and wants to transform them to a target state . Moreover, assume that the asymptotic
resource values of p; and po are equal, i.e., asymptotically one can obtain the same number of copies
Roon of o from either n copies of p; or n copies of po. One can achieve this asymptotic conversion
rate also for finite n, but for the price of error €. This error depends on the irreversibility parameter v,
and thus for finite n the states p; and p2 no longer have the same value. Crucially, however, it may
happen that they are incompatible with ¢ in opposite ways, such that the irreversibility parameter for
p1 and o is smaller than 1, while for py and o it is larger than 1. Thus, by taking An copies of p; and
(1 — M)n copies of py one can tune the initial state to be in resonance with the target state, i.e., to
have irreversibility parameter close to 1. In Fig. 2a we show how such tuning can reduce the infidelity
of entanglement transformation by several orders of magnitude. Note that this effect is much stronger
than the expected increase in fidelity due to the increased number n of processed states that can be
observed for A € {0, 1}.

We also consider an alternative situation where, instead of demanding conversion at the asymptotic
rate, we enforce the error to be below some fixed threshold value €. For the sake of simplicity, we can
again focus on a set of initial states {p;} that are asymptotically equivalent, and ask how many copies
of the target state ¢ can we optimally get for pf@", with error not exceeding ¢. Now, based on our
analytical results, we expect that as n grows the conversion rate R will approach the asymptotic value
R quicker for states p; that are closer to resonance with . Indeed, this is the case, as the numerical
results presented in Fig. 2b show.

Finally, let us come back to our initial motivating example (see Fig. 8.1) to explain it in more detail.
First of all, we note that it is a particular instance of the paradigmatic thermodynamic protocol of work
extraction [8.7,8.15,8.25], where the state we extract work from is given by a thermal state at a colder
temperature than the background temperature T}. More precisely, our aim is to transform n copies of
e ® |0)(0| (where the first system refers to the working body and second to the battery consisting of
n qubits) into n copies of v» ® |1)(1|, with subscripts ¢ and ¢’ denoting initial and final temperatures
of the working body, T and T/, and |1)(1]| being the excited state of the battery with energy W. The
amount of extracted work is then given by nW and its quality is measured by the infidelity between
the battery’s final state and its target state |1)(1|". It is known that in the asymptotic limit the
optimal thermodynamic process extracts nWe with We = kgTh[D(ve||vn) — D(ve|ln)] [8-21], which
coincides with the amount of work that would be extracted by an engine operating at Carnot efficiency
between an infinite bath at fixed temperature T} and a finite working body that heats up during the
process from T, to T [8.13]. For small n, however, fluctuations can decrease this optimal amount
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Figure 8.2: Tuning resources to resonance. State interconversion under LOCC for a bipartite system con-
sisting of m pairs of qutrits. (a) The infidelity € between the target state |®)®" and the optimal final state
obtained from |¥;)®8A @ |W,)®(1=M7  Different plots correspond to varying numbers of interconverted states
n € {5,10,...,30}, from top to bottom. The location of the resonant mixing factor A, (dashed line) can be
found using Eq. (8.6). (b) The optimal conversion rate R between the initial state |¥;) and the target state
|®)®Fn with transformation infidelity bounded by ¢ < 0.01. Different plots correspond to initial states with equal
asymptotic conversion rate R, (dashed line), but varying irreversibility parameters v. The Schmidt coefficients
of all states can be found in the Supplementary Material.

(alternatively, decrease the quality of extracted work), as already discussed before and presented in
Fig. 8.1. It is also important to note that, since V(v.||yn) is positive and vanishes for T, = T}, and
T. = 0, for all T}, there exist resonant pairs of temperatures T, and T/, for which fluctuations vanish.

