Tensors and the Entanglement of Pure Quantum States

Asger Kjaerulff Jensen

PhD Thesis

Department of Mathematical Sciences
University of Copenhagen
30-April-2019



Asger Kjeerulff Jensen

Department of Mathematical Sciences
University of Copenhagen
Universitetesparken 5

2100 Kgbenhavn @

ISBN: 978-87-7078-890-8

This thesis has been submitted to the PhD School of the Faculty of Science,

University of Copenhagen, Denmark in April 2019.

Advisor:

Matthias Christandl
Professor

University of Copenhagen

Assessment committee:

Mikael Rgrdam Alexander Holevo Peter Harremoes
Professor Professor Lektor

University of Copenhagen Steklov Mathematical Institute Niels Brock



Abstract

Entanglement constitutes one of the important resources in quantum information theory. Ac-
cordingly, characterizing the entanglement content of a given quantum state is an important
concept in quantum information. A natural approach to quantifying entanglement is to consider
how an entangled quantum state can be transformed, by transformations that cannot generate
entanglement in a system. A central class of such operations are so-called Local Operations and
Classical Communication (LOCC).

This thesis deals with asymptotic conversion rates for pure quantum states under exact LOCC
transformations, in particular by expressing such rates through various kinds of entanglement
monotones.

Firstly, the hierarchy of multipartite states under stochastic LOCC (SLOCC) is studied via
its equivalence to restrictions of tensors. The tensor rank is of particular interest, as it describes
the cost of creating the associated state by Greenberger—Horne—Zeilinger (GHZ) states. The
fact that the GHZ-cost is non-linear is equivalent to the non-multiplicativity of tensor rank
under the Kronecker product. In order to better understand how and why this non-linearity
occurs, we consider whether strict sub-multiplicativity of tensor rank stems entirely from the
joining of tensor legs, or if it can happen without joining tensor legs. It is shown that strict
sub-multiplicativity happens for both tensor rank and border rank when just taking the tensor
product.

A tool for working with asymptotic tensor rank is that of an asymptotic spectrum of
a preordered semiring. This theory reduces the question of asymptotic restrict-ability to
majorization on the set of order preserving homomorphisms into the reals. This concept will
be introduced and an example will be computed in the tripartite case, for the sub-semiring
generated by the W and GHZ state together with an Einstein—Podolsky—Rosen (EPR) pair
shared between two fixed parties.

As the ultimate goal should be characterizing multipartite entanglement through non-
stochastic LOCC, the asymptotic spectrum method is applied to a refinement of the tensor
semiring. This refinement keeps some control on the probability of successful outcomes of LOCC
protocols, specifically yielding a set of monotones, describing asymptotic conversion rates given
any converse error exponent, . While this is still some distance from the ideal asymptotic
regime, we see that in the bipartite case, in fact the conversion rate for success probability going
to 1 is also captured by these monotones.

Finally, a formula for the pure, bipartite, exact, deterministic conversion rate is presented,

as derived through type class arguments.
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Resumé

Kvantesammenfiltring udger en vigtig resource i kvanteinformationsteori. Derfor er beskrivelsen
af kvantesammenfiltringen for en kvantetilstand en vigtig opgave indenfor feltet. En naturlig
tilgang til denne opgave er at undersgge hvordan sammenfiltrede kvantetilstande transformeres via
operationer der ikke kan generere sammenfiltring. En central klasse af sddanne transformationer
er sakaldte Lokale Operationer og Klassisk Kommunikation (LOCC).

Denne afhandling omhandler asymptotiske konverteringsrater for rene kvantetilstande un-
der LOCC transformationer, iszer ved at udtrykke sadanne rater ved forskellige former for
sammenfiltringsmonotoner.

I forste omgang studeres hierakiet af mangedelte kvantetilstande under stochastisk LOCC
(SLOCC) via dets relation til restriktion af tensorer. Tensorrang er af seerlig interesse, da
rangen beskriver omkostningen ved produktion af den givne kvantetilstand malt i antal af
Greenberger-Horne—Zeilinger (GHZ) tilstande. At GHZ-omkostning er ikke-linezer er sekvivalent
med ikke-multiplikativitet af tensorrang under Kronecker produktet. For bedre at forsta hvordan
denne ikke-linearitet opstar, stilles der spgrgsmal ved hvorvidt streng submultiplikativitet af
tensorrang er forarsaget udelukkende ved sammensaetningen af tensordele, eller om det kan
forekomme ved det almindelige tensor produkt. Det vises at bade tensorrang og “borderrang”
kan vaere strengt submultiplikativ under det almindelige tensorprodukt.

Et veerktsj ved arbejde med asymptotisk tensorrang er det asymptotiske spektrum for
en praeordnet semiring. Teorien reducerer spgrgsmal om asymptotisk restriktionsbarhed til
evaluering af ordensbevarende homomorfier ind i de reelle tal. Det asymptotiske spektrum
introduceres og et eksempel bliver udregnet for del-semiringen genereret af de tredelte tilstande
W og GHZ samt et Einstein—Podolsky—Rosen (EPR) par delt mellem to bestemte lokationer.

Da karakterisering af mangedelt sammenfiltring under ikke-stokastik LOCC bgr veere det
endelige mal, anvendes den ovennaevnte metode pa en forfining af semiringen af tensorer under
restriktion. Denne forfining bibeholder en hvis kontrol med sandsynligheden for succesfuldt
udfald af LOCC protokoller, hvilket fgrer til monotoner, der beskriver asymptotiske konverter-
ingsrater, givet enhver omvendt fejleksponent, r. Selvom dette stadig er et stykke fra det ideelle
asymptotiske regime, ser vi at konverteringsraten for konverteringssandsynlighed gaende mod 1,
i det todelte tilfeelde, er beskrevet preecis ved disse monotoner.

Endelig udledes en formel for konverteringsraten under eksakt, deterministisk konvertering

af rene todelte kvantetilstande.
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Notation
o [d: FordeN, [d]| =A{1,...,d}

e S(H): Density operators on Hilbert space H, i.e. positive semidefinite operators with trace

1.

e K*: Given a matrix K, K* is the conjugate transpose of the matrix. In much quantum

information literature, this is denoted K*.
e O: The flattened tensor product. See Section 1.1.1

e suppP: Given a probability distribution P on a finite set X. The support is the set
suppP = {z € X|P(x) # 0}.

e X": sequences of length n with values in X'. In other words, maps I : [n] — X.
e C*: The vector space of functions (families) v : X — C. As a special case we have:

e C%: The vector space of functions (families) v : [d] — C or v : {0,...d — 1} — C depending

on indexing.

e log: log will always be taken to mean log,, as is standard in much of quantum information

theory.

e |¢p): Given a probability distribution P : I — [0, 1] on some finite set I, [¢p) = > ;7 /P(1) |it)
is the bipartite pure state with Schmidt coefficients v/P.

e u,: The unit tensor |u,) = >.7_;|i...7). The order of u, is inferred from context or

specified with a superscript u”.

e |GHZ,): The r-level, k-partite GHZ-state |GHZ,) = \% |ur). Again, the order is inferred

from context or written with superscript.

e P®": Given probability distribution P : I — [0,1], P®"(z) = [[I~, P(x;) for = € I".

n > 1: For n sufficiently large.
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Chapter 1

Introduction

A major concept setting quantum reality apart from the classical is the notion of entanglement.
The fact that physical systems can be correlated in ways that exceed shared randomness is an
important tool in many quantum computing protocols which exceed the best known classical
protocols. But characterizing, quantifying and even defining entanglement in a multipartite
scenario is tricky business. We can easily make sense of what it means for quantum systems to be
entangled; they are correlated in a way that cannot be described as simply shared randomness.
But if we then ask how entangled the systems are, the answer is unclear. Since entanglement
between systems is only created when the systems come into contact with each other, we are
comfortable in saying that any local action performed on an entangled system will always produce
a less entangled state, at least on average. For this reason we quantify entanglement through
so-called entanglement monotones; functions that assign a positive number to each possible

state, in a way that respects whichever operations we consider to be entanglement-reducing.

Entanglement monotone is a notion from the resource theory of entanglement, arguably
the most widely studied quantum resource theory. For a recent review of quantum resource
theories in general, see [1]. In general, a resource theory consists of two things; resources and
allowed operations. The resources of any quantum resource theory are quantum states and the
allowed operations are generally some subset of completely positive maps between state spaces.
Monotones in a resource theory are then maps that assign real numbers to states in a way that is
monotone under allowed operations. Since the goal is to characterize entanglement, the allowed
operations will be precisely the ones which can produce only classical correlations between
separated systems. That is, local quantum operations and classical communication (LOCC).
Given a resource theory, the mathematical tasks can generally be split into two categories. 1:

Quantify the resource by determining all monotones with certain properties (e.g. additivity for



entanglement monotones). 2: Characterize which conversions are possible, for instance by deter-
mining how much of a resource is needed to obtain another, either in a single-shot way or in some
asymptotic way. Sometimes the answers to questions in the second category will be expressed in
terms of some subset of monotones, and so we may sometimes reduce questions about convertibil-

ity to questions of determining monotones. This thesis is heavily focused on this kind of reduction.

The most famous entanglement montone is the entropy of entanglement, which to a bi-
partite pure state, pap = [¢)X¢| 4, associates the von Neumann entropy of either marginal,
—Trpalog pa. This monotone is by itself a good measure of pure bipartite entanglement as it
characterizes the asymptotic conversion rate between any pair of bipartite pure states up to
any arbitrarily small fixed error in terms of fidelity [2]. However, for bipartite mixed states or
multipartite pure states, there is no single measure that perfectly quantifies entanglement. For
bipartite states, the asymptotic entanglement cost of a state, p, is the number of maximally
entangled qubit pairs needed per copy of p to create many copies of p. The asymptotic distillable
entanglement is, conversely, the number of maximally entangled pairs that can be created per
copy of p. For bipartite mixed states, there is a gap between asymptotic entanglement cost
and asymptotic distillable entanglement, showing that asymptotic entanglement transformation
is irreversible. An example of mixed states with such a gap are bound entangled states [3],
which are entangled and therefore have positive entanglement cost, but with zero distillable
entanglement. The multipartite case (k > 3) is also very difficult, even for pure states and has
been studied extensively in recent decades (see e.g. [4, 5, 6, 7, 8, 9, 10] to mention a few). There
are multiple reasons for considering entanglement transformations with fidelity loss. For one,
the knowledge of a real physical state is only ever up to some approximation, so describing
a state up to some error is physically realistic. But accepting some error can also make the
mathematically difficult task of determining convertibility of entanglement easier, as witnessed

by the case of bipartite pure states and the entropy of entanglement.

