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Abstract

If universal quantum computing is Tartarus, the mythical underworld where Titans
are tormented, then magic is Charon, the ferryman tasked to get you there.

Shifting perspective often reveals simpler solutions to hard problems. In this the-
sis, we shift our view of quantum computing from the Hilbert space picture to a
geometric picture of a discrete phase space on which computational elements can be
represented through quasi-probability distributions. In this new picture, we recog-
nize new ways to refine the theory of quantum computing.

Magic states play a crucial role in upgrading fault-tolerant computational frame-
works beyond classically efficient capabilities and simulation techniques. Theories
of magic have so far attempted to quantify this computational element via coarse-
grained monotones and determine how these states may be efficiently transformed
into useful forms. Using a quasi-probability representation of quantum states on a
discrete phase space, it is known that we can identify useful magic states by the
presence of negative probabilities. This thesis utilizes this representation to develop
a novel statistical mechanical framework that provides a more fine-grained descrip-
tion of magic state transformations as well as to develop classical algorithms that
simulate quantum circuits containing magic states more efficiently.

We show that majorization allows us to quantify disorder in the Wigner repre-
sentation, leading to entropic bounds on magic distillation rates. The bounds are
shown to be more restraining than previous bounds based on monotones and can be
used to incorporate features of the distillation protocol, such as invariances of CSS
protocols, as well as hardware physics, such as temperature dependence and sys-
tem Hamiltonians. We also show that a subset of single-shot Rényi entropies remain
well-defined on quasi-probability distributions, are fully meaningful in terms of data
processing and can acquire negative values that signal magic.

Moreover, we propose classical sub-routines that reduce the sampling overhead for
important classical samplers with run-times that depend on the negativity present in
the Wigner representation. We show that the run-times of our sub-routines scale
polynomially in circuit size and gate depth. We also demonstrate numerically that
our methods provide improved scaling in the sampling overhead for random circuits
with Clifford+7 and Haar-random gates, while the performance of our methods
compares favorably with prior simulators based on quasi-probability representations
as the number of non-Clifford gates increases.



To my father, who is the better doctor.
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Chapter 1

Introduction

1.1 How does this thesis shake up the quantum world?

I applied for a PhD because I was promised that quantum computers will outper-
form their classical counterparts, resulting in my financial prosperity. Nonetheless,
I have come to realize that the validity of this claim also constitutes a rich question
of fundamental and practical significance within quantum theory. Specifically, the
exact boundary between quantum and classical computational power is far from be-
ing fully characterized [7-11]. This boundary can be approached from both sides.
On one hand, clever people have demonstrated the difficulty in simulating certain
quantum processes classically [11-21]. Such results hint towards the ingredients
that may be sufficient to achieve quantum advantage. On the other hand, it is possi-
ble to keep oneself busy with the search for efficient methods to classically simulate
families of quantum circuits [22-28]. Such results provide insights on what ingredi-
ents are necessary for quantum advantage.

The question of efficient classical simulation of quantum circuits has recently re-
ceived vast attention due to the ongoing rapid development of quantum devices aim-
ing to supersede classical capabilities (e.g. [29-32]). Aided by powerful error mitiga-
tion techniques [33-37], noisy intermediate-scale quantum (NISQ) [38] devices aim
to deliver computational advantages, therefore fast and accurate outcome probabil-
ity estimation is a necessity for quantitative benchmarking of the devices [37,39,40].
For example, Google’s recent experimental realization of a quantum speed-up [30]
relies on classical estimation methods to predict statistical features of the outcome
probabilities.

It is expected that exact classical simulation of arbitrary quantum systems is in-
efficient in general, as the resource overhead exponentially grows with the size of
the system. Nevertheless, there are restricted classes of quantum circuits for which
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1.1. HOW DOES THIS THESIS SHAKE UP THE QUANTUM WORLD?

exact classical simulation is possible [41]. The most notable example is given by
circuits composed only with stabilizer states and gates in the Clifford group, which
can be efficiently simulated classically via the Gottesman-Knill theorem [42]. In this
thesis, we show progress in Born probability estimation of more general circuits with
efficient methods.

On the other hand, there has been rapid progress towards the goal of experimen-
tally achieving quantum computational fault-tolerance [43-57], promising to realize
quantum advantages. Work towards fault-tolerance is increasingly bridging the gap
between abstract theory and experiment. Extensive work is being done on error
mitigation [36,37,58-60] and the incorporation of hardware physics into the theo-
retical models [34,35,61-63]. For example, the XZZX code [33] is a variant of the
surface code that incorporates noise bias explicitly and has been shown to attain the
hashing bound of random codes [64].

Nevertheless, many challenges remain and there is increasing need for theory
to take into account physical limitations of the hardware involved. The surface
code [65-68] is a leading framework for fault-tolerance with very high error thresh-
olds. Within this scheme, Clifford unitaries can be implemented in a robust, fault-
tolerant way. However, we also know that it is impossible to have a universal set
of transversal gates [69] and although Clifford unitaries can be realized transver-
sally [70,71], one needs to find ways around this restriction for gates that do not
admit efficient simulation. This can be achieved by injecting in quantum states,
called magic states, which promote the Clifford group to universal quantum com-
puting [72]. The obstacle to this is that these states are invariably noisy, so magic
distillation protocols involving stabilizer states and Clifford operations must be em-
ployed to purify many copies of the magic states and improve the overall perfor-
mance of the induced quantum gates [72-74]. A key question then arises about the
overhead on purifying many copies of a magic state into less noisy forms.

To address this, concrete distillation protocols have been developed, such as the
Bravyi-Haah qubit protocol that provides a quadratic reduction in noise per cy-
cle [75] as well as protocols based on CSS codes [70, 71]. Such distillation rates
have been improved in more recent works [73,76-78] and there have been propos-
als of protocols for qudits of odd dimension [79-83] as well as of protocols within a
full architectural analysis [84, 85].

There is also analysis of magic protocols from the perspective of magic theories.
A number of magic theories exist [86-89], where magic states are viewed as com-
putational resource states with respect to a class of quantum operations that are
considered free [90]. One natural class of free operations are those obtained from
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1.2. THESIS OUTLINE

Clifford unitaries, Pauli measurements and the ability to discard quantum systems.
However, there are also other candidates [91-93]. In any theory of magic, one route
to bounding distillation rates is through a magic monotone. A magic monotone M is
a real-valued function of any quantum state in a magic theory, so that M is monoton-
ically non-increasing under the free operations of the theory, reflecting the property
that free operations cannot generate magic. More precisely, given a magic theory
with a set of free states F and free operations O, we define a magic monotone as a
real-valued function M such that

1. M(c) =0, forall o € F, and (1.1
2. M(p") < M(p) whenever there exists £ € O such that p' = £(p), forall p, p'.

In this thesis, we go beyond monotone descriptions of magic, by developing in-
stead a thermodynamic approach to magic state distillation which allows for a more
powerful description of magic state transformations.

1.2 Thesis outline

We begin by discussing a discrete phase space picture of quantum mechanics in
chapter 2. We then establish a mathematical framework of statistical mechanics
in the presence of negative probabilities in chapter 3. We use this framework to
derive novel results that directly relate to quantum computing in the following three
chapters (chapter 4, chapter 5, chapter 6). Finally, we propose ideas for future
research in chapter 7. A slightly more detailed description of the thesis’ main body
and the original work within each chapter now ensues.

Chapter 2: We start by justifying the use of a phase space picture with Wigner rep-
resentations for quantum objects rather than the Hilbert space picture. We proceed
by identifying geometric properties of discrete phase spaces that describe quantum
mechanical states and dynamics. We then construct the discrete phase space, dis-
cussing important distinctions between odd and even dimensions. We finally define
Wigner representations for quantum states and operations on discrete phase spaces,
firstly for odd dimensions and then for qubit systems. We identify families of oper-
ations that are important in magic distillation and classical simulation and discuss
how they connect to the geometry of the phase space. All major results in this chap-
ter are taken from the literature.

Chapter 3: We identify majorization theory, and its resulting entropic analysis,
as the natural method of describing transformations of state representations within
discrete phase spaces. This requires a novel extension of the scope of majorization

3



1.2. THESIS OUTLINE

from classical to quantum phase spaces, where negative probabilities necessarily
arise. Crucially, we develop a mathematical framework where majorization results
can be extended from proper probability distributions to quasi-probability distribu-
tions (henceforth quasi-distributions for brevity), such as the Wigner representations
introduced in the previous section. We first introduce non-monotonic Lorenz curves
and establish relative majorization conditions for quasi-distributions. We then pro-
ceed by developing Rényi entropies and divergences on quasi-distributions and prove
that they retain desired properties such as the data-processing inequality. All results
that extend majorization to quasi-distributions constitute original work.

Chapter 4: We are now in a position to apply our majorization results on the
Wigner representations of odd dimensional systems. We show how this gives rise
to a generalized family of bounds on the rate of magic distillation for protocols of
increasing complexity. We first consider protocols that possess a fixed point, such as
the large family of unital protocols that leave the maximally mixed state invariant.
We then discuss protocols with sub-linear correlations that admit nice descriptions
in the asymptotic limit, before finally addressing general protocols. The bounds
we derive take into account physical properties of the system such as Hamiltonian
dependence, beyond just properties of the magic states involved. All majorization
analysis, including the bounds derived using it, is novel in the context of magic.

Chapter 5: We extend the results to qubit systems. We spend the first part of this
chapter motivating a family of channels that is important for qubit magic distillation,
but also appropriate for our majorization framework. We then derive lower and up-
per bounds on qubit magic distillation rates that incorporate operational properties
of the protocols considered and provide tighter constraints than magic monotones.
The stochasticity results for magic distillation protocols, as well as the majorization
analysis and bounds are novel.

Chapter 6: We discuss improvements in classical sampling of quantum circuits
via well-known samplers that are based on the Wigner representation of the circuit
components. We generalize the Wigner representation into a family of represen-
tations, controlled by parameters that adjust how large the negativities within the
representation can be for any given circuit component. We develop classical algo-
rithmic routines that minimize this negativity sampling overhead by locally varying
the representations in polynomial run-time. Then, we use our sub-routines to nu-
merically demonstrate a reduced exponential negativity scaling for important circuit
architectures. The main sampling algorithm appears in the literature, while the two
sub-routines improving the sampling overhead are original.



Chapter 2

Discrete Wigner representations

Central to the results of this thesis is the correspondence between the Hilbert space
and phase space picture of quantum mechanics, a concept which is usually familiar
from classical statistical mechanics. In this chapter, we discuss representations for
quantum states and quantum operations of finite system dimension d in the form
of quasi-probability distributions on a discrete phase space [1,94-98]. These con-
structions are discrete versions of the real-valued Wigner function that appears in
continuous quantum mechanics and quantum optics [94,99-101].

This chapter provides results that are mostly well-known in the literature, with a
few additions or restatements that assist our results in the following chapters. In
particular, we broadly motivate the need for a phase space picture in section 2.1,
before moving on to section 2.2 to describe the geometric elements comprising a
discrete phase space as well as the transformation that these elements admit. We
then describe how Pauli operators can be viewed as displacement operators on the
phase space and also explain why even and odd dimensional systems should be
treated separately in section 2.3. Finally, in section 2.4, we describe how to represent
systems of odd and even dimension on the phase space, following the construction
of [97] and of [1,98,102] respectively.

2.1 Why should we think in the phase space picture?

There are two equivalent representations of continuous quantum mechanics: the
density operator, and the quasi-distribution representation, as established in 1932
by Wigner [99]. The continuous quasi-distribution representation is now known as
the Wigner function and it encodes the same information as the density operator of a
state. Laws of quantum mechanics are expressible in both representations and, con-
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2.1. WHY SHOULD WE THINK IN THE PHASE SPACE PICTURE?

versely, either representation may be better-suited for describing a certain law. For
example, evolving the Wigner function of a classical particle in time directly reduces
to the Liouville equation, elegantly revealing how classical statistical dynamics form
a subset of quantum theory.

Discrete phase spaces were considered in Wootters’ seminal work [94], aiming to
extend the Wigner function so it describes discrete degrees of freedom of a quan-
tum system, such as its spin. As is the case with continuous quantum mechanics,
the discrete Wigner representation is arguably a more natural framework in describ-
ing the behavior of discrete systems than the density matrix within certain contexts.
Pertinently, negativity in the Wigner representation is an indicator of superpolyno-
mial advantage in quantum computing [41,103-105]. This is the reason why work-
ing in the phase space picture is natural for the subsequent chapters that relate to
magic. Therefore, in this chapter, we study the geometric elements of a Wigner
representation, first developed by Wootters [94] and later expressed in slightly al-
tered forms [97,98,102], then we derive the various distinguishing properties that
stabilizer and magic states as well as Clifford channels possess on a discrete phase
space.

We should take a step back and ponder over why it is necessary to deal with odd
and even dimensional systems separately. Even though the Wigner representation
is a natural indicator of non-classical advantage in the computational paradigm of
magic state injection, this connection is even more satisfying in odd dimensions.
Remarkably, negativity of the Wigner representation, contextuality and magic are
three indicators of non-classicality that align exactly for the case of odd dimensional
systems [106]. We recall that contextuality refers to the inability to model the in-
herent randomness of a quantum measurement via a combination of predetermined
measurement outcomes [106].

This connection breaks down in even dimensions. The negativity of the Wigner
representation is no longer an indicator of non-classical states and operations. In
fact, the correspondence between stabilizer states and non-negative Wigner rep-
resentation breaks down for qubits. Furthermore, contextuality is now a neces-
sary but not sufficient condition for quantum advantage in computations with qubit
magic [106]. Work attempting to reconcile the satisfying bidirectional connection
between these notions is ongoing [98,102,105,107,108]. In section 2.3, we explain
that we are able to retrieve this connection by choosing a different, non-Hermitian
basis for even dimensional Wigner representations, at the cost of restricting the anal-
ysis to a subset of quantum states and channels.



2.2. GEOMETRY ON THE PHASE SPACE

2.2 Geometry on the phase space

We start by considering a d—-dimensional quantum system with Hilbert space #, for
any finite dimension d. Let {|0),|1),...,|d — 1)} denote the standard computational
basis, defined over Z, = {0,1,...,d — 1}.

The phase space corresponding to H, is defined as the 2—dimensional vector space
Py = Zq x Zq. Any vector & = (xg,x1) € P, can be viewed as a pair of position
and momentum coordinates on a d x d square grid, with (0, 0) as the origin. It forms
the core link between the Hilbert space picture and the geometrical picture we will
discuss in the rest of the chapter. In order to describe the geometry of the phase
space we first require rigorous notions of its basic elements, such as points and lines,
and then examine the transformations between these elements, namely translations
and rotations.

The phase space is defined over the finite field Z,, so it is endowed with the usual
operations:

1. (scalar multiplication). For any point « € P, and k € Z,, kx = (kxo, kx1);
2. (addition). For any two points «,y € Py, * + y = (29 + Yo, T1 + y1);

3. (inner product). For any two points x,y € Py, © -y = Tolyo + T1Y1-

0 1

and equip P, with the symplectic inner product (- , ) : Py X Py +—> Zg,

We further define

(@, y) =y iz = z190 — Toy1. (2.2)
The symplectic product satisfies the following properties:
1. (anti-symmetry). (x , y) = — (y , x);
2. (bi-linearity). (cx + fx' , y) = a(x, y)+ 5 (x', y);

3. (alternation). (x , x) = 0.

2.2.1 Phase space elements for prime dimensions

The basic elements of the phase space are points and lines, as well as the possible
transformations one can perform on them. We develop these elements here.
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2.2. GEOMETRY ON THE PHASE SPACE

The geometric notion of a line can be intuitively introduced on P,,
a-x=k,acPykely, (2.3)

where a is the direction vector.

Note that for non-prime dimensions, this notion of a line is not well-defined. As
an example, consider P, and the line (1,2) - # = 0. The dilation  — 2«, leads to a
different line (1,0) - x = 0, with different direction vector a. This is a consequence
of the general property of a field Z, with composite n = ab, where elements «
and b have no multiplicative inverse and instead multiply together to the identity of
addition 0. In the specific example of Z,, the property manifests as 2 - 2 = 0.

For prime dimensions d, the direction vector a labels an equivalence class of par-
allel lines, while the constant k distinguishes between the lines of the class. There
are (d + 1) distinct choices for a, therefore d(d + 1) distinct lines in total. Note that
in prime dimensions d, dilations of the form  — cx, for ¢ € Z,, simply amount to
shifting the points along the same line, a — ¢ 'a « a, since any element ¢ has a
multiplicative inverse. Therefore, from now on, we focus on phase spaces of prime
dimension d and discuss composite systems in section 2.2.2.

We then examine transformations between points on P,. There are d? translations
on P, generated by addition of vectors, hence P, can be considered as the Abelian
group of translations when equipped with vector addition. We will denote this group
T(Z4), or in shorthand notation 7, to avoid ambiguity with the set P, of points
on the phase space. Any translation * — x + ¢ results in a change of constant
k — k —a- ¢ in Eq. (2.3), so that the orbit of a line under the action of translations
is its equivalence class.

Rotations on P, are represented by (2 x 2) matrices S : P, — P, with det[S] = 1.
The non-zero determinant also guarantees an inverse rotation. There are d(d*> — 1)
rotations and they form a group under matrix multiplication, known as the symplec-
tic group SP(2,7Z4). The name is justified based on the property that a symplectic
rotation S preserves the symplectic product, ST.J;S = J;. Any rotation x — Sz
results in the change of direction vector @ — S~ 'a, so that the orbit of a line under
the action of rotations passes through all equivalence classes once via the line with
the same constant k.

We now establish that the translations and rotations as defined above form the
group of symplectic affine transformations, which encompasses all possible transfor-
mations between lines on the phase space.

Claim 2.1. The group of line transformations on Py is the semi-direct product of trans-
lations and rotations SP(2,Z4) x T defined as the Cartesian product SP(2,Z,) x T

8



2.2. GEOMETRY ON THE PHASE SPACE

endowed with the composition rule

(S2,&2) 0 (S1,&) = (9251, & + Sa261), (2.4)

Proof. We first prove that SP(2,Z,) x T is a group. Closeness and associativity follow
from the closeness and associativity of SP(2,Z,) and 7. The identity is (1,0) and
every element (S, £) has inverse (S~ —S~1¢).

The group of translations 7 is a normal subgroup, since for any (1,£) € 7 and
(S,z) € SP(2,Zg) X T,

(S,2)0(1,8)0(S,2)" = (S,2)0(1,§) 0 (S, -5 "2) =(1,5¢) € T.  (2.5)
The group of symplectic rotations SP(2,Z,) is thus a subgroup of SP(2,Z,) x 7 and

its intersection with 7 is simply the identity, SP(2,Z,) N7 = (1,0). Therefore,
SP(2,Z4) x T splits over 7 and is the semi-direct product of SP(2,Z,) and 7. O

This crucial result will ensure a correspondence between the action of the Clifford
group on stabilizer states and transformations of lines on a discrete phase space.

2.2.2 Phase space elements for composite dimensions

The formalism readily generalizes to a system of n particles. For such a system, the
d-dimensional composite Hilbert space is

Hi=Hay @Hag, @ -+ @ Hg,, (2.6)

where d = dids...d, and d; is the dimension of the i—th particle Hilbert space.
The Hilbert space is defined over the Cartesian product of the finite fields Z; =
ZLg, X Lg, X -+ X Zq,. Therefore, the corresponding phase space is

1
Pd = Zd X Zd = Zdl X Zd1 X Zd2 X Zd2 X oo X Zdn X Zdn- (27)

Any vector in P, is of the form

=21 DT D DXy = (1,0, 8205+ Tn0, L1105 T215 5+ -5 Ty1)s (2.8)

where x; = (z;0,2;1) is the component vector in the factor phase space P,,. The
symplectic inner product (x , y) := y’ J,z is now defined by the generalized matrix

0, 1,
Jn = , 2.
(o 3) »

where 1,, and O,, are the n x n identity and zero matrices respectively. Claim 2.2
reduces calculations on phase spaces of product dimensions to calculations on the
factor phase spaces. For clarity it is stated in the context of two particles, but gener-
alization to the multi-particle case is obvious.

9
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Claim 2.2. For any two vectors x,y € P, with product dimension d = ddp, * =
x4 ®xpand y =y, D yp, the following hold:

1. (distribution over addition). * +y = (xa +y4) ® (xp + yp);
2. (distribution over inner product). -y = (s -y4) + (5 - Yp);
3. (distribution over symplectic product). (x , y) = (x4, y4) + (B, Yp)-

Proof. These geometric properties were first discussed in the context of discrete
phase spaces in [94]. The first two statements are a direct consequence of Eq. (2.8),
while the third statement is a direct consequence of Eq. (2.8) and Eq. (2.9). O]

Translations and symplectic rotations can simply be written as £ = £, ® &5 and
S = Sa ® Sp, while they satisfy Sz = (S4 ® Sp)(xa @ xp) = (Saxa) ® (Spxp). The
group SP(2,Z,) x T retains its composition rule, Eq. (2.4), since

(Sa2 © Sp2, €42 ® Epa) © (Sa1 ® Sp1,€41 D Ep1)
:<(SA25A1) ® (SB2SB2), (§a2 + S42€41) © (§pa + SBQ€B1>)
=(Sa2541, €42 + 5428 41) D (Sp25B2, €2 + Sp2€p1)- (2.10)

2.3 Displacement operators

Generalized Pauli matrices X, Z : H, — H,4 can be defined by their respective roles
as position and phase shift operators, acting on the basis states as follows,

X |k) = |k + 1) (2.11)
Z k) = W k). (2.12)
Here w = >/ is the d—th root of unity and addition is taken modulo d.

Claim 2.3. For any dimension d, the Pauli operators X, Z satisfy:

d—1 d—1
1. (decomposition). X = > |k+ 1) (k| and Z = Y w* |k) (k|;
k=0

k=0

2. (unitarity). X' = X"tand Z' = Z7Y;

8

. (power rule). X" |k) = |k +n) and Z" |k) = w™* |k) for all n € Zg;
4. (commutation). ZX = wXZ.

Proof. These well-known properties can be found in e.g. [96,109].

10
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1. Both decompositions follow from the orthonormality of the computational ba-
sis.

2. Using property 1, it is readily seen that XTX = XX =1 and Z7Z = ZZ' = 1.
3. It follows from induction on Eq. (2.11) and Eq. (2.12).

4. It follows from the decompositions in property 1.
0

The X, Z operators act as orthogonal unit displacement operators corresponding
to the two orthogonal unit vectors on the phase space P;. We generalize this corre-
spondence by assigning a displacement operator to every point of the phase space,

Dy = x(xg, x1) 2" X0, (2.13)

where in general there is a phase factor x(z¢, z;) expressed as a function of the phase
space point components (g, z1).

The role of this phase factor is to ensure that the displacement operators satisfy
certain desired properties. These properties manifest differently in odd and even
dimensional systems, so we will treat these two cases separately. In particularly, for
odd prime dimensional systems we choose x(z¢,x1) = 7~"*!, where the phase 7 :=
—e'™/4 satisfies w = 72. This choice of phase ensures Hermiticity of the displacement
operators leading to a real-valued Wigner representation, where stabilizer states and
Clifford operations are non-negatively represented. For qubit systems, we choose
x(zo, 1) = 1, i.e. the phase factor is independent of the phase space coordinates.
This choice of phase does not guarantee Hermiticity of the displacement operators
leading to a complex-valued Wigner representation. However, it allows us to restrict
the computational framework to a carefully selected subset of states and Clifford
operations which admit real-valued Wigner representations, and where the stabilizer
states and operations within this subset are represented non-negatively, a crucial
property which fails in the qubit case if x(zg, ;) = 77707,

We first describe the straightforward case of qudits for odd prime d, following the
construction of [97], and then we summarize the case of qubits, following our own
construction of [1] based on [98, 102].

2.4 Phase space in odd dimensions

We focus statements on odd prime dimensions, and when relevant we comment on
their simple extensions to general odd dimensions via the tensor product construc-

11
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tion.
Recall that the displacement operators are

Dy = 7907 X0 751, (2.14)

They satisfy the following properties:
Claim 2.4. For any dimension d, the displacement operators satisfy:

1. (unitarity). D}, = D_, = D_%;

2. (closure under transposition). Daom) = D(_sp21);

3. (vanishing trace). tr[Dy] = ddg.0;

4. (composition rule). DyDy = 7 %) Dy s

5. (orthogonality). tr[D}, D] = ddy 4.

Proof. These properties of displacement operators also appear in e.g. [41,96]. They
are derived by use of the Pauli operator properties given in Claim 2.3 along with the
definition of 7.

1. The unitarity of the Pauli operators leads to
DI = (rr)mom(Zhm (X T)mo = prrom gzmm X —20 — Dt (2.15)
and
Dyt = rrommro)men) Xmwo goan o proni ymto e = D (2.16)

4

because of the commutation property 4 of the Pauli operators and w = 72.

d—1
2. Applying X repeatedly performs multiple unit shifts, X*° = > |k + x,) (k| and,
k=0

d—1
similarly, applying Z repeatedly adds multiple phases, 7% = > w™* |k) (k|.

k=0
Then, it is readily seen that
Disowry = D (agery = T 01X Z" = DLy 1) (2.17)
3. Using the repeated calculation from above,
d—1 d—1
tI'[Dm] — %ozl Zwmk <]{7’]€ 4 l’o> — %071 walkéxo(] — 7%0T1 déﬁmO 6w00 — d(sm,O-
k=0 k=0

(2.18)

12
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4. By repeated use of the commutation property 4 and explicit calculation of the
phase factor in the last step,

DD, =7%0% X0 ZTLLTOT] YT 7T
= / / / /o !
:Tzoml—i-:roxlwmlroXmo—i-xo Zx1+r1 — Tzlmo Tox] Dm+:z:" (219)

5. Using the previous properties, tr[D}, D] = 17020~ (=20)%14y[D_ 1 )] = d6p .
O

The displacement operators thus form the generalized Pauli group,
GP:={7"D, : k € Zy,z € Py}. (2.20)

Due to the composition property 4, GP is a projective representation of the group of
translations 7. By construction, the center of the group is the set of possible phases
{7%1 : k € Z4} for odd dimensions (in the case of even d, the condition becomes
k € Zsq). There is an isomorphism between the group of translations and the group
of displacement operators modulo phases, 7 ~ GP/{7*1 : k € Z,}.

For a system with composite Hilbert space, H, = Ha, ® Ha,, With d = dadp, the
displacement operators are defined as

D52y = Da, ® Da,, (2.21)

where x ,&xp € P,;. Therefore, D, ,, D, are completely uncorrelated and Claim 2.4
readily holds due to the composition properties laid out in Claim 2.2. We rederive
the composition property 4 here as a demonstration of algebraic manipulations in
composite spaces,

. _ LA, x/ B, x

Dy Dayaty = DavyDaty @ Day Dagy = 754" Dy oy @720 %0) Dy
— TA, x +{(xp, x
g 7'< A> < B>D($A+1:/A)@(wB+w;3)

T(mAeamB , mlA@mSB>D

(T ADT )+, DTly) - (2.22)

Eq. (2.21) determines the way an odd dimensional phase space is built on its prime
dimensional factor phase spaces which act as building blocks. For n d-dimensional
particles, we would write GP,, := {7*D, : k € Z4, z € P4} with GP; = GP.

2.4.1 Phase-point operators

We seek a basis for Hermitian matrices, so that we can represent any density operator
as a combination of this basis with real coefficients. Therefore, we define the phase-
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point operators via the displacement operators,

1
Ao =~ > D (2.23)
zEPy
1
Ay = DyAgD} = p Z w'®:2 D, for any « € P,. (2.24)
z€Py

In the computational basis, the matrix elements of A, are given by
(i| Ag |7) = w65, g (2.25)
The phase-point operator at the origin also acts as the parity operator,

Ao =D [k)X—k]. (2.26)

k€Zq

The following properties ensure that the phase-point operators comprise a Hermi-
tian orthonormal basis in the space of d—dimensional complex matrices and hence
quantum states in particular.

Claim 2.5. For odd prime dimension d, the phase-point operators satisfy:

~

. (Hermiticity and unitarity). Al = A, = AZY;

2. (closure under transposition). Aaom) = A(—z0,01)

3. (unit trace). tr[A;] = 1;

4. (completeness relation). Zzem A, =dl;

5. (orthogonality). tr[Al, Ay = 0y -
Proof. This Claim is a collection of results that also appear in e.g. [41,96,100]. Note

that Eq. (2.26) can be reached with direct calculation from the definition Eq. (2.23)
and readily implies that Ag is unitary and Hermitian.

1. The statement follows by Eq. (2.24) combined with the Hermiticity and uni-
tarity of Ag.

2. AL = 15w B Dy = Y ep, w2 Dy, Ly due to the closure
under transposition property 2 of displacement operators.

3. We observe that tr[Ag] = 0, = 1, since for odd dimensions k = —k in Z, only
when k£ = 0. Unitarity of the displacement operators (property 1) ensures that
tr[A;] = 1 for any .

14
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4. We can prove this statement by direct calculation, using the definition of phase-
point operators Eq. (2.24) and substituting Eq. (2.26).

5. Dropping the dagger due to Hermiticity and using the orthogonality of the
displacement operators according to property 5, the trace becomes

tr[Af Ay = —tr > wEAD, Y W = dbyq. (2.27)

z€Py z2'ePy

]

The phase-point operators extend easily to composite Hilbert spaces, once we
identify that for H, = Ha, @ Hay»

AO@O_a > Daey = dAdB > > D,®Dy,=A4® A, (2.28)

x®yeP? 2E€Pq YEPq

Then, Aysy = Az ® A, and all properties in Claim 2.5 hold.

2.4.2 Wigner representation for states

We have established that any quantum state p € 5(*,) can be decomposed to phase-
point operators,

p=Y W,(2)A.. (2.29)

z€Py

The coefficient distribution defines the Wigner representation of state p,

W, () = étr[Amp]. (2.30)

Claim 2.6. The Wigner representation of a state p is
1. (real-valued). W,(x) € R;
2. (normalized). ) .p Wy(z) =1;
3. (bounded). |W,(x)| < 1.
Proof. These properties can also be found in e.g. [41].

1. The trace is invariant under transposition, W,(x)* = tr[(A;p)'], while the
cyclic property of the trace and Hermiticity of the phase-point operators ensure
that tr[(Agp)] = tr[A,p], concluding the proof.
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2. The linearity of the trace and the completeness relation of the phase-point
operators in Claim 4 immediately give the result.

3. Let {\; };ez, be the non-negative eigenvalues of p, summing to 1. Let {c; }icz,
be the eigenvalues of A,. For any x, a,,; € {—1, 1}, due to the Hermiticity and
unitarity of the phase-point operators. Then,

Zam ; %ZZAZ:%Z. (2.31)

The first inequality follows from Theorem 1 of [110] for complex matrices,

|Wp(m)| |tr 2p)| < =

while the second is the triangle inequality. O

The Wigner representation is thus a bounded d’>-dimensional quasi-distribution
over P;. The support of a state is the set of points on the phase space over which
the Wigner representation is non-zero. Due to the the normalization property 2 and
boundedness property 3 of Claim 2.6, no state can have support over fewer than
d points on the phase space. Additionally, if a state has support over d points, its
Wigner representation must be uniform and equal to 1/d over the support.

We also list additional intuitive properties of the Wigner representation that assist
calculations.

Claim 2.7. The Wigner representation satisfies:

1. (additive over mixing). Wy p.,.(x) = > piW,,(x);

2. (sharp for pure computational state). W,y (&) = 50,9, for any n € Zy ;

3. (multiplicative over tensoring). W, s, (®xa ® xp) = W, ,(xa)W,,(xp).
Proof. These statements simply follow from Claim 2.6.

1. This statement follows from the linearity of the trace.

2. This statement follows from direct calculation by substituting Eq. (2.30) into
the definition of the Wigner representation Eq. (2.30).

3. Forastate p = ps ® pp € Ha, @ Hay,

1 1 1
Wy(xa® xp) = Etf[AmA@mBP} = atrA[AmAPA]gtTB[AmBPB]
=W, (xaA)W,,(xp). (2.32)
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The Wigner representation thus acts as a joint quasi-distribution in a composite
Hilbert space. For computational states, it is a uniform distribution over a vertical
line for pure computational states. Expressing a state as a convex sum of com-
putational states results in expressing the state representation as a convex sum of
computational state representations.

One prominent magic monotone, as defined in Eq. (1.1), is the mana of a state [104],
defined as

M(p) = log(2sn(p) + 1), (2.33)
where the sum-negativity [104] is the sum of the negative components in the Wigner
representation,

sn(p) = Y |[W,(z)]. (2.34)

z:W,(z)<0

Using the fact that W,(x) is a normalized quasi-distribution, we can also write
M(p) = >, |W,(2)|. Mana is an additive magic monotone, meaning that the contri-
butions of two subsystems can be simply added together,

M(p1 ® pa) = M(p1) + M(p2). (2.35)

Because of this property, it is a useful monotone to characterize distillation of many-
copy states and it will appear repeatedly in comparisons with our results in chapter 4
and chapter 5.