8.6 Conclusions

We have shown that finite-size analysis can bring qualitatively new insights into the nature of intercon-
version processes within resource theories of entanglement, coherence and thermodynamics. This is in
rather stark contrast to the small or moderate deviation analysis for information theoretic tasks based
on quantum hypothesis testing, including many channel coding problems (see, e.g., [8.26-8.30]), where
we instead see a behaviour that can be understood as a rather immediate manifestation of the central
limit theorem and its moderate deviation analogue. Here, we have demonstrated that the predicted fi-
nite resource resonance is clearly visible numerically and is not dominated by higher order asymptotics
neglected in the analytical approximations. This makes us believe that the resonance effect could also
be observed in noisy intermediate-scale quantum devices in the near future. Moreover, we explained
how the predicted phenomenon can be employed to significantly improve the quality of the conversion
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process.

On the one hand, our result may serve as a guiding principle for devising optimal protocols for
resource conversion that would minimise losses by operating near resonance. On the other hand,
it strongly motivates the investigation of the second order asymptotic corrections to interconversion
rates in other resource theories. In particular, one could look for such corrections within the resource
theory of U(1) asymmetry [8.31,8.32], which could contribute to our understanding of quantum ther-
modynamics beyond energy-incoherent states [8.33,8.34]. Finally, while it is true that the resonance
phenomenon is strongly related to the majorisation condition, it is possible that similar behaviour can
be observed in other quantum information processing tasks [8.35].
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8.A Supplementary Material

Here we explain how the numerical data presented in the plots of the main text was obtained. First, note
that the approximate interconversion conditions are ultimately specified by approximate majorisation
and thermo-majorisation relations. In order to find the final distribution that is closest in infidelity
distance to the target state, and at the same time satisfies the required majorisation relation, we
employ the algorithm developed in our previous work [8.13] (and conceptually based on [8.36]). The
precise details can be found in Appendix C of [8.13] (the python code is also attached to the arXiv
submission of [8.13]).

The data presented in Figs. 1a and 1b was obtained in the following way. First, the temperature
and energy units were chosen such that the Boltzmann constant kg = 1, and the energy difference
between the ground and excited state of the qubit AE = 1. Thus, thermal distributions at temperature
T, of qubits comprising the working body are given by

1 1T,
%= T [1,e } . (8.12)

The hot temperature was set to T = 10, while the initial and final cold temperatures, T, and T,
varied between 0.5 and 5 (with Ty > T). Now, for each pair of points (7;,7.) the following free
energy difference was calculated,

Weo(Te, Ter) := Th[D(Yellvn) — D(ver|0)]- (8.13)

Note that this is the optimal amount of work that can be extracted in the asymptotic limit per one
qubit of the working body. The process of extracting work W per copy is modelled by the following
interconversion process

(7 ® [1,0)*" — (v ® [0,1])*", (8.14)
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where the second system is a qubit battery with the energy difference between the ground and excited
state set to W. For Fig. 1la we set W = 0.95W¢ and run the algorithm yielding the optimal infidelity
€ between the right hand side of Eq. (8.14) (the target state) and a distribution thermo-majorised by
the left hand side of Eq. (8.14) (the final state). For Fig. 1b we set W = zW¢ with x varying from
1 to 0, until the same algorithm does not yield infidelity ¢ below the threshold value set to 1073. For
both plots we set n = 200.

We now proceed to Figs. 2a and 2b. Pure state transformations under LOCC are fully determined
by majorisation relations between Schmidt coefficients of the transformed states. Let us then denote the
Schmidt coefficients of a pure bipartite state |¥) by g. The data presented in Fig. 2a was obtained for
initial and target states characterised by the following Schmidt coefficients (up to 4 significant digits):

Co, =[0.4309,0.4300,0.1391], H(Cy,) =1, V(Cy,) = 0.1529, (8.15a)
Cw, =[0.5499,0.2300,0.2201], H(Cy,) =1, V(Cy,) = 0.1977, (8.15b)
Co, =[0.5121,0.3300,0.1579], H((o) =1, V(Co) = 0.1729. (8.15¢)

Similarly, Fig. 2b was obtained using:

Cy, =[0.5436,0.4264,0.0300], H(Cy,) = V(Cw,) = 0.2406, (8.16a)
Cu, =[0.6594,0.2806,0.0600], H(Cy,) = V(Cy,) = 0.4024, (8.16b)
Cy, =[0.7119,0.1481,0.1400], H(Cy,) = 0. 8 V(Cw,y) = 0.5236, (8.16¢)
Co =[0.4514,0.4086,0.1400], H(Ce) = V(¢o) =0.1541. (8.16d)

As in the thermodynamic case, here also we employed the algorithm yielding the optimal infidelity
between the final and target states.
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Chapter 9

Conclusion

In this thesis we looked at the role of noise in quantum information processing. In Part I this was
considered from the perspective of quantum error correction, while in Part II we considered fundamental
resource-error trade-offs of problem in quantum communication and quantum resource theories.