A different kind of relaxation which one can consider is that of probabilistic conversion.
Rather than allowing for output states within some proximity of the target state, we might
allow for only some chance of successful conversion. This leads to a different resource theory
of entanglement, where the set of permissible operations increase. A benefit of this resource
theory of entanglement under stochastic LOCC (SLOCC) is the simplicity of describing the
channels, as they are merely represented by the tensor product of linear maps (Proposition 1.1.16).

This thesis will be dealing entirely with asymptotic, exact LOCC conversions and mostly in a



probabilistic regime. By exact, we mean that the output state of an (S)LOCC protocol must
yield the target state exactly, with no loss in fidelity. It is the belief of this author that there is
a relation between the LOCC spectrum A(Sy) of Chapter 4 and the set of additive multipartite

entanglement monotones describing asymptotic bound fidelity-loss entanglement transformations.

The overarching theme of this thesis is the transformation of many copies of a resource into
many copies of some other resource of the same kind. The resources will be pure quantum states
(Chapter 4), tensors (Chapter 2 and Chapter 3) and probability distributions (Chapter 5) and
the set of allowed operations will vary, depending on probabilistic regime. The initial motivation
is resource theories of quantum entanglement. By Proposition 1.1.16, the resource theory of
pure multipartite quantum states under SLOCC is equivalent to the resource theory of tensors
under restriction (see Definition 2.1.3), motivating the study of restrictions of tensors from a

quantum information standpoint.

The only way the many-copy setting of a resource theory can differ from the single-copy
setting is if the amount of [phenomenon] in a collection of resources is somehow different from
the sum of the amounts of the members of the collection. For instance, in the entanglement
resource theory of multipartite states, one might consider the GHZ state % (10...0) +1...1))
as the gold-standard of multipartite entanglement. It seems reasonable to quantify the amount
of entanglement of a pure state, |1¢), as either the number of GHZ states needed to produce
|)) (GHZ-cost) with allowed operations (e.g. LOCC or SLOCC) or as the number of GHZ
states which can be produced from [|¢) (GHZ-distillation). Generally, the collection of multiple
quantum states is described by taking the flattened tensor product (or Kronecker product,
see Section 1.1.1) of the individual states. As it turns out, neither the GHZ-cost nor the
GHZ-distillability of pure quantum states are additive under the flattened tensor product. For
SLOCC, the GHZ-cost and GHZ-value of a pure state, |¢), relates naturally to the logarithm of
the rank and sub-rank of the corresponding tensor 1 (see Proposition 2.1.5 and the subsequent
discussion). The fact that GHZ-cost is sub-additive is, by the state-tensor correspondence,
equivalent to tensor rank being sub-multiplicative under the flattened tensor product. In order
to better understand how this strict sub-multiplicativity occurs, it was asked and answered in
[11], whether the strict sub-multiplicativity was dependent on the flattening. It turns out that
the rank drop can happen both in the process of taking the non-flattened tensor product and
with taking the flattening. The first examples found of strict sub-multiplicativity of tensor rank

were found with tensors that have a gap between tensor rank, R(¢), and border rank R(1)).



R(v) > R(v) means that R(1)) is on the boundary of the rank-R(1)) tensors, implying that these
examples of strict sub-multiplicativity are very non-generic. This motivated the question of
whether also border rank can be strictly sub-multiplicative, which turned out also to be possible

[12]. These results will be discussed in Chapter 2.

In Chapter 3 a tool, called the asymptotic spectrum of tensors, is described. It is a tool for
working with many copies in the resource theory of tensors under restrictions. The asymptotic
spectrum, which consists of certain homomorphic monotones, entirely determine the asymptotic
conversion rates between tensors. The known spectral points from the literature [8, 13] are
presented, together with some of the implications for conversion rates between pure states under

SLOCC.

In an effort to move from SLOCC to LOCC, [14] constructed a refinement of the asymptotic
spectrum of tensors, which retains some control on the asymptotic behavior of the stochastic part
(the S) in SLOCC. This refinement is called the asymptotic spectrum of LOCC transformations,
and is introduced in Chapter 4. Concretely, the asymptotic spectrum of tensors from [15] deals
with pure states under SLOCC, while the refinement deals with pure states under unnormalized
LOCC transformations. Just like the asymptotic spectrum of tensors encodes all information
on conversion rates under SLOCC, so does the LOCC spectrum describe the conversion rates
under LOCC in the regime of converse error exponents (see Eq. (4.2)). A characterization of
LOCC spectral points is given in the multipartite case. In the bipartite case, the entire LOCC
spectrum is determined and a concrete formula for rates, given converse error exponents, is given

(see Section 4.3).

Though entropy of entanglement is a good measure of pure bipartite entanglement, it deals
with approximate entanglement transformations, as is appropriate when describing physics. For
exact transformations, which is the topic of this thesis, the formula from Section 4.3, mentioned
above, hints at a formula for conversion rates for exact LOCC transformations of bipartite
states, both for success probability going to 1 (Theorem 5.3.3) and for deterministic conversion
(Theorem 5.2.9, conjectured in [16]). These formulas are shown in [14] and [17] respectively. In

this thesis they are both shown in Chapter 5.

The majority of this thesis is a recap of large parts of the original work in [11], [12], [14] and
[17], which has been carried out in collaboration with co-authors M. Christandl ([11], [12]), F.



Gesmundo ([12]), J. Zuiddam ([11]) and P. Vrana ([14]). The results on non-multiplicativity of
tensor rank and border rank in Chapter 2 are from [11] and [12], respectively, while the results in
Chapter 4 and Chapter 5 are from [14] and [17], respectively, with the exception that a section
from [14] has been moved to Section 5.3 as this section depends on results in [17]. The contents

of Section 3.4 is work done in collaboration with Péter Vrana.



1.1. Introduction to LOCC

The fundamental objects of study in this thesis are quantum states spread out on multiple
quantum systems, also known as multipartite quantum states. In this thesis, a quantum system
A is represented by a finite dimensional Hilbert space H 4, known as the state space. Given
multiple state spaces, Hi,...,Hy, the composite system is represented by the k-partite state
space H1® - --®@Hy. This thesis will make use of Dirac notation (see Appendix A.2), in particular
inner products will be conjugate linear in the first variable and linear in the second. A state of
the system A is represented by a positive semidefinite operator p on H 4 with Tr(p) = 1, known
as a density operator. The set of density operators on the state space Ha will be denoted by

S(H,). Of particular interest are the pure states, represented by one-dimensional projections,

[YXW| € S(Ha).

Given a quantum state we wish to describe the ways in which it can be manipulated. If a
party has access to the entire system H, they may apply quantum channels to the state. In
reality there will be limitations on which quantum channels can practically be implemented, but

we idealize and imagine that any channel can be implemented.

Definition 1.1.1. A linear map A : End(H) — End(#H') is said to be completely positive if
the map A ® Idgyq(cr) : End(H) ® End(C") — End(H') ® End(C") is positive (sends positive

semidefinite operators to positive semidefinite operators) for all n € N.

Definition 1.1.2. Given two state spaces H and H', a quantum channel A is a completely
positive, trace preserving (commonly abbreviated CPTP) linear map A : S(H) — S(H') [18]. If A
is completely positive and trace non-increasing, then we say that A is an unnormalized quantum

channel.

By linear, we mean that A extends to a linear map End(H) — End(H’). Note that the
positive and trace preserving maps End(H) — End(H’) are exactly the maps that map density
operators to density operators. We imagine that the k-partite state p € S(H1 ® - - - ® Hy,) is split
between k spatially separated locations. At each location, one might manipulate the state by
performing some quantum operation, represented by locally applying a quantum channel. By
complete positivity it also makes sense to talk of local application of quantum channels in the

following sense:

Definition 1.1.3. Given two k-partite state spaces H1®- - -QH;®- - - @Hy and H1®- - -QH;®- - - @Hy,

whose 1 ’th system are possibly different, a local quantum channel on the i’th system, is a quantum



channel that can be written as a tensor product
Id1®...®A®...®Idk;S(H1®...®’Hi®...®’]{k)_>S(”H1®...®’H;®...®Hk)7
for some quantum channel A : S(H;) — S(H}).

As is common in quantum theory, when A : S(H;) — S(H.) and p € S(H1 @ - @ Hy),
then we shall understand Ap = A(p) to mean (Id; ®--- @ A ® --- @ Idg) (p). Similarly, when
K : H; — H} is a linear map and |¢) € H; ® - -+ ® Hy, we shall understand K [¢)) to mean
Iy, ® - @K ® - ® Iy,) [¢). If we imagine that the k parties sharing a state p can only
manipulate their own part of the system and have no way of sending information, either classical
or quantum, between each other, then compositions of the above operations are the only channels

available. We might call compositions of above channels LO-channels, where LO is short for

Local Operations.

A state p € My(C) is called classical, if p is diagonal. Given a probability distribution
P :[d] — [0,1], the diagonal density operator p = Y% | P(i) |i)i| represents a physical system,
with d possible states, which is in state ¢ with probability P(7). One might reasonably say that
a classical system is always in some definite state, and that describing the state of a classical
system probabilistically is weird. As such the density operator p, does not really describe the
intrinsic state of the system, but rather describes an observers knowledge of the system, or
perhaps an observers knowledge of a future state of a system, given some stochastic process
which is to be applied. In my view, these are the appropriate ways to think of a state, quantum
or classical. There are multiple ways that scientists interpret the physical meaning of a density
operator, so the above description should merely be thought of as my own personal interpretation
and a suggestion to the uninitiated, rather than a postulate on how one should interpret the
physicality. Any reader with a separate interpretation of the physical meaning of a quantum
state is therefore welcome to apply their own understanding to what follows. The physical in-

terpretation of quantum mechanics is not the topic of this thesis, and will not be further discussed.