As an example of computing a Wigner representation, the qutrit zero computa-
tional state |0) has a Wigner representation consisting of three non-zero values at
phase space points (0,0), (1,0) and (2,0). For qutrit states, there exists a canonical
magic state with maximal negativity in its Wigner representation, called the Strange
state [104],

1
S) = —(|1) +12)). 2.36
) = (1) + 12) (2:36)
Its representation Wgys|(«) has a single negative value of —1/3 at « = (0, 0) and the

positive value 1/6 at all other points. We depict the representation of some quantum
states in Fig. (2.1).

2.4.3 Wigner representation for channels

A quantum channel £ naturally admits a Wigner representation via its corresponding
Choi-Jamiotkowski state J¢ == (1 ® £) >, . |ii) (jj|. Therefore, the Wigner represen-
tation of a CPTP operation € : B(H,4,) — B(Ha,) is defined as

1 1
We(yle) i= -trp[A,€(40)] = ot (AT @A) Te] = BW s g (@@y), (2.37)
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A
L1 1 (a) 1 1 1 (b)
3 ol 9| o
1 1 1 1
3 o |l 9| o
1 1 1 1
3 ) o | o |0 |y
Zo
1 (c) [ A (d)
5 6 6 6
1 1 1 1
5 O I
1 1 1 1 1 1
5 | 5 | 5 [Pema 8] 6|6 |9

Figure 2.1: State Wigner representations for qutrits. (a) The computational zero
state |0) corresponds to the vertical line z; = 0. (b) The maximally mixed state is an
equal mixture of the computational states {|0) , |1),|2)}, so its representation is an
equal mixture of all three vertical lines. (c) A Wigner positive, non-stabilizer state
give in Eq. (2.59). (d) The canonical qutrit magic state, known as the Strange state.

where & = (x9, —z1). Note that Jg € B(Ha, ® Ha,) is a (dadp)-dimensional state
and has trace d4, and so that 1/d 4 J; is a valid bipartite quantum state for any CPTP
operation. The definition can be inverted to give 7z in terms of the operation Wigner
representation,
1
Je =7 > Welylz) (AL @ A) . (2.38)

:BE'PdA
Yy€Pag
For example, the two-qudit controlled-sum gate C—SUM = Zf;o li)(i|®|i + g)j] €

CLs has distribution

WSUM(yA D yB|mA D :EB) = 51/A077/'A06yA17xA1_1'Bl5yB07xA0+$BO5yB17xB1' (2.39)

The definition in Eq. (2.37) allows for all the desired properties of the state Wigner
representation to transfer to the channel Wigner representation.

Claim 2.8. The Wigner representation of a CPTP operation & : B(Ha,) — B(Hay,) is:
1. (real-valued). We(ylx) € R;

2. (normalized). > We(z|x) =1 for any @ € Py,;

z€Pag

3. (bounded). [We(ylz)| < 42;
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4. (transitive). We(p(y) = ZZGPdA We(ylz)W,(z) for any y € Pa,;
5. (distributive over tensoring). Wegr(x @ y) = We(x)Wr(y).
Proof. This Claim is reproduced from [93].

1. This statement is clear by the last expression of the definition in Eq. (2.37) and
the real-valued property 1 of the state Wigner representation.

2. Linearity of the trace sets the left hand side equal to trp [é ZzePdB AE(Ag)|-
The completeness relation property 5 of Claim 2.5 simplifies the expression
to trp[£(Asz)] = tra[Az] = 1, because quantum operations leave the trace
invariant.

3. This property is clear by the last expression in Eq. (2.37) and the boundedness
property 3 of the state Wigner representation.

4. We can decompose any state into phase-point operators according to Eq. (2.29),
so linearity of quantum operations and the trace imply that

Wop(u) = 3 SlAE(A)W ().

zGPdA

Identifying the coefficient of W, (p) in the sum as the Wigner representation of
operation & gives the result.

5. This property is clear by the first expression in Eq. (2.37) and the fact that
phase-point operators are distributive over tensor products.

O

Having developed representations for quantum states and channels, we can now
turn our attention to characterizing stabilizer states and Clifford channels which are
computationally important. We will see that stabilizer states correspond to uniform
lines on the phase space and Clifford channels correspond to symplectic affine trans-
formations, shown in Claim 2.1 to be the group of permissible line transformations.

2.4.4 The stabilizer formalism on the phase space

The Clifford unitaries for odd dimension d are defined as the normalizer of the gen-
eralized Pauli group,

CL:={U € SU(d) : Y& € Pyg,3(m,y) € Z x Py : U' DU = 7"D,}. (2.40)
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For n d-dimensional particles, we would write CL,, = {U € SU(d") : Vx €
Pa,Im,y) € Z x Py : U'D,U = 7D, } with CL;, = CL. As already mentioned
in section 2.2, the group of translations on the phase space and the group of dis-
placement operators modulo phases are isomorphic. In other words, for a 1-qudit
system of dimension d, the group of translations 7 on P, admits a projective rep-
resentation given by the displacement operators GP. Similarly, the Clifford group
CL admits a projective representation given by the symplectic affine transformations
SP(2,Z4) x T on P, [111]. In particular, for an odd prime dimension d, there ex-
ists an isomorphism between the group of Clifford unitary transformations modulo
phases on the Hilbert space #,; and the group of symplectic affine transformations
on the corresponding phase space P,,

CL/{7*1 : k € Zg} ~ SP(2,Zy) x Py. (2.41)

In order to explicitly express a Clifford unitary in terms of its isomorphic represen-
tation, we first define a projective representation of SP(2,7Z,) [88],

1852 —2jk+ak?) | -
po (@0 Gy TS TG B0
v 0 Soe T k(K| B =0.

Recall that det[F] = 1, so V;. = V;! = Vi1 for all F. The unitaries Vj rotate
displacement operators such that

VeDaV} = Dy, (2.43)
Therefore, any Clifford unitary U can be represented as
Upr=D,Vp =VrDp-1,, (2.44)

where the inverse is given by U}’z = UF‘; =V D_, =D_p-1,Vr-1 =Up-1 _p-1,.
Two important examples of Clifford unitaries are the single-qudit Hadamard gate
H and phase gate S,

d
7 > Wikl = Ve, F=(07) (2.45)

7,k=1

d
S = VYK = DoV, 2= (0,271), Fs=(19).  (2.46)
k=1
They are Clifford because for any « € Py,

HDyeyH" = D(_4, +) and (2.47)
‘S’l)(ﬂﬁo,ml)s]L = TIOD(xo,ngr:rl)a (248)
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Figure 2.2: Channel Wigner representations for qutrits. The Hadamard gate H
rotates state representations on the phase space by an angle of 7/2 according to
Eq. (2.49), while the phase gate S translates them vertically according to Eq. (2.50).

while they also correspond to symplectic affine transformations as shown in Eq. (2.45)
and Eq. (2.46). These two matrices generate the d-dimensional group CL, for ex-
ample X = H-'ZH and Z = H?>S~'H?S [88].

Their Wigner representations can be evaluated as

Wr(ylz) = dyy,—a1 0y, 2, and (2.49)
Ws(y|$) = 5y075005y17900+$1+2*1 (2.50)

which agree with the projective representations in Eq. (2.45) and Eq. (2.46). The
action of these two gates on the phase space is depicted in Fig. (2.2).

The importance of the phase-point operators as the basis for quantum states can
now become apparent due to the following result.

Claim 2.9 (Phase-point covariance [97]). The phase-point operators are covariant
under Clifford transformations. In particular,

Ur2AUL, = Argss. (2.51)

Proof. We use the unitary decomposotion in Eq. (2.44) for Clifford Ur . The rota-
tional part of the Clifford unitary on the operator gives

VFAQ:V]J‘L‘ = Apg. (2.52)

Then, the translational part gives the final result,
D, ApsD_, = Apgys. (2.53)
O

Claim 2.10 (Wigner distribution covariance [97]). The Wigner representation of state
p is covariant under a Clifford transformation p — p' = U, F,sz;z. In particular,

W,(x) =Wy (Fz + z). (2.54)
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Proof. Using the cyclic property of the trace and Claim 2.9,

1 1
—tr [Azp] = Etr [UFVZACCU;zp' =W, (Fx+ z). (2.55)

W,(x) = d

]

The computational basis is taken as a subset of the stabilizer states STAB. We
obtain the full set of stabilizer states by the action of the Clifford group CL on one
computational basis state,

STAB := conv{U |0X0|U" : U € CL}. (2.56)

We have already established in Claim 2.7 that the Wigner representation of any
pure computational basis state is a uniform distribution over a vertical line (z, =
k € Z4) on the phase space P;. The definition in Eq. (2.56) makes it immediately
apparent that the Wigner representation of any stabilizer state o = U [0X0| U" is in
fact a uniform distribution over a line on the phase space, obtained by applying the
symplectic affine transformation corresponding to U on the line zy = 0.

Claim 2.11 (Stabilizer representation [97]). Let 0 = ). p;Up, », |0)(0| U}hzi be any
mixed stabilizer state in Hy with odd d. Then, its Wigner representation is

1
Wo(x) = P Zpiévm,o >0, (2.57)

with v; .= F ' (x — z;) for any € P,.

(2

Proof. Here, we make use of Claim 2.9 and Claim 2.10.

1
WO-<$) = 3t1“

0)0| UYL ..

Aw Z Di UFi,zi

- ézp" i [AF#(mfz) \OXO\} = sz' Wiool (F; ' (z — 2))

1
- C_i Zpi tr [U;i,ZiAwUFi,Zi |O><0|}

1
N (2.58)

]

Therefore, all stabilizer states o € F are represented non-negatively by the Wigner
representation. However, not all states with non-negative Wigner representations
are stabilizer states [112]. For example, the qutrit state

1
p= 5(14(0,0) + Ay + A + Az + Aeyy) (2.59)
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has a positive Wigner representation which is not a mixture of uniform distributions
over lines.

Wigner representations of quantum channels act as transition matrices for Wigner
representation of quantum states. In particular, channels that map a Hilbert space
to itself and have non-negative Wigner representation, like Clifford channels, corre-
spond to stochastic matrices that preserve the non-negativity of state Wigner repre-
sentations.

A circuit consisting of stabilizer operations, including preparation of input stabi-
lizer states and Clifford channels, can therefore be viewed as a process on a discrete
phase space where probability distributions are updated stochastically. Magic states
result in the stochastic processing of negativity.

2.5 Phase space in even dimensions

Having described the relatively straightforward case of odd dimensional systems in
detail, we now introduce a new construction for even dimensions, explicitly remark-
ing the differences.

2.5.1 Phase-point operators

Consider a n—qubit system with Hilbert space H5". The dimension of this system
is d := 2" and we define the corresponding phase space P, := Z, x Z4, where all
vectors € = ¢, S xy b - - - D x, € P, satisfy the usual vector space operations as well
as the symplectic inner product (x , y), with arithmetic carried out modulo 2.

Recall that the n—qubit displacement operators D, are defined as

Dy = ) 2" X0, (2.60)

k=1

where the phase factor simply equals 1. These displacement operators satisfy the
same properties as in the odd dimensional case of Claim 2.4 with minor modi-
fications in global phases, except that they are not closed under transposition as
D(TLI) = —Dq,).

Using these displacement operators, we can now construct new phase-point oper-
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ators defined as

1
Ao = o > D (2.61)
zEPy
1
Ay = on %; (=1)®# D, for any = € P,. (2.62)
z2€Fq

For single qubit systems, these operators look like

1 1
A) = 5(]l + X+ Z+1Y), Aoy = 5(1 — X+ Z—iY),
1 1
Ang = 51+ X =Z —iY), Aay =5 (L= X = Z+iY). (2.63)

Note that these operators are not unitary or Hermitian. Note also that Aq is not
equal to the parity operator ), (>, ., |k)X—k| = 1 on qubits. We now prove the
properties of phase-point operators that survive the transition from odd dimensions
to n—qubit systems and are relevant in our construction of a qubit Wigner representa-
tion. Notably, the first property, that A,, is a real positive operator for qubit systems,
replaces the property of Hermiticity and unitarity for odd dimensional systems.

Claim 2.12. For systems of n qubits, the phase-point operators satisfy
1. (positivity). A, > 0;
2. (factorization). Ay, = Q| As,, for € = P, z;;
3. (unit trace). tr[Ag;] = 1;
4. (completeness relation). Zmepd Ay =2"1,,;
5. (orthogonality). tr[ALA,] = 275,

Proof. The factorization property follows because Aggo = Ag ® Ag according to the
definition in Eq. (2.61), so it then follows that A,4, = A, ® A, from Eq. (2.62).

A, is a real operator as a consequence of the fact that D, € R for all . Moreover,
let {ov;;}icz, be the eigenvalues of A,. For any x, we see that a,; € {0,1}, by
direct calculation on the single qubit operators in Eq. (2.63) and the factorization
property 2 of A,. Therefore, A, is a positive operator for all x.

The proofs of the rest of the properties follow the same steps as the proof of
Claim 2.5, but we know make use of the definition of displacement operators in
Eq. (2.60). O
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2.5.2 Wigner representation of qubit states

We have now established that every n—qubit state p € H5™ can be decomposed to
the new phase-point operators,

p= Wiz)A;, (2.64)

z€Py

as the distribution given by the coefficients in the decomposition,
1
W,(x) = 2—ntr[AT(a:)p], (2.65)

is an informationally complete representation of n—qubit states. This follows from
the properties outlined in Claim 2.12. Notice that the definition is in terms of the
Hermitian conjugate of the phase-point operators.

The non-Hermiticity of the phase-point operators implies that in general the Wigner
representation is a complex function, IW,(z) € C. However, it turns out that the real
and imaginary parts of W,(x) are related to the quantum state in a meaningful way.
To show this, we first prove that useful algebraic properties from Claim 2.6 and
Claim 2.7 transfer from odd to even dimensional systems.

Claim 2.13. The Wigner representation of n—qubit systems satisfies:
1. (normalized). Y W,(z) =1;
2. (bounded). W,(x) < 5;

on >

3. (additive over mixing). Wy ,.,.(z) = > piW,.(x);

4. (sharp for pure computational states). Wiy, (€) = 504, for any n € Zs ;
5. (multiplicative over tensoring). W, s, (xa @ xp) = W,,(xa)W,,(xp).

Proof. The proofs of these statements are a reformulation of results in [102] and
follow exactly as in Claim 2.6 and Claim 2.7, with the exception of the boundedness
property, which we rederive here to highlight the differences:

Let {\; };cz, be the non-negative eigenvalues of p, summing to 1. Let {a; }icz, be
the eigenvalues of A,. We have seen in the proof of Claim 2.12 that «a,; € {0, 1} for
any « € P;. Then,

1 1
(W,(x)| = ﬁ|t1“[14z,0” < o

E aw,i)\i
i

The first inequality follows because both p and A, are positive semi-definite matrices,

1 1
<o §i A= (2.66)

while the second is the triangle inequality. O
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We can now characterize the significance of the real and imaginary parts of W,(x).
Any n—qubit state p can be decomposed as
1 T |t T
p=|gl+r)|+il5 (p=0")|, (2.67)
where the transposition is taken with respect to the computational basis. Because
p* = p! in any basis, we can identify

p = %(p +p") = Relp] and pV) := i Bi(p - pT)] = Imlp), (2.68)

i.e. p© and p") are respectively the real and imaginary components of the density
matrix of p in the computational basis.

We will first prove Claim 2.14, which establishes a direct correspondence between
the real and imaginary components of a state’s Wigner representation to the real and
imaginary components of its density matrix in the computational basis.

Claim 2.14. Given p € H3", we have that

RV, (@) = Wi (@) (2.69
Im[W,(2)] = Win(y) () (2.70)

for all x € P, with d = 2" and where the functions Re[p] and Im[p] are the real and
imaginary parts of the density matrix p respectively when expressed in the computa-
tional basis.

Proof. Using the identification p(® = Re[p] and p* = Im[p], we can then decompose
W,(x) as

1 1
W,(x) = 2—ntr [AL,O(O)} + i2—ntr [A;fﬂp(l)] , (2.71)
which follows from the fact that A4, is always real. Since p(® and p(") are themselves
real by their definition in Eq. (2.68), we conclude that tr[Af p(®] and tr[Af p(})] are
both real for all € P,. Therefore,

Re[WW,(x)] = Zlntr [ALp O] = W0 (z) (2.72)
Im[W,(x)] = 2intr [ALpM] = W0 (z) (2.73)
O
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An n-rebit Wigner representation W,SO) was introduced in [98], and is defined as

1

0 ._ 0
W (x) = 2—ntr[A§c)p], (2.74)
for all x € P,, where
1
AD = o (=)@ =D, (2.75)
zE’Psl0>

is defined in terms of the subspace 7?6([0) ={x : > _ xko a1 =0}

By comparison between Eq. (2.65) and Eq. (2.74), we see that the difference be-
tween W,(x) and WFSO) (x) comes down to the fact that A, sums over all displacement
operators defined over the phase space P;, whereas AP only sums over displace-
ment operators defined over the subspace Pc(lo).

By Eq. (2.60), we see that the condition a, - a, = 0 implies D}, = DI = D,, i.e.
that D,, is closed under transposition and, in particular, real symmetric, from which
A&O)T = AECO)T = A;f’), i.e. that A&O) is also real symmetric, immediately follows. Each
D, € 736(10) lies inside the span of n-rebit states, since that is the vector space of all
real 2" x 2" symmetric matrices.

It will be helpful to introduce the complement of 7750) in Py,

77;1) ={x : Z:ck’o cxp1 = 1}, (2.76)
k=1

and the set of real anti-symmetric phase-point operators

1

AL = o (=1)®# D, for any = € P,. (2.77)
zEP&D
The anti-symmetry, AP = AP = — 4, follows from the anti-symmetry of the
displacement operators D = DI = —D,, for x € 7751).

We have seen that every displacement operator is either symmetric and anti-
symmetric. The fact that AY only sums over symmetric displacement operators
defined on P, is the reason why, unlike A,, it fails to be locally tomographic. For
example, while Ao = (1 + X + Z + 1Y), Agg?o) = (1 + X + Z). However, some
global symmetric displacement operators are formed as a tensor product of anti-
symmetric local displacement operators. For instance, A e0,0) = A0 @ Ao
sums over the global two-qubit symmetric displacement operator (:Y') ® (iY"), which
is formed from the anti-symmetric local displacement operator (iY") in each A ).
Because AES?O)@(OQ) also sums over (1Y) ® (1Y), yet Agg?o
component, it is not locally tomographic.

, does not contain an (iY)

27



2.5. PHASE SPACE IN EVEN DIMENSIONS

By Eq. (2.75) and Eq. (2.77), we see that each A, splits up as

Ay =AY + AW (2.78)
We can correspondingly split up the Wigner representation of p as
W,(x) = Q%tr (A9 + AD)T ] = Q%tr [AO1 ] + Q%tr [AD1] (2.79)
where
Wp(o)(a:) = 2iﬂtr [A;O)Tp] = 2intr [Amo)p} and (2.80)
Wp(l)(zc) = 2intr [Ag”p] = —Qintr [A:(cl)p] : (2.81)

We can now prove the following result.

Claim 2.15. Given any n—qubit state p, we have that

W (x) = Re[W, ()] and (2.82)
Wi (@) = ilm[W,(x)]. (2.83)
Proof. For k = 0,1,
(W (z)]" = Q%tr (A p]” (2.84)
_ 2%“ [(ABT )] (2.85)
= ot [(1F(AW)] = ()W (@), (2.86)

which implies that W " (z) = Re[W,(x)] is the real component, while Wi (z) =
iIm[W,(x)]. O

By combining Claim 2.14 and Claim 2.15, we arrive at

W (p) = Wre (). (2.87)

4

When p is an n—rebit state, it holds that Re[p] = p, so W,(x) = Wi (p).

In summary, the representation W,(x) of an n—qubit state p is a real quasi-distribution
if and only if p is a rebit state, namely its density matrix contains only real elements
when expressed in the computational basis. Examples of such states include the
eigenstates of Pauli operators X and Z as well as the magic state |H), which is the
(+1)—eigenstate of the qubit Hadamard operator,

|H) = cosg 0) + sing 1) . (2.88)

This state is equivalent to the canonical qubit magic state |A) = %QO) + €'5|1) up
to a Clifford unitary [113], and thus can be used in a gadgetization circuit [72] to
implement the T-gate T := diag(1, ¢™™/*).
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2.5.3 Wigner representation of qubit channels

As is the case in odd dimensions, the Wigner representation of qubit states induces
a corresponding Wigner representation of qubit channels. Let £ be an arbitrary
channel from n to m qubits, and J(€) = (1 @ &)(|¢; X¢;|) be its associated Choi-
Jamiotkowski state [114], where |¢;") is the canonical maximally entangled state on
two copies of the input system,

1
9 ) = —— k)@ k) | . (2.89)

We can now define a Wigner representation [93] for a quantum channel € : B(HS") —
B(HS™) as

We(y|z) = 2""Wse) (T D y). (2.90)
We now outline important properties of this representation.

Claim 2.16. The Wigner representation of a CPTP operation £ : B(HS") — B(HS™)
is

~

. (normalized). >, We(z|x) =1 for any & € Pan;

2. (bounded). |We(y|x)| < 2" ™

V)

. (transitive). We,)(y) = >_ . cp,. We(yl|z)W,(2) for any y € Pom;

N

. (distributive over tensoring). Wegr(x @ y) = We(x)Wr(y).

Proof. The properties of this Wigner representation were also considered in [102].
The proof makes use of the definition in Eq. (2.90) and the properties of the

qubit state representation listed in Claim 2.13 and proceeds analogously to the odd

dimensional case of Claim 2.8. O

The transitive property 3 and the tensoring property 4 ensure that the chosen
representation respects sequential and parallel composition of processes, i.e.,

Weor = WeWr, (2.91)
Wear = We @ Wi, (2.92)

It therefore follows that a quantum channel £ from n qubits to m qubits is repre-
sented as a stochastic map if and only if We(y|x) > 0 for all x,y. By inspection of
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Eq. (2.90), we equivalently have that the quantum channel £ is stochastically repre-
sented if and only if the Choi state [7(€) on n + m qubits is represented by a genuine
probability distribution on the phase space Pan+m.

We now proceed to characterize a subset of stabilizer states and Clifford opera-
tions that can be represented non-negatively by the qubit representation we have
developed.

2.5.4 The CSS formalism on the phase space

Unlike the odd-dimensional case, not all stabilizer states and Clifford operations
are represented non-negatively. For instance, the (41)-eigenstate |+i)+i| of Pauli
operator Y is a stabilizer state, but has a complex representation as it is not a rebit.
However, in this section, we describe an important subset of stabilizer states, called
CSS states [70, 71], which are also a subset of rebits, therefore they admit a real,
non-negative Wigner representation. Moreover, the class of quantum channel £ with
CSS J (&) is stochastically represented.

In this section, we use the notation (... ) to denote the set of stabilizer generators
for some state |¢)). The stabilizer generators generate the group of Clifford gates for
which state |+)) is a (+1)-eigenvalue. In Hilbert space H5", a set of n independent
stabilizer generators define precisely one state [42].

A pure CSS state on n qubits is any stabilizer state whose stabilizer group can be
generated by n Pauli observables that are individually of X-type or Z-type only. For
instance, |¢™) = JLEGOO) + |11)) has the stabilizer group

S(|¢7)) = (X1 Xs, Z12), (2.93)
and is therefore CSS, while |¢)) .= 1 ® H |¢™) is stabilized by
S(l,[vb» = <X1Z2aZ1X2>7 (294)

and therefore is not CSS, due to the stabilizer generators mixing X and Z operators.

It is shown in [98] that any pure n-rebit state is non-negatively represented if and
only if it is CSS. Therefore, W, is a valid probability distribution for all p € CSS,
and we can extend this idea to quantum channels. A quantum channel £ is CSS—
preserving if £(p) is a CSS state for all p € CSS. It is completely CSS—preserving if
(1 ® &)(pap) is CSS for any bipartite CSS state p 4, regardless of the dimension of
system A. We therefore reach the following result.

Claim 2.17. A quantum channel € : B(H") — B(H3") admits a stochastic represen-
tation We if J(£) € CSSap.
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Proof. |¢f) is a CSS state. For i = 1,2,...,n, we have that

1

Lilnyi ’¢Z> = Z Zi |k) ® Z; |k)
2n ke{0,1}n
1
=— | > oMk e DNk =) (2.95)
V21 \ ko
Therefore, |¢;) is stabilized by Z;Z,,,; fori = 1,2,... n. Furthermore, we have that

X; |k) = |kK'), where k' is identical to k except that its ;—th bit has been flipped. Since
the set of n-bit binary strings and the set of n-bit binary strings whose i—th bit has
been flipped are identical, we conclude that

1 1
XiXouiloh)y=—=| D XilkeXlk)|=—7| D [K)oK)
V20 \ Loy VAT \ kefo,13n
1
=— | > KY®IK)| =) (2.96)

2n k'e{0,1}n
Therefore, |¢;) is stabilized by X,;X,; fori = 1,2,...,n. As Z;Z,,; and X;X,;
commute for all 7,5 = 1,2,...,n, we have now found 2n commuting and indepen-

dent stabilizers for |¢}). We therefore conclude that the stabilizer group of |¢;")
is

<ZiZn+i7 Xan+i>i:1 ..... n- (297)

The proof is concluded by noticing that W¢(y|x) is non-negative due to its defini-
tion Eq. (2.90) and normalized, therefore stochastic. O

Claim 2.17 can be leveraged to identify stochastically-represented qubit Clifford
operations in a systematic way. We recall that the maximally entangled state |¢.")
over two sets of n qubits is CSS for all n. Therefore, if £ is completely CSS—
preserving, J(€) must also be a CSS state. By Claim 2.17, it follows that every
completely CSS-preserving operation is stochastically represented.

To motivate the class of completely CSS—preserving operations as operationally
significant, we highlight that they cover at least the following important stabilizer
operations:

1. Preparation of a CSS state;
2. Any gate from the group of n—qubit completely CSS—preserving gates,
G(n) = (CNOT,;, Zi, Xi)ij=1,..nits; (2.98)
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3. Projective measurement of any X— or Z-type Pauli observable, followed by a
completely CSS—preserving operation £, conditioned on the outcome +1;

4. Tracing out;
5. Statistical mixtures of the above.

Therefore, all these operations are stochastically represented and we will prove this
after making these operations precise in chapter 5.

We conclude this section by emphasizing the power of the set of CSS operations.
Firstly, they can be promoted to universal quantum computing when supplemented
with rebit magic states [98]. Moreover, the gate set G(n) constitute those that can
be implemented fault tolerantly using defect braiding in surface codes construc-
tions [68]. Finally, we will see in chapter 5 that they form the basis of many im-
portant existing protocols for magic state distillation based on CSS codes before
proceeding to construct bounds on magic distillation via completely CSS—preserving
operations, namely CSS protocols.

In this chapter, we have identified that stabilizer states and CSS states are posi-
tively represented on discrete phase spaces of odd and even dimensions respectively.
Crucially, Claim 2.10 and Claim 2.17 respectively prove that Clifford operations in
odd dimensions and CSS-preserving operations in even dimensions admit represen-
tations that act stochastically on Wigner state distributions. In particular, the transi-
tivity property

We(y) = Y We(yl2)W,(2), (2.99)

z€Py
derived for odd dimensions in Claim 2.8 and for even dimensions in Claim 2.16 sets
the scene for the development of a statistical mechanical framework that describes
quasi-distributions on the phase space, as we imminently discuss in chapter 3.
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Chapter 3
Majorization for quasi-distributions

Majorization [115,116] is a collection of powerful tools that has found many appli-
cations in quantum information theory [117-124]. It describes the disorder of dis-
tributions that undergo stochastic transformations, and in its simplest form defines
a pre-order on probability distributions. Therefore, it forms the basis for defining
entropies and relative entropies between states of a system [125].

The development of majorization theory and all known applications thus far con-
cern ordering of proper probability distributions. The aim of this chapter is to
rigorously extend majorization to quasi-distributions by identifying that stochastic
transformations are not restricted to proper probability distributions. This extension
constitutes a technical novelty in the majorization literature. We are motivated by
the phase space representation of quantum mechanics and more specifically by the
Wigner representation of magic theories, although our majorization extension can
find applications in other areas of physics, where negativity indicates non-classicality.

We begin this chapter in section 3.1 by providing a series of known definitions
of majorization on probability distributions before motivating the extension of these
definitions to the context of magic. We have seen that states are generally repre-
sented by quasi-distributions and free operations are represented stochastically, thus
we naturally obtain the stochastic update of distributions that contain negativity,

Wen(y) = > We(ylz)W,(2). (3.1)

z€Py
This was proven as a transitivity property of quantum channel representations on the
phase space in Claim 2.8 for odd dimensions and in Claim 2.16 for even dimensions.
In section 3.1, we argue that Eq. (3.1) allows us to define majorization on Wigner
distributions as long as W is stochastic.

The rest of the chapter concerns itself with rigorously extending important ma-
jorization properties from the subspace of proper probability distributions to the
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quasi-distribution setting. We begin in section 3.2 by defining and extending the
idea of a Lorenz curve, a visual method of representing the majorization pre-order.
We then deal in section 3.3 with the most general form of majorization that we will
later encounter in our discussion of magic in chapter 4 and chapter 5. Finally, in
section 3.4, we show that relative majorization leads to a subset of well-behaved en-
tropies and relative entropies on quasi-distributions. In the following chapters, we
derive bounds on the resource cost of magic in terms of these entropic quantities.

3.1 Motivation in the context of magic

3.1.1 Definition of majorization

We start by presenting relevant definitions of majorization in order of increasing
complexity. These definitions have been motivated and developed in various fields
of quantum information, where describing order between non-negative probability
distributions has been of interest.

The simplest definition of majorization is critical in describing state transforma-
tions in the context of bipartite entanglement [117]. Given two distributions p =
(p1,...,pn) and ¢ = (qu,...,q,) OVer n outcomes, we say that p majorizes q, de-
noted p > g, if there exists a bistochastic map A = (4,;) such that Ap = g, where
bistochastic means that 4;; > 0 and >, A;; = >, A;; = 1. Later on, we show the
known result [115] that the condition p >~ g over probability distributions is equiv-
alent to at most n — 1 inequalities (Claim 3.10), which can be checked efficiently.

There is a natural generalization, which is called d-majorization [126], or in the
context of thermodynamics, thermo-majorization [127]. For a fixed probability dis-
tribution r» = (rq,...,r,) with positive components, we define majorization relative
to r as p >, q, if and only if there exists a stochastic map A such that Ar = r
and Ap = q. The original majorization condition between probability distributions
corresponds to the case r = (1/n,...,1/n).

In fact, we can further generalize to relative majorization [116,128-132], defined
as an ordering between pairs of vectors and write

(p,7) = (q,7) (3.2)

if and only if there is a stochastic map A such that Ar = ' and Ap = q. We retrieve
d-majorization when r = .

We now proceed to motivate the use of majorization within magic theories, where
proper probability distributions need to be replaced with quasi-distributions. How-
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ever, as we see, the core aspect of majorization, i.e. the stochastic update of the
distributions, remains intact.

3.1.2 Majorization in resource theories of magic

Within the Wigner representation for the rebit model of qubit computation as well
as for computation with odd dimensional qudits, it is well-known that all posi-
tively represented states used in Clifford circuits admit an efficient classical sim-
ulation [98, 103], so negativity is a necessary resource for universal fault-tolerant
quantum computing [41]. Hence, the free states in any magic theory are required to
be a subset of

F={p:W,(z) > 0forall z € Py}. (3.3)

Our focus is on states with negativity, so the particular choice of free states is not
critical for our analysis. The remaining component that defines any magic theory is
the set of free quantum operations. The most basic assumption we require on free
operations is that they send any free state to another free state.

Any magic state protocol will correspond to a quantum channel £, so from Eq. (2.37)
and Eq. (2.90) it admits a Wigner representation Wz (y|z) that acts as a transition
matrix mapping phase space points z — y. We have shown that the representation
obeys the update property

Wep(y) = D Welylz)W,(2), (3.4)

z€Py

for any p. Since the magic protocol sends free states to free states, £ sends all
positively represented quantum state to other positively represented quantum states.
Therefore, if £ is a free operation, its associated Wigner representation We(y|z) must
be a stochastic matrix. For example, we saw in section 2.4.4 all odd dimensional
Clifford operations correspond to the symplectic transformations on the phase space,
hence stochastic matrices in the Wigner representation.

We note however, that not all stochastic maps on the phase space correspond
to valid quantum operations. The reason is that the maps must also respect the
symplectic affine structure of the phase space, which is an additional non-trivial
constraint.