Quantum error correcting codes are typically analysed with respect to simple toy models of noise.
A common theme in both Chapters 2 and 3 was extending these analyses to more realistic noise models.
Specifically in Chapter 2 we provide a multitude of techniques for studying noise which is not spatially
iid, but has some local correlations, and in Chapter 3 we analyse the surface code under the influence
of dephasing-biased noise.

A natural application of these techniques would be in the design of codes which not only take into
account—Dbut exploit—the features of realistic noise processes, such as biases and correlations. Follow
the ideas of Chapter 3, we could start by considering modifications of existing codes which help tailor
them to certain noise models. The correlated decoder discussed in Chapter 2 would be a useful tool
for this, as it provides a method of approximating the optimal decoder even when the performance of
a code with respect to a given error model is not well understood.

One significant limitation of the methods considered in Chapters 2 and 3 is that they only apply
to stochastic Pauli noise. Within the framework of stabiliser/subsystem codes, this is a particularly
convenient noise model both for numerical and theoretical analysis, but there exist important noise
models which lie outside this framework, such as amplitude damping or coherent errors. If it can be
extended, a statistical mechanical mapping outside of Pauli noise would be a very significant tool for
studying the performance of codes under such noise models.

In Chapter 4 we consider approximate quantum error correction, in codes possessing logical opera-
tors which only satisfy approximate commutation relations. Whilst we have shown that such operators
imply the existence of an underlying code, how one would utilise such operators to actually perform
error correction and decoding on such a code is not well understood. To what degree error correc-
tion procedures can be generalised to approximate error correcting codes is therefore an interesting
direction for future research.

In Chapter 5 we provided an analysis of the finite-size effect of quantum communication in the
so-called moderate deviation regime, in which the rate approaches the capacity and the error rate
vanishes. At the time, this was the first work looking at applying moderate deviation techniques to
the quantum regime. This analysis proceeded by first developing a moderate deviation analysis of
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hypothesis testing, and then utilising a connection between this and c-q channel coding. There are
however a multitude of other coding tasks which are known to have connections to hypothesis testing,
such as quantum and entanglement-assisted classical coding, and this likely provides an avenue via
which a moderate deviation analysis of these may also proceed.

In Chapters 6 and 7 we applied a finite-resource analysis to the problem of state interconversion in
resource theories such as pure-state entanglement theory, and energy-incoherent quantum thermody-
namics. In Chapter 6 this was considered in the regime of constant error, and refined in Chapter 7 to
account for non-exponentially decreasing error.

The analysis of these resource theories relied on the fact that, mathematically, these resource
theories are all based on majorisation conditions in the single-shot regime. A natural future direction
is to perform similar finite-resource analyses to resource theories which are not known to be based on
majorisation conditions. One of the most intriguing of these is the resource theory of magic, which is
of critical importance in the area of quantum computing.

Finally in Chapter 8 we explored the phenomenon of resource resonance, which followed as a
physical consequence of the analyses in Chapters 6 and 7. Here we found that, by careful engineering
the states being used, detrimental finite-size effects in entanglement and thermodynamic transformation
may be dramatically reduced. Whilst our theory is asymptotic in nature, we also showed numerically
that this effect persists for small system sizes.

Resource resonance arose from a refinement of the asymptotic analysis. Even though this phe-
nomenon is still relevant at small system sizes, an analysis how this phenomenon arises from the
single-shot theory is still poorly understood. As above, whether this resonance is seen in other re-
source theories, most notably that of magic, would also be of significant importance. Such a resonance
behaviour in the theory of magic would allow for significantly more efficient use of magic states in
computational protocols.
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