Since the ultimate goal is to understand and classify entanglement, we need to distinguish
between shared entanglement and shared classical randomness. For this reason we want to work
with a resource theory where shared classical randomness is free, which motivates the extension
of allowed operations from just local quantum operations to combinations of local quantum
operations and sharing of classical information (LOCC). An LOCC channel is the result of

applying an LOCC protocol (precisely defined in Definition 1.1.10 below). An LOCC protocol



is a protocol where the parties in turn perform local quantum operations, known to the other
parties, and share their measurement results. In order to formalize the notion of sharing classical
information, we first define a quantum-classical state: A quantum-classical state is a bipartite
state p € S(H ® CY) of the form
Y P(@)ps @ |a)a|, (1.1)
zeX
where X is some finite set, each p; € S(H) and P : X — [0,1] is a probability distribution
on X; ie. Y, cxP(x) = 1. The quantum classical states are precisely the intersection of
S(H ® C*) and End(H) ® Diag(C?), where Diag(C*) denotes the set of diagonal matrices

w.r.t. the basis (|x)) A quantum-classical state represents the joint state of a system which

TEX"
has both a quantum and a classical part. For instance, this could be the joint system of some
quantum system in a laboratory together with either a classical register storing the results of
measurements, or a monitor which a scientist uses to read off the results of measurements. The
scientist reading off the result would then correspond to a measurement of the classical register in
the computational basis. As such, the state (1.1) may be interpreted as the quantum part being
in the state p, with probability P(x), while the classical part flags the state of the quantum
system. If we want to model a channel that performs measurements and stores the measurement
result in a classical register, we start by adding a classical register to the output system. If we

demand that a channel A : S(H) — S(H' ® C?%) only outputs quantum-classical states, then one
sees that A can be written as

Atprs 3 E(p) 13Kl (1.2

j€ld]

where (&) je[q) 18 a family of unnormalized quantum channels &; : S(H) — S(H') with 3°, ;
trace preserving. Note that from Eq. (1.2) Tro}>; &; = TroA. The collection £ = (&;);¢(q is
called a quantum instrument and we interpret the map (1.2) as an operation involving mea-
surements of the quantum part with a total of d different possible outcomes. The resulting
quantum state after applying a quantum instrument is thus £;(p) with probability Tr &;(p) and
the information about the resulting state is stored in the classical register as |j)(j|. The maps
&; defining the instrument £ will be called the components of £&. If H = H; ® --- @ Hy is a
composite quantum system and each &; is local with respect to the same subsystem, H;, in the

sense of Definition 1.1.3, we say that (&;);¢[q is a local quantum instrument.

Local quantum instruments form the basis for the concept of LOCC conversion. If k parties

share a state p € S(H1 ® - - - @ Hj), and they may share classical information, then we simply



assume that the results of quantum operations are public knowledge. We model this by adding a
public classical register, C?, which each party has access to. The state space, including register,
is then

Hi® - @ Hp®CY, (1.3)

and a state of the full system is a quantum-classical state, i.e. an element p € S (H1 @ - QHE® (Cd)

of the form .

p=>_ P(j)p; @il (1.4)

j=1
where p; € S (H1 ® --- ® Hy,) and P is some probability distribution on [d]. The i’th party may
choose which quantum instrument to apply, depending on the information in the public register.

Formally that is, they can choose to apply different quantum instruments to each p;:

Definition 1.1.4. Given a composite quantum-classical system S(H1 @ - -- @ Hj,) ® Diag(C?V),
we say that a conditional application of local quantum instruments on the i’th system is a
channel A = E(J, f) given as

EN YA peola)al = Y Y Elpa) @ liNil =3 Eilos) ® 1iNil.  (L.5)

zEX T€X jef—1(z) jeJ
Here f:J — X is a map and for all x € X, E* = (5j)jef—1(x) s a local quantum instrument on
the i’th system. J is a set of unique labels flagging the outcome of application of the quantum

instruments.

The above definition corresponds to applying the instrument £* = (&) ;c-1(;) conditioned

on the register reading x. The resulting state is then }-.c ; E(ps(;)) @ 7).

Remark 1.1.5. The map A from Definition 1.1.4 is indeed a quantum channel on the surrounding
system S(H1 ® - - Hy ® CV), since it extends to
Aip= ), [5 &N r0 |]
JjeJ
Here A’j><f(j)| is the map A|j><f(j)| cp e [IXFG) | p | F(G)XG|, which is completely positive, and

complete positivity is stable under both tensor product and sum, so A is completely positive.

Furthermore
Z{c‘: ®A|J>< J)dp—ZTrE (FDlelfG) ZTI“ Z Ei(z|plx)
jeJ jeJ zeX  jef-l(x) (1.6)
= Tr(z|plz) =Trp,
zeX

where we have used the fact that def () &; is trace preserving for all x € X.



Given a quantum-classical state p = 3>, p; ® |7)j[, the parties may choose to “delete some
of the classical information” or “join some of the conditional states”. Formally we call this a
coarse-graining and it is a channel II,; : S(H) ® Diag(C’) — S(H) ® Diag(C¥) of the form
My =Y pi @ 13Xl = D pi @ 1g(7)Xg()] (1.7)
jeJ =

where g : J — X is some map into the output register X.

Example 1.1.6. When g : J — {0},

Iy : ) pj @ li)il = (Z pj) ® 10)0] . (1.8)

jeJ jET
If we make the association H @ C ~ H, 11, corresponds to taking the partial trace of the register

system. In this case we shall write I1; = Try.cq.

Definition 1.1.7 (LOCC). We define a one-step LOCC channel to be a channel A which is the
composition of a conditional application of local quantum instruments at a subsystem t, followed

by a coarse-graining.

An LOCC protocol is a finite sequence of composable one-step LOCC channels and the

composition is an LOCC channel.

One might ask why we allow for coarse-graining after each local application of quantum
instruments. All the coarse-graining does is throw away information, which can hardly be useful
in achieving a conversion task. This intuition is valid as we shall now see, that any LOCC
channel may be implemented in such a manner that any coarse-graining is deferred to the end

of the protocol.

Lemma 1.1.8. Let A = £(J, f) oIl be an LOCC channel acting on the space S(H1® --- ® Hy)
® Diag(C%). T, is a coarse-graining given by a map g : X — Y. E(J, f) is a conditional
application of local quantum instruments f :J — V.

Then there exists a conditional application of local quantum instruments g’(j, f), f:J—=-X

and I, g : J — J such that

Proof. Let p =3 cx pz @ |[z)(|, then

Aip S peolo@)o@)| 5 Y Y gledeliti=Y X & elil

reEX zetj ’ y 9
(1. )
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Let J = {(j,z) € J x X|f(j) = g(x)} and f : J — X be the map (j,z) ~ 2. Define the
conditional quantum instrument & (j f ) by 5 = &;. Let Il be given by the map g : J—J

defined as g : (j,z) — j. Then

507 7. EWLS) 5 . .
Mgo&(J,f):p + Z &G, )(pf(m)ébb, Wizl = Y & (pe) ® |j, x)j, ]
j,x)eT (j,x)e (1 10)
Z (p2) ® [5)3]-
x)€J
Note that the right-hand-side of (1.9) and (1.10) are equal. O

Proposition 1.1.9. Let A be an LOCC channel. Then A can be written as a composition of

conditional applications of local quantum instruments, followed by a single coarse-graining.

Proof. By Definition 1.1.7, A is of the form
A:Hgngn(‘]n7fn)'”Hglgl(‘]hfl)a (111)

for some choices of conditional instruments and coarse-grainings. Since the composition of two

coarse-grainings is again a coarse-graining, we apply Lemma 1.1.8 n — 1 times to obtain
A =T15E" (Jn, fu) -+ E' (1, f1). (1.12)

g

Since

p+p®|0X0|

SH1® @ Hy) S(H1® --- ® M) ® Diag(C) (1.13)

we may associate any k-partite state on the left-hand-side, with the quantum-classical state on
the right-hand-side. This corresponds to considering a k-partite quantum state versus considering
the same quantum state together with some shared classical system in a default state. Using
this association, it makes sense to apply LOCC channels to entirely quantum states. Given two

k-partite states p and o we write

p 06, & &L gA e LOCC : A(p) = (1.14)

The above tranformation of p to ¢ is an exact, deterministic LOCC-tranformation, in the sense
that the output is exactly equal to ¢ and the channel outputs o with certainty. As mentioned,
we shall also consider probabilistic LOCC-conversion. Given a k-partite state p and some

LOCC-channel A as defined in Definition 1.1.7, the output is of the form

> Pla)ps ® |22l (1.15)
reX
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for some family (p;)zex and probability distribution P : X — [0, 1], corresponding to the
quantum part being in state p, with probability P(x), flagged by the classical register. This
formalizes what we mean by p being LOCC-convertible to p, with some probability P(z). A
convenient way of characterising probabilistic conversion is by the use of trace non-increasing

LOCC channels.

Definition 1.1.10 (Unnormalized LOCC). A trace non-increasing one-step LOCC' channel is
defined exactly as the usual one-step LOCC channels in Definition 1.1.7, except that instead
of conditional application of local quantum instruments, we allow for conditional application
of local trace-non-increacing quantum instruments. That is, instruments (£;);cs-1() such that

Zjef—l(x) &; is trace-non-increasing.

A trace-non-increasing LOCC channel is a finite composition of trace non-increasing one-step

LOCC channels.

Remark 1.1.11. Lemma 1.1.8 and Proposition 1.1.9 also work for trace non-increasing LOCC

channels, by the exact same proofs.