In the context of magic distillation, we shall often assume that we have a magic
theory R = (F, O) in which the free states 7 admit non-negative Wigner represen-
tations, while the free operations O are stochastic maps in the Wigner representa-
tion. Our analysis applies majorization to magic states at the level of the associated
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Wigner representations. The connection is clear when one rewrites Eq. (3.1) as
Wpl = Wng’ (3.5)

where p' = &£(p), and adds the constraint 7/ = £(7), for some chosen reference state
T € F, implying that additionally

W, = WelW.. (3.6)

These two conditions in tandem define d—majorization (W,, W,) >~ (W,, W..). Their
physical meaning in the context of magic is discussed at length in chapter 4 and
chapter 5.

Since Wigner representations are in general quasi-distributions, it is important to
first check how majorization can be extended to these cases and what differences
quasi-distributions bring over genuine probability distributions. This is the topic of
this chapter.

3.1.3 Technical aspects of Wigner quasi-distributions

Having identified that our quasi-distribution of interest is the Wigner state distribu-
tion, we derive some novel technical properties of these distributions that will later
assist us in the definition of the Lorenz curve and explicit calculation of inequalities
arising from majorization. The core idea of this section’s contributions is to provide
easier handling of the Wigner representation of a many-copy state. This is important
later on, as magic state distillation is usually concerned with sending many copies of
a noisy magic state to fewer copies of a less noisy magic state
We first define the rescaled Wigner representation

W,D(Z)

th(z) = WT(Z)'

(3.7)
This quantity is required for the definition of a Lorenz curve in section 3.2.1 within
the context of the Wigner representation. This distribution is well-defined if 7 is a
full-rank stabilizer state, or, equivalently, I, being a proper probability distribution
with positive components. We can show that IV, is multiplicative on tensor products
of states.

Claim 3.1. Let 74, 7 be full rank stabilizer states on systems A and B, and let pa, pp
be arbitrary states on A, B. Then, the rescaled quasi-distribution obeys

W a0pplma®7s (24 @ 2B) = W alra (zA)WpB\TB(zB)- (3.8)
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Proof. This follows from the multiplicativity of the Wigner representation,

W05 (24 © Zp)
WTA®TB (ZA s> ZB’)

= WPAlTA(ZA)WPB\TB(zB)' (3.9)

WPA®P3|7A®TB(ZA D ZB) =

_ WPA(zA>WPB (28)
We(24)Wrp (25)

O

We now proceed to discuss component-multiplicity pairs, which constitute a useful
description of Wigner representations of many-copy states.

In general, a 1-copy d-dimensional state p is described by its d>~dimensional
Wigner representation W,. The distribution W, is defined on the phase space, but it
can be convenient to re-express this using vector notation. We discuss this in terms of
Wigner representations, but there is nothing to prevent the discussion from applying
to rescaled Wigner representations as well.

To each Wigner representation W,(z) we can associate component-multiplicity
pairs {(w;, m;) } where the value w; occurs in the distribution W,(z) with multiplicity
m;.

As an example, for the Strange state |S) with

Wisy = (—1/3,1/6,1/6,1/6,1/6,1/6,1/6,1/6,1/6) (3.10)

we have the component-multiplicity pairs: {(—1/3,1), (1/6,8)}. However, we might
also wish more freedom and not require that the different w; values are all distinct.
For example, the component-multiplity pairs {(—1/3,1),(1/6,2),(1/6,3),(1/6,3)}
also describe Wg).

This representation is more compact when a Wigner representation has a lot of
multiplicities, and allows for simple handling of multiple copies via the following
fact.

Claim 3.2. Consider two Wigner representations W,,(z4), W,,(zp) with component-
multiplicity pairs

{(wi,my)} and {(w), m))}, (3.11)
respectively. Then, {(w;w}, m;m’;)} gives component-multiplicity pairs for W, ,¢,,(24®
ZB).

Proof. This result is true because all components of W, ,,, (24 @ zp) are of the form

m;m’ = m; m; = d4d>%, (3.12)
Z Z J Z Z J AYB
J J

w;w; and

i i
where d 4, dg are the dimensions of p 4, pp respectively, and so the set {(wiw;, mim;-)}

contains exactly the Wigner components of W, ,,,(z4 @ 2z5). O
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3.1. MOTIVATION IN THE CONTEXT OF MAGIC

The above result also applies when we consider rescaled Wigner representations,
crucially due to the multiplicativity result shown in Claim 3.1.

In the case of distillation protocols, we are interested in copies of distributions.
For this, we have the following result, following from combinatorics, which allows
us to simply characterize the Wigner representation of a multi-copy state in terms of
the representations of the individual states.

Claim 3.3. Suppose W, has a set of D component-multiplicity pairs {(w;, m;)}. Then,
W,en has component-multiplicity pairs {(Wg, Mg)}, with index q running through all

vectors (q1, .. .,qp), where qi, ..., qp are non-negative integers that sum to n, and
D
W, = [[w, (3.13)
=1
" D
M, = m¥. (3.14)
a4 (QIJQQa"'7Qd>E !
The term outside the product in the expression for M, is the generalized binomial coef-
ficient,
n n!
( ) = (3.15)
q1:G2; - - - 4d @il .. qp!

Proof. Denote by C}}, := {k} the set of all vectors k := (ki, ..., kp) with non-negative
integer components that sum to n, i.e.

ngl,...,kzDgnandk1+---+/@:n.

We proceed by induction. Assume n = 1 and let k; be the vector with its i-th
component equal to 1 and 0’s elsewhere. The set C}, consists of all vectors of this
form, i.e.

Ch = {ki}imr,.0 (3.16)

It is also true by direct calculation that
(WkiaMki) = (wl7ml) (3°17)

Therefore, {(Wi, M) }recy is a complete set of component-multiplicity pairs for W,
Assume that { (W, M)} recy as given in Eq. (3.13) and Eq. (3.14) is a complete
set of component-multiplicity pairs for the n—copy distribution W,en = WZ". By

n+1

construction, W’ (1) — Wwgn @ W,, so it admits the complete set of component

multiplicity pairs
{(Wkwi,Mkmi)}, k < Cg and i = 1,...,D. (318)
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Consider the component sum of distribution W' ",

D

keCn i=1 keCy,
—
e | LD U
keCy,
(ZWW) (ZW%) = (ZWW) =
=1 =1 =1
> MWy, (3.19)
qeopt!
where in the last expression, vectors ¢ = (q,...,qp) have non-negative integer

components that sum to (n + 1) and
D
(n+1)! .
M. — m, (3.20)
T ¢! qp! le[
D
Wy = Hwi‘”. (3.21)

We have used the multinomial expansion to proceed with the second and third equal-
ities in the derivation of Eq. (3.19).

We have achieved a regrouping of the distribution components. Every component
W, is of the form Wjw; with ¢; = k; + 1 and ¢; = k; for j # ¢ and

D n+1
Z+ Z+ (n+1)! ' Hmqu B (Z m2> _ d2(n+1)’ (3.22)
qeC} ! qeC} !

which is the dimension of W5 ",
Therefore, {(W,, My)} gecntl contains exactly the components of W ", completing
the proof. O

The above result applies on rescaled Wigner representations as well and it will be
of assistance in deriving explicit bounds for important examples of magic distillation
processes in chapter 4.

3.2 Non-monotonic Lorenz curves
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3.2. NON-MONOTONIC LORENZ CURVES

A Lorenz curve is a powerful tool that provides a visual and compact description
of majorization. We begin our analysis by providing the well-known definition of
the Lorenz curve in the general context of real vectors. The definition allows us to
demonstrate in Claim 3.5 that comparison between Lorenz curves is equivalent to
the full set of majorization conditions for quasi-distributions, much like it is already
known to be the case for probability distributions [133]. Unlike a monotone func-
tion, Lorenz curves therefore contain the entire information that majorization can
provide us with.

3.2.1 Definition of a Lorenz curve

We make use of the notion of a Lorenz curve of a vector w € R" relative to some
other vector r € R". Given a vector w we define w* to be the re-arrangement of the
components of w into decreasing order. Given two n—component vectors w and 7,
we first define w = (w;), where w; == w;/r;, as the vector of component-wise ratios
between w and r. We can now define the Lorenz curve of w relative to r, denoted
L.|r(), as the piece-wise linear function that passes through (0, 0) and the n points

k k
1
(Tr, L) (71)) = (ﬁ erw(z% ;ww(i)> ; (3.23)

1=

where R := "' | r; and = is the permutation on n objects mapping w to w*. The
form of this requires that r has no zero components, which we shall assume without
loss of generality as the rank of a quantum state is not operationally meaningful. We
further define an elbow point of the Lorenz curve as any non-differentiable point of
the curve. They can only be located at (0,0) and some z; = %Zle Tx:), as these
points are connected between them via line segments. Conversely, it is possible that
the slope at some z;, does not change due to degeneracy in the values of the vector
components, hence the number of elbows is upper bounded by n + 1. For example,
elbow points are demonstrated in Fig. (3.1) as the points where the slopes of the
curve change.

In the usual case where w and r are both probability distributions the Lorenz curve
is defined on the interval [0, 1], and rises monotonically until it reaches the value 1
at x = 1. The value L,,,(z) = 1 is a global maximum. Moreover, if w,w’,r, ' are
all valid probability distributions with r, ' having positive components, then

(w,r) = (w', ') if and only if Ly, (2) > Ly (2),
for all z € [0,1]. This result is well-known; it is shown in [129] and we reproduce
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3.2. NON-MONOTONIC LORENZ CURVES

it in Claim 3.7 for completeness. It provides a simple way of computing whether
relative majorization holds between pairs of probability distributions.

However, if w is a quasi-distribution with negative values, and r a regular prob-
ability distribution things are different. Now the Lorenz curve is no longer mono-
tonically increasing, but is a concave function that breaks through the L,,,(z) = 1
barrier at an interior point and attains some non-trivial maximum L, above the value
1, before decreasing monotonically to L,|-(z) = 1 at the end-point z = 1.

3.2.2 Extending Lorenz curves to quasi-distributions

We first verify that the Lorenz curve condition applies to quasi-distributions. This can
be done from first principles, but a simpler way is to use the equivalent result from
probability distributions and work on the differences. We first need the following
auxiliary result.

Claim 3.4. Let w be a quasi-distribution and let r be a probability distribution with
strictly non-zero components. Then, Lawyprir() = aLyjr(x) + bz for any constants
a>0andbeR.

Proof. The Lorenz curve of aw + br relative to r passes through (0,0) and the points
>k, Tr(i)s Sor_y (aw + br).(;)) where 7 is the permutation that puts (aw;/r; + b) in
non-increasing order. Since a > 0, the permutation 7 puts (w;/r;) in non-increasing
order too. We thus have

k k k k k
(Z T (i) Z(@’w + b”’%(i)) = (Z (i), @ Z Wa(s) + bz T‘Tr(z')) ;
i=1 i=1 i=1 i=1 i=1
so the value of the Lorenz curve at each point 73, = ., ;) is given by
Law+br|’r<xk) - aLw|r(xk> + er|r(«rk) - aLw\r(xk) + bxlm (324)
so we have Loy prir(7) = aLyr () + bx for any = € [0, 1] due to linearity. O

We can then reduce to the problem of genuine probability distributions by first
masking the negativity in the quasi-distribution w, i.e. mixing it with the reference
distribution = until all components of w are non-negative, and then applying the
conditions for relative majorization. This negativity masking gives the Lorenz curve
condition on relative majorization.

Claim 3.5. Let w € R",w’ € R™ be quasi-distributions, and let r € R", ' € R™ be
probability distributions with non-zero components. Then, (w,r) = (w', r’) if and only
if Lyjr(2) > Loy () for all z € [0, 1.
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Proof. Since the components of r are strictly positive, there always exists an ¢ > 0
such that w, = ew + (1 — ¢)r is a genuine probability distribution. A similar result
holds for w' and ' and we choose ¢ sufficiently small so that both w, and w’ are
probability distributions. We now have that (w,r) > (w', ') if and only if (w,,r) >
(w!,r"). This equivalence holds because there exists a stochastic map A such that
Aw = w' and Ar = »’ if and only if

Alew + (1 — e)r] = ew' + (1 — e)r’ and Ar = r'. (3.25)

In terms of a Lorenz curve condition we have that (w.,r) > (w’,r’) if and only if
L jr (%) > Ly (x) for all x € [0,1]. Additionally, we use the result of Claim 3.4
that the Lorenz curve for any quasi-distribution obeys the relation

Leawbrir(2) = aLyr(x) + b, (3.26)

for any a > 0 and b € R. This relation implies that L, (z) > Lq () if and only if
€Layir () + (1 — €)x > €Ly () + (1 — €). Finally, the (1 — €)x terms cancel on both
sides and we get the required relative majorization conditions that (w,r) > (w', r’)
if and only if Ly (z) > Ly () for all z € [0, 1], as required. O

We frame the result of Claim 3.5 in order to highlight the link between quasi-
distributions and probability distributions. This result therefore assumes that the
Lorenz curve condition holds for proper probability distributions, a known result
which we replicate later in Claim 3.7. Setting »' = r in Claim 3.5 retrieves the
special case of d-majorization, which we discuss in more detail now.

3.2.3 Fixed-point majorization in magic theories

We now demonstrate the special case of d-majorization in the context of the Wigner
representation. Our aim here is to motivate the use of the Lorenz curve to visualize
magic and how one can compare states in terms of their magic.

We consider some o € F, and the resource theory R, which leaves its Wigner
representation unchanged. Specifically, given a theory of magic R = (F,O), we
define the sub-theory R, = (F, O,), by restricting the free operations

O, ={£€0:&(0) =0}, (3.27)

to the subset that leave the distinguished state ¢ € F invariant. This gives a sim-
ple way to break up any theory into smaller, more manageable parts where d-
majorization can be exploited to analyze each part, while the union over all sub-
theories still returns the parent theory R.
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We are interested in investigating the ability to transform many copies of a magic
state p towards a more pure form of magic. The state p is assumed to have negativity
in the Wigner representation, so W,(z) < 0 for some regions of z € P,. The state
o is assumed to have a Wigner representation with W, (z) > 0 for all z in the phase
space. This is justified because a non-full rank state ¢ can be handled as a limiting
case in which we first add an infinitesimal fraction of depolarizing noise ¢(1/d) and
then take ¢ — 0.

The free operations within the magic theory R are represented by stochastic maps,
and within R, by stochastic maps that leave W, invariant. Therefore, a necessary
condition for magic state transformations p; — ps within R, will be that

(W, Wo) = (W, Wy, (3.28)

meaning that W, is more ordered than the quasi-distribution W, relative to W,. To
simplify notation, we denote by L,,(x) the Lorenz curve Ly, w,(7), and therefore
have that

p1 — p2 within R, implies L, ,(z) > L,,j-(2), (3.29)

for all x € [0, 1], which restricts the transformations that are possible. Note that
this is not a single numerical constraint, but a family of constraints. For n copies
of a qudit system of dimension d the number of terms in W, is d*", so imposing the
Lorenz curve condition corresponds to exponentially many constraints.

We are now in a position to provide examples of how to construct non-monotonic
Lorenz curves for Wigner representations, and more generally quasi-distributions,
by computing the Lorenz curves corresponding to a family of qutrit magic states.
Specifically, we can define the e-noisy Strange state as

ps(e) = (1= 18) (] + 51, (3.30)

where ¢ is the depolarizing error parameter. This magic state is canonical in the
sense that any magic state p can be processed via Clifford operations [83, 134] and
put into this form for some ¢ > 0. We will therefore use it as a prominent example
in chapter 5 to demonstrate our results. For now, it suffices to state that the Wigner
representation of the single-copy, e—noisy Strange state is given by

Wis(o(2) = (1 = e)Wisys)(2) + W1y (2), (3.31)

due to property 1 in Claim 2.7. The representation contains a single negative com-
ponent

—v(e) = — (% — ge) (3.32)
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Figure 3.1: “These Lorenz curves go to 11”. Traditionally, Lorenz curves for distri-
butions are monotone increasing cumulative functions that reach a maximum value
of 1. In contrast, Lorenz curves for quasi-distributions generally achieve values
higher than L(x) = 1 and can, in fact, reach arbitrarily high values due to the pres-
ence of negativity in their components. The above family of curves corresponds to
multiple copies of noisy Strange states p := pgs(€)®" (Eq. (3.30)) for n = 2,4, 6 within
R,, where o = 1/3. Solid lines represent pure Strange states, while dashed lines
represent e-noisy Strange states with depolarizing error ¢ = 0.1.

located at the origin z = 0 and positive components

u(e) = é — 1—186 (3.33)
at the 8 phase space points z # 0. We assume that ¢ < 3/4 to ensure the presence of
negativity in the Wigner representation.

Due to negativity, the ordering of the components of the rescaled Wigner repre-
sentation W, |, (2) = W, (2)/W,,(z), for p, = ps(€)®", and o, = ¢*" = (1/3)*",
depends on whether —uv(e) is raised to an even or odd power. Treating the Wigner
representations as vectors, the component values w; and associated multiplicities m;

in the n—copy case are found to be

m; = 8 <TZ> (3.34)
w; = u'(—v)"", (3.35)
where index ¢ runs through 0,...,n, and we assume for simplicity that ¢ < 3/7,

which implies that v > .
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Therefore, assuming further that n is even, we find the order in which we should
add up components, according to the definition of the Lorenz curve in Eq. (3.23). In
particular, all components with even i are positive, while the smaller i is, the larger
the contribution of v over  is, hence the larger the value of the component. Adding
up all the positive components, we see that the Lorenz curve L, ., (z) reaches a
maximum value of

n/2 n
1 1 /15—8e
L, = Lpn\an (93*) = ;0 MoiWa; = 2 + B ( 9 ) > 1, (3.36)
which occurs at x = z, given by
1 1/7\"

We plot the Lorenz curves for different numbers of copies n and error rate ¢ in
Fig. (3.1) for the Strange state (Eq. (3.30)) in sub-theory R, /3, where the free chan-
nels are unital. We see that all Lorenz curves achieve values higher than 1, with
curves corresponding to higher numbers of copies n’ lying completely above curves
with fewer copies n, for ¢ = 0. It is therefore implied by Claim 3.5 that one can
transform many copies of the Strange state to few via unital channels. Introducing
non-zero noise lowers the Lorenz curves. If enough noise is introduced, a curve rep-
resenting a n’—copy state may intersect a curve corresponding to a noiseless n—copy
state with n < n/, thus indicating that the n’—copy state is too noisy to be transformed
to the noiseless n—copy state.

3.3 Relative majorization for quasi-distributions

In this section, we first prove a link between simple majorization and relative ma-
jorization in the context of quasi-distributions. This is well-known for probability
distributions (e.g. [131]), but entirely novel in the context of quasi-distributions.
We then use this result to complete the Lorenz curve condition in Claim 3.5 by prov-
ing the statement for proper probability distributions. Finally, we provide equivalent
formulations of relative majorization and prove some useful properties of the Lorenz
curves.

3.3.1 Relative majorization is still majorization

The following result is well-known for probability distributions [127,133,135] and
we extend it here to quasi-distributions. It is a satisfying connection between relative
majorization and simple majorization.
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Claim 3.6. Let w € RY w’ € RY be quasi-distributions and r € RN v’ € RY
probability distributions with positive rational entries given by r; = a;/K and r, =
a}/ K for positive integers a;,a, and K = 3., a; = vazl , @;. Then,

(w,r) = (w', ") if and only if Ty (w) > Ty (w'), (3.38)

where the embedding map 'y, : RY — RX is given by

N
o) = @am, = (220 222 2B ) 6a)

Y Y 7 Y Y Y ) ) Y Y Y
1 ap a ap Gz Qa az anN an an
i—
with n,. = (1/a;,1/a;, ..., 1/a;) the uniform distribution on a; elements.

Proof. We first note that the map I',, is stochastic and has a well-defined left-inverse
;! RE — RY given by

ay a1+az K
-1
Fa (33) = E Xy, E Liyonn, E Zz; |, (340)
=1 i=a1+1 i=a1+-4an_1+1

that obeys (I',;! o I',)(2) = z for all = € RY. To obtain this inverse, we sum up
all components within each independent block z;n, that appears in I', for all i =
1,...,N. It is not a right-inverse as not all vectors in R¥ is of the form of Eq. (3.39).

The Claim is equivalent to the statement that there exists a bistochastic map B
sending I', (w) to Iy (w’) if and only if there exists a stochastic map A sending w to
w’ and r to .

Suppose there is a stochastic map A such that Aw = w’ and Ar = r’. We define
B : RE — RE by B := 'y o Ao I',! so that it is stochastic as a composition of

stochastic maps and it preserves the uniform distribution in R¥, since
B(1/K,...,1/K)= (Tg 0 AoT ") (Ta(r)) =Tu(r) = (1/K,...,1/K), (3.41)
therefore B is bistochastic. Finally, B maps the embedded distributions as follows,
Bl g(w) = (Fgr0 AoT,") (Ta(w)) =y (w'). (3.42)

Conversely, suppose a bistochastic map B exists sending I',(w) to I'p/(w’). Again,
define A : RY — R by A =T, o BoT, so that it is stochastic as a composition of
stochastic maps and Aw = (F;,1 oBo Fa)'w = w’, as well as Ar = r'. O

We note that the vectors r, v’ with rational components form a dense subset of the
positive probability distributions, and do not consider further technicalities that have
no impact on actual physical measurements, which always have a finite resolution.

Restricting the above result in the context of proper probability distributions, we
can replicate the Lorenz curve condition for probability distributions (see e.g. [130]).
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Claim 3.7. Given probability distributions w,r € RN and w',r' € RN with r, v’
having positive components, then

(w,r) = (w',7") if and only if Ly () > Ly (),
forall z € [0, 1].

Proof. In the case of N = N’ and r = ' = n, where n = (1/N,1/N,...,1/N) is
the uniform distribution on /N elements, the statement reduces to the Lorenz curve
condition L,,(x) > L, (x) for all z, for simple majorization which follows immedi-
ately from the defining set of inequalities for majorization [115]. Namely, the Lorenz
curve L, (x) for w is obtained from the partial sums of w sorted in non-increasing
order. It is also clear from the definition that the Lorenz curve of w is given by
Lup(2) = Lujn(2).

To prove the general statement we reduce the relative majorization Lorenz curve
condition to standard majorization. Using the notation and assumptions of Claim 3.6
for distributions with rational components, we can define I',(w), 'y, (w’) and the
uniform distribution n = (1/K,1/K,...,1/K).

The key ingredient in the proof is that the Lorenz curve of w relative to r coincides
with the Lorenz curve of I', (w), namely

Lw‘r(l‘) = Lpa(w)m(l’) = LFa(w)(x) forall x € [0, 1] (3.43)

To see this we consider the elbows of L,,.(z), as defined under Eq. (3.23)),

k k
(mkv Lw|r<xk)) = (Z T'r(), Z ww(z)) ) (344)
=1 =1

where the permutation 7 sorts (w;/r;) in non-increasing order. Expressing I', (w) as

N
1 w; W;

T,(w) = — A 3.45

(w) K@(n m) (3.45)

where (w;/r;, ..., w;/r;) has a; elements, it is clear that permutation 7 sorts I',(w)

in non-increasing order too. The Lorenz curve elbows (yx, L, (w)5(¥yx)) Ooccur at

Ar (1) Fan (k)
Yk =

1
= T (3.46)

j=1 i

and take values

Ltatwyin(9e) = Y ny 7o > = Lupe (). (3.47)
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Therefore, the Lorenz curve of the embedded distribution coincides with the Lorenz
curve in the relative majorization setting.

Finally, we have (w,r) > (w’,7') if and only if I',(w) > T'n(w’), which holds if
and only if Lr,(w)n(7) > Lr_,wg(x) for all z € [0, 1], which in turn holds if and
only if Lyjr(x) > Ly (2), = € [0,1], which concludes the proof. O

Having shown the Lorenz curve condition on probability distributions in Claim 3.7,
we have completed the proof of the Lorenz curve condition on quasi-distributions in
Claim 3.5. We now list a concise summary of useful equivalent formulations of
relative majorization on quasi-distributions.

Claim 3.8. Given quasi-distributions w, w’, v, r’, such that the components of r and r’
are positive, the following statements are equivalent:

(i) w' = Aw and r’ = Ar for a stochastic map A;
(ll) Lw|r<t) > Lwl|,,a/(t) fOI”t S [0, 1) and Lw|r(1) = Lwl|rl(1);
i) > |Jw; —rit| > > |wh — rit| for all t € R.
=1 =1

Proof. The equivalence between (i) and (ii) on quasi-distributions was proven in
Theorem 1 in the main text.

The equivalence between (i) and (iii) follows from a similar argument where we
mask negativity with a probability distribution. Namely, let ¢ > 0 be such that
w(e) = ew + (1 — €)r and w'(¢) = ew + (1 — €)r’ are genuine probability distribu-
tions. This is guaranteed by picking a sufficiently small ¢ > 0, since r has positive
components. We now have that (w,r) = (w’,7’) if and only if (w(e), r) > (w'(¢), ).
Moreover, we have that for all c € R, Y7, Jw(e); — ] > >0 |w'(€); — ric|, which
leads to

n

2.

i=1

! €

wwiiﬂziw

€ -
=1

, ,6—|—C—1’

Replacing ¢ = (¢ + ¢ — 1) /¢, we see that ¢ can attain any real value for ¢ € R, so we
deduce the required L;—norm condition on quasi-distributions w, w’. O

The first statement in Claim 3.8 is simply the definition of majorization, the second
statement is the Lorenz curve condition and the third statement is one that we use in
showing that majorization is more powerful than the mana monotone (Eq. (2.33))
later on, in Claim 4.2.
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3.3.2 Lorenz curve properties

Aiming to obtain a firmer grip on the Lorenz curve formulation, we verify useful
properties in the context of quasi-distributions, starting from the simple property
that the Lorenz curve is concave.

Claim 3.9 (Concavity). Let w be a quasi-distribution and let r be a probability distri-
bution with non-zero components. Then, L, ,(x) is a concave function on [0, 1].

Proof. Let x, be the point where L,,.(z) first attains it maximum. Therefore, on
[0, z,] the function rises monotonically to L,(x,), via the sum of all positive en-
tries of w, taken in decreasing order. Likewise on [z, 1], the function decreases
monotonically from its maximum via the partial sums of the negative entries of w
in decreasing order. Let f;(z) be equal to L,,,(x) on [0, z,] and 0 otherwise. Also let
fao(x) be equal to L.(z) on [z,, 1] and and 0 otherwise. By inspection both f; and
> are concave functions, and fi(z) + fo(x) = Ly (z) for all z € [0, 1]. However, the
sum of two concave functions is also concave which concludes the proof. O

This result is known for the case of probability distributions, where the Lorenz
curve is in fact non-decreasing. It is also clear for quasi-probability distributions, as
we can inspect in Fig. (3.1), with the difference that now the concave Lorenz curve
contains segments with negative slope.

The following result reduces the Lorenz curve condition on the interval [0, 1] to
a the smallest set of independent inequalities one can condier, thus simplifying the
computation of relative majorization constraints in practical scenarios.

Claim 3.10 (Lorenz curve inequalities). Let w € RN, w’ € RN be quasi-distributions
and r € RN, r" € RN probability distributions with positive entries. Assume that
Luyjp () has t elbows at locations xy, . .., x4 Then, Ly (x) > Ly () forall z € [0, 1]
Uf Lujr(23) > Loyrjpr () forall i =1,.. . t.

Proof. If Lyjy(x) > Ly (x) for all « € [0,1], then the condition on the elbows
follows trivially.

Conversely, assume Li,(2;) > Ly (2;) for all i = 1,...t. Suppose on the con-
trary that L,,,(x) dips below L, ,-(x) at some point x = y where z; < y < x;4, for
some i. Then this implies

Lw|r<mi) 2 Lw/|7'/<mi)
Lw\r(y> < Lw’lr’ (y>
Lw|’r<xi+1) Z Lw’|r’<xi+1)-
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However, since L, (z) is linear between z; and x;,, the above conditions imply
that L,,,(z) is not concave, which contradicts Claim 3.9. Therefore, L..(z) >
L () for all z in [0, 1]. O

In fact, we reduce the result of Claim 3.10 to the first elbow, hence consider-
ing only the part of the Lorenz curves between the origin (0,0) and the first elbow
(Eq. (3.23)).

Claim 3.11 (First elbow constraint). Let w € R, w’ € RY' be quasi-distributions and
r € RN, 7 € RY probability distributions with positive entries. Denote the coordinates
of the first elbow of L.,,»(x) by (Xo, L) and the coordinates of the first elbow of Ly ()
by (X4, Lb).

Then, given any coordinates (x, L) and (z', L") on Lorenz curves Ly () and Ly ()
respectively, where 0 < z < Xy and 0 < 2’ < X/, the process is possible only if

L I
- >—.

rx — a

(3.48)

Proof. If the transformation is possible, then Li.(x) > Ly (x) for all 2 in [0, 1].
Restricting to the initial line segment of L,,»(z) joining (0,0) to (X, Ly), we then
require that it be above the initial linear segment of L,,,» () joining (0, 0) to (X, L).
Since both these linear segments start at the origin, this condition is equivalent to
the slope of the initial segment of the input Lorenz curve being greater than or equal
to the slope of the initial segment of the output Lorenz curve. This slope constraint
is then equivalent to Eq. (3.48). O

This simple condition ignores the rest of the Lorenz curves, but it can still be suffi-
cient to build, for example, magic bounds that beat bounds from certain monotones.
We call it the first elbow constraint and we use it in deriving some explicit upper
bounds on magic distillation rates in section 4.1.2 and section 4.2.2.

Moving on from Lorenz curves, we now turn our attention to the emergence of
single-shot entropies from relative majorization in the context of quasi-distributions.

3.4 Single-shot entropies on quasi-distributions

The obstacle in linking Wigner negativity on the phase space with macroscopic
thermodynamic notions, such as equilibrium free energy is that the Wigner rep-
resentation is generally a quasi-distribution, so the standard Boltzmann entropy
H(w) = — ). w;logw; is not well-defined for representations w of states that admit
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negativities, let alone have a physically meaningful interpretation. However, in this
section we provide the tools to overcome this annoying hiccup. We do so by deriv-
ing in section 3.4.1 a wide family of entropic families that are well-defined on the
discrete phase space, and, more broadly, on the space of quasi-distributions of any
dimension. We then show in section 3.4.2 that these well-defined entropies allow us
to further define a notion of relative entropy on quasi-distributions that is physically
meaningful in terms of data processing. These functions form single-shot measures
of disorder between quasi-distributions and we derive them based on our work on
relative majorization of quasi-distributions that we have described thus far. The nar-
rative of these two sections takes the form of Claims that extend results known for
proper probabilities to the entire quasi-probability space.

3.4.1 Rényi entropies on quasi-distributions

To extend our majorization framework to a wide family of entropic functions, we
make use of known results from probability majorization theory to establish the
Schur-concavity of the Rényi entropy H, [125], as given in Eq. (3.53), on quasi-
distributions, for a subset of o values. We consider the set of all quasi-distributions

N
QN:{weRN:Zwizl}, (3.49)

=1
which is a hyper-plane in RY.

We first need to define the notion of Schur-convex and Schur-convave functions
on a subset D C R". A continuous, real-valued function f defined on D C R¥ is
called Schur-convex on the domain D if p < g on D implies that f(p) < f(q). A
continuous function f : D — R is called Schur-concave if (— f) is Schur-convex.

For any subset D C R" we further define

Dizz{wED:w12w22-~-2wN}. (350)
We now have the following fundamental result in majorization theory.

Claim 3.12 (Schur-Ostrowski criterion [115,136,137]). Let D C RY be a convex set
with non-empty interior, and invariant under permutations of vector components. Let
f : D — R be a continuously differentiable function on the interior of D and continuous
on the whole of D. Then f is Schur-convex on D if and only if f is a symmetric function
on D and

hf(w) > 0pf(w) > -+ > Inf(w), (3.51)

for all w in the interior of D*.
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The Schur-Ostrowski criterion is used to derive the monotonicity of the Rényi
entropy H, on probability distributions. Since the set Oy of quasi-distributions obey
the necessary conditions of the Schur-Ostrowski criterion, we can use it to establish
that the Rényi entropy H, is well-defined and monotonic on the entire set Q. To
this end, we first state the following preliminary result, which follows directly from
Claim 3.12.

Claim 3.13. Let f be a real-valued continuous function defined on Q that is continu-
ously differentiable on the interior of Qy. Then, f is Schur-convex on Qy if and only if
it is a symmetric function and

for all quasi-distributions w in the interior of Q.

The classical a—Rényi entropy [125] on a probability distribution p = (p;) is given
by

1
Ho(p) = 7——log > o (3.53)

where o > 0. This means the function is well-defined on Qj(,, namely the set of
quasi-distributions with non-negative components. We wish to extend the domain
to the whole of Qy, but this requires that w{ be a real number for any w; € R.

The exponent function = — 2z is well-defined and real-valued if « is a rational
number of the form o« = r/s where s is an odd integer and r € N. However, we also
require that ), w® > 0 in order for the logarithm to return a real value. To ensure
this, we restrict to a = r/s with r = 2a being an even integer and s = 2b — 1 being
an odd integer, for some integers a,b € N, which implies that the following are all
well-defined, real-valued expressions,

24 1\ % 1 2a
0<w)=wr"= (wf”‘l> = (w}*)? T = |w,|?-T.
We note that previous work [138] has considered the o = 2 entropy of Wigner
representations, and other work exists that uses the Wehrl entropy, based on the
Hussimi function of a quantum state [139].

We are now in a position to show that H,(w) for a = 2a/(20—1) is a Schur-concave
function on Qy provided that a > b.

Claim 3.14. If a = 52 for positive integers a,bwith a > b, then H,(w) is well-defined
on the set of quasi-distributions Qy, and moreover if w > w' for two quasi-distributions

w,w’ € Qy then H,(w) < H,(w').
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Proof. We have o = % > % > 1 and « is a rational with even numerator and
odd denominator, so ) . w$ > 0 and H,(w) is well-defined for all quasi-distributions
w.
We also have that H,(w) is well-defined, continuous, differentiable on the interior
of Qn and symmetric in the components of w.
Consider the partial derivatives
0H, o

du, oD ) (3.54)

For o = =22, with a > b, we have that

20—1°
m >0, (3.55)
The first derivative of the function g(w) := —w®™! is given by
Jd(w)=—(a—Dw*?=—(a— 1)11)2(1234}1+2 <0, (3.56)
because a > 1 and
o (w“;ﬁrlf >0, (3.57)

so g(w) is non-increasing in w.
Therefore, whenever w; > w;, we have that

—w; < e (3.58)
which implies that
aa];j (w) < ggj (w), (3.59)
for any w in the interior of va. Therefore, H, is Schur-concave on Q, and
Hy(w) < Hy(w'), (3.60)
for any quasi-distributions w, w’ that obey w > w’'. ]

While we have integers a, b such that 0 < a = 2% < 1 and H,(w) is well-defined,

it turns out that monotonicity does not hold if we drop the condition a > b. If
a = 2a/(2b— 1) with a < 1, then g(w) = =“* is no longer monotonic for all w € R,

a—1

and the problem occurs when comparing w; < 0 and w; > 0. As an example of this
dependence of monotonicity on the domain of the function, consider the function
g(z) = 2 which is monotone decreasing on both z < 0 and = > 0 separately,

however it is not monotone on the full real-line.
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We note that if « = r/s with both r and s odd, then H, is not well-defined for all
quasi-distributions, although if the actual set of quasi-distributions has a sufficiently
bounded negativity, then log > . w{* can still be obtained for r odd, provided the total
sum is never negative. For Wigner representations, this may require a stricter bound
than the generic bound |W,(z)| < 1/d for a d-dimensional quantum system.

We also note that the set F' := {2a/(2b — 1) : a,b € N and a > b} is dense in the
reals R.,, as any rational ¢/d with ¢ > d can be approximated by ¢2"/(d2" — 1) € F
for sufficiently large n.

We have that H, is additive on products of quasi-distributions, which we state for
completeness.

Claim 3.15. For any w € Qy and w' € Oy, we have
Ho(w@w') = Hy(w) + Hy(w'), (3.61)
where o = 2a/(2b — 1) with positive integers a > b.

Proof.

Hofw o w) = =—log 3 [waw]]" = = log [Ewﬁzw;a]
(2]

i J

= ialog [Zw? + ] ialog [Zw;‘)‘]
i j
= H,(w) + H,(w'). (3.62)
O
The additivity property in representing many-copy magic states.
Applied to Wigner representations WW,(z) for a quantum state p we have
Ho(W,) = - i —log Zz: W,(2), (3.63)

where « can take values of the form 2a/(2b — 1), for non-negative integers a, b. For
the noisy Strange state p = pg(e) (Eq. (3.30)), this becomes

1 11\ 1 4)\°
HQ(Wps(s))—1_a10g{8<6—1—86> +(—§+§€):|

We plot this entropy as a function of the index « and the error € in Fig. (3.2). We see

(3.64)

that H,, (W) attains a negative value for « in the neighborhood of 1, at any value
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0.40

0.30

0.20

0.10

Figure 3.2: Rényi entropy H, of the e-noisy Strange state. H, is increasing in «
and ¢ for the e-noisy Strange state of Eq. (3.30). The rightmost dashed contour line

corresponds to H,, (¥,

»s(e)) = 0. In particular, H,(W, ) = 0 occurs at o ~ 1.31.

of error € for which W, (.)(z) also contains a negativity. This demonstrates Claim 4.9
that we prove later on, which establishes an equivalence between a negative Wigner
representation and a negative-valued entropy. We see in Fig. (3.2) that the more
noisy the state is, the closer it lies to the set of free states, therefore one needs to
restrict to a smaller neighborhood of « to find entropic negativity.

3.4.2 Rényi divergences on quasi-distributions

We now define the a—Rényi divergence, or relative entropy, for a quasi-distribution
w € Qy relative to a full-rank probability distribution r € Q} as

Dy(w || 7) longf‘rll “ (3.65)

where oo = 2a/(2b — 1) for positive integers a > b. The min-relative divergence is the
limit of the a—Rényi divergence, when o — oo,

Do(w || 7) long e (3.66)
The physical motivation for defining these divergences is to quantify the entropic
distance between a magic state and a reference stabilizer state. Our magic bounds
later on will depend on how this distance varies before and after the application of
a magic-preserving channel. We therefore need to show that the divergence remains
meaningful under data processing, which is the goal of the rest of this section.
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It is clear that D,(w || ) and Dy (w || r) remain well-defined when w is a
quasi-distribution. We can further prove the following result that relates the Rényi
divergence to the Rényi entropy on a dense subset of probability distributions.

Claim 3.16. Let w € Qy be a quasi-distribution and r € Q}; a probability distribution
with positive rational entries given by r; = a;/K for positive integers a; and K =
SV, a;. Then,

H,(Tg(w)) = K — Dy(w || 7), (3.67)
where o = 2a/(2b — 1) for positive integers a > b.

Proof. For the given form of a and positive r;, ¢ = 1,..., N, D,(w || ) is well-
defined for all w. From the definition of I", we have

N

Ta(w) = P wi(1/a;,1/a;, ..., 1/a;). (3.68)
i=1

This leads to
1 al 1 al
H,(T = 1 aglme = K 1 apl-a
04( a('l.l))) 1—06 Og;wzaz +1—Oé Og;wzrz
=K — Dy(w || r), (3.69)

where in the first equality we used the definition of H, (Eq. (3.53)), in the second
equality we substituted «; = r;/ K, and in the last equality we used the definition of
D, (Eq. (3.65)). N

With this we now establish monotonicity for a—Rényi relative divergences.

Claim 3.17. Let o = 2% for any positive integers a,b with a > b. Let w € Qy,

w' € Oy and r € QF, v € QF, with positive rational components a;/K and a;/K
respectively. Then D,(w || r) > D,(w’ || '), whenever (w,r) > (w',7").

Proof. The statement (w,r) > (w',r’) is equivalent to I', (w) > I'g/(w’). Therefore,
due to Claim 3.14 we have

Hy(Ta(w)) < Hy(Ty (w')) (3.70)
which, due to Claim 3.16, is equivalent to

Dy(w || r) > Do(w' || 7). (3.71)
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Since the rationals are dense in the real numbers we can assume that any Wigner
representation considered in the following chapters has rational components with-
out affecting results.

In this chapter we have rigorously extended relative majorization to the entire
space of quasi-distributions of any finite dimension. Given the numerous applica-
tions of majorization on probability distributions in the context of quantum infor-
mation, we expect that our mathematical extension to quasi-distributions can lead
to new applications in tasks where characterizing non-classicalities is essential. Our
extension is summarized in Claim 3.8, where all the equivalent statements listed con-
stitute different ways of thinking about majorization of general quasi-distributions.

We make the first step in finding applications for this framework within the context
of magic state transformations. In chapter 4 and chapter 5, majorization on Wigner
representation of magic states will give rise to fundamental constraints on the re-
source cost of magic. For example, both D,(w || ) (Eq. (3.65)) and D..(w || 7)
(Eq. (3.66)) will be shown to result in monotonicity conditions that lead to bounds
on general magic distillation rates. In order to achieve this, the data-processing
inequality we have derived in Claim 3.17 will be crucial.
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Chapter 4

Entropic constraints on
odd-dimensional magic distillation

In this chapter, we develop a framework to analyze magic state distillation protocols
in odd dimensions, where explicit physics of the system is incorporated in the dis-
tillation bounds. This is achieved by considering how a given magic state protocol
transforms a pair of quantum states — one being a noisy magic state, and the other
a stabilizer state that is distinguished by the physics of the system, such as a state
at a characteristic temperature, and acts as a reference state for the protocol. The
magic distillation bounds can then be expressed in terms of the physics of the refer-
ence state (e.g. free energy changes in the case of temperature). Such bounds are of
potential interest in assessing how physical features such as temperature, noise bi-
ases or fixed-point structure associated with restricted gate-sets constrain distillation
protocols [140-146].

The approach we take is most closely aligned with resource theories of magic,
although it differs in key ways. We obtain distillation upper bounds without em-
ploying monotones, as defined in Eq. (1.1), that quantify magic as a resource. We
instead employ the statistical mechanical tools and recent work in single-shot re-
source theories [120, 127,133,135, 147-149], detailed in chapter 3. Our analysis
relies on applying these tools on the discrete Wigner representation of quantum sys-
tems, which is detailed in chapter 2. Hence, our approach is more ambitious than
previous attempts that develop monotones to characterize magic. Monotones are
only capable of capturing properties of the input and output magic states. Instead,
our approach incorporates all the characteristics of the magic states as well as ref-
erence stabilizer states which probe the action of the magic protocol itself on the
phase space. We find that explicit properties of the protocol are thus reflected in our
bounds.
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Crucially, we focus on magic states with negativity in their Wigner representation,
which is known to be a necessary condition for universality in the state-injection
model [41,42,103,150,151]. However, taking a statistical mechanical perspective
in this context raises a problem: the standard Boltzmann entropy is not defined for
quasi-distributions. We circumvent this obstacle by making use of the majorization
theory discussed in chapter 3, which constitutes a more fundamental tool in statisti-
cal mechanics and leads to the emergence of entropies.

We consider families of magic protocols with increasing complexity and analyze
how increasingly more complex variants of majorization lead to bounds on magic
distillation rates. The simplest case we consider is for magic protocols that lead to
unital channels. These are a subset of protocols that leave invariant some distin-
guished state or have some equilibrium fixed-point structure. We then consider pro-
tocols that are non-equilibrium processes, but only generate sub-linear correlations
that enable a simple description in the thermodynamic limit before giving entropic
analysis that can be applied generally.

The relations between the sets of protocols considered are as follows:

Unital C local fixed-points C sub-linear correlations C general protocols.

A general schematic of the protocols we consider is provided in Fig. (4.2).

We provide explicit bounds for magic protocols that generate unital channels in
Eq. (4.5), as well as bounds that incorporate the temperature and Hamiltonian of
the system in Claim 4.5. We also compare our bounds with monotone bounds, as
shown in Fig. (4.3), and discuss extensions to more general scenarios.

We find that the analysis in the presence of negativity displays a range of fea-
tures that do not appear in classical statistical mechanics, and leads to a picture of
Wigner negativity in a quantum circuit being described as non-classical free energy
that is processed under stochastic dynamics illustrated in Fig. (4.1). This is demon-
strated by non-monotonic Lorenz curves as already displayed in Fig. (3.1), and by
single-shot entropies for general Wigner representations that are well-defined, obey
a data-processing inequality under operations that preserve Wigner positivity, such
as Clifford operations, and can take on negative values, introduced in Eq. (2.45).

4.1 Constraints on fixed-point protocols

We begin with fixed-point protocols as they require the simpler form of d-majorization,
instead of the full power of relative majorization, so they are simpler to visualize.
Recall from section 3.2.3 that, given a theory of magic R = (F, O), we can restrict
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pe" E P

+On g » /OM
F F’

Figure 4.1: Probing magic protocols with reference states. A magic protocol
(top figure) converts n copies of some noisy magic state p with error parameter ¢
to m copies of some less noisy state p’ with ¢ < e. The physics of the protocol can
be analyzed by considering how it would transform some distinguished reference
stabilizer state 7" (bottom figure). For the case where this reference state is a
thermal state at some temperature 7' our magic distillation bounds are functions
of T, the error parameters ¢, ¢/, and free energies F, F’. In addition, a quantity ¢
appearing in the bound of Eq. (4.14) relates the computational and energy bases,
and corresponds to the degree to which the Wigner negativity of p can be given a
sharp energy via the system Hamiltonian.

to a sub-theory R, = (F, O, ), where the free operations O, leave the state 0 € F
invariant. This is in fact always possible as we now show.

Claim 4.1. Let R = (F,O) be a theory of magic. Then a transformation p; — ps
is possible in R if and only if the transformation p; — po is possible in at least one
sub-theory R,.

Proof. Suppose the transformation is possible in a R, via some £ € O,. But since
O, C O it is also possible in R. Conversely, suppose the transformation is possible
in R via some £ in O. The free states F are a closed, bounded set and moreover the
image of F under the map £ is in F. By Brouwer’s fixed-point theorem [152], this
mapping must therefore have a fixed point ¢ € F, so £ € O, and the transformation
is possible in R, . O

We can compare this approach with resource monotones. A complete set of mono-
tones { M}, is defined so that p — ¢ if and only if M;(p) > M;(o) for all i. In our
case the set of sub-theories {R, },c» can therefore be viewed as a complete set of
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Figure 4.2: Schematic of magic protocols in odd dimensions. The set of the
quantum channels which preserve Wigner positivity O,,.« is the largest set of free
operations for any magic protocol. It includes the stabilizer operations SO, which
consist of stabilizer state preparations, random mixtures of Clifford unitaries (RCU)
and Pauli measurements. We study sub-theories with operations in O,, which cover
all magic protocols according to Claim 4.1, but also include stochastic maps on the
phase space outside the image of CPTP operations. ,/, includes the set of d-
dimensional unital protocols.

of sub-theories fully characterizing the parent resource theory R, where the compli-
cated pre-order in R of states is now mapped to a simpler pre-order for a particular
R,. We proceed to show that a given R,, can be approximated by a majorization pre-
order, which is later exploited in section 4.1 to compute magic distillation bounds
under distillation protocols with a fixed point.

4.1.1 General properties of fixed points

Here, we state some generic aspects of Lorenz curves for magic states, which allow
us to interpret previous magic monotones as features of the curves. The first result
gives a simple way to see that the mana (Eq. (2.33)) and sum-negativity (Eq. (2.34))
of a magic state is a monotone [104]. It is then evident that these two monotones
naturally arise due to more holistic majorization constraints.

Claim 4.2. Majorization in any R, implies the monotonicity of sum-negativity/mana.
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Proof. The sum-negativity of a magic state p can be written as sn(p) = (3, |W,(2)|—
1). We make use of the L;-norm form of relative majorization presented in Claim 3.8,
which states that w >, w'’ if and only if

Z lwi —rit] > Z |gi — rit], (4.1

for all ¢ € R. Choosing ¢ = 0 we get the single condition that ). |p;| > |>_. |ail,
independent of the choice of . Applying this to the Wigner representations of two
quantum states immediately gives the result. O

If we have a magic state p that has negativity in its Wigner representation, then, as
discussed, its Lorenz curve attains values larger than 1, reaching a maximum L, > 1
that depends on the particular state. There is a simple relation between L, and
sum-negativity/mana, which is provided by the following result.

Claim 4.3. Given a magic state p, the maximum L, of its Lorenz curve L,,(x) is
independent of the R, and equal to 1 + sn(p). Moreover, the majorization constraint is
stronger than mana in every R,.

Proof. We denote the Wigner representations of the states single-component vectors
w(p) = W,(2) and w(o) = W,(z). Likewise, we write w(p|o) = W,;(z). We choose
the component indexing so that w(p|o)* = w(p|c), so the components are sorted in
non-increasing order.

Note that all components of w(o) are positive, so w(p|o), > 0if and only if w(p), >
Oforany k =1,...,d>%

Let k, be the index of the smallest non-negative component of w(p|o)*. Then,
w(p)r < 0 if and only if £ > k,, so the maximum of Lorenz curve L,,(z) takes the

value
I

Lplo(xk*) = ZW(P)k, (4.2)

k=1
and is achieved at z;, = ZZ;I w(o). The location of this maximum varies with R,
but its value is independent of o,

L, = Lp|0(xk*) = Z Wp(z)

z:W,(2)>0

=1+ sn(p). (4.3)

Since mana is a monotonic function of sum-negativity, M(p) = log(2sn(p)+1), we
see that mana determines the peak of the Lorenz curve L,,(x). However, mana is
one of d*" constraints, so majorization is strictly a stronger constraint in any R,. [
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Therefore, the mana of a state can be thought of as the maximum of its Lorenz
curve, independent of the reource theory R,. Using the Lorenz curve perspective, it
is also simple to construct new magic monotones. For example, within a given R,,
the area above the horizontal line y = 1 is a magic monotone.

Claim 4.4. Given a magic state p and a free state o, let A,(p) be the area of the region
{(z,y) : 1 <y < Ly, (x)}. Then A,(p) is a magic monotone for R,.

Proof. Consider the transformation p; — p, within R,. We have that L, ,(z) is
never below the curve L,,,(z), and therefore the region above L = 1 for p, is a
subset of the corresponding region for p;. Thus, A,(p1) > A,(p2), so A, is a magic
monotone in R,. [

Note though, in contrast to mana, the area monotone is specific to R,, and its
value will vary as we change 0. Therefore, its monotonicity depends on the physics
of the fixed point and provides a means to analyze magic distillation only under free
operations that leave ¢ invariant. We can see an example of this monotone within the
resource theory R, /3 in Fig. (3.1). For two noisy Strange states of different number
of copies n and n’ > n, the Lorenz curve of the n'—copy state lies above the Lorenz
curve of the n—copy state, therefore A; /3(ps(€)®™) > Ay 3(ps(e)®") accordingly, for
a given error e. One can also define an area monotone in the more general setting
of relative majorization, where one drops the fixed point emphasis.

4.1.2 Unital protocols

We now construct magic state distillation bounds for protocols that generate unital
channels, meaning that £(1/d) = 1/d, represented by the theory R ,;. This is a
broad family of channels and includes any noiseless unitary or Clifford dynamics on
systems of dimension d. Our approach works for any odd d, but for simplicity we
consider qutrit magic states (d = 3) and in particular the problem of purifying n
copies of a noisy Strange state pg(e)®" into a smaller number of copies n’ of a less
noisy Strange state pg(e')®", with ¢ < ¢ and n’ < n. To this end, we consider the
transformation

ps(€)" — ps(e)*", (4.4)

and use the Lorenz curves computed in section 3.2.3 in order to bound the magic
distillation rate R(e, €') :=n'/n.

Distillation bounds can be obtained from any part of the Lorenz curve by imposing
the constraint that the Lorenz curve of the input state never dips below the curve of
the output. One simple constraint that proves sufficient for meaningful distillation
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bounds can be obtained by considering the initial slopes of the two Lorenz curves.
This is the first elbow constraint of Claim 3.11.

The coordinates of the first point after the origin for ps(e)®" as calculated in sec-
tion 3.2.3 are given by (1/9",v(e)"), while for pg(¢)®" by (1/9™,v(e')"'), and by
requiring that the initial slope for the input state Lorenz curve is larger than that of
the output state (Claim 3.11) we find that

log(3 — 4e)
Rle,é) < Ry, = 80 29
(e,€) = log(3 — 4¢)

(4.5)
The choice of denoting the bound by R, is explained in the derivation of Eq. (4.77)
in the context of single-shot entropies. For the limiting case of pure magic states on
the output (¢/ = 0), this simplifies to

log(l — Zgle)

R<1
=t log 3

(4.6)

We compare this to two known distillation bounds based on magic monotones. The
bound based on mana (Eq. (2.33)) can be directly calculated as
M(ps(e€)) log (1 — )

R ———— 2 =14+ — 207 .
S Mps0) T 10g3 @7

The max-thauma [153] is defined as
Omax(p) = logmin{2sn(V)+1:V > p}, (4.8)

and can be calculated numerically via a semi-definite program. For the noisy Strange
state, the max-thauma bound coincides with the mana bound, and we find that they
are both looser than the majorization bound R, as shown in Fig. (4.3).

This figure includes numerical estimates of the optimal majorization bounds R,
obtained by considering the full Lorenz curve, which show that the bound R., can
be further improved. While this is an improvement on prior results, all known distil-
lation protocols have rates much lower than these upper bounds. It remains a major
open question to determine what are the best possible rates that can be achieved.

4.2 Magic free energy

In this section, we generalize our analysis from fixed-point theories to relative ma-
jorization, where it is no longer necessary to identify the, commonly complicated,
fixed points of the magic protocols. As this forms the subject of quantum thermody-
namics in the case of proper probability distributions, we take the approach of draw-
ing rigorous analogies between the fields of thermodynamics and magic, leading, for
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Figure 4.3: Magic distillation bounds from majorization of Wigner represen-
tations. The above plot shows distillation upper bounds for qutrits obtained from
majorization on unital protocols. The constraints are plotted as a function of the de-
polarizing error ¢ for a noisy Strange state (Eq. (3.30)). Numerical bounds R, are
obtained by using the entirety of the Lorenz curves, namely not only the first elbow
analysis, but the full set of majorization constraints. The bound R, follows from
a Lorenz curve analysis culminating in Eq. (4.5), while the bound R,y comes from
single-shot entropies on the Wigner representations of the states, as discussed later
in the derivation of Eq. (4.77). Bounds R, Ruum, R10 all provide stricter constraints
than mana [104] and max-thauma 6,,,,, [153] bounds for noisy Strange states.

example, to a computational analog of free energy, which captures the Wigner nega-
tivity present in a magic state. Therefore, we see that magic constitutes the potential
for quantum computational advantage, much like free energy constitute the poten-
tial for useful thermodynamic work. The way we proceed is by considering how the
protocol would disturb a reference equilibrium state = to some different state 7/, if
the protocol is applied to this reference state instead of the desired magic state.

We consider a magic distillation protocol on multiple identical qudits in a noisy
magic state p(¢), with noise parameter ¢, sending

p(e)*" — E(p(e)™") = p(e)*™ (4.9)

with n > 1, ¢ < e and £ denoting the quantum channel induced by the protocol.
We also assume each qudit has a Hamiltonian H and neglect interaction terms. We
choose some temperature 7" = (k3)~! where k is Boltzmann’s constant and /3 the
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inverse temperature. The reference equilibrium state of the n qudits is given by

e_BH n
T®":( ) ) (4.10)

Z

We may also assume that the reference state 7 is not a magic state, and has a strictly
positive Wigner representation W, (z).

4.2.1 Sub-linear correlations in the thermodynamic limit

We firstly provide motivation drawn from thermodynamics as to why we expect the
output reference state to be in product form. Our general results in Claim 4.11 do
not require this property, but it is helpful for further simplification of expressions.

A given magic protocol on the n qudits will correspond to a quantum channel €£.
We also assume for simplicity that U,£(X)U! = £(X) for all X and any permutation
U, of the m output subsystems. This is justified because the protocol on the input
magic state results in state p(e/)®™, which is invariant under permutations. There-
fore, we are always allowed to symmetrize the output £(X) by performing a group
average over the permutation group for the output systems without changing the
performance of the distillation protocol on p(e)®". Thus, we can assume that £ al-
ways outputs a symmetric state in general. This means that £(7%") is a symmetric
state on m subsystems, so by the quantum de Finetti theorem [154, 155] we have
that

E(r) ~ /du(w)TQ’f@m, (4.11)

for m > 1, where du(x) is a probability measure over a set {7/} of single qudit states.

To keep our analysis simple we make the following physical assumption. We as-
sume that in the asymptotic/thermodynamic limit n,m — oo the correlations gen-
erated on the reference equilibrium state are negligible. This implies that du(x) is
peaked on a particular state 7/, and £(7®") ~ 7/®™. This scenario occurs in the
context of traditional thermodynamics, and states that the output system is well-
described by intrinsic variables that do not scale in m, and correlations are sub-linear
in m. In particular, this allows us to compute a free energy per qudit of the output
state.

Non-trivial correlations in the thermodynamic limit can also be considered, but
leads to a more complex analysis within our majorization framework of Wigner rep-
resentations. In this direction, we highlight recent work in majorization in which
stochastic independence and correlations are analyzed. It has been shown [156]
that stochastic independence (no correlations) of independent distributions can be
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viewed as a resource in an extension of catalytic majorization, and leads to a single-
shot operational interpretation of the Shannon entropy [157, 158].

Our bound depends on the von Neumann entropy S(p) of a state, and the free
energy at a particular temperature. For a state 7 = ¢ 7% /Z, the Helmholtz free
energy I is given by

F = tr[H7] — p7'S(1) = =B 'log Z, (4.12)

which is obtained from the internal energy via a Legendre transform [159].

The protocol transforms the equilibrium as 7" — £(7%") = 7™, The protocol
does not generate magic on its own, so we assume that the output state 7’ is also
a Wigner-positive state. However, this is generally a non-equilibrium state for the
system. Despite this, it is useful to associate an effective Hamiltonian H’ to the
output state by considering the change H — H’ such that equilibrium is restored
at the reference temperature 7. This Hamiltonian is defined by the expression 7/ =
e PH'/Z' and has free energy F' = —3~'log Z'.

The magic state protocol is now considered by how it transforms the pair of quan-
tum states (p®", 7®") and is then constrained by the relative majorization condition
(W,,W.) = (W,,W,) that holds due to the protocol being a stochastic map in the
Wigner representation.

4.2.2 Temperature-dependent bounds

Here, we provide an analysis of the pair of transformations (p®", 7%™) — (p/®", 7/%™)
based on the Lorenz curve condition, exploiting the fact that the output state is
in product form in the presence of sub-linear correlations. In Claim 4.5, we obtain
magic distillation bounds that combine computational measures ¢, ¢/, with terms that
depend on the Hamiltonian H and reference temperature 7' of the physical system.
We state the result for the case of qutrits, where the magic state is taken as the
noisy Strange state pg(¢) (Eq. (3.30)), but a similar analysis works for general odd
dimensional qudits.

Claim 4.5. Consider a magic distillation protocol on qutrits that transforms n copies of
an e-noisy Strange state into m copies of an € —noisy Strange state, with depolarizing
errors € < e < 3/7. We also allow pre/post-processing by local Clifford unitaries.

Let T = (kB)~! be any finite temperature for the physical system and let H =
> icz, Fi | Ei)(E;i| be the Hamiltonian of each qutrit subsystem in its eigendecomposition.
Assume that in the thermodynamic limit (n,m > 1), the protocol applied to the equi-
librium state 78" = (e #" /Z)®" maps ®" — '™, where we write 7' = ¢ #1' /2’

for some Hermitian H'.
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Then the asymptotic magic distillation rate R = m/n is bounded as

log (1 —3€) + (¢ — F)

R < : (4.13)
log (1 —3€¢') + B(¢' — F)
where F' is the free energy of 7, and
¢ :=—Blog( (4.14)
with ( given by the expressions
C=> e P (4.15)
1€EZL3
ap = <Ek‘ Az* ‘Ek> s (416)

and W.(z) attaining a minimum at z = z,. The primed variables are defined similarly
for the output system.

Proof. For the sake of clarity, we write p,, = ps(€)®", p., = ps(€)*™, 7, = 7™ and
7/ = 7'%" We also assume, without loss of generality on the asymptotic distillation
rate, that n and m are both even.

To establish the distillation bound we consider the distillation protocol that gives
E(pn) = pl, for the magic states. We then consider that the protocol transforms the
reference equilibrium state as £(7,,) = 7,. Since we have a finite temperature we
have that 7 and 7’ are full rank stabilizer states and have a strictly positive Wigner
representation. The input and output magic states generally have Wigner represen-

tations that are quasi-distributions. For any such protocol we thus have

(W, (2), Wn, (2)) = (W, (2), Wi (2)), (4.17)
or, equivalently, in terms of the relevant Lorenz curves,

Ly 7 () > Ly 7 (x) for all x € [0, 1]. (4.18)

We now consider the rescaled Wigner representation W,.(z) = W,(z)/W.(2),
which is well-defined since 7 is full-rank. Due to the multiplicative property of the
Wigner representation, the rescaled distribution is also multiplicative in the sense
that

Wp@p’|’r®7"(z1 ) ZQ) = th(zl)Wp/h/(zz), (419)
for any states p, p’ and any full-rank stabilizer states 7, 7’. Therefore, we have that
Wpoira(2) = [ [ Woir(21) (4.20)
=1
W,.(z) = [[W,(z:) (4.21)
=1
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where z = @7, z; € Z2" is the phase space point for the full system in terms of those
of the individual subsystems.

The points defining the Lorenz curve L, |, (x) are obtained from sorting the com-
ponents of W, |- (z) in non-increasing order and then computing the partial sums of
W, |-, (m(2)) where = is the permutation that realizes the sorting. However, similar
to the unital protocol analysis, we use the slope constraint (Claim 3.11) obtained by
considering the line segments connecting the origin to the first elbow of both Lorenz
curves.

The Wigner representation of a single noisy Strange state consists of 1 negative
component W,(0) = —v(e) and 8 positive components W,(z) = u(e) for z # 0. The
Wigner representation of the full-rank, stabilizer equilibrium state 7 is W, (z) > 0 for
all z € Z3.

Assume that the smallest component of the distribution W.(z) is at z = z,. Since
the magic content of the state is unchanged under a Clifford unitary C, we can
instead consider the state

ps(€) = Cps(e)CT = D, ps(e) DL, (4.22)

which has its single negative Wigner component —uv(¢) at the point z,.

The components of the rescaled distribution W, |, for this transformed state are

n|7'n

(W:(Z*))iz* Zg* (WTU( 2) ) Z (4.23)

where the integer indices obey the following conditions:

given by

0<i, <nforall z € Z, and Z iy =M. (4.24)

z€7Z2

We now compute the largest rescaled component. Firstly, note that n is even, so we
require thati,, € {0,2,...,n} for the component to be positive. Then, we have that
v > u because € < 3/7, and we have already ensured that W, (z,) < W,(z) for all
z € Z3. Therefore, the largest rescaled component occurs when i,, = n and i, = 0
for z # z, and is equal to (v/W,(z,))". The coordinates of the first Lorenz curve
point after the origin are given by

(o, Lo) = (W-(z4))", 0") (4.25)
Given a Hamiltonian decomposition,

H=> Ej|EXE] (4.26)
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we now express the coordinates of the first point in terms of free energy quantities.
We expand as follows

1 bE
Wo(z.) = gotr [Ane ] = %tr ALY e R BN E
i€ZL3
_ . _ﬂEi = —( = .2
3 2 € 3C 5 (4.27)
1€Z3

where in the first equality we use the definition of the Wigner function, the second
equality follows from the decomposition in Eq. (4.26), the third from the definition
of i in Eq. (4.16), the fourth from the definition of ¢ in Eq. (4.15) and, finally, the
last equality follows from the definition of ¢ in Eq. (4.14). We can view ¢ as a magic
free energy in the sense that its definition is analogous to the classical free energy.
We can now express the coordinates of the input state using Eq. (4.25) as

AP
(xo, Lo) = ( ,v(€) ) . (4.28)

3n

The output state obeys the same conditions, so we can express the coordinates of
the first elbow of the output Lorenz curve as

. gmAF-¢)
(xg, Ly) = (3—m,v(e )m) : (4.29)

If the largest rescaled component of a state is distinct with no multiplicities, then
these coordinates correspond to the first elbow of the corresponding Lorenz curve,
whereas if it appears multiple times, then the coordinates derived correspond to a
point on the interior of the line segment connecting the origin to the first elbow. In
both cases, the distillation bound remains the same, as is clear by its derivation in
Claim 3.11, given by Ly/zo > L{/x}, leading to

n L L r_ a7
(3v(e)e_ﬁ(p_¢)) =2> =2 = <3’U(6/)6_ﬂ(F _¢)> . (4.30)

We note that 3v(e')e?F'=#) > 1 always, as ps(¢’) is not a free state, so the initial
slope of its Lorenz curve exceeds 1. Taking the natural logarithm on both sides and

rearranging gives the bound

(4.31)

which completes the proof. O
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The following result shows that if the energy eigenbasis is a stabilizer basis then
the bound in Eq. (4.13) simplify further.

Claim 4.6. Let H be a Hamiltonian H with spectrum {Ej}rez,. If H has a stabilizer
eigenbasis, then ¢ = Ej, for some k, € Zy.