Given a trace non-increasing conditional instrument £(J, f) acting on S(H1®- - -®@H},)®@Diag(CY)

A:Y pa@laXal = Y& (pri)) @190 (1.16)

zeX jeJ

we may extend to a trace preserving LOCC channel by introducing the instrument £(J, f), where

J=JUX and f extends f by f(z) =z for z € X C J. gj:ijoerJCjand

Eoiperr1=Tr| Y E&i(pa) | pos (1.17)
jef~\()

where pg is some fixed state, which we might consider as a failure output. In order to group
the failures together we post-compose with the coarse-graining I, where g : J — J @ {1} is
the identity on J C J and sends X C J to L. The resulting channel A = Hgfj(j, f) is trace

preserving and acts as

A=TLEW [ Y pe@la)al = Y Elppi) @ 1i)il + Cppo @ | LYLI, (1.18)
zeX jeJ

where the scalar C, =1 — > .+ Tr Ap,. The convenience of introducing trace non-increasing

LOCC channels is captured by the following proposition:

Proposition 1.1.12. A k-partite state p can be LOCC-transformed into o with probability p if
and only if

Alp) = po (1.19)

12



for some trace-non-increasing LOCC channel A. When this is the case we write p Loce, o

Proof. The “only-if”-part is the easy implication: Assume that p can be LOCC-transformed into
o with probability p. That is, for some trace-preserving LOCC channel A,
Alp) = ) P(2)ps ® |z)z], (1.20)
rzeX
where pgy, = 0 and P(zg) = p for some xo € X. Now let Ag be the one-step trace non-increasing
LOCC channel, acting on the output system of A;

Aot S po® el = poy ©10)0]. (1.21)
TEX

Then Ag o A witnesses p Loce, po.

Conversely, suppose A(p) = po for some trace non-increasing LOCC channel. By Proposition
1.1.9, we can assume that A = Tryeq E™(Jn, fn) - - EY(J1, f1) is a composition of trace non-
increasing conditional quantum instruments followed by a coarse-graining, which must necessarily
be the partial trace of the register, since the output po which is independent of the register.

Since A(p) = po we must have
E"(Jns fr) -+ EX 1, fr)p = Y P(i)p; @ 15Xl (1.22)
J€JIn
where }°:c; P(j)p; = po. Starting from the right, we iteratively replace each ENTy, f;) with
the corresponding A; = 1, EL(J, f;) from (1.17), such that

Ap--Aip=3 P(j)pj+ (1 =p)po ® L)L (1.23)
j€n

Now apply the coarse-graining g which contracts J,, to a single register point 0 and

MyAn -+ A1p = po @ [0Y0] + (1 — ppo @ | LY.L (1.24)

O

Definition 1.1.13. When p Locc, po for some p > 0 we say that p can be transformed to o
SLOCC

via SLOCC and write p ——— o.

In particular when dealing with pure states, it is often convenient to break down the

completely positive maps into their Kraus decompositions.
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Theorem 1.1.14 (Kraus representation). A map A : End(H) — End(H') is completely positive
if and only if there exists a finite family of operators (K;)jes C End(H,H') such that for all
states p € S(H)

Alp) =D KjpK;. (1.25)
JjeJ
Furthermore, A is trace preserving if and only if >°; K7 K; = Iy and trace non-increasing if and

only if 32, K7 Kj < Iy.

The minimal number of Kraus operators needed to represent a completely positive map is
called the Kraus rank. This coincides with the rank of the Choi-state associated to A. Now for
any Kraus decomposition A : p — > KjpK ; of a completely positive map, we may associate
the instrument £ with components &; : p — K;pK7. A is trace preserving, respectively trace
non-increasing, if and only if the associated instrument is trace preserving, respectively trace
non-increasing. In fact, any conditional quantum instrument £(J, f) may be written as such a
“Kraus instrument” followed by a coarse-graining. Simply replace each &£; with the instrument
defined by a collection of Kraus operators (Kf )ie L, representing &;. That is, consider the
instrument g(|_|j L;, f) consisting of all the maps Eiiip— K{p(K{)* forall j€ Jand !l € L;
and let f : (4,1) — f(j). Post-composing with the coarse-graining L; — j reproduces the channel

A. In light of this construction and Proposition 1.1.9 we get the following:

Proposition 1.1.15. A is an LOCC channel (respectively trace non-increasing LOCC channel)
if and only if
A=TIA, - Ay (1.26)

for some n € N where each A; is a conditional application of local quantum instruments, with

the components of each condtitional instrument having Kraus rank 1. IL.e. Ay is of the form
Mipe Y (K@ X)) o (K7 © 176Xl (1.27)
J

where p € S(H1 ® -+ @ Hy) @ Diag(CY), f:J = X, K; : H; — H. for some i € [k] and
Yjes KiKj = Iy, (respectively 3 c; K K; < Iy,). Furthermore if the output of A has trivial

register, Il = Trye,.

Proposition 1.1.16. Given two pure, k-partite states |Y)|S(H1 ® -+ @ Hy) and
|oXd| € S(HY ® -+ - @ H}.), the following are equivalent.

1) === |o)X¢|

2. There exist linear maps A; : H; — H} such that
(A1 @ @A) [¥) = |9) (1.28)

14



Proof. First we show 2 = 1. Assume that (41 ® -+ ® Ag) [¢) = |¢). Let

AN:ipr AipA;. (1.29)

1
TI'(A[A?)

Then Ay, -+ Aq [P} = m |p)X |, as claimed.

Then we show 1 = 2. Assume that [)(¢)| SLoce, |p)X@|. Then A|p)y| = plo)¢| for
some p > 0 and
A ="Trpeq Ay - Ag, (1.30)

where each A; is of the form (1.27). Let Jj, fi, (Kjl-)jeJl,il be the objects definining A; from

Proposition 1.1.15. Now

Ao Mool = 30 (KD KL ) [l (K2 KL ) @ 1gnnl (1.31)

(J1srdn)€T
where J = {(j1,-.-,Jn) € J1 X --- X Jp|fi(j1) = ji—1 for { =2,...,n}. Since tracing out the
register yields p |¢p)¢|, we conclude that (ann e K}l) [ )| (K]’; e K}l)* must be a multiple
of [¢)¢]| for all (j1,...,jn) € J. Since each Kj is local, K7 --- Kjl1 is of the form Ay ® -+ ® Ay,

so by rescaling we obtain 2. O

Given a k-partite quantum state p € S(H1®- - -®@Hy,), each party can apply the local quantum
channel Tr; : S (H;) — C, resulting in the trivial state pg =]0...0)0...0]. So p Loce, po for
all k-partite states p, showing that pg is a smallest element in the resource theory of k-partite
entanglement and any smallest element must necessarily be in the LOCC orbit of pg.. The
LOCC orbit of p is the class of states that can be reached from p via LOCC and for pg the
LOCC orbit is the class of separable states. Le. states of the form ) ; pjp1; ® - - ® p j, where
pij € S(H;) and >_;jpj = 1. These states are precisely the ones corresponding to the k parties
only having shared classical randomness: The shared state is p1,; ® - - ® pg ; with probability p;.

Therefore, entangled states are by definition the states which are not separable. States that are

pure and separable are necessarily product states, i.e. states of the form |¢) = |1)1) ® - -+ ® [1g).

1.1.1. Multiple copies

When our imagined k parties share two states with density operators p; € S(H1 ® -+ @ Hy)
and p2 € S(K; ® -+ ® Ky), then the combined state is described by the density operator
P Rpr € S(HI®K1® -+ ®Hi ®Kg) and for LOCC protocols the i’th party may perform

quantum operations that are local to the subsystem (H; ® K;), as we imagine that both systems

15



are in their possession. When we interpret p; ® ps as a k-partite state in this manner we shall
write p1 ® p2. But we might also interpret the density operator p; ® p2 as a 2k-partite state,
where all quantum instruments in an LOCC protocol have to be local with respect to H; or IC;,
but not across these systems. When we interpret p; ® ps as a 2k-partite state we shall stick with
the notation p; ® po. It is non-standard to use the notation p; @ po for the so-called Kronecker
product or “flattened” tensor product, and in most of the literature the interpretation of ®
is inferred from context with little risk of confusion. The notation is mainly introduced here,
because of the distinction being necesarry in the study of the multiplicativity of tensor rank in
Chapter 2. In the paper [11], in which the non-multiplicativity of tensor rank under ® was first
described, the symbol X was used for the Kronecker product. The choice of using ® instead of X
is mainly aesthetic and because of the lack of available Latex packages with a neat X version of
the large symbols @ and © used for writing the application of the operation to a family of objects.

For some quantum states p % o,yet pOp Loce, ® 0. So if our k parties have a pool
of multiple copies of a resource state, p, and wish to convert these to as many copies of a target
state, o, as possible, then they can often benefit from manipulating the entire resource pool

jointly, rather than each resource state individually.

This thesis is mostly concerned with the asymptotic behavior of entanglement manipulation.
Given many copies, p®" = p®---® p, of a resource state, p, we ask how many copies of a certain
target state, o, can be obtained per copy of p via LOCC conversion. We call this number of
copies of o obtained per copy of p the conversion rate. This rate has many variations, depending
on which demands we make on the asymptotic precision of the LOCC conversion. We might
demand the conversion to be exact or allow for some loss in fidelity and make certain demands
on the asymptotic behavior of this fidelity loss. We could also allow for a probability of failed
conversion and just like with fidelity make demands on the asymptotic behavior of success
probability. Most of these rates are only well understood for pure, bipartite states, if even for

these.

The exact, deterministic rate is

on LOCC
p n

Eeract(p,0) = sup {7’ eR" 2228 5O for > 1} , (1.32)

which will be addressed for pure bipartite states in Chapter 5. The famous result on entropy

of entanglement [1][19, ch. 19.4] mentioned in the introduction is that when p = [)(¢)| and
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o = |¢)¢| are pure bipartite states,

H(P
Elo_ an w} On and F (O-naa-Ql.n’rJ) >1- 6} - H-EQQ;’
(1.33)

Ers1-c(p,0) = lim sup {T eR*

where P and @ are the squared Schmidt coefficients of |¢)) and |¢) respectively and e > 0 is

some fixed arbitrarily small allowed error. H(P) is defined in Definition 1.2.1.

1.2. Type classes and Shannon entropy

In this section we fix a set X of size |X'| = d and consider the space of probability distributions
P=P(X)= {P X — [0, 1]’290626 P(z) = 1}. In the following we shall sometimes interpret
0log0 as 0, with the justification that lim,_,o xlogx = 0. Now might also be a good time to
mention that log = log, will always denote the 2-logarithm, rather than the natural logarithm,

for the entirety of this thesis.