Proof. We first write oy, as
ap = (Ei| | Az, |Ex) = dW g5, (24) (4.32)

Since each | E)( Ey| is a stabilizer state, their Wigner representations have orthogonal
supports in the phase space, so only one of them, say k = k, contains point z, in its
support. Additionally, its distribution is uniform on its support, so Wig, yz, |(2.) =
1/d.

Therefore, only the coefficient «y, is non-zero and

¢ =—p""log (Z aieﬁEi> = Ey, — kT log(dek*>(Ek*|(z*)) = F,. (4.33)

]

In order to isolate the effect of majorization on the magic distillation process,
we drop the freedom to pre/post-process the magic states via Clifford unitaries in
Claim 4.7. We illustrate explicitly that this comes at the expense of a more complex
final expression for the bounds due to the dependence of the largest component in
the rescaled distribution on a number of factors.

Claim 4.7. Consider a magic distillation protocol on qutrits that transforms
ps(€)?" — E(ps(€)®") = ps(e)®"

with n,m > 1.

Let each qutrit have a Hamiltonian H with energies Ey, F1, E> and stabilizer eigen-
states, and define E.,., = max{Fy, F1, F»} and E; as the eigenvalue of the Hamilto-
nian eigenstate whose Wigner representation overlaps the negative component of pg(€)
in the phase space. Let T = (k3)~! be any finite temperature and assume that in
the thermodynamic limit (n,m > 1), the protocol applied to the equilibrium state
78" = (e7PH | Z)%" maps 7" — 7'®™, where we express state ' as ' = e~ '/ 2 for
some Hermitian H'.

Define 3, = (kT,)~"! through the relation

Eoax — By = kT, 1n 2, (4.34)
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and define a threshold error,

9
— 55 JorB < b
&(B) = 4 — 26/8:—1 J 2 (4.35)
0, for B > B..
Then, the distillation rate R = m/n of the magic protocol is bounded as:
( _ 4 _
ln(l 3€)+6(ES F)) €<6*,6/<€;,
In (1 —3¢)+ B(E, — F") B B
In(1—3€) +B(E; — F
1( - 6) el )/ , €< €, >€,
1n(§—g)+ﬁ( maX_F)
R < L (4.36)
27 8 rnax - F
(2 64) ), €> 6,6 <€
( - 56) + 5 E’ F/)
1 l_l Emax_F
n(2 16) /)’ €> 6,6 > €,
1n(2_6)+ﬁ( maX_F)

where F' is the free energy of state T and all primed quantities are similarly defined for
the ouptut system.

Proof. The proof proceeds in the same manner as in Claim 4.5 up to the point where
we need to evaluate W, |..(z) and W, (z) explicitly, beyond which we do not have
the freedom of additional Clifford processing.

The equilibrium state at inverse temperature $ on a single qutrit is given by 7 =
e PH /| Z. Moreover, we have that 7 is a full-rank stabilizer state, where 3 > 0 and
H = Ey|po)oo| + E1 |p1X 1| + E2 |p2)(h2| is an eigendecomposition of H. The state
T can now be written as

e—ﬁEo e—BE1 e—BE2

|Po)(¢o| + |[¢1)(¢n] +

T =

where the eigenstates {|¢)k><gbk|} are pure, orthonormal stabilizer states, which can
be represented in terms of generalized Pauli operators. We are free to redefine the
computational basis so it coincides with the basis of H. Abstractly, let C' be the uni-
tary transforming each |¢y)¢x| to |k)k|. Since the Clifford group is the normalizer
of the Heisenberg-Weyl group, C' is a Clifford unitary. Therefore, C' maps 7 to an-
other stabilizer state that is diagonal in the computational basis, and we can assume
without loss of generality that 7 is diagonal in {|0) , |1) , |2) }. This re-definition of the
computational basis means that the coordinates on the discrete phase space are also
permuted, so the negative Wigner component —u(¢) of the Strange state is in a new
position. We denote by F, the eigenvalue of  where the associated eigenvector has
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Figure 4.4: Qutrit phase space regions for W, ;(z). Here, the negative component
of the magic state overlaps the Wigner representation of |0). The rescaled distri-
bution attains a single value in each of the four regions, proportional to the value
depicted in the region, see Eq. (4.42).

Wigner representation overlapping the negative component of the state Cpg(e)CT in
the original phase space, hence also of the state Strange state pg(¢) in the re-defined
phase space. The eigenvalue E, is unique, since the eigenstates form an orthonormal
basis.
The Wigner representation of state 7 is then given by
2 BBy 2 BBy e~ BEq
We(z) =Y~ Wiw(@:p) = D 0ok = (4.38)

k=0 k=0

where z labels one of the three vertical lines in the phase space. The rescaled Wigner
representation WW,.(z) can now be computed. It has 9 components, but these come
with multiplicities. In total, there are four distinct values on the phase space, as
illustrated in Fig. (4.4).

We define vectors w(p), w(7), w(p|7) based on the values occurring in W,, W, W,
respectively and m as the vector of associated multiplicities of each value in W,(z).
Specifically, the component values and multiplicities of the relevant distributions in
the four distinct regions are given by

m = (1727373)7 (4.39)
’lU(p) = (_U7 u, u, u), (440)
(1) = 3% (770, 7P, 7B 7P | (4.41)
wlplr) = 32 (0™ 1B e 9B @42
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Using this notation, the values and multiplicities of the n—copy distribution w(p,|7,,)
are computed according to the component-multiplicity pair analysis of section 3.1.3.
The values are given by

[w<,0n’7'n)]ijk — (3Z)n(_v>nfaua€6(n7a)Es eﬁ(iE0+jE1+kE2)7 (443)
where the indices i, j, k are non-negative integers that obey the constraint o := i +
J + k < n. The multiplicity of this above value is m,;;, with

| o
i 21373" (4.44)

Mk = 55k (n — o)

The associated components of w(p,,) are given by

[w(pn)]ijr = (—v)" " "u®, (4.45)
[w(T)]ijk — (32)—ne—ﬁ(n—a)Ese—B(iE0+jE1+kE2)‘ (4.46)

In order to construct the n—copy Lorenz curve L, |, (x) we need to order the com-
ponents of the distribution, w(p|7);;, in decreasing order, and identify the sequence
of indices that give us W, (m(z)).

However, in order to obtain a non-trivial bound, it again suffices to use the con-
straint from the first elbow (z¢, Lo) of L,,|,,(2). In order to calculate the coordinates
of the first elbow, we compute the largest component

Wmax = rznjalz{[w(pnh—n)]wk? (4'47)

and determine the indices at which this occurs. Putting in the values from Eq. (4.45)
and Eq. (4.46), we obtain
(3Z) ™Mpax = max {(—v)"’auo‘eﬁ("’a)EsemEOHEﬁkEﬂ}, (4.48)
i7j7k
where 0 < i,j,k <nmand o =i+ j+ k < n. Now for 0 < e < 3/7, we have v > w.
Since we assume that n is even, we need the sum o« = ¢ + j + k to be even too, so
that the expression is positive.
Given an even value for a, the term v “u®e~#(»~Fs s fixed, so the expression is
maximized by setting the coefficient of the highest energy F,,.. equal to a. Hence,

we have
Wi = (3Z)nvnenﬁE5 m%)z(: {(Eeﬁ(EmaXfEs)) } (4.49)
a= < v
.,n—2n

If the expression %eB(EmaX_ES) is less than 1 then the maximum occurs at o = 0,

otherwise it occurs at « = n. For a fixed state 7, this transition is determined by the
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value of the depolarizing error parameter ¢ of the noisy magic state. The transition
occurs at € = ¢, where

%eﬁ(ﬂnax—&) _ Bl ey (4.50)
If F... = E,, namely if the state negativity lies in the same phase space region
as the highest energy, this threshold is constant in temperature and given by ¢, =
3/7. However, the condition that ¢, > 0 also implies a constraint on the effective
temperature of the stabilizer state. Specifically, there is a threshold temperature

value S, given by
1

= ————1n2 4.51
6* Emax - Es ’ ( )
such that for the regime 0 < § < f3, a threshold error ¢, exists, and for 5 > 3, no
such transition exists, so we choose ¢, = 0. Therefore, the transition value for the

error is given by
9
3= ——Fg5—, forp<p,
e(B) = 4 - 2001 (4.52)
0, for 5 > f3,.

The quantity w(ps|0)max 1S NOW given by

(3Z)mmemPEs . ife <e,, (C1)
(3Z)runePlmaxif e > €,. (C2)

wmax -

Case (C1) corresponds to (i,j,k) = (0,0,0), so the multiplicity is mgy = 1, while
Case (C2) corresponds to
.o (07n70)7 if Emax = Ela
(4,4, k) = (4.53)
(anan)v if Emax = EQa
so the multiplicity in both cases is 3".
Using that F' = —~!log Z, the first elbow coordinates in the two cases are now
given by

(Io, L()) = (454)
(e—nﬁ(Emax_F)’ (3u>n) X € > E*

Similarly, considering the output magic state with respect to state ¢’, the image
of equilibrium state ¢ under the magic protocol, we get output Lorenz curve coordi-
nates,

<%€_nB(E;_F/),U(6/)n/> ’ e < 6;
(20, Lo) = (4.55)
(e—n’ﬂ(Er’nax*F’)’ (3u(6/))n’) > Ei
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There are four combinations of coordinates, depending on the error parameters e, ¢
for the input and output states. In each of these combinations, we simply use the
first elbow constraint, as described in Claim 3.11, and manipulate the coordinates as
in the proof of Claim 4.5, leading to the bounds in the statement of this theorem. [

We devote the next section to discussing the results of Claim 4.5 and Claim 4.7.

4.2.3 Remarks on parameter-dependence of bounds

The bounds provided in Claim 4.5 and Claim 4.7 depend on:
* Quantum computational measures ¢, ¢,
* Thermodynamic quantities 3, F, F”,
* Intermediate terms ¢, ¢'.

The intermediate terms specify how the energy eigenbasis of the system {|E})} re-
lates to the computational stabilizer basis {|%)}. In particular, the term ¢ quantifies
to what degree a sharp energy value can be associated to the negativity in the Wigner
representation. Its form is similar to /', which is why we say that ¢ can be viewed as
a magic free energy.

The coefficients a;, may be negative for some %, when the Hamiltonian has non-
stabilizer eigenstates, but the quantity ¢ is always well-defined, since the function ¢
is always positive for 7 in the interior of 7. The quantity ¢ can diverge if the state 7
acquired zero Wigner components, which occurs for 7 on the boundary of the set of
Wigner-positive states, and is not defined outside of F. Finally, if H has a stabilizer
eigenbasis then ¢ = F; for some i, independent of the temperature 7', as seen in
Claim 4.6.

Similar to the unital protocol bounds, the above result is based on only part of the
Lorenz curves and so can certainly be tightened with further analysis. The primary
role of the pre/post-processing by Clifford unitaries in Claim 4.5 is to simplify the
form of the bound, and allow it to be expressed in terms of the free energy per
particle in a way that does not depend on the parameters ¢, ¢, § in a complex form.
In Claim 4.7, we give bounds in which one does not include these Clifford changes
of basis, thus having a more non-trivial dependency on the parameters.

The analysis makes other simplifying assumptions that could easily be dropped,
at the price of more complex expressions. We could perform similar analysis for
general qudits, and different choices of magic states, for example. It might also be
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Figure 4.5: Temperature-dependent bounds for magic distillation. Shown are
two contour plots of the bound on R(e, 8) for the case H = H' = ), _, k|k)k|
and ¢ = 0, where f is the inverse temperature and ¢ is the depolarizing error of
the input magic state. Figure (a) does not use any changes of Clifford basis, and
the form of the bound depends on both the error parameter and temperature. The
curved dashed line is ¢,(3) and given by Eq. (4.36) and 3, = (kT,)"! is given by
Es — ¢ = kT, In2. Figure (b) assumes Clifford processing is used resulting in a
smoother bound. In both figures, the 5 = 0 line correspond to the unital bounds.

of interest to consider other choices of reference states 7 that are more appropriate
to the hardware physics, for example for photonic set-ups [160].

The assumption which is non-trivial is that we neglect correlations in the reference
state in the thermodynamic limit. However, for more general scenarios one could
make use of variational tools such as the Bogoliubov inequality [161] for approxi-
mating the free energy of a system via product states, to obtain similar bounds.

The simplest special case to consider is where the Hamiltonian H is diagonal in the
computational basis, and H = H’, implying that the protocol leaves the reference
equilibrium state unchanged, hence it corresponds to a Gibbs-preserving map [162].
For the limiting case of ¢ — 0 we obtain Fig. (4.5) which is a contour plot of the
bound on R as a function of inverse temperature § and the depolarizing error e
for the noisy input magic states. In this figure we show both the bounds without
the power of Clifford pre/post-processing (in (a) — Eq. (4.36)) and with Clifford
processing (in (b) — Eq. (4.13)). As a pedagogical explanation, we can consider a
temperature limitation that allows a device to operate with thermal operations only
below a certain 5. Then, we would read the vertical line on the plot to decide what
is the upper bound on the input noise level to achieve a certain distillation bound.
In the more general case, AF := F' — F' # 0, so the protocol, when applied to the
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Figure 4.6: Variation of distillation bounds with Hamiltonian. We illustrate vari-
ation of the bound in Eq. (4.13) with respect to the system Hamiltonian. We fix
(e,¢', ) = (0.1,0.0,0.2) and look at a family of Hamiltonians for the qutrit systems,
given by H = Ag and H' = (1 — p — q)Aop + pA2) + qdiag(0, 1,2), with varying
parameters p, ¢, and where Ay and A(; 5 are phase-point operators.

reference state, adds or extracts free energy from the system.

We demonstrate change of the bounds with respect to a varying output Hamil-
tonian example in Fig. (4.6). In particular, we create a parameterized family of
Hamiltonians and explore how our bounds vary in terms of the parameters. The dis-
tillation bound contours depend on the specifics of the Hamiltonian, and they allow
us to identify regimes where the bound attains low values and where it saturates to
1 for a fixed choice of error rates ¢, ¢'.

4.3 General entropic constraints

4.3.1 Shifting from Lorenz curves to entropies

We have considered Wigner representations of magic states within a statistical me-
chanical setting in which it was argued that magic can be viewed as a non-classical
form of free energy. This was done at the level of majorization constraints that ap-
pear due to Clifford operations being described by stochastic maps in the Wigner
representation. In this representation, non-equilibrium states with substantial free
energy have Lorenz curves that deviate noticeably from the line y = z. We also
found that when considered in a distillation protocol, magic could also be linked to
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physical free energies in a non-trivial way. We therefore ask:
Is it possible to make a more direct link between magic and free energy or entropy?

One obstacle to linking with macroscopic, equilibrium free energy is that the
Wigner representation is generally a quasi-distribution, so the Boltzmann entropy

H(w) = — Z w; log w; (4.56)

of the Wigner representation is not defined outside the set F, let alone have a phys-
ically meaningful interpretation.

However, it turns out that the analysis for the temperature-dependent bound
given by Eq. (4.13) implicitly made use of the single-shot Rényi divergence [125]
Du(p || 7).

Claim 4.8. Let 7 be in the interior of F. Then D (W, || W) is well-defined for all p,
and the following hold:

1. Doo(W, || Wr) > 0 for all quantum states p.
2. Doo(W, || W) =0ifand only if p = 7.
3. Doo(Wyezn || Wiyszn) = nDoo (W ez || Wrez) for any n € N.

4. Doc(W, || W2) > Doo(Wep) || We(r)) for any free operation £ such that £(7) is
in the interior of F.

Proof. Since 7 is in the interior of F, its Wigner representation obeys W,.(z) > 0
for all points z in the phase space. In general, W,(z) is a quasi-distribution, but
the given form of o ensures that W,(z)* > 0. Therefore D, (W, || W) is always
well-defined.

1. We have that

W,
Do (W, || W;) = log max Wz;, (4.57)

s0 2D=We [[Wr) equals the slope of the Lorenz curve L, (z) at x = 0. Since L, (z) is
a concave function passing through (0,0) and (1, 1) this implies that L,,(x) > « for
all z € [0, 1], and in particular its slope at + = 0 is always greater than or equal to 1,
which implies D (W, || W;) > 0 for all p.

2. Dso(W, || W;) = 0 implies that max, VVKZ—Z; = 1 and the initial slope of L, (x)
is 1. From the concavity of the function and the fact that L,.(1) = 1, this implies
that the slope of L, .(x) must equal 1 throughout the interval [0, 1] and this, together

with the definition of the Lorenz curve, implies that W,(z)/W.(z) = 1 for all z.
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Since the Wigner representation p — W,(z) is bijective this implies that p = 7 only.
The converse holds by inspection.

3. Given a vector w € RY, it is generally the case that max,w;, # maxy |ws|.
However, we do have that

%}%};(wklwkz) - %11:‘?2( |wk1wk2|7 (4.58)

and if additionally w; > 0 for all k, then we also have for 2n copies that

max (W, Wy -+ - Wiy, ) = (max |wy|)?", (4.59)
ki k2, k2n k
and also,
kl,lgl%.},{k% (wklka T wkzn) = k17g?§k2n (|wl€1 wk2| T |wk2n71wk2n |) - (E}%}; (w/ﬁw/@)) .
(4.60)
If we now let w = W,-(2) == W,(z)/W,(z) we have
2n n
max HWpIT(Zk) = (max Wp|7(z1)Wp|T(z2)) : (4.61)
21,225y Z2n el Z1,%2

and therefore taking logarithms we have that D, (W,s2u || Wye20) = nDeo(Wye2 || Wos2)
as required.

4. The free operation £ in the Wigner representation corresponds to a stochastic
map, which sends W.(z) to Wg(,)(2), which is another strictly positive probability
distribution on the phase space, due to £(7) being in the interior of F. Moreover,
(W, Wr) = (We(p), We(ry). As shown in the main text this condition holds if and only
if L,;(2) > Le)e) () for all z. In particular, this implies the slope at the origin
of the input curve is never less than the slope at the origin of the output curve, and
hence the result follows. O

The reason for the power of 2 in the third property is that the maximization is
sensitive to the presence of negativity in the Wigner representation. An important
remark is that the state dimension does not enter the proof of the theorem, so this
result is directly transferable to our qubit analysis in chapter 5, once we have defined
a well-behaved Wigner representation.

Considering the unital magic protocol £ that transforms n copies of a magic state
p to m copies of p/, and combining property 3 and property 4, we obtain

(Wp H Wll/d)

) (4.62)
(Wp’ || Wﬂ/d)

s 13

D
<
< Do
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By substituting p = ps(e) and p' = pg(¢’) for d = 3, we retrieve the bound R,
in Eq. (4.5), justifying its index. This is because this bound is derived using the
first elbow constraint (Claim 3.11) on the input and output Lorenz curves, which is
equivalent to the formulation of the Rényi divergence D, given by Eq. (4.57).

4.3.2 Entropic measure of magic disorder

We can go further, and show that in fact a range of Rényi entropies remain both
well-defined and meaningful in the Wigner representation. The a—Rényi entropy
was defined in section 3.4 as

1
H, 1 o .63
(w) = -——log Z wy (4.63)
for quasi-distribution w.
We can prove the following result, which establishes the equivalence between
Wigner negativity and the existence of negative Rényi entropy.

Claim 4.9. A quantum state p has Wigner negativity if and only if H,(W,) < 0 for

some o = with positive integers a > b.

2b 1’

Proof. If we have H,(W,) < 0 for a > 1, then it follows that log ), W,(2)* > 1.
However, it is known that H,, is always non-negative on probability distributions, so
W,(z) must be a strict quasi-distribution with negativity.

Conversely, suppose p has negativity in its Wigner representation. This in particu-
lar implies that ) _ |W,(z)| > 1. We now consider ) __ Wp(z)% for positive integers
a > b. We have that

ZW ZIW k= —Z|W )|+, (4.64)

wheree =a—1= —1 > 0. By choosing the positive integers a and b sufficiently

2b 1
large we can make ¢ arbitrarily close to 0. This implies that there exists a sequence

€n =0, —1= 25:21 — 1 with integer pairs a,,, b,, such that

Z W, (2) | — Z W, (2)| > 1, (4.65)

as n increases. Since —— < 0 for any n it follows that

H,, (W,) = log Z W,(z) (4.66)

at some point in the sequence, which completes the proof. O
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Therefore, the statistical mechanical description of Clifford operations provides a
setting in which negative entropy is fully meaningful, and quantifies the fact that
magic states are more ordered than a perfectly sharp, deterministic classical state
w = (1,0,...,0) with zero entropy. We note that prior work has shown that nega-
tive conditional entropy [163] arises in the context of quantum correlations, but is
unrelated to the present negative entropy.

The o« — 1 limit of the Rényi entropy diverges if negativity is present, however we
can assign a meaningful value to the residue at o = 1. We write the entropy as

Hyy (W) = —€ 'log Y |W,(2)["* (4.67)

with e — 0" through a sequence of rational values. We recall that mana can be
written as a sum of the Wigner components in absolute vale, M(p) =log>"_ |W,(z)],
and now we express mana as an entropic limit,

M(p) = — lim eHy 4o (W,). (4.68)

e—0t
Therefore, the mana of a state p is minus the residue of the pole at @« = 1 for
H.,(W,), and quantifies the divergence of the Rényi-entropy as we approach the
limiting Shannon entropy H(W,).

We also note that the Rényi entropy can be described as a g—deformation of the
Shannon entropy [164], and that H,(p) can be related to the ¢—derivative of free
energy. For this, the Rényi parameter becomes a temperature term o = & where
Ty is a reference temperature and derivatives are considered via the limit 7" — 7.
Therefore, if we try to push this to the present setting, the presence of Wigner neg-
ativity would correspond to a divergence in the first derivative of an effective free
energy as 7' — Ty. It is interesting to speculate whether this non-classicality could
be interpreted in terms of a phase transition [165].

4.3.3 General entropic distillation bounds

We now extend to Rényi divergences of finite o for Wigner representations with
the aim of deriving an infinite family of entropic bounds for magic transformations,
parameterized by parameter «. In section 3.4, we defined the a—Rényi divergence
D,(w || 7) as

1
Dy(w || r) = long?ril_a,

a—1
where o = 2a/(2b — 1) for positive integers a > b. This is well-defined for quasi-

distribution w and probability distribution p with positive components, which corre-
sponds to a state lying in the interior of F, in the context of Wigner representations.
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Claim 4.10. Let 7 be in the interior of F. If a = 2b 7 for positive integers a,b with
a > b, then the a-Rényi divergence D.(W, || W) is well-defined for all states p, and
the following hold:

1. Do(W, || W;) > 0 for all quantum states p.
2. Do(W, || W;)=01ifand only if p = 7.
3. Do(Wyen || Wean) =nDo(W, || W) for any n € N.

4. Do(W, || W3) > Do(Wey) || Wer)) for any free operation & such that £(7) is in
the interior of F.

Proof. Since 7 is in the interior of F, its Wigner representation obeys W,.(z) > 0
for all points z in the phase space. In general, W,(z) is a quasi-distribution, but for
a = 2a/2b — 1 we that W,(z)* > 0. Therefore D, (W, || W;) is always well-defined
and real-valued.

1. D, is Schur-convex and every pair (W, W;) majorizes the pair (W3 /4, W1/4), SO

Do(W, || Wr) 2 Da(Waya || Wija) =

-log Z Wi ,a(z (4.69)

2. In the inequality of property 1, equality holds iff L,.(z) = Ly ap/a(2) = L+ ()
for all z € [0,1] due to Claim 3.8 which in turn holds iff p = 7.

3. This property follows from the multiplicativity of the Wigner representation. In
particular,

Do(Wior || Wrion) = —— log Z Wyen(2) Wan(2)'

= logZHW 2) W (z)

z =1

= logHZW 2)Wo(z) ™

=1 z;

-log Z W, (2) W (2)

— nDo(W, || W,). (4.70)

n

=zai

i=1

4. This follows immediately from the fact that (W,, W) >~ (Wg(,), We() for any
free quantum channel £ that sends 7 into the interior of 7, and the Schur-convexity
of D,,. O
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Note again that, crucially, the state dimension does not enter the proof of the
theorem, so a-Rényi entropies will be used in our qubit analysis in chapter 5.

The properties of the Rényi divergence immediately yield a family of magic distil-
lation bounds.

Claim 4.11. Consider a general magic state distillation protocol on odd prime dimen-
sion qudits, that converts a magic state p®" — E(p®") = p'*™ and let T be any
full-rank stabilizer reference state on a qudit. Then, the distillation rate R := m/n is
upper bounded as

D,(W, || W,

< DaW, | W) 4.71)
Do(p',7')

where o = 2§f1 for any positive integers a,b with a > b and the average divergence per

qudit

1
Da(p/,T,) = EDQ(WP/(@WL || WTTIn>7 (472)
between the output magic state p'*™ and 7, = E(T%").

Proof. The bound is a direct consequence of the properties of the a—Rényi divergence
in Claim 4.10.
Due to the action of the magic protocol channel, we get

Da(Wp@m || W7®n) Z Da<Wp/®m H Wﬂ/n) (4.73)

We can use the additivity to rewrite this as

1
nDa(W, || We) = m—Do(Wyom || Wry,). (4.74)

Since p'®™ # 7/, we have D, (W em || W., ) > 0, which directly leads to the bound

m_ Da(W, || W)
n

(4.75)
Do (p',7')

]

While this bound is abstract in its present form, it does suggest future applications
by viewing Zja(p', 7') within the context of hypothesis testing [166], as a measure
of distinguishability between p'®™ and the m qudit state 7/,. However, in order to
properly link with hypothesis-testing one would have to first extend such results to
quasi-distributions.

If correlations in 7/, between subsystems can be neglected, then 7/, = 7/®™ for
some qudit state 7/ and

Doé(p,7 T,) = Da(Wp/ || WT/), (476)
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which gives a generalized version of Claim 4.5, with a term such as D, (W, || W)
that behaves essentially as an a—free energy difference [135] in the Wigner repre-
sentation.

We can illustrate a basic application of the general bound in Eq. (4.71) for the case
of unital magic protocols. In this case it is easy to see that the above bound reduces

to the simple form

2logd — Hy(W,)
< = . .
R<R, 2log d — H, (W) 4.77)

In particular, for the case of noisy Strange states (Eq. (3.30)) on qutrits and ¢ = 0,

this bound becomes

2(1 - 04) 10g3 — log [8(% — 1—68)0‘ + (_% + %)a]
2(1 — ) log 3 + alog 6 — log(8 + 29)

This upper bound can be numerically minimized over «, for any . The cases R;, and

R<R, - (4.78)

R, are shown in Fig. (4.3) and numerical evidence shows that index 10 is an integer
which lies close to the index of the optimal bound. It is clear that different values of
« allow R, to capture different aspects of the full set of majorization conditions, or
equivalently, of the Lorenz curve constraint. For example, R, captures exactly the
first elbow constraint (Claim 3.11), while Ry, captures more aspects of the Lorenz
curve than just the first elbow up to ¢ ~ 0.40 as Fig. (4.3) suggests for the noisy
Strange state.

In summary, this chapter has presented a methodology for deriving bounds on
magic distillation rates of odd dimensional systems based on the statistical mechan-
ics of the Wigner representation. We start off with providing a bound (Eq. (4.5)) for
unital protocols, which outperforms previous bounds that are based on monotones.
Then, we demonstrate how majorization bounds reflect properties of the magic pro-
tocols and physical properties of the device performing the distillation by deriving
bounds inspired from thermodynamics in Claim 4.5 and Claim 4.7. Finally, we gen-
eralize these results in establishing entnropic bounds that apply in the context of
any odd dimensional magic state transformation in Eq. (4.62) and Claim 4.11. We
extend this generalized family of magic distillation bounds to qubits in chapter 5.
To this end, we identify a subset of universal qubit computation in which the crucial
entropic properties of Claim 4.8 and Claim 4.10 naturally extend to qubits.
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Chapter 5

Entropic constraints on qubit magic
distillation

Most quantum algorithms are formulated for systems of qubits, so an important
question remains whether a similar description to the odd dimensional framework
discussed in chapter 4 exists for qubits. In this case, well-known obstacles exist,
as was apparent in the qubit constructions of chapter 2 due to qubits having non-
trivial Wigner representations [167]. For instance, recall that the odd dimensional
Wigner representation [97] cannot provide a positive representation for all qubit sta-
bilizer states and operations, and the link between Wigner negativity and quantum
computational power breaks down [106, 168]. Although substantial work has been
done to develop representations in which all qubit stabilizer operations are non-
negatively represented [105, 107], these representations no longer factorize over
tensor product composition, a key property needed in the odd dimensional case to
obtain bounds on distillation rates. This is no surprise, since it is known to be impos-
sible to construct a multiplicative representation in which every Clifford operation is
represented stochastically [167]. We therefore exert an effort in justifying that the
CSS subclass of stabilizer operations, introduced in section 2.5.4, is computationally
important and admits a powerful Wigner representation that allows us to transfer
results from chapter 4 to qubits.

Almost all protocols [72,75-77,169] to-date for qubit magic distillation make use
of a sub-class of stabilizer codes, known as Calderbank-Shor-Steane (CSS) codes [70,
71]. CSS codes can be constructed from two classical linear codes and therefore the
CSS construction allows one to draw on a plethora of results from classical coding
theory to construct quantum codes with desirable properties. For instance, it has
been shown that CSS codes are optimal when it comes to constructing quantum
error correcting codes that support a transversal 7T-gate [170], a key feature in
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many of the aforementioned distillation protocols.

We first discuss CSS protocols, then distinguish an important sub-class of proto-
cols, which we call CSS code projections, before finally applying majorization to the
protocols in order to obtain magic distillation bounds. Our first result is to engineer
a set of channels O, including state preparations, gates and measurements, which is
useful in terms of universality and practical due to the fact that it admits a stochastic
description on the phase space, allowing for majorization constraints. We then show
how our framework can exploit core structures in CSS code distillation protocols
and arrive at upper and lower bounds which act as trade-off relations between im-
portant performance metrics of CSS code distillation protocols such as the desired
output accuracy and the acceptance probability.

Throughout this chapter we will make use of some simplifying notation and ter-
minology, which we lay down here. Given a 1-qubit operator O, and a binary vector
u = (uq,...,u,) € Zy let us denote

Ou)=0" - 0", (5.1)

Furthermore, we use (-, -) to denote the symplectic inner product, where the ar-
guments are phase space vectors, while we also borrow the notation (...) from
section 2.5.4 to denote the set of stabilizer generators for a given state. The partial
trace try,;[-|, denotes tracing on subsystems a through b inclusive. A Pauli observ-
able is called X-type or Z-type if it is a sequence of 1-qubit Pauli X operators or
1-qubit Pauli Z operators respectively. A n—k distillation protocol is a magic distilla-
tion protocol that converts n copies of a specified magic state to k& copies of a purer
magic state. Finally, the set of free operations will be specified in each section, but
the set of free states F will commonly be the set of convex combinations of CSS
states, unless specified otherwise.

5.1 CSS magic protocols

In section 2.5.4, we discussed the CSS formalism, which forms the basis for the
magic distillation protocols we will be discussing in this chapter. We first discuss
the stochasticity of completely CSS—preserving operations, starting from the unitary
operations (section 5.1.1) and moving to the measurements (section 5.1.2), before
combining them (section 5.1.3) into one set that constitutes the general form of CSS
protocols.
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5.1.1 Completely CSS—preserving unitaries

We recall from section 2.5.4 that the set of completely CSS—preserving unitaries is
G(n) = ({CNOT;;, Zi, Xi}ij=1,..nits)- (5.2)
The n—qubit CSS—preserving unitaries are [98]
Gi(n) = ({H(n),CNOT, ;, Xi, Zi }ijet,..nizti)s (5.3)

where H(n) := H®" is the collective Hadamard gate on n—qubits.

Any unitary U, € G,(n) can be written as U, = [H(n)|*U for some a € {0,1}
and U € G(n). This follows from the commutation relations satisfied by the gen-
erators of G(n) and the fact that H(n) is self-inverse. In particular, we have that
H(n)CNOT;; = CNOT;;H(n) and H(n)X; = Z;H(n).

Since every generator of G(n) is in turn a generator of G, (n') for all n’ > n,
every member of G(n) is completely CSS—preserving. Therefore, the only members
of G, (n) that are not also completely CSS—preserving are those of the form H(n)U
for some U € G(n), since H(n) is not a member of G(n’) for any n’ > n. We conclude
that G(n) must be the group of completely CSS—preserving unitaries on n—qubits.

5.1.2 Completely CSS—-preserving measurements

The projective measurement of any n—qubit Pauli observable S is carried out using
two projectors Py (S) := (1, & S) corresponding to the outcomes +1. We can then
denote the post-selection channel for the +1 outcome as PL(S) := PL(S)(-)P(S5).

We now establish which Pauli observables can be projectively measured in CSS-
preserving and completely CSS—preserving ways. The latter form elements of the
CSS formalism that we can describe stochastically with the Wigner representation
that we developed in section 2.5.

Claim 5.1. Let S be a Pauli observable on n qubits, and p be a CSS state on (n + m)
qubits for any m > 0. Then the state o obtained by projectively measuring S on the
final n qubits of p and post-selecting on the +1 outcome,

[1, ® PL(S)](p)

oy = ., peo=tr[[L, ® Pi(S)]p] (5.4)
P+

is a CSS state if and only if S is X—type or Z—-type. Moreover, if S is neither X—type
nor Z-type, then there exists a CSS state p such that o, are not CSS for any m.
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Proof. We first establish that if S = X (a) and p is a pure state [¢))(¢|, then o are
CSS. Let the stabilizer group of |¢)) be

(=1 X(ar), ..., (=) X(a), (=)’ Z(@rs1), - .., — (1) Z(@nsm)),  (5.5)

where each a; is a non-zero (n + m)-bit string and each b; is a binary digit. Then,
the (un-normalized) state obtained by projectively measuring S on the final n qubits
of |¢) and post-selecting on the 1 outcome is

[ ® Po(X(@)]16) = | 5 (Tum 1 @ X(@)| [9) = Po(X(@) ¢} (5.6)

where a’ .= 0,, ® a and 0,, is the m—dimensional zero vector.
There are now two possibilities:

1. X(a') commutes with Z(a;) for all 7 in the range r + 1 < i < n + m. There-
fore, either X (a’) or — X (a') stabilizes |¢), so either P, (X (a')) [¢)) = |¢) and
P_(X(a))[¢) =0, or P_(X(a')) |¢) = [¢) and Py (X(a)) |¢) = 0.

2. X (a') does not commute with Z(a;) for at least one i. Without loss of gener-
ality, choose 7 in the range r + 1 < i < r 4 ¢ for some ¢ > 1. We then have that
Pi(X(a))|v) = == |p+), where |¢.) are respectively stabilized by

2

(=1 X(ar), ..., (=1)" X(ay), £X (@), (—1) 1942 Z (a1 @ arss), ...
(_1)(br+1$bT+C)Z(a’T+1 D a’7‘+c)> (_1)br+c+1Z(a’r+c+1)v SRI) (_1)an(a’n)>v (57)

where & denotes additional modulo 2, from which we see that |¢.) are both
CSS states.

Summarizing these possibilities, we conclude that, given any pure CSS state |¢)) on
n qubits, the state obtained from projectively measuring X (a) on the last n qubits
and post-selecting on the +1 outcome,

02) = = PX (@) 9] = =l © Pe(X (@) 4], (5.8)
where p. = tr[l,, ® P(X(a)) [¢)v]], is always CSS.

Since the projective measurement of — X (a) requires the same projectors as that
of X(a), the above argument carries over directly for S = —X(a) and p = |¢)(¢|. By
reversing the roles of X and Z, the argument also carries over to S = +Z(a) and
p = |¥)v|. Therefore, by decomposing an arbitrary CSS state p on n + m qubits into
a statistical mixture of pure CSS states, we can show that the state 0. obtained from
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projectively measuring a Pauli observable S on the final n qubits and post-selecting
on the +1 outcome is CSSif S = +X(a) or S = +Z(a).

We next prove that, if S # +X(a) and S # +Z(a) for all n-bit strings a, then
it is always possible to find a pure CSS state p on n qubits alone such that o are
not CSS. This argument will only be made for positive Pauli observables, since the
projective measurements for +5 involve the same projectors.

Recall that every positive n—qubit Pauli observable S can be represented as

S=) Qs for; € {1,X,Y,Z}. (5.9)
i=1

When S # X(a) and S # Z(a) for all possible a, there are three possibilities:

1. Q; # Y for all i. In this case, ); = 1, X, Z, and there must exist j and k for
which @); = X while @, = Z.
Let us define the sets X = {i # j|Q; = X}, Z = {i # k|Q; = Z} and
N = {i|Q; = 1}. Consider the CSS state |¢)) defined by the stabilizer group

STAB(|v) == ({Z]i e N} {Zi|i € 2} {Xili € X}, Z;, Z; Xp). (5.10)

By construction, S commutes with every generators of STAB(|¢)) except Z;.

Therefore, P.(5) |¢) = LQ |¢+), where |¢.) are stabilizer states defined by sta-

bilizer groups

STAB(|¢1)) = {Zili e N}, {Zi]i € Z},{X;|i € X}, £5, Z; X},)
= {Zi|i e N} AZili € 2} AXi|i € XY, X, 24, Z,X8). (5.11)
where we obtained the second equality by multiplying +S by every othere
generator except for Z;Xj,. This shows explicitly that |¢, ) are not CSS states.

2. There is an odd number w of values for i at which @, =Y.

Let us define the sets X = {i|Q; = X},Y = {i|Q; =Y}, Z = {i|Q; = Z} and
N = {i|Q; = 1}. Let j be a member of J). Where ) contains more than one
member, let &k be another member of ) besides ;.

Consider the CSS state |¢)) defined by the stabilizer group

STAB(|¢)) = ({Z|i € N'}, {Zi]i € 2}, {X/i € X}, X,

where X, := <(_1>(w_1)/2 [licy.izj Xi)-

90



5.1. CSS MAGIC PROTOCOLS

By construction, S commutes with every generator of STAB(|¢)) except Z;.

Therefore, P,.(S) |¢) = L2 |¢+), where |¢.) are stabilizer states defined by the

stabilizer groups

STAB(|¢+)) = ({Z|i € N}, {Zi]i € Z},{X;]i € X}, X,
{ZiZv|i € Y,i# j, k},£S)
= ({Zli e N}, {Zi|i € Z},{X;]i € X}, X,
{Z:Z|i € V.1 # j, k}, £Y;), (5.13)

where we obtained the second equality by multiplying +S by every other gen-
erator. This explicitly shows that |¢.) are not CSS states.

3. There is an even number w of values for i at which Q; =Y.

Let us define the sets X = {i|Q; = X}, Y = {i|Q; =Y}, Z = {i|Q; = Z} and
N = {i|Q; = 1}. Let j and k be two distinct members of J). Where ) contains
more than two members, let [ be another member of ) besides j and k.

Consider the CSS state |¢)) defined by the stabilizer group

STAB(|v)) = ({Zili € N}, {Zili € 2}, {Xi]i € X}, X,
{Z:Z)|i € Y,i # 7, k,1}, Zij,Xk>, (5.14)

where now X, = ((—1)<w7_2> [Licyizjx XZ-).

By construction, S commutes with every generator of STAB(|¢)) except for
X}, which means P.(S) |¢) = —= |¢+), where |¢..) are defined by the stabilizer

2
groups
STAB(|¢4)) = ({Z|i e N}, {Zi|i € 2}, {Xili € X}, X,
{ZZ)Jie Y,i+j,k 1}, Z; X, £5)
= ({Zili e N}, {Zili € 2}, {X;]i € X}, X,
{Z:2))i € V)i j,k, 1}, Z; X, £ X, 21, (5.15)

where the second equality was obtained by multiplying £S5 by every other
generator. This explicitly shows that |¢.) are not CSS states.

]

We therefore group Pauli observables of the forms +X(a) or +7(a) together as
CSS observables. Furthermore, we highlight the fact that Claim 5.1 shows CSS
observables to be the only Pauli observables whose projective measurement can be
carried out in a completely CSS—preserving way (m > 0).
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5.1.3 General CSS protocols

Essential to the application of majorization to magic state protocols is identifying
a sufficiently large subset of stabilizer states and Clifford operations that can be
stochastically represented. In section 2.5.4, we mentioned that all completely CSS—
preserving channels are stochastically represented and listed a substantial subset of
Clifford operations that fall under this description. We now provide a proof of this
by utilizing the rigorous definitions of the previous sections.

Claim 5.2. Any sequential composition of the following operations:
1. Preparation of a CSS state;
2. Any gate G € G(n);

3. Projective measurement of any X- or Z-type Pauli observable, followed by a com-
pletely CSS—preserving operation &, conditioned on the outcome +1;

4. Tracing out;
as well as statistical mixtures of such processes, is completely CSS—preserving.

Proof. Let {&;} be a set of completely CSS—preserving operations from n to m qubits,
and let p be a state on (a + n) qubits. Given any probability distribution, we then
have that

o= (sz‘ﬂa ® 51‘) p= Zpi[(ﬂa ® &)pl, (5.16)

is a CSS state, since (1, ® &;)p is a CSS state on (a + m) qubits due to &; being
completely CSS—preserving. Therefore, any statistical mixture of completely CSS—
preserving channels (between the same input and output systems) are also com-
pletely CSS—preserving.

Furthermore, let £ be a completely CSS—preserving channel from n to m qubits,
and let F be a completely CSS—preserving channel from m to [ qubits. Letting p
once again be a CSS state on (a + n) qubits, we have that (1, ® F) o (1, ® &)p is
another CSS state, since (1, ® £)p must be a CSS state due to £ being completely
CSS—preserving, which (1, ® F) would map onto another CSS state since F is also
completely CSS—preserving. Therefore, any sequential composition of completely
CSS—preserving channels (where the input of one channel matches the output of the
other) is also completely CSS—preserving.

All that remains is to prove that the listed stabilizer operations are completely
CSS—preserving.
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93

. Preparation is CSS preserving as the tensor product of two CSS states is also

(CSSstate.

. Gates G € G(n) are completely CSS—preserving since their Choi matrices are

CSS.

. Let {PL(S) = PL(5)(-)P+(5)} be the projective channels carrying out a mea-

surement of the CSS observable S, and p be a CSS state on (n+m) qubits. From
Claim 5.1, we see that (1,, ® P+(C)))p = pLos, where p, == tr[(1,, ® Ps(S5))p]
and o are CSS states. Therefore, since £, are completely CSS—preserving, we
have that o/ := [}, 1, ® €+ 0 1, @ Pi(9)] (p) = >4 pi[lm ® Ex](04) is also
CSS.

. Consider tracing out m qubits from n. Since we can freely relabel subsystems,

we can, without loss of generality, only consider tracing out the last m qubits
of n. Since tracing out is unaffected by first performing a computational basis
measurement on the last m qubits. Let [¢)) be a pure CSS state on (a + n)
qubits, we have that

I, ® tr[n—m,n] HI/}XIM] = Z tl”[a-i-n—rma—i-n] []la-&-n—m & |k><k‘ |77Z)><77Z)|

ke{0,1}™
Lotnm @ [k)E|]].  (5.17)

We then observe that
ILa-i—n—m & |k><k| = P+((_1)klza+n—m+1> -0 P+<(_1)kaa+n)7 (5'18)

and so by Claim 5.1, (1,4,—m ® |k)k|) |¢) is a (sub-normalized) pure CSS state
of the form /py |¢x) ®| k), where |¢,) must be a CSS state on the first (a+n—m)
qubits in order to keep the complete state CSS, and p; is the probability of
getting the |k) outcome in the computational basis measurement. Therefore,

Lo @ e [0 )XY]] = Z Tt n—miatn] [Pk |0k Or| @ [K)XEK]]

ke{0,1}™

= > prloR)onl, (5.19)

ke{0,1}™

which is a CSS state on (a + n — m) qubits. Therefore, by decomposing an
arbitrary CSS state p on (a + n) qubits as a statistical mixture of CSS states,
we can show that 1,1, ® trp,_p . [p] must be CSS, which implies tracing out
subsystems is completely CSS—preserving.
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]

CSS protocols can therefore be viewed as the maximal class O of completely CSS—
preserving operations.

Consider now any quantum circuit £ formed from preparing CSS states, perform-
ing gates from the larger group of CSS—preserving unitaries, discarding qubits and
projectively measuring CSS observables. Let Uy (n) == H(n)(-)H(n). We make the
following observations.

* Given any n-bit string a, because Uy (n)X(a)Uy(n) = Z(a), and every CSS
observable S on n qubits is of the form +X (a) or £Z(a), we have the conjuga-
tion relation P.(S)Uy(n) = Ug(n)P+(S’), where S" .= H(n)SH(n) is another
CSS observable. Therefore, letting £ be the projective measurement of a CSS
observable S, we conclude that Eoldy (n) = Uy (n)oE’, where £’ is the projective
measurement of the CSS observable 5.

* Given any n—qubit state p, we have that H(n)pH(n) ® 0 = H(n)pH(n) ®
H(m)o'H(m), where o' := H(m)oH(m) is also CSS state since H(m) is CSS—
preserving on m qubits. Therefore, letting £ be the channel introducing a CSS
state o, we conclude that Uy (n) o £ = & oUy(n + m), where £’ is the channel
introducing another CSS state o”.

* Let R be any subset of m qubits out of n. We then have trg o Uy (n) = Uy (n —

m) o trg.

* Aswe have already seen in section 5.1.1, given any completely CSS—preserving
n—qubit unitary channel I/, we have that Uy (n) ol = U' o Uy (n), where U’ is
another completely CSS—preserving unitary channel.

We also saw in section 5.1.1 that any CSS—preserving unitary channel can be writ-
ten as [Ug(n)]® olU,, where U, is a completely CSS—preserving unitary channel, and
b is a binary digit. After decomposing every CSS—preserving unitary in £ into this
form, we can conjugate any collective Hadamard gate to the end of the circuit as de-
scribed above. Therefore, £ is operationally equivalent to a CSS protocol described
by a subset of O, followed by a collective Hadamard gate conditioned upon certain
some measurement outcomes obtained during the protocol. We conclude that £ can
be converted reversibly into a CSS protocol using Clifford post-processing, which
implies CSS—preserving and completely CSS—preserving unitaries generate equally
powerful distillation protocols.
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Figure 5.1: Schematic of qubit magic protocols. The set of CSS protocols O, which
include the family of CSS code projections as a subset according to Claim 5.5, are a
subset of the stochastically represented CPTP maps. Elements of O include impor-
tant distillation codes, such as the 7-1 and 23-1 CSS distillation protocols based on
the Steane [[7, 1]] and Golay [[23, 1]] codes, respectively [169].

5.2 CSS code projections

We now discuss an elementary protocol for distilling magic, which was proposed in
the seminal work [72] and forms a suclass of CSS protocols. It is performed via pro-
jecting onto the code-space of a quantum error correcting code. The basic method
involves taking n copies of your noisy magic state p®”, measuring the stabilizer gen-
erators of an [[n, k]| code C, and post-selecting on the no-error syndrome. The net
effect is to project onto C. Conditional on no errors being detected in the syndrome
measurements, one then decodes onto £ output qubits, whereas when an error is
detected the output state is simply discarded.

In general, the protocol will only succeed probabilistically with some acceptance
probability p. The core idea is analogous to stabilizer code projections [171] in that
if the likelihood of an undetectable error occurring is less than the input error rate e,
then the post-selected output state will have a higher per-copy fidelity with the target
magic state of choice. Many other examples are based on CSS codes, for instance the
15-1 protocol [72] based on the [[15, 1]] punctured Reed-Muller code [172,173], and
the protocols based on Steane [[7, 1]] and Golay [[23, 1]] CSS codes analyzed in [169].
A general schematic of the protocols we considered is provided in Fig. (5.1).
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5.2.1 Definition of CSS code projections

We can write any CSS code projection as a completely positive trace non-increasing
map Ep for the given CSS code C as

Ep(+) = trp iU o P(-)], (5.20)

where we have defined &/ .= U(-)U' and P := P(-) P for the decoding unitary U and
code-space projector P of C respectively. Given n copies of a noise magic state p, Ep
acts as

Ep(p") = pp, (5.21)

where o/ € B(H5) is the output magic state on k qubits and we have defined the
acceptance probability p := tr[Pp®"] for a single successful run of £p. Distillation of
the magic state ¢ = [¢))(¢)| is successful if the output p’ from a successful run has a
greater per-copy fidelity with respect to a target (pure) magic state of choice than p.

The majorization tools that we want to apply to the protocols do not immediately
apply to the projection £ as we require trace-preservation. However, this can be
fixed by simply recording the success (labeled ‘0’) or failure (labeled ‘1’) of £5 in an
ancillary qubit, and without loss of generality we can assume an arbitrary CSS state
o on k qubits is outputted in case of failure. We can therefore extend £p into the
following completely positive trace preserving (CPTP) map which describes the CSS
code projection:

E() = Ep(-) @ |0X0] + tr[P(-)]o @ [1X1], (5.22)

where P := P(-)P := (1,, — P)(-)(1,, — P) performs a projection onto the orthogonal
complement of C. Under such a channel, n copies of p are mapped onto

E[p®"] = pp’ @ [0)0] + (1 — p)o @ |[1(1] = py, (5.23)

which captures the structure of the probabilistic distillation protocol.

5.2.2 Stochasticity of CSS code projections

It is not obvious from the definition in Eq. (5.22) that CSS code projections form a
subset of CSS protocols, therefore we prove this fact here, establishing the stochas-
ticity of such protocols. Our strategy is as follows: we first establish in Claim 5.3
that the decoding unitary appearing in £p is completely CSS—preserving. We then
prove in Claim 5.4 that a convex combination of terms in the form of a projective
measurement P, followed by some completely CSS—preserving post-processing & is
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stochastically represented. We then bring these two results together in Claim 5.5 by
identifying that the channel £ in Eq. (5.22) constitutes a sum of two terms in the
form & o Py, therefore it is a stochastically represented CSS protocol.

We first demonstrate that any CSS code can be decoded using a completely CSS—
preserving unitary. This result allows for the use of simple explicit expressions to
describe very general CSS code projections.

Claim 5.3. Let S = ({(—1)"S;}i=1. o) be the stabilizer group defining an [[n, k||
CSS code, where

X(u;)) for1<i<r
S; = (5.24)
Z(v;)) forr+1<i<n-—k

in which w;, v; are non-zero n—dimensional binary vectors and b; € {0,1} is a binary
digit for all i.
Then, there exists a completely CSS—preserving unitary U such that

b Xl fOT 1 < ) <r
U((=1)%8)UT = (5.25)
Z;  otherwise.

Proof. The proof proceeds by construction.

Let us first consider the X-type generators of S without their signs, i.e. X =
{X(u;)}i=1,... We will prove that there exists a sequence of CNOT operations that
transforms X (u;) to X; forall 1 <i <r.

Let G be the group formed by the set of positive X-type n—qubit CSS observ-
ables under matrix multiplication, i.e. G = ({X(a)la € {0,1}"},-), and let G’ be
the group formed by the set of n—~dimensional binary strings under binary addition
of corresponding entries, i.e. G’ :== ({0,1}",®). Then G = G’ under the intuitive
isomorphism X (a) < a.

We can represent an m~tuple A of m positive X—type n—qubit CSS observables,
A= (X(a1),...,X(ay)) where a; € {0,1}" for 1 < i < m, as the columns of an
n X m matrix

My=la, ... anl|. (5.26)

Because no element of X' can be formed by multiplying other elements together,
their image in G', {u;};=1. ., is a set of r linearly independent elements in V},, the

n—dimensional vector space over F,. Therefore, My has rank r.
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We now demonstrate that the following two operations on M4 can be accom-
plished by performing sequences of CNOT operations on all the members of A si-
multaneously:

1. (Swapping rows j and k). The unitary operation Usw ap(-) = Uswap(-) ULy ap»
where Ugwap = CNOT; ,CNOT} ;CNOT;, swaps qubits j and k. Therefore,
the matrix M 4 representing the m—tuple

./4/ = (USWA]D(X(CLl)),...,Z/{SWAP(X(am)) (527)
can be obtained from M 4 by swapping rows j and k.

2. (Adding row j to row k). The action of CNOT, ;, on X, is

Xij fori = j
CNOT; . X;CNOT,;, = (5.28)
X; otherwise.

Therefore,
CNOT; ;X (a)CNOT; ) = X(a ® a;n,) = X(a'), (5.29)

where 7, is an n-bit string with 1 in the k—th entry and O everywhere else. In
words, a’ is formed from adding the j—th entry of a to its k—th entry. Therefore,
the matrix M 4 representing the m—tuple

A/ = (CNOTijX(al)CNOTj,k, N CNOT]JCX(GQ)CNOTJ’]{;) (530)
can be obtained from M 4 by entry-wise binary addition of row j to row k.

We further demonstrate that Gauss-Jordan elimination reduces to a sequence of
such row swaps and additions on V,,. For a vector space over a general field F,
Gauss-Jordan elimination is a sequence of three moves:

1. Swap the positions of two rows.
2. Add to one row a non-zero scalar multiple of another.
3. Multiply any row by a non-zero scalar.

Since the only scalars available in F; are 0 and 1, the third move has no effect when
F = F, and can be neglected, while the second move reduces to the entry-wise
binary addition of rows.
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We now note that we can perform Gauss-Jordan elimination on My and convert
it into its unique reduced row echelon form,

]]'7"71”

Dy =
* @nfr,r

5 (5.31)

where 1, is an r x r identity matrix while Q,,_,, is a (n — r) x r null matrix.

The CNOT sequence corresponding to this Gauss-Jordan elimination, which we
can denote by the unitary operation Uy (-) := Ux(-)UL, accomplishes U (X (u;)) =
X;.

We next consider the Z-type generators of S without their signs, i.e. Z =
{Z(v;41),...,Z(vyn—)}. The action of CNOT,, on Z; is

Z;Zy fori=k
Z; otherwise,

so Uy only transforms positive Z—type CSS observables into other positive Z-type
CSS observables, i.e. we can find n-bit binary strings {v},—,11.. . such that
Uy(Z(v;)) = Z(v) foralliintheranger + 1 < i <n — k.

However, since the X—type generators of S commute with the Z-type generators,

.....

Z(v) must commute with X; through X, for all i in the range r + 1 < i < n — k.
Therefore, Z(v!) acts non-trivially on qubits r + 1 through n only.

Everything that we have done for the X-type generators can then be repeated for
the Z-type generators. The only thing that needs to be checked is that, when we
represent the m~tuple B = (Z(a4),...,Z(a,,)) of m positive Z—-type n—qubit CSS
observables as the columns of a matrix Mg, row addition on My can be performed
by executing a CNOT operation on all elements of 13 simultaneously, just as in the
case of X—type CSS observables. This is confirmed via Eq. (5.32), which implies

CNOT; 1 Z(a)CNOT; . = Z(a ® ayn;) = Z(a') (5.33)

where we see that a’ is formed by adding entry k in a to entry j. Therefore, the
matrix Mp representing the m—tuple

B/ = (CNOTMZ(al)CNOTj,k, R ,CNOTMZ(am)CNOTM) (534)

can be obtained from My by adding row & to row j.

We conclude that there also exists a sequence of CNOT operations Uz = Uz (-)UL
such that Uz(Z(v})) = Z; for all i in the range r + 1 < i < n — k. Since Z(v}) acts
non-trivially on qubits r 4+ 1 through n only for all 7 in the range r + 1 < i < n — k,
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we can choose Uz to act only on qubits r + 1 through n, and so Uz (X;) = X, for all ¢
intherange 1 <i <r.
We now have
(-1)%X; for1<i<r

(Uz oUx)[(—1)"5;] = (5.35)
(-1)%z; forr+1<i<n-—k.

Defining Uc(-) == Uc(-)UL, where U = [H?;Zl Xf} [[T._, Z)], we see that

X, for1<i<
(Ue o Uy o Ux)[(—1)1S)] = ='=r (5.36)
Z; forr+1<i<n-—k.

Since Uy,Uz,Uc are completely CSS—preserving, as they are sequences of CNOT
gates or local qubit X and Z gates, we have constructed a completely CSS—preserving
unitary U := UoUzUy that completes the Claim. O

We next identify a collection of primitive channels that are stochastically repre-
sented and which can be arbitrarily combined to construct magic protocols.

Claim 5.4. Let {P.} be a set of projective channels on n qubits defined as Py(X) =
prPp X Py, where py. is a probability and P, is a product of commuting projectors onto
the eigenspaces of CSS observables. Furthermore, let {Ex} be a set of completely CSS—
preserving channels from n to m qubits.

Then, ), & o Py is stochastically represented whenever ), pp P, = 1,,.

Proof. Let p be a CSS state on (n + a) qubits. By repeated applications of Claim 5.1
to each projection forming the product P, we obtain

(1o ® Pr)p = pitr[(1, ® Pp)plo, (5.37)

where oy, is a CSS state on (n + m) qubits. Therefore,

oc=1,® (Z Ero Pk> p= Zpktr[(la ® Pp)pl(1y @ &) (o%). (5.38)

Since & is completely CSS—preserving, (1, ® &)(ox) is a CSS state. When > p, P, =
1,, we have that ), pytr[(1, ® P;)p] = 1, which means o is a CSS state. We con-
clude that, if ) py P, = 1,, then ), &, o Py is completely CSS-preserving and thus
stochastically represented. O

We are now in a position to prove that CSS code projections are stochastic.
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Claim 5.5. The quantum channel for any n—k CSS code projection is a completely
CSS—preserving operation, and hence it is stochastically represented.

Proof. Let C be an [[n, k]] CSS code. The trace-preserving version of its code projec-
tion can be represented as

E(p) = trp - o P(p)] @ [0X0] + tr[P(p)]o @ [1X1], (5.39)

where U = U(-)U and P = Py(-)Pp for the decoding unitary U and codespace
projector Py of C, and P := Py(-) P, for Py := 1, — P,.
Let the code-space of C be stabilized by S := ({S; }i=1
a set of (n — k) commuting and independent n—qubit CSS observables, of which the
first r < n — k are X-type while the rest are Z-type.
Let us define channels &y, &; as

Eo(+) = (trpn—r oU)(-) ® |0)X0], and (5.40)
E1() = o |1)1] tr(+) (5.41)
We can then express £ as £ = g o P + & o P.

By Claim 5.3, C can be decoded by a unitary U = [H®" ® 1,,_,_,]V for some
V € G(n). Since the Hadamards before V' only take place on qubits 1 through n — £,

..........

we have by the cyclic property of the trace that
() = (trpn—r 0 V)(-) @ [0X0], (5.42)

where V(-) := V(-)VI. We thereby see from Claim 5.2 that & and & are both
completely CSS—preserving.

Let s be an n-bit string denoting the outcome of the syndrome measurement for
C, where s; is the outcome of measuring the observable S;. By definition, Py projects
onto the subspace corresponding to the zero syndrome outcome, and is therefore
the product of commuting CSS projectors that successively project onto the (+1)-
eigenspaces of each .S, i.e.

n—k
i=1

Furthermore, we have that
E1oP(X)=0® |[1){1]tr [FOXFO] =0 ® [1)1]tr [?OX} (5.44)
Now P, = e 20 Pss where each P, is a product of commuting projectors onto the

(—1)* eigenspace of each S;, i.e.

n—k
Py =] Pu(S), Pu(Si) = %(h +(=1)%S)). (5.45)

i=1
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Substituting into Eq. (5.44), and defining P := P,(-) Ps, we obtain

£ 0 P(X) = 0 @|1)1]r [<2P3> X

s#£0
=> o @ 1)1]tr [P.XPJ]
s#£0
= Z 51 O PS' (5.46)
s#£0

We have thereby shown that £ = & ® Py + Z#O &1 ® P, in which P, is a prod-
uct of commuting projectors onto the eigenspaces of CSS observables such that
> Ps =1,,and & and &, are both completely CSS-preserving channels. Therefore,
by Claim 5.4, we conclude that £ can be stochastically represented. O

The stochasticity of CSS code projections allows us to describe induced state trans-
formations via relative majorization, thereby the entropic results of chapter 4 of odd
dimensions are transferable to qubits, as discussed in the following section.

5.3 Entropic bounds for CSS protocols

CSS circuits become capable of universal quantum computation with the injection of
rebit magic states [98, 108], which are real and therefore represented in Eq. (2.65)
by valid quasi-distributions with negative probabilities. So far we have established
the stochasticity of CSS protocols. In this section, we therefore turn our attention to
deriving constraints on magic distillation performed by CSS protocols based on the
statistical mechanics of the Wigner representation.

It turns out that it is natural to study the quantity AD,, that expresses the differ-
ence of the output from the input divergences between magic and reference states,
which we define in Eq. (5.48). In section 5.3.1, we provide abstract bounds on
generic CSS protocols in terms of AD,, given in Claim 5.6. In section 5.3.2, we
specialize in CSS code projections and prove several technical aspects of A D, which
we use to demonstrate the existence of upper and lower bounds on the number
of input copies n in Claim 5.9. The upper bounds appear conditionally on the a—
Rényi entropy of the input magic state. We then derive explicit expressions for these
bounds in Claim 5.13 that are applicable in the context of any CSS code projection.
In section 5.3.3, we discuss an example application of our bounds on Hadamard
state (Eq. (2.88)) distillation and finally, as a sanity check, we show in section 5.3.4
that our bounds are non-trivial, by comparing them with a simpler data-processing
inequality applicable directly on the quantum density matrices of the magic states.
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5.3.1 Bounds on generic CSS protocols

Since every CSS protocol is stochastically represented, we can use the a—Rényi di-
vergence as defined in Eq. (3.65) with properties outlined in Claim 4.10, to obtain
the following family of constraints on rebit magic distillation.

Claim 5.6. Let p be a noisy rebit magic state, and T be a CSS state in the interior of
F. If there exists a CSS distillation protocol £ such that p' = E(p®") and 7' = E(T%")
is also in the interior of F, then

AD, >0, (5.47)
for a = % with positive integers a, b such that a > b, where
ADy :=nDo(W, || W;) = Do(W, || W). (5.48)

Proof. The result follows by direct substitution of p’, 7/ and use of the properties in
Claim 4.10. O

Similarly to the odd dimensional scenario, the reference process 7" — 7/ can
be viewed in three different ways: (1) as a variational parameter, (2) as encoding
physics of the quantum device, or (3) as a way to exploit structure in a family of
protocols, which we now elaborate on in turn.

Firstly, it can simply be treated as a variational parameter, which can be optimized
over to obtain the following set of monotones on CSS protocols

Aa(p) = inf Da(W, || W5), (5.49)

for o = 2a/(2b— 1) with positive integers a, b such that @ > b, and where the infimum
is taken over the convex set of CSS states F. For odd dimensional systems, we can
obtain the same family of monotones, for example by letting F denote the set of
stabilizer states STAB. To see that Eq. (5.49) constitutes a monotone family for
CSS protocols, we recall D, (W, || W;) > 0 for all p, 7, with equality if and only if
p = 7 according to Claim 4.10. Given any rebit state p, let 7, be a solution to the
optimization problem in Eq. (5.49). Then if there exists a CSS protocol £ such that
E(p) = p', we obtain

Aa(ﬂ) = Da(Wp H WTp) > Da(Wp’ H WE(Tp)> > Aa(p/), (5.50)

where the first inequality follows from generalized relative majorization and the
second inequality follows by the definition in Eq. (5.49). Therefore, the set of all
well-defined {A,} form an infinite set of monotones on the class of CSS protocols. It
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is straightforward to see that A, are sub-additive, i.e. A,(p®") > nA,(p) (which fol-
lows from the additivity of the generalized a—Rényi divergences). Therefore, these
A, monotones allow us to set global bounds on any CSS protocol. More precisely,
if there exists a completely CSS—preserving distillation protocol £ € O such that
E(p®™) = p/, then the overhead n is lower bounded as

(5.51)

Secondly, the reference process can be chosen appropriately to encode the par-
ticular physics of a protocol (or family of protocols) of interest. For instance, in
section 4.2.2, the Gibbs state defined at reference temperature 7" is assumed to be
preserved in order to encode some background temperature or free energy produc-
tion that takes place during the distillation protocol.

The third way of interpreting the reference process is by choosing it appropriately
in order to exploit some structural symmetry of CSS protocols. We demonstrate this
in the next section with CSS code projection protocols.

5.3.2 Bounds on CSS code projection protocols

We will now see that there is a natural choice of CSS states 7 and 7’ such that
7¥" — 7' common to all n—-k CSS code projections, based on the intuition that the
code projection component £p of the channel in Eq. (5.22),

E(-) = Ep(-) ® |0X0] + tx[P(-)]o @ [1)1],

is always sub-unital. To see this we first note that the identity operator on n qubits
can be decomposed as 1,, = P + P for the code-space projector P of any [[n, k]] CSS
code. Therefore, &, always acts as

&1, =Ep,p = Ep. (5.52)

n

Since P is the logical identity on k logical qubits, i.e.,

P= Y |k)kr| =1y, (5.53)

ke{0,1}k

the decoding of P in Eq. (5.52) must give an output state that is proportional to
the maximally mixed state on k physical qubits, and so (omitting normalization
constants) we obtain £(1,,) o 1. Therefore, the code projection component of the
distillation channel is indeed sub-unital. Finally we note that since P is a rank-2*
projector, the acceptance probability associated with this protocol is p = tr [P12] =
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2k Putting this all together, we find that under any n—k CSS code projection the
maximally mixed state on n qubits gets mapped to

1\®"
5[(5) ]—Tn,k, (5.54)

where we have defined the output state
1
s =287 "2’; ® |0X0| + (1 — 25"™)o @ |1)(1] (5.55)
which only depends on the number of stabilizer generators n — k of the CSS code.
We can therefore conclude that, if there exists an n—-k CSS code projection such
that p®" — pp/, then AD, > 0, where

AD, =nD, (Wp

) = D0, 11 W5,0), (556

which we define over the restricted domain n € [k, oo], so that the number of logical
qubits cannot exceed the number of physical qubits.