Definition 1.2.1. For P € P, the Shannon entropy of P is defined as

HP)=— Y P@logPx) £ =3 P(x)log Pz (1.34)
z€supp(P) reX

For o € (0,00)\{1}, the a-Rényi entropy is defined as

H,(P)

~log > Pz (1.35)

reX

For o € {0,1, 00}, we define Hy(P) by taking the limit 5lim Hg(P). That is,
—a

Hy(P) = log [supp(P)|, (1.36)
H,(P)=H(P), (1.37)

and
Hy(P) = —rggleaj{dog P(z). (1.38)

Definition 1.2.2. Given two probability distributions P,Q € P with supp(Q) C supp(P), we

define the relative entropy, also called the Kullback-Leibler divergence as

D@QIP)= >  Qx)log <g§g) PSS Q) log (ggg) . (1.39)

zesupp(Q) TeX

When supp(Q) € supp(P), we set D (Q||P) =
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We denote by P, C P, the set of n-types on &, i.e. the set of probability distributions on X
such that all point probabilities are a multiple of % For Q € P,,, and a finite sequence I € X",
viewed as a function I : [n] — X, we say the I is of type Q, if |[I~'(z)| = nQ(z) for all z € X.
We denote by 75 C X™ the sequences of type (). Ty will be called the type class of the type Q.
In other words; T7) is the set of sequences of length n, whose relative frequency of symbols are
described by @. Since choosing an element of ) € P, means choosing nQ(z) € {0,...,n} for
each z € X, with the restriction that these numbers sum to n, we get a coarse but adequate

upper bound on the number of type classes
Pl < (n+1)7, (1.40)

showing that the number of type classes only grows polynomially in n. Therefore the size of the
individual type classes must grow exponentially in n, and this exponential growth is captured

by the following lemma:
Lemma 1.2.3. /20, Lemma 2.3] Let Q € Py, then

L onH(Q) < || < onH (@)
TSV < ]TQ‘ <2 (1.41)

Applying lim,,_,co %log to Eq. (1.41), one obtains the following:
Proposition 1.2.4. Let QQ € P, then

lim l1og‘T5( = H(Q). (1.42)

n-yco n,

For a probability distribution P € P(X), P®™ € P(X™) is the probability distribution given
by P¥"(I) = [liep P (I1(i)), corresponding to a sequence of n independent and identically
distributed stochastic variables with distribution P. Letting Q € Py, P € P, and I € T} we

have
P®"(I) _ H P(x)nQ(I) — ony,, Q@) log P(z) _ on(~H(Q)-D(QIIP)) (1.43)
reX
If we consider a stochastic variable X = (Xi,...,X,,), where X,..., X,, are independent and

identically distributed, with distribution P € P(X), then the probability that X is of type @ is
Pr(X eTs) =Y P(I) = |15 2"(-H1(@-P@IP), (1.44)

IeT?

Q

By Lemma 1.2.3 and Eq. (1.44), we get:

Lemma 1.2.5. Let QQ € P, then

1

= 9-nDQIIP) < Pen (1) < 9—nD(@Q[IP) 1.4
(n+1)d - Z () =< (1.45)

IeTy
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Again, we may take the limit, to obtain

Proposition 1.2.6. Let QQ € P,, then

1
lim —log Y  P®"(I)=-D(Q|P). (1.46)
n—oo n, IeTéL
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Chapter 2

Tensors

In some scientific communities a vector is simply a finite family of elements from some set, which
is usually, but not always, a field, while in mathematics, a vector is an element of a vector space.
When the underlying set is a field, then the two definitions of course translate to each other after
choosing a basis for the vector space. Likewise, a tensor is defined somewhat differently depending
on who is talking about them. We might think of a 3-tensor as a family of elements indexed over a
multiindex (a; j k) (i jk)erxJx K OF as a vector in the tensor product of vector spaces ¢ € AQ B C.
If (ai)ier, (bj)jer, (ck)kek are bases of A, B,C then ¢ <+ ({(a; ® b; ® Ck|¢>)i’j’ke]><JXK yields a
correspondence between the two notions. In what follows, a tensor will simply mean a vector in
a tensor product of vector spaces. Given a 2-tensor ¢ € A ® B, we may consider |t¢) as a linear
map B* 3 (¢ — (¢1)) € A, and as such it has a rank, which coincides with the Schmidt rank
of |¢) or equivalently the rank of the matrix [(a; ® b;|1)]; ;. This notion of rank has a natural

extension to k-tensors.

2.1. Tensor Rank

Definition 2.1.1. Let ¢ € V1 ® --- ® V.. The tensor rank of ¢ is

R(¢) = min {’I" eN 3(¢i,j)§:1 cViiy= ZI/JLJ' X .. ~wk,j} . (2.1)

Jj=1

The integer k will be called the order of ¥ and v will be called a k-tensor.

Tensors of the form ¢ = 1 ® --- @Y € V1 ® --- ® Vi, are called simple tensors, or
tensors of rank 1, and correspond to unnormalized, separable, pure, k-partite quantum states
[) ] € S(V1 @ -+ ® Vi). The rank of 9 is then the smallest number of simple tensors needed
to write v». While the rank of a tensor is simple enough to define, it is almost always hard to

compute. Tensor rank has been studied much in the context of algebraic complexity theory,
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because of its relation to the multiplicative complexity of the corresponding forms: A tensor

1 € A® B ® C may for instance be viewed as a trilinear form

A" X B* x O 3 (gal x (¢8| x (Yc| = Wa @ vp @ yYcl) € C

or as a bilinear map

A* x B* 3 (Ya| x (Y| x = (ha @ ¢ply) € C.

A rank decomposition of ¢ for kK = 3 encodes a method for computing these operations, which is
what makes the notion relevant in algebraic complexity theory. In particular, one might consider

the 2 x 2 matrix multiplication tensor

2
MaMug) = Y [ij) 4 ® |jk)p @ |ik)o € (CP0Ca@ (CPOC*)p @ (CP0Co.  (22)
ij,k=1

MaMus is related to the complexity of performing matrix multiplication (see e.g. [21] [22] [23]),

in the following sense: When (14| = >;; a;; (ij| 4 and (Y| = 3= ;5 bjk (jk|p the map
(Wal ® (Y| = (Ya @ YpMaMug) € C, (2.3)

outputs >y ; ¢k, [ik) o where the matrix [cii]ix is the product of the matrices [a;;]i; and [bjk] ;-

One very simple and important tensor is the so-called unit k-tensor of rank r:

Definition 2.1.2. We denote by

r—1
ub=>"]j-j)eC® - xC (2.4)
N——

J=0 k times

the r-level unit k-tensor. When k is clearly implied from context it will be suppressed; u, = 7’?
and when r = 2 we shall sometimes omit it in notation. When k = 2 we use the notation e, = u?.

More generally, when I C [k], we denote by ul, the unit tensor living on the subsystem Ricr Vi:

r—1
w=13 (® um) ® (®|O>w) €Vig--al (25)

j=0 \iel il

where V; = C" fori € I and V; = C otherwise. Specially, when i,j € [k], we write et = uri’j}.

Notice that |u}) = v/2|GHZF) is the unnormalized k-partite Greenberger-HorneZeilinger
state and generally [uF) = /7 |GHZK) is what is sometimes called the unnormalized r-level
GHZ-state. In the special case of k = 2, |e2) = v/2 |EPR) is the unnormalized Einstein—Podolsky—
Rosen pair (or a Bell state, if one pleases). Generally % |eé’j ) corresponds to an EPR-pair being
shared by parties ¢ and j. A notion closely related to the concept of tensor rank is that of

restrictions:
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Definition 2.1.3. Let vy e V1 ® --- @ Vi and ¢ € W1 ® --- ® Wy. We say that ¢ restricts to ¢
if and only if (X1 ® -+ @ Xg) = ¢ for some X; € End(V;, W;) and we write

Y=o
If v > ¢ and ¢ > ¥, we say that the tensors are equivalent and write
b~ o
Let Ty, denote the set of equivalence classes of k-tensors under this restriction equivalence.

It is immediately clear that u, ~ ug if and only if s = r and when k& = 2 it follows from the
singular value decomposition of matrices (or equivalently, the Schmidt decomposition) that any

¥ € V1 ® V5 is equivalent to a unit tensor e,., where r is the rank of 1.

Example 2.1.4. [2/] The first tensor one comes upon which is not restriction-equivalent to a

unit tensor is the W tensor:
W) = [001) 4 g + 1010) 4 g + [100) 450 € C4 ® C% ® CE. (2.6)

Here we have labelled each copy of C? to distinguish between the spaces. By the way |W) is
written above, it has rank at most 3. In fact the rank is exactly 3. To see this, we assume, for

the sake of reaching a contradiction, that

W) = 1) ® |¢1) ® [m) + |1b2) ® |¢2) ® |m2) € C4 ® Cp ® Cg.. (2.7)

Then
(0[4 W) = (0o} [¢1) @ |m1) + (Ot2) [$2) @ [m2) = [01) g + [10) g - (2.8)
Since the latter has rank 2, |¢1) and |p2) must be linearly independent, as must |n1) and |n2).
But
(g W) = (Uep1) [¢1) @ [m) + (1[1p2) [d2) @ |n2) = |00) ¢ (2.9)
is rank 1. This implies that either (1|¢1) or (1|12) is 0. Without loss of generality we assume

that [¢1) = |0) and so |p2) ® |n2) must be a multiple of |00) g, but this makes (2.8) impossible
as [01) g + [10) g — 2100) g has rank 2 for any z € C and [¢1) @ |m) has rank 1. So

R(W) = 3. (2.10)

Arguably, this is the easiest non-trivial rank computation for a tensor. The technique used is a
case of what is called the substitution method (see e.g. [25, Proposition 3.1]), which is a crude

way to gain lower bounds on the rank of a tensor. To see that W is not equivalent to a unit
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tensor, note that since rank is stable under equivalence, if W is equivalent to any unit tensor, it
must be uz. But W 2 us since as a linear map from A* to B® C, |W) has rank 2 and |us) has

rank 8, and a restriction will necessarily lower the rank of a linear map.