For any given p and rebit state p, we have the following continuous function of n
defined on the interval n € [k, ),

ADa ::D ( p®n H W[%] ) Da (pr H WTn,k)
—nDa(W, || W3) = Do (W, || W) (5.57)

which gives change in distance, as measured by the a—Rényi divergence, between
two quasi-distributions and their reference probability distributions. This allows us
to express the necessary condition in Claim 5.6 specialized to the transition p®" —
pp’ under a n—k CSS code projection via AD,, > 0.

It will also be quite useful to introduce the following general mean Q,(- || -) on
the quasi-distributions w = (wy,...wy)", r = (r1,...7y5)", which we define via

Qu(w || 7) = ola=)Da(w || r wa’r} e, (5.58)
We now have the following technical result, which will allow us to simplify the
expression of our constraint functions AD,.

Claim 5.7. Consider the rebit quantum states py, p1, To, 71, Where 7; for i € {0, 1} lie in
the interior of F. Moreover; let 1y, 1, be two perfectly distinguishable register states in
F such that tr[ygi1] = 0. Then, the following identity holds,

Qa( Popo@Yo+p1p1 @Y1 H WQOT0®¢0+II1T1®¢1)
= po‘k% aQa( PO H WTO) +p1q% aQOé< p1 H Wﬁ) (559)
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which in turn implies the inequality

Qa( P0p0®Yo+p1p1 @Y1 H WQOTO®1ZJ0+Q1T1®¢1) > Po qé aQa( PO H WTO) (560)

Proof. By assumption the register states v, y»; have zero overlap:

tr(toyn] —2ZW¢O YWy, (u) = 0. (5.61)

Now since ¢; € F we must have Wwi(u) > 0 for all uw € P and for each i € {0,1}.
We can thus conclude from Eq. (5.61) that

Vo = supp(Wy,) € ker(Wy, ); (5.62)
Vi = supp(Wy, ) C ker(Wy,). (5.63)

With this in hand, we can explicitly evaluate:

Q&(WP0P0®¢0+Z)1P1®¢1 H Wq0T0®1b0+Q1T1®¢1)

- Z [Z (PoW o () Wiy (1)) (G0 W, (1) Wy (0))' ™ +

ueP Lvely

S (W (W)W (0))" (@2 Wi, ()W, ()"

veV]
Z [p(] ql aW aWTO 1 ey Z Wl/)o +p1 ql aW ( aWTl 1 o Z Wi,lu
uep veVp veWp
=50 " D Woo(w) Wy (W)™ p7ay ™ Y W, (u) "W, ()
uepP u’'eP
—poqé aQa( PO H WTO) +p1 q% aQa< P1 H WTl) (564)

where in the third equality we used the normalization of the representation. The
inequality in the statement of the Claim then follows from the fact that both terms
on the right hand side of Eq. (5.59) must be non-negative, completing the proof. [

With this property in hand we can make the non-trivial n-dependence in AD,,
more explicit and moreover we highlight in Claim 5.8 the fact that, in case of a
failed run, the choice of CSS state the system is left in is arbitrary.

Claim 5.8. Let us define the function Q,(w || r) := 2(e=VP(wlI") for quasi-distribution
w and probability distribution r with positive components. Let the maximally mixed

(st ]

(5.65)

state on k qubits be written as 1;/2%,. Then, we have:
1 (0%
1 log p Qa Wp’

It follows that the function AD,, is independent of the choice of state o.

AD, =n(1—H,[W,])+k — =
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Proof. By Claim 5.7, we have the following expansion

Qa (W, [1Wr,) =" (27707 Qu (Wi 1 Wy )+ (1= (1= 247) 7 Qu O | 72)

. 1 a—1
= (2nh) [paQa (Wp' ] W;%) +(1=p)* (m) ] ’
(5.66)

where in the last equality we have used @, (7 || ») = 1 for all probability distributions
r. Therefore, since D, (- || -) = 5 log Qu(- || -) we have

1 i . 1 a—1
D, (pr I WTM) =n—Fk+ a—llog [P Qo <Wp’ I W;‘T@) +(1—=p) (2n—k_ 1) ] ‘

Substituting Eq. (5.67) and D, <Wp

W%) = 2 — H,[W,] into Eq. (5.57) gives the

result as claimed.

By inspection, the form for AD,, given in Claim 5.8 has no dependence on o. This
also follows from a resource-theoretic argument. In particular, we observe that the
following quantum channel is straightforwardly stochastically represented for any
state w € F

E')=1® Py(:) + o'tr @ Py(-), (5.68)

where Py (-) = |k)Xk| () |k)}k| for k = 0,1, since it is a composite channel formed
from elements in O. It then follows that for any ¢’ in the interior of 7, we have

Do (Wy, | Wi, ) = Do (Wero) | Wer(r, 1)) = Do (Wigoen (o) 1| Wigosr)r, 1)
=D, (W, | W.,). (5.69)

We therefore conclude that
Do (€'(W,,) || €(W,,.,)) = Do (W, [| W) (5.70)

and thus the corresponding bounds are unaffected by the choice of the reference
state o.

We now highlight some properties of the relative entropy difference AD,, stem-
ming from basic properties of a—Rényi entropies and divergences.

Claim 5.9. The relative entropy difference AD,, satisfies the following properties:

1. AD, is concave in n on the domain n € [k, oc|;
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2. AD, is negative in the limit where n = k:

lim AD, < 0; (5.71)

n—kt

3. If H,[W,] > 1, then AD,, is also negative in the asymptotic limit

lim AD, <0, (5.72)
n—oo
for p < 1, any rebit states p, p/, and o = 2§f1 with positive integers a, b such that a > b.

Proof.

1. Let us define the function

g(n) =

1 a—1
c1 + ¢co <m) ] . (573)

We can now re-express AD,, from Claim 5.8 as

AD, =n(l—H,W,|) +k— log g(n), (5.74)

a—1
and since the first term is linear we need only check the second derivative of
the second term to establish that AD,, is concave. We have

1
2AD, = —mag log g(n)

log 2 254" (¢ (28 + (o — 1)27) (207% — 1) + ¢y (27 — 2F))
(27 — 2K) (1 2F (20=F — 1) 4 ¢, (20 — 2F))?

(5.75)

Since ¢y, co > 0 for all p’ and p, the term in square brackets is non-negative for
all n > k,a > 1,p' and p (strictly positive for p < 1), which implies 9>2AD,, is
non-positive everywhere on our restricted domain. Therefore AD,, is concave,
as claimed.

2. Recalling that o > 1, we have from Claim 5.8 that

|
a—1 8

n—kt n—kt

lim AD, = lim {n(l—Ha[WP])+k—

1 a—1
C1 + Co —Zn_k 1
N 1 a—1
C C T —
1 2 2n—k ]

= —00 < 0, (5.76)

1 )
= —kH,[W,| — P n11>11?+ {log

so long as ¢, > 1, which is true if and only if p < 1.
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3. We have:
1 a—1
o s () )

=k~ ——logles] + lim {n (1~ Ho[1V,))}

= k= Do (Wyy | W7> + lim {n (1~ Ha[W,])}
= Hal Wy — b+ lim {n (1 - HJ[W,))}

—00, H,[W,] > 1,
=\ HoWppl =k, Ho[W,] =1, (5.77)
+00, Ha[Wp] < 1.

Therefore, if H,[W,] > 1 then lim,,_,,, AD, < 0, as claimed.
L]

An immediate consequence of Claim 5.9 is that if AD, is non-negative anywhere
on its well-defined domain, i.e., an n—k CSS code projection protocol is not com-
pletely ruled out for any number of input copies n, then it has one or two roots
located at n¢ and nf. These roots correspond to lower and upper bounds on the
permissible code length n, respectively. More formally, we arrive at the following
statement.

Claim 5.10. Let p be a noisy magic state on Hs. If p®" — pp’ under a n—k CSS code
projection with acceptance probability p, then we have the following lower and upper
bounds on n, respectively

n >ng =inf{n: AD, > 0}, (5.78)

n < ng = sup{n: AD, > 0}, (5.79)

2a
2b—1

such that H,[W,] > 1, we obtain a finite upper bound on n from this latter expression.

for a = with positive integers a, b such that a > b. Moreover; if there exists an «

We highlight that »n in Claim 5.10 refers to the code length of a single run of a
distillation protocol, as opposed to the the asymptotic overhead. However, single-
run n still constitutes a useful metric for analyzing the actual resource cost of a
given stage of a protocol. Moreover, distillation costs are typically dominated by the
final round of a multi-stage distillation protocol, see for example [43] and references
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contained therein, so we expect the above bounds to be particularly informative in
this context.

For sufficiently low k, these bounds can be computed numerically using basic root-
finding methods. However, it turns out that by upper bounding »{; and lower bound-
ing n¢, we can find useful closed analytic forms for upper and lower bounds on n.
To this end, let us first define the trace norm, also known as the Schatten-1 norm of
an operator X,

| X, = tr|X| =trvVXTX. (5.80)

For a vector w € R?, this reduces to the ¢;—norm,

d
lwll, = Jwi. (5.81)

i=1
For a Hermitian matrix H, ||H||; = ||A||,, where A denotes the vector of the eigen-

values of H. Using these standard norms, we can reproduce a basic result stating
that two states being close is equivalent to their Wigner representations being close.

Claim 5.11. If ||p — ||, < 0 for states p,o € B(HS", then ||W, — W, |, < 6, where the
Wigner representations W,, W are defined according to Eq. (2.65).

Proof. The operator p — o is Hermitian, so we can write out its eigendecomposition
as

p—0= Z A [Ai )il - (5.82)

Then, we can proceed as follows,

W, = Woll, = 32 IW,l2) ~ Wa(2)| = o 3 [nlAL(p— o)

1 1
= e 2L 2o M AL | < o Y N[ AL )|

1 1
=3l =lp—all,. (5.83)

The inequality is an application of the Cauchy-Schwarz inequality, and it is followed
by employing the properties of positivity and completeness for the qubit phase-point
operators as laid out in Claim 2.12. O
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We can further bound the entropic distance between representations when the
states are d—close.

Claim 5.12. Let p and o be two quantum states on Hy" such that ||p — o||, < 6. Then,

(07

Ho(W,) = Ho(Wy) < ———log (14 4"5). (5.84)

Proof. We restate Theorem 7 of [174] for two 4"—dimensional probability distribu-
tions w, w’,

«

|Hao(w) — Ho(w')] <

. log (1 +4"|w — w'[],). (5.85)

We can show that this continuity statement on the a—Rényi entropies applies to
quasi-distributions as well. The proof of this is essentially reliant on the monotonicity
of p—norms,

lwl|, > [lwl],, for 1 <p < ¢ < oo, (5.86)

which also holds for quasi-distributions w of dimension 4", where

qn 1/p
[wl], = <Z !wi\p> : (5.87)
=1

The result then follows immediately from Claim 5.11. O

We are now in a position to derive analytic constraints on n—k CSS code projection
protocols.

Claim 5.13. Let p be a rebit magic state and assume that p®" — pp', under a CSS code
projection, where || p' — ¢®*||| < 0 and 1) is a pure rebit magic state.
Then, for all « = 2a/(2b — 1) with positive integers a, b such that a > b, we have the
following family of upper bounds on n,
k[Ho(Wy) = 1] + 27 log o7

n < AUA _1 , (5.88)

when H,(W,) > 1 and the following family of lower bounds on n,

K[L = Ha(Wy)] — 27 log 55

n > T H () , (5.89)

H,(W,) <1
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Figure 5.2: (Lower bound comparison). We plot lower bounds on the number of
copies n of the noisy H-state (1 — €) |[H)(H| + €2 required to distill a single output
qubit |H) with output noise ¢ = 107 and acceptance probability p = 0.9 under
a CSS code projection protocol, plotted as a function on input noise . Our lower
bound from majorization (maj.) is shown to be tighter those from mana [104] and
generalized robustness (GR) in [89]. However, it only outperforms the lower bound
from projective robustness (PR) in [175] in the high p, high e regime.

Proof. From Claim 5.7, we have

1 l—«
Qa(Wp, [| Wz, ) = p* <2nk) Qo (W ||Wy /1) . (5.90)

Since for o« > 1, logz/(aw — 1) is a monotonically increasing function in z € R, it
follows that

1 1 11—«
DaWo, [ Wrs) 2 Ty log [p“ (2) Qa (W, Wm] (5.91)
(6]
= Da(Wy || Wyjar) + a_llogp-i—(?”L—k?) (5.92)
— k— Ha(W,) + Oﬁ -logp + 1, (5.93)

where in the final equality we used the identity D, (W, || Wi,/q) = 2logd — Ho(W,).
We can make use of the continuity of the a—Rényi entropy from Claim 5.12 to
further lower bound this divergence as

«Q «Q
| 1446
a—10g< + )+a—1

= k[l — Ho(W,)] — 1f‘alog1f45+n, (5.94)

Do(Wp, [| Wi, ) =k — Ho(Wyer) — logp +n

where the equality follows from the multiplicativity of the a—Rényi entropy.

112



5.3. ENTROPIC BOUNDS FOR CSS PROTOCOLS

: . . : PR : :
125} p=0.1 . — ny 15t p=0.9
100 | - n*
| 10}
c 75 c
50 sl
25t .
ol . | 1 (a) ot . 1 (b)
0.0 0.1 0.2 0.3 0.00 0.05 0.10
£ £

Figure 5.3: Finite bounds on CSS code lengths for magic state distillation pro-
tocols. We plot upper and lower bounds on the number of copies n of the noisy
H-state (1 — €) |[H)(H| + e} required to distill a single output qubit |H) with output
noise ¢ = 1079 via projection onto the code-space of an [[n, 1]] CSS code. The shaded
purple region shows the accessible region of parameter space prescribed by the in-
tersection of our numeric upper bound n;; (red curve) defined in Claim 5.10 and the
lower bound from projective robustness (PR) introduced in [175] (blue curve). The
analytic upper bound n* (dashed yellow curve) defined inEq. (5.100) is shown to
form a good approximation to the numeric bound 7. (a) Bounds for p = 0.1. (b)
Increasing p to p = 0.9 the upper bounds become considerably tighter.

This gives rise to the following upper bound on the relative entropy difference
ADy = nDo(W, || Wyq) — Do(W,, || Wy, ) as follows

p
1446

This gives a weaker but still necessary constraint on the transformation p*" — p,

0 < ADy <n(l—Ho(W,)) + k(Ha(Wy) — 1) + (5.95)

|
11—« 08

and (1/2)®" — 7, %, which we rearrange to write as

p
_ < — . .
n(H,(W,) —logd) < k(Ha,(Wy) — 1) + a log 1 (5.96)
Therefore, for H,(W,) > 1, we can rearrange Eq. (5.96) to obtain Eq. (5.88),
whereas for H,(W,) < 1 we obtain Eq. (5.89), which completes the proof. O

5.3.3 Hadamard state distillation

As an explicit example illustrating the results of Claim 5.13, we discuss here the n—1
distillation of the Hadamard state which is given in Eq. (2.88). It is sufficient to
consider input magic states of the form

pule) = (1 — &) |HYH| + %, (5.97)
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with 0 < e < 1 depolarization noise, since any other input magic state p can be
converted into this form via the pre-processing channel

Eprep(*) = %1(')1 + %H(‘)H (5.98)
without altering its fidelity with respect to the Hadamard state |H).

In Fig. (5.2) we plot the performance of our lower bounds applied to any CSS
code projection protocol for a noisy H-state. In all parameter regimes, our lower
bounds are observed to be tighter than mana [104] and the generalized robustness
bound of [89]. Our lower bound gives tighter constraints than the p—independent
projective robustness bound [175] in the high p, high ¢ regime. Outside of this
regime, however, our upper bound is still able to give additional constraints over
the projective robustness bound. In particular, in Fig. (5.3) we plot the combined
information of our upper bound with the lower bound from projective robustness.
As illustrated, combining our upper bound with a lower bound significantly restricts
the parameter regime in which distillation is allowed.

Taking CSS protocols to be our free operations, the appearance of upper bounds
on n might first seem to contradict a resource theory perspective, where, since dis-
carding subsystems is a CSS operation, we would anticipate n + 1 copies of a noisy
magic state to be at least as good as n copies at distilling magic. However, in spe-
cializing to code projection protocols, we are in fact considering a resource theoretic
approach to magic subject to the additional constraint (1/2)®" — 7, ;. Crucially, the
output state depends non-trivially on n.

For n—1 CSS code projection protocols of Hadamard distillation, one can also show
that there always exists a valid set of indices « such that

Ho (Woy()) 2 Ha (Wianm) > 1, (5.99)

for all e for which W,, () contains a negative component. This is illustrated in
Fig. (5.4), where we see that even the ¢ = 0 condition gives a finite range of «
such that H,(W|gym) > 1. We can therefore conclude that n-1 CSS code projection
protocols for H-state distillation are ruled out in the limit n — oo as there is always
valid upper bound on n.

Moreover, we find that for the n—1 Hadamard-state distillation protocols, the upper
bound in Eq. (5.88) takes on a particularly simple form. By evaluating the o = 2
condition explicitly, we find that given a code projection £ such that E[py (€)®"] = pp/,
where ||p' — |[H)H]|||, < €, then

2log <1+—45>
n<n* P

ST legll (1 — 0 (5-100)
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Figure 5.4: «-Rényi entropies & magic distillation We plot the condition in
Claim 5.10 for the existence of finite upper bounds on n in an n-1 CSS distilla-
tion for the qubit H-state distillation, signified by region where H,[W,]| > 1. Even
in the limit of zero input noise ¢ = 0 we obtain a valid set of permissible «, which
implies that H-state distillation under n—1 CSS code projection is ruled out in the
asymptotic limit n — oo. We further highlight that the noise level ¢ = 0.3 (dashed
curve) is outside of the region where p(¢) is magic (0 < e <1 — \/%), and therefore
w

P
satisfy standard monotonicity properties at this input error.

(¢) is a proper probability distribution at ¢ = 0.3, which is why H,, is only seen to

This expression captures the fact that under a CSS code projection protocol, there is
a fundamental trade-off between acceptance probability and output fidelity. In par-
ticular, for any fixed code length n and input noise ¢ > 0, we cannot simultaneously
obtain zero output noise ¢ = 0 and unit acceptance probability p = 1. To further
investigate this trade-off, in Fig. (5.5)(b) we plot the maximum achievable fidelity
with respect to the Hadamard state,

Frax(p) = max {(H| p' [H) : £(p°") = pp'}, (5.101)

under an n—1 CSS code projection. The maximization is performed over the accep-
tance probability that defines the set of all CSS code projection protocols.

5.3.4 Majorization bounds and data processing

We have seen that stochastically represented [[n, k|] code projection protocols give
rise to a set of no-go results according to Claim 5.13, in the form of a set of upper
bounds on n. By comparing to the data-processing inequality (DPI) on quantum
states [114], we see that although the existence of upper bounds is a generic feature
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Figure 5.5: Majorization gives independent constraints over DPI. (a) Shown is
how (scaled) Any == npP! — nf}* varies over all possible values of acceptance prob-
ability p and a realistic range of input noise ¢, with fixed ¢ = 107?. Whenever we
have log,,(Any + 1) > 0 means that upper bounds from majorization give tighter
constraints than the DPI, reaching Any = O(10*) in the low p, low ¢ regime. (b)
We show the trade-off relation given by bounds on the maximum achievable fidelity
Frax(p) vs. target acceptance probability p, under an n—1 CSS code projection, where
p = 3|H)YH|+ §1. For p above a given threshold (=~ 0.6) no perfect distillation is
theoretically possible, even for n — oo copies of the input state. Majorization (maj.)
is shown to give stronger constraints than that of DPI.

of code projection protocols, exploiting the stochasticity of the protocol representa-
tions gives strictly stronger bounds.

To begin, we note that if there exists a (stochastic or otherwise) code projection
channel £ that maps p®™ — pp/, then the DPI for quantum channels states that

8 g 1 8
AD, = nD, (pH§> — Do (pp || Tak) >0, (5.102)

for all o € (1,00) [176], where D,(p || 7) is the sandwiched a—Rényi divergence
[177,178] on the normalized quantum states p and 7, which is defined for « € (1, 00)
as

Dolp || 7) = - i 7 log tr [(T%pT%>a] . (5.103)

Now if p®"* — pp’ under any such channel, then we have the following family of
upper bounds on n,

n < ny = min max{n : AD, > 0}. (5.104)
which turns out to be finite whenever « is such that H,(p) > 1.
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Since one can also obtain upper bounds from simple data processing of quantum
states, we now ask whether majorization gives genuinely new constraints on magic
state distillation using CSS protocols that go beyond DPI constraints. Since our ma-
jorization conditions are a consequence of the stochastic representation of all CSS
operations, while the DPI arises from the fact that all quantum channels are CPTP,
this question may be loosely rephrased as asking whether stochasticity imposes ad-
ditional constraints beyond those imposed by CPTP on CSS magic state distillation.

Fig. (5.5) shows that we can answer this question in the affirmative, since our
majorization upper bound is observed to impose much stronger restrictions than
that given by the DPI over a wide range of parameter regimes. For example, in
Fig. (5.5)(a) the low acceptance probability p and input noise ¢ regime, we find the
difference in upper bounds Any = np*! — n}* is of the order 10*. We thus con-
clude that the upper bounds on CSS code projections stemming from majorization
on quasi-distributions go beyond those of DPI.

Overall, we have overcome known obstacles in the qubit Wigner representation,
to develop a meaningful statistical mechanical framework that allows us to derive
bounds on qubit magic distillation in the form of relative entropy changes between
the magic states and reference “free” states throughout the distillation process. To
this end, we first establish in Claim 5.5 the stochasticity of a particular, useful sub-
class of stabilizer protocols, called the n—k CSS code projections. We then proceed to
demonstrate how our statistical mechanical framework on quasi-distributions from
chapter 3 leads to the existence of upper and lower bounds on the number of in-
put copies n in Claim 5.9, before deriving explicit expressions for these bounds in
Claim 5.13.

We can view the derived bounds as non-trivial trade-off relations between protocol
parameters, including the input and output number of copies n, k, errors ¢, ¢ as
well as the protocol success probability p or fidelity of the output state ¢, i.e. the
distance ¢ of the output state from a pure magic state. Therefore, they provide
significant constraints on the parameter regimes that magic distillation is allowed in
the context of qubit CSS code projections. Our lower bounds complement previous
work on lower bounds from qubit magic monotones, while the appearance of upper
bounds is striking as they constitute the first set of trade-off relations that act as
fundamental upper bounds on the resource cost for a family of distillation protocols.
Upper bounds are therefore particularly promising in bounding allowed parameter
regimes.
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Chapter 6

Faster Born probability estimation

In chapter 4 and chapter 5, we have utilized the Wigner representation of quantum
states and channels to characterize magic state transformations in qudit systems of
odd and even dimension d respectively. The work of the preceding two chapters
thus sets bounds on the potential of quantum processes to provide quantum compu-
tational advantage. In this chapter, we explore the boundary between classical and
quantum computational capabilities, via a different approach: we enhance the abil-
ity of classical estimation methods to approximate quantum processes. For this pur-
pose, we use a family of representations, called frames, that generalize the Wigner
representations used in the previous chapters. The negativity present in these rep-
resentations is still the central figure of merit, but it now manifests itself as the cost
of the classical sampling algorithms we use to sample quantum circuit probabilities.
We therefore develop methods to parameterize the frames that represent a given
quantum circuit, allowing us to minimize the total negativity present, by varying the
parameters.

This chapter is organized as follows. In section 6.1, we review known methods
of classical estimation of quantum probabilities and outline our original contribu-
tions. In section 6.2, we provide parameterizations applicable to quasi-probability
representations for qudits of any dimension, as well as the main known sampling
algorithm that uses quasi-probability representations of the components of a given
quantum circuit. In section 6.3, we outline our results within the context of the cur-
rent state of quasi-probability simulators, and then we proceed to describe our two
novel sub-routines in detail in section 6.4 and section 6.5.
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6.1 Techniques for quantum probability estimation

6.1.1 Review of probability estimation methods

Probability estimation methods are varied and aim to explore the efficiency of circuit
sampling or simulation beyond the regime of quantum circuits that admit tractable
classical representations. The estimation methods we mention throughout this chap-
ter can be classified under one of two leading approaches [89,179]. The first involves
stabilizer rank-based simulators [113, 180-185], which rely on approximating the
circuit components by stabilizer operators. Every state or operation is assigned an
exact or approximate stabilizer rank [181] indicating the number of stabilizer (Pauli)
operators required to perform an exact or approximate decomposition of that com-
ponent. If a circuit component is non-classical, its stabilizer rank grows large thus
inducing an exponential run-time cost for the estimation of the outcome probability.
Algorithms based on stabilizer decompositions have been very successful in estimat-
ing outcome probabilities of circuits dominated by Clifford gates and supplemented
by a few types of magic states [113,179,180]. These Clifford simulators are general-
ized from pure to noisy settings by the recently proposed density-operator stabilizer-
rank simulator [89]. Furthermore, computing the stabilizer rank of arbitrary gates
appears to be an intractable problem in the general case, so recent improvements on
computing stabilizer rank bounds for specific non-Clifford states enhance run-times
significantly [186].

The other family of estimation methods relies on quasi-probabilistic representa-
tions of circuit components [40, 89,92, 187-189] which are more general forms of
Wigner representations, as we discuss in section 6.2. Such methods are in principle
directly applicable to any quantum circuit without the need for state decomposi-
tions, in particular circuits with induced noise. They are based on the notion of a
frame representation for the components of the circuit [95,96]. Specifically, all com-
ponents are represented by quasi-distributions in a certain frame and sampling on
these distributions can be performed. Since any state or gate admits such a represen-
tation, quasi-probability simulators naturally apply to arbitrary circuits with noise.
Many such frames have been studied [95-97,189-192], and the run-time depends
on the total negativity that is present in the circuit representation [187]. A notable
frame simulator is the dyadic frame simulator [89] which relies on operator decom-
positions into stabilizer dyads |L) (R|, where |L) and |R) are pure stabilizer states.
This method assigns dyadic negativity to non-classical elements, which quantifies
the extent to which the operator’s optimal linear decomposition into stabilizer dyads
departs from a convex combination. The dyadic simulator is a state-of-the-art quasi-
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probability frame simulator for qubits, as demonstrated by its low run-time scaling
O(4%2%8%) with t non-Clifford gates [89]. However, optimizing the decomposition of
an operator in dyads is computationally challenging.

Stabilizer rank simulators generally offer two advantages over estimation methods
based on frame representations. Firstly, they can be used for sampling the circuit
output probabilities, which can be viewed as a stronger notion of simulation than
probability estimation. Frame representation methods produce probability estimates
with additive precision, which does not suffice for sampling [21,180]. Secondly, the
stabilizer-rank algorithms developed in [89,113,180] are quadratically faster as they
achieve a scaling of O(2%?%!) in the asymptotic limit. However, specialized simula-
tors (e.g. [113,180]) suffer from additional polynomial run-time factors, which tend
to be more significant compared to the exponential run-time for the experimentally
relevant case of big circuits with a low number of non-Clifford elements. Recently,
an algorithm of additive precision [179] has also been shown to asymptotically out-
perform the methods of [113,180], at least in certain parameter regimes.

6.1.2 Novel contributions to improved estimation

In this chapter, we focus on quasi-probability estimation methods based on frame
representations and look for a way to improve the performance of outcome prob-
ability estimation. Recently, there has been a proposal of a Monte Carlo sampling
algorithm which allows for quasi-probability estimation of circuits that contain a
bounded amount of negativity in their representation [187]. For classes of circuits
in which negativity grows only polynomially in the number of input states, this es-
timation algorithm is efficient. The negativity of the circuit therefore indicates the
hardness of the probability sampling problem. Although the negativity scales expo-
nentially with the number of non-Clifford gates, the scaling factors hugely depend
on the frame choice. Until now, however, the same fixed representation has been ap-
plied on every circuit component and the flexibility on reducing negativity has been
limited.

Our aim is to explore the extent to which varying the frame representations of the
components in a given circuit can lead to a reduction in the total circuit negativity.
To this end, we propose a pre-processing routine for any general quantum circuit,
which aims at reducing the negativity overhead required for probability estimation.
Our proposed routine consists of two distinct sub-routines:

1. Circuit gate merging: We introduce the idea of merging gates together into
new n—qudit gates for fixed n in the context of reducing sampling overhead.
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This sub-routine reduces the negativity of the entire circuit and is independent
of the estimation method used.

We demonstrate numerically that the average negativity reduction over a ran-
dom ensemble of circuits is greater as the number of non-Clifford elements,
e.g., T gates, increases and is comparable to recent asymptotic negativity
bounds [89, 193, 194]. Our routine does not depend on the specifics of the
circuit gate set and can therefore be used in cases of gates which are hard to
decompose, e.g., Haar-random gates.

2. Frame optimization: We introduce the idea of using different frames to rep-
resent the input and output phase spaces of the gates in the circuit. This is
inspired by work in continuous variables [195], but our approach is novel in
the context of discrete quasi-probability sampling methods.

We argue that this sub-routine compliments gate merging as an additional
source of negativity reduction when merging is no longer efficient. We then
demonstrate numerically that instances of Clifford+7 circuits and circuits with
Haar-random gates admit significant negativity reductions by introducing ad-
ditional frames in the circuit representation.

We note that a polynomial run-time for these classical sub-routines with respect to
the circuit size should be guaranteed to effectively reduce the overall run-time of the
sampling method. As proof of principle, we provide explicit algorithms in the main
text that ensure this condition for each sub-routine.

6.2 Preliminaries

6.2.1 Frame representation of quantum circuits

We first give a brief overview on classical circuit sampling based on the method
of frame representation. This is a generalization of the Wigner representation pre-
sented in chapter 2. Suppose that an N-qudit quantum circuit C' is composed of the
initial state preparation p, sequential quantum gates Uy, Us, . . ., U, and the measure-
ment effect £. The outcome probability of the quantum circuit

pe = t[Uy ... DU pUIUL .. UL E] (6.1)

can be estimated by describing the quantum state p as quasi-distributions over phase
space points A € Z2" and the quantum operations U; as the transition matrices of
the distributions. More specifically, a phase space can be constructed from a frame
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defined as a set of operators F := {F(A)} and its dual G .= {G(\)} [95,96], such
that any operator O is expressed as

0 =) tr[F(A)O]G(N). (6.2)

For a given frame, the outcome probability can be expressed in terms of the repre-
sentation as

L
pe = We) ] WUZ(AZ\Am] Wy(Xo), (6.3)
A0, AL =1
where we define
W,(A) = tr[F(A)p)], (6.4)
Wy(N|A) = tr[F(N)UG(A)UT], and (6.5)
We(A) = tr[EG(A)). (6.6)

The notation is suggestive as the frame representation is a generalized version of
the Wigner representation discussed in chapter 2. In the case where 1) p and £ are
products of local initial states and measurement effects, 2) W,(Ao) and Wg(X.) are
classical probability distributions, and 3) Wy, (A/|A;—1), for £ =1,..., L, are classical
conditional probability distributions for all /, efficient classical simulation is possi-
ble, where the sampling run-time scales polynomially with NV and L [103]. The
simulation is performed by sampling the trajectories of (A, ..., Ar) from the initial
distribution P(Ag) = W,(Ao) and the transition matrix at each step P(A\|A\_1) =
Wy, (A|Ai-1), which leads to the probability estimate, pc = Wg (Ar). Taking an av-
erage over M probability estimates converges to the Born probability as M increases.

6.2.2 Overhead of classical simulation

Non-classicality in the quantum process is represented by negativities in W,(\) or
Wy (X'|A), which gives rise to quasi-probabilities. In general, W,(A) and Wy (X'|A)
consist of real components that can attain negative values, while satisfying the nor-
malisation conditions,

> W,(A)=1and (6.7)
AezzN
> Wy(XN[A) = 1Lforall A € Z3, (6.8)
Xez2N

Despite the presence of negativities in the distributions and update matrices, Monte
Carlo methods can still be used with adjustments as introduced by Pashayan et
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al. [187] in order to perform probability sampling. This can be done by sampling
over P(Xo) = [W,(Xo)l/ D, IW,(Ao)| for the initial state preparation and taking the
transition matrix of P,(A|Ai—1) = [Wy,(ANi|Ni21)|/ ZAI |Wu, (N[ A21)] for the quantum
gate, while keep track of the signs. In this case, the probability estimate is modified
to

po = sign (Wp()\o) 11 WUZ()\,])\H)> x N, <H NUZ()\H)> We(AL), (6.9)

=1 =1
where we have defined

Ny =Y W, (o) (6.10)
Ao

NU1<)\I—1) = Z ’WUl(Al|>\l—1)‘ . (611)
Al

In order to converge to the Born probability, one can similarly take the average of
increasingly many probability estimates sampled over trajectories (A, ..., A;) using
distributions P(Xg) and P;(N;|A_1).