Note that by Proposition 1.1.16, ¢ > ¢ <= |¢Y)}v| SLOCC, |} p|. In the resource theory

of SLOCC, normalizing the states is of no matter, since [)(v)] SLocc, |} @] if and only if the
same is true when multiplying by any positive real on either side. In other words 7y is invariant
under rescaling, i.e. RY¢ C [¢)]~ € Tr. Now that it is clear how the resource theory of pure

quantum states under SLOCC is the same as the resource theory of tensors under restriction,

let us see how they both relate to tensor rank

Proposition 2.1.5. Letp € V1 ®---® V}, be a k-tensor. Then

R(¢)) = min {r € Nju, > ¢}. (2.11)
Proof. Let
Y= 11 ® - @y, (2.12)
j=1

be a rank decomposition of ¢. Let X; = Y7_; |45 Xj|, then
(X1 ® @ X3 Jur) = ), (2.13)

showing that R(¢)) > min {r € N|u, > ¢ }.

Conversely, suppose that (X7 ® ... ® Xj) |uy) = [¢), for some X; € End(C",V;). Then

) =D Xili)® - @ Xy j), (2.14)
j=1
is a rank decomposition of |¢), showing that R(¢) < min {r € N|u, > 9}. O

Inspired by Proposition 2.1.5 we define the sub-rank
Ry (¥) = max {r e Nj¢) > u,}. (2.15)

By Proposition 2.1.5, the tensor rank of a tensor v is simply the minimal size of GHZ-state
needed to extract |¢) in the resource theory of k-partite quantum states under SLOCC, while
the sub-rank by definition is the maximal GHZ-state extractable from [¢)). Given two tensors
YeEVIR -V, ¢ € Wi ®- - ® W, we might consider the tensor product ¥ ® ¢ and ask

what the rank is or which tensors it restricts to or from. However, here we run into the same
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ambiguity as discussed in Section 1.1.1. Are we considering [1)) ® |¢) as a k-tensor, or are we

thinking of it as a 2k-tensor? That is, does it live in
WVNeW)e...0 (Vi Wg). (2.16)

or in

MN@..oVioaW ®...0 W (2.17)

The two are of course isomorphic as vector spaces, through a canonical isomorphism, but the
notion of “simple tensor” is different, as is the notion of restriction and the notion of rank. From
the perspective of k-partite quantum states, the distinction is whether we think of ) ® |¢) as
k parties sharing two entangled states, or as k parties sharing a state |¢) and k other parties
sharing a state |¢). To deal with this ambiguity we shall use ® and ® in the same manner as in
Section 1.1.1.

Yope ViaW)®: - (Vi@ Wy). (2.18)

VRPeEVI®--- Ve QWL ®--- @ Wy (2.19)

Since there are more simple tensors in (2.16) than in (2.17), R(¢¥ ® ¢) > R(¢¥ ® ¢). When
S Zfz(qf) Y and ¢ = Zf:(qf) ¢; are k-tensors, written as a sum of simple tensors, v¢; and ¢;,

then Yy ® ¢ = Zﬁ(fl) Zﬁ(g Vi, ® @j, is a sum of simple tensors, so

R()R(¢) 2 R(Y@¢) > R(p© ¢). (2.20)

And when both systems are binary (k = 2), the above inequalities are in fact equalities, since it

follows from multiplicativity of matrix rank under Kronecker product, that

R(W)R(¢) =2 R(¢Y ® ¢) = R(¢p © ¢) = R(¥)R(¢)). (2.21)

It is well-known that for £ > 3 there is often strict inequality between R (¢)R(¢) and R (¢ ® ¢),
as we shall also see in examples below. In fact, as was shown in [11] and will be shown again
below, the first inequality in Eq. (2.20) can also be strict. The fact that rank is sometimes
strictly sub-multiplicative with respect to ® and ® makes it worth considering the asymptotic

rank:

R%(¢) Y lim R (¢®”)1/ " (2.22)

n—oo

and the less studied non-flattening asymptotic rank

R®(¢) Y lim R (¢®”)1/ " (2.23)

n—oo
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Similarly we define the asymptotic sub-rank
def .. 1/n

RSQllb((;s) = nh_%O Rgup (¢®n) . (2’24)
We shall now see that the asymptotic sub-rank of a tensor is 0 if and only if it is separable over
some bipartition, which was also shown in [26]. Given a bipartition [k] = I; U I2, we say that
Y eVI®---®Vj is separable over the I1-I3 bipartition if 1) = 91 ® 93 for some 91 € Q;cp, Vi
and ¥y € @;cp, Vi Clearly being separable over some bipartition means that the asymptotic
subrank is 0, since separability is preserved by both Kronecker product and restriction. To see

the converse, we first show that we can extract EPR-pairs between each pair of parties.

Lemma 2.1.6 (slighty stronger version of [26, Lemma 4]). Let i1,i2 € [k] and let € Vi®---QV},
be such that ¢ is not separable over any partition [k] = Iy U Iy with i1 € I and iz € Iy. Then
P > elsi2

Proof. Let ig be any iy € [k] different from 41 and i2. Now let Iy U Iy = [k]\{io} with i; € [}
and i9 € I5. Let SepIhI2 C ®i;éz‘0 Vi be the tensors which are separable across the I1-Is partition

and let Ay, r, C V> be the subset characterized by

A, = { (i € V3

(Wio|t) € Sepp, 1, } - (2.25)

Ap,1, cannot be all of V7, since this would imply separability of . Since Sepy, ;, is an algebraic
set, so is Ay, 1,. Now Ay, 1,, where the union is taken over all partitions I; U Io = [k]\{i0}
with i € I and i9 € Is, is a finite union of proper algebraic subsets and therefore not all of
V. So for some (9);,| € V;%, (14,|1)) is non-separable over all partitions I; U Io = [k]\{io} with

0’
i1 € I1 and iy € I5. Iterating this process we end up with a restriction X = @ (1;| such

1711 ,02
that X |[¢) € V;, ® V;, is non-separable and therefore equivalent to el for some r > 2 which

restricts to e*1:'2, O

We say that a tensor 1 is globally entangled if ¢ is non-separable over any bipartition.
We can now show that it is possible to extract a unit tensor, by applying what is basically a

simplified stochastic version of quantum teleportation.
Proposition 2.1.7. Let Yy € Vi ® --- ® V}, be globally entangled. Then %=1 > uy.

Proof. By the previous lemma ¢®¢~1 > @fzz el

k 2
Ole"y = 3 ljzee i) ® o)y © .. @ i)y - (2.26)
=2 J2---jk=0

Applying the restriction [0)(0...0]; +|1)1...1]; to the first system results in a tensor equivalent

to uo. O
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Definition 2.1.8. Given two k-tensors ¥ and ¢, we define the asymptotic restriction cost of ¢

with respect to ¢ as
w(tp, ¢) = inf {7 € RY |yl > 6% forn > 1} (2.27)

Since restriction of tensors correspond to SLOCC conversion of pure quantum states, we may
define the corresponding asymptotic notion for general quantum states. That is, the asymptotic

extraction rate of one resource, o, from another, p:

pon SLOCC, olrn] g0 s, 1} . (2.28)

Esvocc (p;0) = sup {T eR*

Or we may conversely consider the cost of ¢ in terms of p

1
Csrocc (p,0) = =——— = inf {T e R pGLTnJ % a®" for n > 1} . (2.29)
Esvocc (p, o)
In light of Proposition 2.1.5,
w(®, ¢) = Csrocc (YN, [oXel) - (2.30)

When the resource is ¥ = ug, the entanglement cost of a pure state |1) is closely related to the

concept of asymptotic rank;

w(p) = w(ug,¢) = log R®(). (2.31)
And like sub-rank, we also consider
e 1
Wsub (@) = m = log Rs%b(éf))- (2.32)

As previously mentioned, one of the most studied tensors is MaMus. Especially determining
the value of w = w (MaMugz) has been the subject of much research focus. Currently the best
known bounds are 2 < w < 2.3729 [27], or equivalently, that 4 < R®(MaMug) < 2237 ~ 5.18.
Since it is known that R(MaMus) = 7 [28], we can conclude that R(MaMu®") < R(MaMu)" for
sufficiently large n, giving an example that the left-hand-side and right-hand-side of Eq. (2.20)

are not always equal, and indeed that R® and R are not the same thing.

Another notion of rank that has been used to study R® is the border rank, R, which shall
now be introduced.
Border rank and degenerations

A notion of rank for tensors, which is popular in the field of algebraic geometry, is the border
rank. Border rank is in a sense the closure of tensor rank. The border rank is upper bounded by

tensor rank and often coincides with tensor rank.
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Definition 2.1.9. Given ¥ € V1 ® - - - ® Vi, the border rank of i is defined as
R(¢)) = min {r € N‘Elwn CVi®---®V, such that liﬁn Un, =1 and ¥n : R(y,) < r} . (2.33)

When k = 2, tensor rank coincides with the rank of the corresponding linear map and since
the matrices of rank at most r form a closed set, tensor rank and border rank coincide for

2-tensors.

Example 2.1.10. The W tensor is the simplest example of a tensor where the rank and border

rank differ [29, Sec. 2]. Let
o) = (|0) +[1))%® = |000) = & |[W) 4 €2 (|011) + [101) + [110)) + &3 [111) . (2.34)

Then R(1:) = 2 and %VJJE — W as e — 0, showing that R(W) < 2. In fact, it is then not hard to
see that R(W) =2 <3 = R(W), by a flattening argument (see Section 2.3).

Just like tensor rank and restriction of unit tensors relate, so does border rank relate to the

concept of degeneration:

Definition 2.1.11. Let v e V1R - Q@ Vy and p e W1 ® - -- @ Wi, We write ¢ > ¢ if

pe{P eW @ - Wil > ¢'}. (2.35)
When this is the case we say that 1 degenerates to ¢.
Note that by the above definitions and Proposition 2.1.5, we have
R(¢) = min {r € Nju, > 1}. (2.36)

A neat thing about degenerations is that the set of tensors that degenerate from v form an
algebraic variety, which leads to us only having to consider polynomial approximations (see

Theorem 2.1.13 below).