This directly relates the total amount of circuit negativity to the computational
overhead: the larger the negativity in the circuit, the more samples required for an
accurate estimation.

Claim 6.1 (Pashayan et al. [187]). The outcome probability pc of the quantum circuit
C' can be estimated by pc from the number of samples

2
M > M(e,6) = 5 N2In(2/5), (6.12)
€
with at least probability 1 — § of having error less than e. Here,
L
Ne =N, x HAO?}%\);—l Ny,(A=1) | H;\%X [We(AL)|, (6.13)

is the (maximum) circuit negativity.

As is clear by Eq. (6.12)), the negativity of the circuit acts as an overhead for the
convergence time of the sampling algorithm, therefore it is desirable to reduce it
before executing the sampling by considering different frame choices.

6.3 Main results

In this section, we develop a pre-processing routine to reduce the negativity of the
circuit, which in turn reduces the number of samples required to estimate the out-
come probability of the circuit. Our routine is applicable to any general circuit con-
sisting of a product input state and product measurement, but independently of the
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Figure 6.1: Sketch of routine on a toy circuit. The first step (a) — (b) is gate
merging, here implemented with n = 2. Gates that share input and output wires
merge in the schematic way depicted in the figure. The second step (b) — (c)
is frame optimization, here implemented with ¢ = 2 in a block B comprising the
three merged gates. The optimization results into updated frames G, G-, while the
remaining frames that connect the block B to the rest of the circuit components are
left unchanged at this optimization cycle.

input state dimension, the gate set (e.g. Clifford unitaries or Haar-random gates)
and adaptive operations based on intermediate measurement outcomes.

6.3.1 Frame parameterization

The central focus of our work is to consider frame parameterizations that are allowed
to vary across the circuit. It is clear from the definitions that the circuit negativity
of a given circuit in Eq. (6.13) depends on the choice of the frame G and its dual
G. Note that G and G are uniquely defined by each other for phase space dimension
equal to d?, where d is the qudit dimension. We therefore make the dependence
clear by labelling the representation functions by G:

WP (A) = tr[F(A)p, (6.14)
W9 (N|A) = tr[F/(NYUG(A)U'], and (6.15)
WE(A) = tr[EG(N)], (6.16)

where we used different frames, G and &', for the input and output wires respectively
in the definition of Wg/|g.

In order to ensure that the number of frames does not grow exponentially with
the number of qudits N, we restrict to product frames that are constructed as tensor
products of single qudit frames. This allows us to parameterize each single qudit
phase space separately, rather than the entire N—qudit phase space. Therefore, we
reserve the label G for denoting single qudit frames and the boldface symbol G for
denoting a set of single qudit frames. The negativity of each circuit component can
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now be expressed as

NS =YW, (6.17)
A
N9 = max [Z ‘Wg"g(,\'p\)‘] , and (6.18)
A/
N§ = max [IWZ(A)], (6.19)

where G, G’ contain elements from the complete set of frames required to represent
the circuit. In practice, each circuit component is parameterized only via the frames
that correspond to its input and output wires. For example, in Fig. (6.1)(b), when
parameterizing the first gate in the sequence, we can simply consider G as the set
{G1,G-} and G’ as the set {G3,G4}. If only a unique frame representation G is used
for all circuit components, then G = G’ = {G} in the expressions above and the
label can be dropped, simplifying to the notation of the previous section. The total
negativity of the parameterized circuit can now be expressed as a function of the

circuit frame set G:
L

Ne(G) = N9 x [H Ng’g] x Ng. (6.20)

I=1
We note that Claim 6.1 still holds by replacing No with the more general form
Ne(G). Our main objective is to study the reduction of this circuit negativity by
tuning G.

6.3.2 Examples of frame parameterizations

While our results are general and applicable to any family of parameterized frames,
in this chapter we deal with two examples of explicit, product frame parameteriza-
tions: (i) parameterized Wigner frames and (ii) rotated Pauli frames.

Parameterized Wigner frames employ the conventional phase space of the discrete
Wigner representation [96,97]. As a reminder, we re-express the discrete displace-
ment operator for a d—dimensional system as

D(p,q) = x(—2"'pq) Z" X", (6.21)

where x(q) = €?™/94, For a qubit system (d = 2), this takes the form D(p,q) =
iP1ZP X1, It can be generalized to an N-qudit system as

N
D(X) = ® D(pi, qi) , (6.22)
i=1
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where X\ = (p1,q1,p2,¢, .-, 0N, qn)T € Z2N denotes a phase space point of the
whole system. We then define the frame F = {F(\)} = {D(A)FyD'(\)} and its
dual frame G = {G(\)} == {D(A\)GoyD'(\)} using the following reference operators:

1 1
Fy = z; [W] D(N) (6.23)
Go = é ZA: g(A)D(=X), (6.24)

where we introduced the parameterization function g(A). Note that the following
relation holds:

g(A) = tr [GoD(N)] | (6.25)

so the parameterization function g(A) : Z2Y ~ C\ {0} can be fully characterized
by the reference operator GGy. In order to impose that ng (A) is real-valued and that
> AaW¥(A) = 1, we need the additional conditions g*(w) = g(—w) and ¢(0) = 1,
which are equivalent to G(T) = Gy and tr[Gy] = 1 respectively. By taking g(A) = 1
for all A, the conventional discrete Wigner representation [97] is recovered. One
can calculate the quasi-distributions of circuit elements via Eq. (6.14)-Eq. (6.16)
using the defined frame and dual frame. In odd dimensions, the parameterized
Wigner frame is a good choice for Clifford dominated circuits as Clifford gates do
not possess any negativity in the conventional Wigner representation. Therefore,
g(A) = 1 is already optimal for most circuit elements when considered in isolation
and constitutes an obvious starting point for frame optimization.

In the qubit case, it is known that the Hadamard and CNOT gates have non-zero
negativity even in the conventional Wigner representation [196], which motivates
us to introduce the next frame parameterization, valid only for qubits: the rotated
Pauli frames.

Rotated Pauli frames are based on the Bloch decomposition of a quantum operator.
Consider the set of displacement operators for a single qubit { D(\)} as defined in
Eq. (6.21) for X € Z2 = {(0,0),(0,1),(1,0),(1,1)}. The usual Bloch vector for a
single-qubit state p can be written as

W,(A) = %tr DA, (6.26)

and this defines a quasi-distribution with frame {3D(\)}. We can define a new
frame by applying a rotation to the space of the Bloch vector. Let us consider
a rotational angle vector 6 = (0x,0y,07) and a corresponding rotation operator
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R(0) = R(0;)R(0y)R(0x), where R(0x) = e %x*X/2 and similarly for Y, Z. Apply-
ing this to the Bloch vector in Eq. (6.26) results in a set of rotated displacement
operators, parameterized by 6:

D%(0,0) =1, (6.27)
D(0.1) — —sinfy e % cos by (6.28)
T\ etifx cos By sin Oy ’ '
Do(l 0) = cos By cos e~ (sin fy cos O, + isinfy) (6.29)
T\ etitx (sin @y cosfy —isinfy) —cos By cosfy, o
DO(1.1) = cos By sinf, e~ (sin fy sinf; + i cos 0z) (6.30)
T\ etifx (sinfy sinfz — icosfy) —cosfy sinfy, S

Then, we define the frame F = {F'(\)} and its dual frame G = {G(A)} as

F(\) = QLNDf’(A), (6.31)
G(A) = D%\, (6.32)

which provide a parameterized frame representation for a qubit. This can be gener-
alized to an N—qubit system via

N
D°(x) =) D% () (6.33)
=1

with @ = (04,0, ...,0y), where 0, is the rotational angle vector for the i—th qubit.
The rotated Pauli frames possess the desired property that all stabilizer states and
Clifford gates have zero negativity in the conventional Bloch frame representation
with @ = (0,0,0). Thus, when a given qubit circuit is dominated by Clifford gates, it
can be advantageous to employ the rotated Pauli frame.

6.3.3 Pre-processing routine for negativity reduction

The central idea of our pre-processing routine for negativity reduction can now be
expressed by the following lower bounds on gate negativity.

Claim 6.2. For two consecutive gates U and V/, the following bounds on negativity hold:
NI9NE9 > min NI9 NI > NOI9 (6.34)
g/
where G and G' are frame sets that represent gates U,V and UV
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Proof. The first inequality holds since G is one specific choice of the optimization
variable set G'. The second inequality is due to Claim 6.3 in the next section. O

Claim 6.2 motivates us to introduce two sub-routines applicable to any quasi-probability
estimation algorithm with run-time cost determined by the circuit negativity.

The second inequality in Claim 6.2 suggests that merging two gates into one is
generally advantageous in minimizing the total negativity. This leads to the first
pre-processing sub-routine, gate merging. The inequality is independent of the spe-
cific frame parameterization and can be directly extended to an arbitrary number of
gates. The trade-off is that the merged gate may be of a larger size. For example, if
U and V are 2-qudit gates sharing one wire between them, gate VU will be a 3-qudit
gate. The dimension of the merged gate increases exponentially as the number of
qudits involved becomes larger, hence one should truncate the maximum number of
qudits acted on by the merged gates, which we define as the spatial parameter n.

The first inequality in Claim 6.2 states that, unless the frames between two gates
in sequence are already optimal, we can always reduce the total negativity of the
two gates by optimizing the frames they share. This leads to the second sub-routine,
frame optimization. The optimization can be directly generalized to a circuit block
B containing a sequence of ¢ frames G by simultaneously optimizing all the frames
in the block, ming Ng(G). The temporal parameter / is the number of frames to be
optimized in one optimization cycle. The optimization takes place iteratively in the
sense that every optimization cycle optimizes the frames within a block, taking as an
initial state the optimized frames obtained from the previous cycle. This ensures that
negativity cannot increase above its initial value, no matter how many optimization
cycles occur.

Given fixed values for the truncation parameters n, ¢, we show in the following
two sections that the total run-time 7 of our routine is polynomial in the number of
circuit components,

T=0(N,L?. (6.35)

In general, larger n or ¢ give larger negativity reduction at the cost of additional
classical computation.

We note that gate merging yields lower negativity than any frame optimization be-
tween the gates. However, fixing n < N prevents us from merging gates indefinitely,
so frame optimization can then be used for further negativity reduction.

We present an algorithm for Born probability estimation, including our complete
pre-processing routine and sampling, in Algorithm 1 and illustrate its implementa-
tion on a toy circuit in Fig. (6.1). In the following two sections, we discuss in more

128



6.4. GATE MERGING

Algorithm 1 Outcome probability estimation with merging and optimization
Input: An N—qudit quantum circuit C' with a product input state p = p1®- - -®py,

the list of gates f = {Uy,...,U.}, and the product measurement operator E =
FE, ® --- ® Ey; the spatial parameter n; the temporal parameter /; the desired
accuracy e.

1: Run gate merging (Sub-routine 1) with the input gate sequence and n and return
the merged gate sequence {V}, ..., V. } with L’ < L consisting of gates acting on
at most n qudits.

2: Run frame optimization (Sub-routine 2) with the merged circuit and ¢ and return
the optimized frame sequence G.

3: Run a sampling algorithm to achieve the input accuracy ¢ according to Eq. (6.12)
using the quasi-probability representations of the merged circuit obtained with
the optimized frame sequence G.

Output: p., the estimated outcome probability.

detail how the two sub-routines, gate merging and frame optimization, can be imple-
mented. For clarity, we focus on qubit circuits and on the frame parameterizations
introduced in the previous section, although our methods are general.

6.4 Gate merging

The central idea of our first sub-routine, gate merging, is that the sampling cost of a
merged circuit block consisting of multiple quantum gates is in general lower than
sequential sampling of each gate. More precisely, this can be summarized as the
following observation:

Claim 6.3. Let {U;,Us, ..., Uy} be a sequence of quantum gates. The negativity of the
merged gate U = Uy ...UyU; is always less or equal to the product of the individual
negativities, i.e.,

k
NE <[] ME. (6.36)
=1
for any frame set G assigned to the gate sequence.

Proof. It is sufficient to prove the statement for two gates U and V. By noting that
the quasi-probability of the merged gate is expressed as

W (AslAn) =Y WE(As|Aa)WE (Xa| Ay), (6.37)
A2
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the negativity of the gate can be bounded as

N8, = max 3 (W, (Al A0)
A3

= mZ ;W3<A3|A2>W5<A2|A1>
3 2

< mﬁxz |Wg(>\2’)\1)‘ Z ‘W\g()‘3|)‘2)|
AQ )\3

< Nfmaxy [ (Xs]20)]
A3

= NZN§. (6.38)
We then apply this argument iteratively to any sequence of gates {U;,Us, ..., Ux} to
obtain Eq. (6.36), which completes the proof. O

Such a negativity reduction can be exemplified by considering the Toffoli gate,
which can be optimally decomposed into four 7" gates [197] along with Clifford
gates and Pauli measurements. We compare the negativity of the Toffoli gate itself
and its decomposed gate sequence using the Pauli frame, where the negativity only
comes from non-Clifford gates. One can readily observe that the Toffoli gate nega-
tivity NEauli. = 2 is lower than the total negativity of the decomposed gate sequence
[Nzlfauli]4 — 4.

The idea of reducing the negativity of quantum gates by merging ( Eq. (6.36))
can be compared to the sub-multiplicativity of magic state negativity characterized
by the robustness measure (R), which obeys R(p; ® pa) < R(p1)R(p2) [193]. In
particular, the robustness of the T state is equivalent to the negativity of the 7" gate
from the sampling cost viewpoint, as one 7' gate can be constructed using a single
T state along with Clifford gates [113]. In [193], the asymptotic negativity per
single 7" gate is lim;_o [R (|7)%")] Yt < 20272 which provides a lower bound on their
sampling run-time (4°%27%),

In order to compare this with the gate merging method, we consider an n—qubit
block consisting of Clifford+7" gates (see Fig. (6.2)(f) for an example with n = 5).
This can be compared to considering n 7" states in the robustness measure, having
the same number of qubits (i.e. the size of Hilbert space) in the block to evaluate
the negativity.

Fig. (6.2)(a-d) show the distribution of the negativity of 1000 random n—qubit
blocks consisting of 100 Clifford gates and ¢ T' gates. We observe that the negativity
per T gate after merging the gate sequences in a random n—qubit block can be oc-
casionally lower than the robustness measure of n T states [193]. We also note that
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the negativity reduction works efficiently when the number of 7" gate in the block, ¢,
increases. For example, when n = 5 and ¢ = 15, 95% of the randomly chosen merged
blocks yield negativity per T state lower than the robustness measure. We also plot
in Fig. (6.2)(e) the average negativity per 7' gate versus t, demonstrating that it is
decreasing, which implies that our approach can prove efficient when the structure
of the gate block considered becomes more complicated.

The main advantage of our approach is that it is not limited to a particular type
of gate set, e.g. Clifford+7 circuits, but can be directly applied to any types of
quantum gates. The aforementioned approaches using stabilizer rank, robustness
and generalized robustness rely on the gadgetization of a non-Clifford gate using
magic states. Therefore, evaluating the classical overhead should be preceded by
finding an optimal Clifford gadget with minimum resource of magic. On the other
hand, gate merging does not have such a limitation, so it can be useful when the
efficient decomposition of a quantum circuit into non-stabilizer states and Clifford
gates is non-trivial. We also highlight that merging gates reduces the negativity
independently of the choice of frames.

We now describe the gate merging method for a generic N—qubit quantum circuit
with L gates. This can be done by grouping the quantum circuit into n—qubit blocks
(see Fig. (6.1)(a)— (b)), then Claim 6.3 guarantees that the negativity of each block
is reduced after merging the gate sequences in it. There are various ways of group-
ing the circuit into n—qubit blocks, but we introduce the iterative Sub-routine 1 for
concreteness. The broad idea of the sub-routine is to iteratively connect any yet un-
merged (disjoint) gates. All gates remain in the set Uy;s; until they either finally act
on n qubits or cannot connect to other gates anymore, when they are move to the
output set Uperged-
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Figure 6.2: Gate merging analysis. Histograms of 1000 random Clifford+7" circuits
with N = 5 consisting of 100 1-qubit and 2-qubit Clifford gates, supplemented by
t T gates and merged using spatial parameter n = 5. The leftmost (blue) solid line
with the gray region depict the average and standard deviation of each histogram.
The brown and green solid lines (from right to left) represent the higher averages
of the corresponding histograms for n = 3 and 4 respectively. Vertical dashed lines
provide some state-of-the art scalings, more specifically from left to right: O(2°22%)
of the Bravyi-Gosset algorithm from [113] based on the stabilizer rank, O(4%228%)
of the dyadic frame simulator from [89] and the lower bound Q(4%2™) based on
the robustness of magic from [193]. As t increases, we observe a higher frequency
of circuits with log negativity squared per 7' gate lower than the robustness lower
bound: (a) 71%, (b) 81%, (c) 89%, (d) 95%. (e) Histogram average for n = 3,4,5
against ¢. (f) Example 5—qubit merged gate U made up from Clifford gates (CNOT
and H) and T gates.
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Sub-routine 1 Gate merging
Input: List of gatest/ = {U;,...,U.} in
qudit quantum circuit C' and spatial

parameter n.

1: Define list of merged gates Upyergea < {}, and
list of disjoint gates Uy;s; < {}

2: for U, € U do

3: Set target gate Uyarger <— U
4: for V € Uy do
5: if Uparger Shares a wire with V' then
Remove V from Uygis;.
6: if rank(UiargetV') > d” then
Add V t0 Uperged-
7: else if rank(UyargetV') < d" then

Utarget — Utargetv-
Add Utarget to Z/{disj-

®

9: for U; € Upergea dO

10: Set target gate Uyarger <— U

11: for V € Uy do

12: if rank(UiargetV) < d" then

Utarget — Utargetv'
13: Add Utarget t0 Uis.-

14: Append Usgisj t0 Unerged-
Output: Uperged-

At every step, a target gate Upage, the algorithm searches through the disjoint
gates to find the next one that is connected to Ul,,.e.. We therefore require to search
less than L gates for every Uyaeet, While the cost of merging two gates (i.e., mul-
tiplying) is O(2?"), which is a constant as we fix n < N. So the full gate merging
sub-routine scales as O(2?"L?). The computational cost to compute the transition
matrix W§ for n—qubit unitary U and its negativity also exponentially scales with n
as there are O(2?") possible phase space points for a n—qubit system.

As we can observe from the scaling, the limiting factor of gate merging is the
spatial parameter n, which stems from the exponential growth of the dimension
of Hilbert space by increasing the number of qubits. We find numerically that a
practical choice for the spatial parameter n is n < 5. As this is a fundamental
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property of a quantum system, a similar issue arises in the robustness measure as
evaluating the robustness of R(|7")*") and finding its optimal decomposition among
O(2"") stabilizer states is in general a challenging task for a large n [193].

Due to the computational need to truncate the spatial parameter n < NN, a question
arises of whether there exist new methods of manipulating the circuit frames and
further reducing the total negativity, after gate merging is completed. We provide
a positive answer to this question in the following section, where we describe our
second sub-routine, frame optimization.

6.5 Frame optimization

Frame optimization aims to reduce the total circuit negativity by optimally choosing
frames for different circuit components. As we discussed in section 6.3.1, we can
introduce specific frame parameterizations, such as parameterized Wigner frames or
rotated Pauli frames, and iteratively choose the frames throughout the circuit.

Sub-routine 2 Frame optimization
Input: Quantum circuit C' and temporal

parameter /.
1: Determine the total number of frames, |G|,
in the circuit C.
2: Define the set of reference frames,
gopt < {gl, e ,g|gopt|}-
3: Fix the number of optimization cycles c.
4: fori=1,...,cdo
5: Choose a subset gEQrget C Gopt With at
most ¢ frames.
6: Find a circuit block B containing the
frames in gﬁfjrget.

Find Géi)rget = argmin

!

60, VB (g&)fg“)’
Update the corresponding frames in G
with Eﬁfrget.

Output: G .

®

In principle, the best strategy in terms of achieving the highest negativity reduction
would be to carry out global optimization over all circuit frames, requiring that the
number of parameters to be optimized should scale with the number of qubits NV and
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Figure 6.3: Optimization block toy model. Example of how to form a block when
Giarget 18 given in the case of n = 2 and ¢ = 2. Only relevant frames are shown. When
Giarget = {G1,0G2}, the corresponding block B;, which contains all circuit elements
connected to the frames in Giarget, 1S B1 = {p1, p2, U1, Uz}. When Giareet = {Gs,Ga},
then the corresponding block is By = {Us, Us, U, }.

circuit length L. In this chapter, we show that local optimization, with only a fixed
number of parameters, is sufficient to achieve considerable negativity reduction and
scales only linearly in N and L. This optimization sub-routine is implemented by
dividing the circuit into blocks containing at most ¢ frames to be optimized, for a
fixed temporal parameter /.

To perform the frame optimization on a quantum circuit C' consisting of an in-
put state p, a gate sequence {Ui,...,U;} and a measurement effect F, we need
to start from an initial frame parameterization. We denote this parameterization
as Gopt = {G1,...,Gg.,.|}> Where |G| is the number of frames to be optimized.
The procedure is outlined in Sub-routine 2 and explained here. We take a subset
gE;,?get C Gopt With up to ¢ frames (either sequentially or randomly) and create the
block B of circuit components which are attached to those ¢ frames. Keeping all
other frames in the block B fixed with the corresponding frames in G,,;, we want to
minimize the total negativity of the block Ng over all possible choices for Gayget, SO
that the minimum

min NB(gtarget)‘ (639)
target
—(1 . . . . .
occurs at gﬁalget allowing us to update the corresponding frames in G, which is
the end of the first cycle in our frame optimization. We repeat this process ¢ times
by choosing another set of ¢ frames as the new gﬁ;)rget, i =1,...,c. The number of
optimization cycles ¢ can be chosen arbitrarily, for example it can be chosen as ¢ >
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Figure 6.4: Frame optimization analysis. Plots showing reduction in the circuit
negativity log N (Gopt) after ¢ optimization cycles for a circuit consisting of 2-qubit
Haar-random gates with NV = 6 and L = 15 and for carious spatial and temporal pa-
rameters, n and ¢. The optimization is carried out sequentially from the first frame
to the last frame. optimization is performed via the basin-hopping algorithm as in-
troduced in [198]. (a) Results after frame optimization with rotated Pauli frames.
The reference frame is the standard Pauli operators. The total negativity continu-
ously decreases as we optimize more frames. (b) Results after frame optimization
with parameterized Wigner frames. The reference frame is the conventional phase
space operators for the Wigner representation. Most of the negativity reduction oc-
curs near the initial states and the measurements.

|Gopt|/¢, with the aim of optimizing all frames in the circuit at least once. The order
in which frames are optimized can also be chosen arbitrarily and can potentially
result in a different overall negativity reduction.

We demonstrate the local frame optimization method with an example. Let us
consider the initial part of a simple general circuit depicted in Fig. (6.3) for the
case of n = 2 and ¢ = 2. To perform the (i)-th optimization cycle we consider
g,EQrget = {G1, G-}, we consider the corresponding block B, = {p1, p2, U1, Uz}, which
is a set of all circuit components connected to the frames in gﬁQrget. Then, the explicit
optimization we perform is

min NBl (gégrget> -

gg;)rget

{glligf;}Npl(gl)sz(%)NUl(gz)NUQ(gl% (6.40)

where Nx(Gx) is the negativity of component X as a function of Gx with all other
frames fixed to the corresponding ones in G,,. As an additional example, we
could have considered the set gﬁ“ = {Gs, G4} corresponding to the block B, =

arget

{U,,Us,U,} in Fig. (6.3). Then, the block negativity we optimize is NBQ(QEQrget) =
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Figure 6.5: Reduction in sampling overhead. Histograms of the deviation of
estimated probability p.; from actual outcome probability p,,, (as calculated by
Qiskit [199]) for 500 circuits consisting of 2-qubit Haar-random gates with N = 3,
L = 8 and ¢/ = 1. The number of samples taken for each circuit is 105, which
took around 10 seconds on a standard computer. The plot shown is truncated at
|Dest — Psim| = 4.0 to demonstrate the advantage of our routines clearly. The advan-
tage is amplified as NV and L increase.

N, (G3)Nuy (Ga) Nu, (Gs, Ga).

Note that at each optimization step, previously optimized frames in G, are used
in the next optimization cycle. This ensures that the negativity never increases com-
pared to the initial frame choice {G,, ..., G, } between optimization cycles.

The presented local optimization method is efficient in the number of circuit com-
ponents. Consider an N-qubit circuit of length L where each of L gates acts on at
most n qubits. Then, there are at most N+n L different frames to be optimized. Since
¢ is fixed, each optimization cycle takes a constant amount of time O(1). Therefore,
the frame optimization of the entire circuit scales as (N + nL) x O(1) = O(N, L).
Note that the exact value depends on truncation parameters n and ¢ as well as the
specifics of the circuit and its frame parameterization.

Fig. (6.4) shows the performance of the frame optimization for a circuit with
N = 6 and L = 15 consisting of 2-qubit Haar-random unitaries, which are in gen-
eral difficult to be simulated with stabilizer-based simulators because they do not
admit efficient decompositions. In Fig. (6.4)(a), we use rotated Pauli frames as our
frame parameterization and initialized each frame in the circuit to the set of stan-
dard qubit Pauli operators. In Fig. (6.4)(b), we choose parameterized Wigner frames
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as our frame parameterization and initialize each frame in the circuit to the set of
conventional phase space operators corresponding to g(A) = 1 (see section 6.3.2).
We can observe that the largest negativity reduction comes from gate merging with
higher n, but the frame optimization also achieves a significant negativity reduction.
In general, larger ¢ results in lower negativity after optimization of all frames with
fixed n. In the case of parameterized Wigner frames, together with gate merging,
we could considerably decrease the initial log-negativity from ~27.3 to ~8.9 with
truncation parameters n = 4 and ¢ = 5, which means that we need ~ 22*!® times
less samples to reach a given accuracy for probability estimation.

We demonstrate the practical significance of our routine, by sampling 500 circuits
consisting of Haar-random gates, with the results presented in Fig. (6.5). Unmerged
circuits represented entirely by Wigner frames do not show any signs of conver-
gence to the actual probability distribution. Merged circuits clearly converge a lot
better, especially when their frame representation is optimized, illustrating the posi-
tive effect of both of our sub-routines in reducing the run-time cost of the sampling
algorithm.
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Chapter 7

Outlook

Short summaries of the work in this thesis are provided in section 1.2, with more
involved descriptions at the start/end of each chapter, so, for everyone’s sake, I will
directly proceed with discussing promising lines for future research.

We have described how relative majorization can be used to establish upper bounds
on magic distillation protocols that take into account additional physics of the sys-
tem. Our bounds exploited relatively simple aspects of the Lorenz curves of the
quasi-distributions, so it would be of interest to sharpen these bounds and obtain a
better handle on the Lorenz curve structure in the n — oo limit. In this vein, it is
possible to analyze what features of single-shot entropies can be extended to quasi-
distributions in a sensible form [166,200]. This raises interesting questions as we no
longer have a notion of typicality and the central limit theorem does not apply. That
said, for special states such as the Strange state, the asymptotic behavior is relatively
simple, so exact asymptotics for this are expected to be possible.

Our work on distillation bounds is reminiscent of the second law of bipartite en-
tanglement [117], where majorization is employed to establish entanglement en-
tropy as the unique asymptotic measure of this resource. However, our analysis
provides upper and lower bounds that exhibit a considerable gap, so that more
than one of the entropies stemming from our magic majorization framework are
valid asymptotic measures. The reason is that stochastic majorization only approxi-
mates the action of magic-preserving channel representations on state distributions.
In particular, the Clifford group acts exactly via symplectic affine transformations
G(C) = SP(2,Z,) x Z? on state distributions on the discrete phase space. Analyzing
the majorization of group G(C) would provide exact magic distillation rates with a
unique entropy.

There are strong results on group majorization in the mathematical literature [201-
203], which can be exploited to derive a finite set of conditions in terms of semi-
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definite programs, provided that the group has certain properties. A notable struc-
ture that could be exploited for G-majorization is when G is a finite reflection group.
For this, the G-majorization pre-order is guaranteed to be described by a finite list of
conditions [201], just as is the case for the relative majorization ordering. Therefore,
one route would be to construct concrete lower bounds on distillation rates by con-
sidering reflection subgroups of G(C), for which the majorization relation reduces
to a finite set of conditions. An eligible group is SP(2,Z,), the symplectic subgroup
of G(C'), which can lead to a significant refinement of our stochastic bounds. On the
other hand, if the subgroup considered is too simple, the distillation bounds obtained
may be trivial. An example of this is when we restrict to the set of Weyl-covariant
channels [204], which are represented by a convex mixture of displacement oper-
ators on the phase space. Initial work has shown that the majorization conditions
for Weyl-covariant channels can be solved exactly in terms of discrete Fourier trans-
forms, however it is found that the resultant distillation rates are trivial.

More generally, majorization of quasi-distributions has not been considered in
quantum physics before, and therefore these methods could find application in other
studies of non-classicality in quantum systems [205-211]. For example, the topic
of G-majorization has been extensively studied, but to our knowledge there has
not been work on relative G-majorization. This would correspond to transforma-
tions that are not unital. Physically, this regime would correspond to a form of
thermo-majorization obtained from looking at the action of the Clifford group at a
micro-canonical level, and then reducing to a small subsystem [159]. While this
seems like a painful thing to consider, there is motivation for this beyond the aim
of magic protocols: in the case of classical statistical mechanics on a phase space
this is precisely the situation, albeit in the continuum limit. Statistical mechanics of
actual systems obey Hamiltonian dynamics, thus they automatically respect a sym-
plectic form [159, 212]. Therefore, the pre-order of statistical mechanical states
with respect to phase space dynamics preserving a Gibbs state must correspond to a
symplectic majorization condition.

Of course, technical features arise in the continuum limit when considering dis-
tributions on an unbounded phase space. Recently, there has been a comprehensive
extension of some majorization tools to continuous phase spaces [213], where quan-
tum states are represented by the original continuous Wigner function. This work
raises the straightforward question of extending our results from discrete to contin-
uous quantum mechanics. Some of our results are readily extendable, but in order
to define and study analogs of a-Rényi entropies for continuous representations, one
would first have to provide additional technical contributions by extending the full
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majorization framework we use. In this context, Clifford channels are replaced by
Gaussian operations and our results can have impact on quantum optics, such as the
characterization of resource theories of non-Gaussianity [214], or the quantum Hall
effect [215].

In the particular context of qubits, complex majorization constraints arise natu-
rally when we extend our setup from rebit to all qubit states. The Wigner repre-
sentations are complex due to the non-Hermiticity of the operator basis {A,}. We
expect such constraints to take the form of a duplet of constraints between the real
parts and imaginary parts of the Wigner representation independently. In the con-
text of non-Hermitian quantum mechanics [216], results on complex majorization
would also benefit theories that require an ordering between Hamiltonian eigenval-
ues, such as quantum thermodynamics.

In the interests of expanding the family of operations included within our qubit
framework, a natural extension of the qubit framework would be to generalize our
results to more sophisticated protocols. For instance, we might ask how the use
of m intermediate Clifford measure-and-update operations performed during the
distillation may affect these fundamental constraints. One would expect to be able
to obtain more refined bounds as a function of m. Moreover, while many protocols
are based on CSS codes in part due to their relative ease of construction via tri-
orthogonal matrices [75], it would be of interest from an operational perspective to
see whether an extension to the full set of Clifford operations on qubit systems is
possible.

A clear direction for our work on probability estimation is to improve the clas-
sical optimization performed for the frame representation, which currently acts as
a black-box. One can investigate the possibility of performing frame optimization
analytically, at least for particular classes of quantum circuits. Additional assump-
tions will likely be required for the circuit structure, but finding optimal frames an-
alytically would eliminate the hidden constant run-time costs of black-box classical
algorithms currently employed for the optimization. The difficulty arises when one
considers the total negativity of a random sequence of Clifford and magic gates. For
example, initial analysis reveals that although a Clifford gate C' and a T gate can
independently admit representations Fx and Fr with zero negativity respectively,
when considered in sequence (C, T'), the total negativity is not zero, and in fact it is
minimized by a representation sequence different to (F¢, Frr). In order to obtain a
theoretical handle, one could therefore start by considering very strict, brick-layered
universal architectures that allow for an analytical calculation of optimal represen-
tation sequences. An alternative route involves the study of random Clifford+7
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circuits via standard group representation theory, such as Clifford ¢-designs [217].
The technical step would involve translating the analysis into the frame representa-
tion, obtaining bounds on negativity and thus proving average-case guarantees for
the sampling overhead of quasi-probability simulators.
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