Definition 2.1.12. Let v €e VI ® --- @ Vi and ¢ € W1 ® --- @ Wy. We say that ¢ degen-
erates to ¢ with error degree e and approximation degree d, denoted ¢ B>§ ¢, if there exists

fi(e) € Hom(V;, W;)[e| such that
(fie) ® - ® fu(e)) ¥ = el + ey + - + ¥, (2.37)

for some ¢1, ..., ¢.. Here Hom(V;, W;)[e] is the polynomial ring over Hom(V;, W;), which, given
choice of bases, may be thought of as matrices with entries that are polynomial in €. The map
(file) ® -+ @ fr(e)) is called a degeneration. We write ¢ >¢ ¢ and ¢ >4 ¢, if Y =5 ¢ for any
e,d € N.
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In the example with the W tensor above, the error degree, e, was 2 and the approximation
degree, d, was 1. The following important theorem is due to Strassen. A proof will not be

presented here.
Theorem 2.1.13. [21, Theorem 5.8] ¢ > ¢ if and only if 1 &5 ¢ for some e,d € N.
Applying the fact that

() ® - ® () ® (91(e) @~ @ gu(e)) | 1 @ 2

(2.38)
=[(hE) ©- @ @) tr] © [(91(e) © -+ @ gule)) o],
0 (2.37) we immediately get:
Proposition 2.1.14. If 1y, Del ¢1 and g 2, then
Y1 O P2 EETZ 1 © ¢2 (2.39)
and
1 @ 1hy BETE 1 @ o (2.40)

The error degree is upper bounded by the approximation degree in the following sense: If

1 B4 ¢ via a degeneration

(file) @+ ® fir(e)) ¥ = %9 + o(e™1), (2.41)

then by removing all terms in each f;(e) of degree strictly higher than d, (2.41) remains true,

and then we have no terms of degree higher than kd on the right-hand-side. Therefore
bgp = YEht (2.42)
Proposition 2.1.15. Given k-tensors ¥ and ¢ such that ¥ B¢ ¢, then ¥ © ueyr1 > ¢.
Proof. By assumption there are f;(¢) such that
(@) @@ fale)) b= 6+ 261+ + e (2.43)

Let p(e) = ¢+ ¢y + - - - + €°Pe. Given distinct non-zero zy, ..., z. € C, we have by Lagrange
interpolation [30] (or e.g. [31])

0) =3 Anlz). (2.41)
=0

where \; = [];; 2= - - Let g1 = 375 /\jzj_dfl(zj) © (4l and g; = 375 Aj fi(25) © (j|. Then

(1@ @ gr) (|¥) © |u)) ZA (fi(z) ® - ® fulz)) )
(2.45)
= Z)\jp(zj) =p(0) = |¢).
j=0
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By Eq. (2.36) and Theorem 2.1.13 we always have ug(,) > 1 for some error degree e.

Corollary 2.1.16.
R(y®") < R(y)"(ne +1), (2.46)

where e is the error degree of a degeneration ug(y) >° 9

Proof. By Proposition 2.1.14 ugn ) B ®". By Proposition 2.1.15,

(¢
UR(p)n (ne+1) ~ Ug(y) © Unet1 = P, (2.47)
showing that R(®™) < R(¢)"(ne + 1). O

. . &/ o def . on\ /"
By Corollary 2.1.16, the border rank versions of asymptotic rank R (¢) = lim, 0o R ((b )
1
and R®(¢) def lim, o0 B <¢®") m coincide with the same notions for tensor rank; R® = R®,
R® = R®. In other words, if we wish to upper bound asymptotic rank of 1, it is just as good to

find degenerations from u to v as to find restrictions. This gives some extra freedom.

Another consequence of Corollary 2.1.16 is the first example of how the first inequality in

Eq. (2.20) can be strict:
Corollary 2.1.17. Given a tensor ¢ such that R(¢) < R(v), then for large enough n
R(y®™) < R(Y)". (2.48)

In the concrete case of the W-tensor, there is a degeneration with error degree e = 2, so
R(W®™) < R(W)™(2n+ 1) = (2n 4 1)2". This is smaller than R(W)™ = 3" for n > 7, so we get
an example of rank non-multiplicativity with ¢» = W®7J and ¢ = W for some j < 6. In fact, the

rank drop happens already at j = 1:
Proposition 2.1.18. R(W®2) <8 <9 = R(W)?

Proof. For any z € C # 0, let \/z be some square root of z. Then

sz (0 vE)™ = (1 - v2I) ™). (2.49)

showing that R(|W) + z|111)) = 2 for all z # 0. Now

W) + 2 |111) =

W) @ [W) = (W + [111))% — (W - % |111>) ® [111) — [111) ® <W+ % \111)) . (2.50)

The ranks of the three terms on the right-hand-side are, from left to right, at most 2 -2 = 4,
2-1=2and 1-2 =2, respectively, so the entire thing has rank at most 4 + 2 4+ 2 = 8. 0

As Proposition 2.1.18 shows, we didn’t have to look far for an example of non-multiplicativity
of tensor rank. In Section 2.2 we shall see that we pretty much couldn’t have found a simpler

example.
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2.2. Multiplicativity for matrix pencils and 2-tensors

The goal of this section is to prove the following proposition.

Proposition 2.2.1. Let ¢y € C® C?* ® C¢ and ¢ € C> @ C* @ C™. Then

R(¢ ©¢) = R(¢ @) = R($)R(¢). (2.51)

Remark 2.2.2. Proposition 2.2.1 shows that the non-multiplicativity example in Proposi-
tion 2.1.18 is essentially minimal. Namely, any example of non-multiplicativity of tensor rank
under @ must either be with a 5-tensor in (C¢ ® C%) ® (C* @ C% @ C%) with dy,ds,d3 > 3,
d > 2 or in a tensor space of order 6 or more. Whether counterexamples with 5-tensors ex-
ist at all is still an open question. Moreover, one can show using Proposition 2.2.1 and the
well-known classification of the GL§<3—orbit5 in C? @ C? @ C? that if 1, ¢ € C2® C?> ® C? and
Ry ® ¢) < R(¢) R(¢), then ¢ and ¢ are both equivalent to W.

The elements of C2 ® C"* @ C™ are often called matrix pencils. The tensor rank of matrix
pencils is completely understood, in the sense that every matrix pencil is equivalent under local
isomorphisms to a pencil in canonical form (Theorem 2.2.4), for which the rank is given by a

simple formula (Theorem 2.2.6). This formula allows a short proof of Proposition 2.2.1.

We begin with introducing the canonical form for matrix pencils (Theorem 2.2.4). For a

proof of Theorem 2.2.4 see [32, Chapter XII].

Definition 2.2.3. Given ¢; € U @ V; ® W;, define Diagy (91, ...,1n) as the image of @ ¢;
under the natural inclusion U @ @,;(V; @ W;) = U @ (@, Vi) @ (@; Wi). For ¢ € N define the
tensor Le € C2 @ C¢ @ CST1 by

¢—1 ¢—1
Lo) =10y @ > Jid) + [1) @ Y |i)|i + 1)
i=0 i=1

1 0 01
:yo>®( b ?)+\1>®(? b )
10 0 1

and for n € N define the tensor N,, € C2C™! e C" by

n—1 n—1
INg) =10y @ Y _lit) + 1)@ ) |i+1) i)
1=0 1=0

1 00--0
1

1
e - |+mel| 1.
000 T

The matriz notation in above equations is via the association |ij) <> |i)j|.
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Theorem 2.2.4 (Canonical form). Let 1) € C? ® C" @ C™. There exist invertible linear maps
A € GLo, B € GL, and C € GL,, and natural numbers (i,...,(pm,...,1m9 € N and an
¢ x ¢ Jordan matrix F' such that, with M = |0) @ I; + |1) ® F, we have

(A® B® C) = Diagea(0, Ley -+ Leyy Ny« -y Nygy M), (2.52)

where the 0 stands for some 0-tensor of appropriate dimensions. The right-hand side of (2.52)

1s called the canonical form of 1.

We now have the necessary notation to present the formula for the tensor rank of matrix
pencils in canonical form (Theorem 2.2.6). Theorem 2.2.6 is due to Grigoriev [33], J4J4 [34] and

Teichert [35], see also [36, Theorem 19.4] or [22, Theorem 3.11.1.1].

Definition 2.2.5. Let F' be a Jordan matriz with eigenvalues A1, A, ..., Ap. Let d();) be the

number of Jordan blocks in F of size at least two with eigenvalue \;. Define m(F) := max; d()\;).

Theorem 2.2.6. Let ¢ = Diage2(0, L¢y, -+ Leys Ny -+ Ny, [0) @ I+ |1) @ F) be a tensor in

canonical form as in (2.52). The tensor rank of 1 equals
P q

R@W) =Y (G+1)+> (ni+1)+L+m(F).

i=1 i=1
We are now ready to give the short proof of Proposition 2.2.1.
Proof of Proposition 2.2.1. Let 1 € CRC!®C?, ¢ € C?2C"®C™. By Eq. (2.20) it suffices to
show that R(1))R(¢) = R(1)®¢). We may assume that [¢p) = 1@ 7_ |ii) with 7 = R(1). By The-
orem 2.2.4 we may assume that ¢ is in canonical form, ¢ = Diagc2(0, L¢,, ..., L¢,, Neyy - oo, Ny, M),
The Kronecker product ¢ ® v is isomorphic to
¢ © ¢ = Diagez(¢, .. ., @)
———

T

By an appropriate local basis transformation we put this in canonical form

Y © ¢ = Diagee (LY, ..., L NIT .. NET M),

¢ G 2" ler €k )

which by Theorem 2.2.6 has rank r - R(¢) = R(¢) R(¢). O

2.3. Non-multiplicativity of border rank

As we saw in Corollary 2.1.17 and Proposition 2.1.18, tensor rank is sometimes strictly sub-
multiplicative. A natural question to ask is then, what about border rank? In Corollary 2.1.17 the
discrepancy between border rank and tensor rank was the witness of strict sub-multiplicativity, so
there does not immediately seem to be a good way to generalize this technique. Furthermore, the
W tensor cannot be a counterexample to border rank multiplicativity, as a flattening argument

will show.
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Flattenings

Given a k-tensor, one might group some of the tensor legs together and view it as a tensor of order
k' < k. The fact that this can never increase the tensor rank or border rank of a tensor, gives a
way of providing lower bounds on tensor and border rank. In particular if ¢ € V1 ® --- ® Vg,
we may consider [¢) as a linear map V¥ ® -+ ® V]* — Vj41 ® -+ - @ Vg, corresponding to k' = 2.

The rank of this linear map then lower bounds both the rank and border rank of .

Example 2.3.1. Consider the tensor W € (Cf’f{2 ®(C%2 ®(C%2 of Example 2.1.4. As a linear map
CH* ® CH** — C£2, this has rank 2, so R(W) > 2.

IfV=Vi®- - ®Vj a generalized flattening is a linear map F : V' — Hom(A, B), where A

and B are vector spaces. This generalizes the usual flattenings with &' = 2.

Proposition 2.3.2. Let F: V; ® --- ® V,, — Hom(A, B) and

ro = max { R (F(@b))‘Rw) =1}. (2.53)
Then forallT e V1 ®---Q Vg,
R(T) > RETD) wrey, (2.54)
To

Proof. Let T € V1®---®V} with R(T) = r and let (T;);y be a sequence of tensors with R(7T;) < r
converging to T'. Since F (¢) < r( for all simple tensors, ¢, we have R (F(T;)) < roR(T;) < ror.
And since F(T;) "25° F(T), it follows that R (F(T)) = R (F(T)) < max;en R (F(T})) < ror,
from which Eq. (2.54) follows. O

One might also consider flattenings, F', that map into higher order tensor spaces, but this
is rarely done, since the merit of the flattening technique is precisely that ranks are easy to

compute for linear maps, which is why one wants to reduce a problem to that of linear maps.

IfFy : Vi® - -®@Vy, — Hom(A1, By) and Fy : W1 ®- - -@W), — Hom(Ag, Bs), then F} ® Fy maps
into Hom(A;, B1) ® Hom(Az, B2). Let r; and rg be the maximum values of Eq. (2.53) for F; and
F respectively. It follows from Eq. (2.21) that R ((F} ® F»)(T1 ® T»)) = R (F1(T1)) R (F»(T3))
and that

max { R ((Fy @ F2)(®))|[R(¥) = 1} = rir, (2.55)

such that Proposition 2.3.2 applied to F1 ® F> gives

R(MoTy) > 2 (F1(Th)) R (F5(T2)) (2.56)

rir2
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In this sense lower bounds provided by generalized flattenings are multiplicative. As a conse-
quence, if a flattening provides a lower bound r to the border rank of T, then R®(T) is also

lower bounded by r.

Example 2.3.3. We saw in Example 2.3.1 how a simple flattening yielded a lower bound
R(W) > 2. Since flattening lower bounds are multiplicative R (W®”) > 2™, Since we saw in

Ezample 2.1.J that R(W) < 2, we conclude that R (W®"> =R (WQn) =27,

Counter example for border rank

Even if the W tensor cannot produce a counterexample to border rank multiplicativity, Proposi-
tion 2.1.18 still provides a technique that can work for proving non-multiplicativity of border

rank for other tensors. Note that Eq. (2.50) generalizes as
®2 ®2 1 1
T =T+y)" —(T+5v)0db—va(T+39), (2.57)

for any tensors T and . If we can find T and % such that 1 is a simple tensor and

R(T+v)=R (T + %1/1) = R(T) — 1, then the border rank of Eq. (2.57) is upper bounded by
(B(T) = 1) + (B(T) = 1) + (B(T) 1) = R(T)* - 1, (2.58)

meaning that R (T ®2) <R (T)2 -1< E(T)2, providing a counterexample to border rank

multiplicativity. In fact we may look for something even more general. Consider the line
Lty = {T + z¢|z € C}. (2.59)

Since the tensors of border rank at most n — 1, commonly denoted o,_1, forms an algebraic
variety [22], Lt is either entirely contained in o, or intersects with o,,—; at finitely many
points. If the intersection is finite and consists of at least two points, then we get an example as
in Eq. (2.57). This can be done by rescaling ¢ and leting 7" = T + 21 be of border rank n with

T+ and T' + %1/) of border rank n — 1. Proposition 2.3.4 presents such an example.
Proposition 2.3.4. Consider the tensors T,v» € A® B® C, with A= B = C = C3, given by

3
|T) =1000) s pe + 1111) 4 e + [222) 4 g + (10) + 1) +12))

(2.60)
+2(10)4 +11)4) (105 +12)5) (D +12)c)
W) = (10)4 +11)4) (1005 +12)5) (D) +12)c) - (2.61)
Then R(T) =5 and R(T — ) = R(T — 2¢) = 4, implying that
R(T%%) <24 <25 = R(T)’. (2.62)
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Proof. R(T) <5 and R (T —2¢) < 4 by the decomposition Eq. (2.60). There are two things
to show. First that R (T) > 5, which is done by a flattening, and that R (T — ) < 4, which is

done by simply providing the decomposition:

17) - ) = (\o>+|1 2) (10)+ 510 +12)) (510 +10+12))

(e ()

+(0+5) (00 +510) 0 o
+12) (51 +\2)(;\0 +12)).
Now consider the flattening F: A ® B ® C — Hom (A ® B*, (/\QA) ® c) given by
F() 1) 4 @ (2l g = [01) 4 A (V2] g |0) - (2.64)

s Id
Written differently, F'(¢) is a composition of the maps A® B* IdAgw}) ARARC AQ@ ¢ (/\2A> ®C.
If [¢) = [$1) 4 @ [¢2) p ® |}3) ¢, then

F(9) : [1h1) 4 ® (W2 g = (2|d2) g |d1) 4 A [¥01) 4 @ |03) (2.65)

has rank at most 2, since the image of F'(¢) is contained in the 2-dimensional space
{lp1) A N |¥) 4 ® |d3)|t) € A} So the g of Eq. (2.54) is 2. Now inserting Eq. (2.60) into
Eq. (2.64) yields

F(T)]0)4 ® (0|5 =1[0)4 A [ 00) 4 + (|O) + [1) +[2)) , (|0) + 1) +|2)) -
2(10) + 1)) 4 (1) +12)) (2.66)

=[0A 1), (10) +3[1) +3[2)) ¢ + 104 2) 4 (10) + 1) +[2))

Similarly we calculate F (T')|i) 4 ® (j| 5 and express it in the basis (|i A j) 4, ® |k>C’)i<j,k‘ This
results in the following matrix, where the first column was calculated in Eq. (2.66) above:
111 -2 -1 -1 O 0 0
323 -3 -1 -3 0 0 0
313 -3 -1 -3 0 0 0
1 11 0 0 0 -2 -1 -1
1110 0 0 -3 -1 -3, (2.67)
112 0 0 0 -3 -1 -3
00 0 1 1 1 -1 -1 -1
ooo0o 1 1 1 -3 -2 =3
ooo 1 1 1 -3 -1 -3
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which has full rank, 9. By Eq. (2.54) R(T) > § > 4 as wanted. By Eq. (2.58)
R(T%%) <24 <25 = R(T)”. (2.68)
O

By now we have seen examples that both tensor rank and border rank can be strictly
sub-multiplicative under the tensor product. The fact that tensor rank can be strictly sub-
multiplicative under the non-flattened tensor product implies that R® and R are not the same
thing. The fact that border rank can also be strictly sub-multiplicative, implies that the second

inequality below, can be strict.

R(¢) > R(y) > R®(¢) > R¥(1)). (2.69)

So some of the difference between R and R® does not come the flattening of tensor legs. A
natural question to ask now might then be if the last inequality above can be strict, or if in fact
R® and R® are the same. This is also not the case. As previously mentioned, the best known

upper bound on R®(MaMuy) is 2237 ~ 5.18. Yet R®(MaMus) > 6:
Proposition 2.3.5. R®(MaMus) > 6

Proof. We prove this lower bound by a Young flattening, as in Proposition 2.3.4. By applying
the map I4 + [00)(11], — [11)(11]4, to the first tensor leg, we obtain a restriction.

1
IMaMug) = Y [if) 4 ik)  [Ki)

i,5,k=0
> 100) 4 (100) 5 [00) ¢ + [10) 5 [01) o + [11) g [11) ¢ +01) 5 [10) ) (2.70)
+110) 4 (|01) 5 [11) ¢ + [00) 5 [01) )
+101) 4 (]10) 5 [00), + [11) 5 |10) ) € C* @ C* @ C*.
Let us call the tensor on the right-hand-side above T'. Like in the proof of Proposition 2.3.4, we
consider the flattening F': A® B ® C' — Hom (A ® B*, /\2 A® C) given by

F(¢) i [¥1) 4 ® (Ya2lg = |[¥1) 4 A (Y2l |8) - (2.71)

The image of a simple tensor under the flattening F', has at rank at most 2, so

R(P(T))

R(T) > 5

(2.72)

Expressing the linear map F/(T) in the basis (|ij) 4 <kl\B){ij k1e{0,1}](ij)£(1,1)}> for the domain

and ([ij AKL) 4 [0170) ¢) (i k1 nme (0.1 1(6.4)£ (1), (k)#(1,1)) fOT the co-domain, both ordered lexico-
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graphically, we get the matrix:

_0 6o10-1 0 0 O O O O O _
ooo0oo0 o0 o0 -1 0 0 0 0 O
oo0oo01 0 -1 0o 0 0 0 0 O
oo0oo0o0 0 o0 O -1 0 0 0 O
ooo0oo0 o0 o o o -1 0 0 0
T o000 0 O O O O O -1 0 7 (2.73)
o000 0 o0 o o o0 -1 0 0
6100 0 o0 o o0 o o0 0 -1
ooo0oo0 o0 o0 o0 o0 O o0 -1 0
ooo0oo01 o0 o o o0 0 0 O
ooo0oo0 0 o0 o o o o 0 -1
ooo0oo0 o0 1 0 0O O O 0 O

which has rank 12. So R(T') > 6. As discussed previously, and expressed in Eq. (2.56), flattening

lower bounds are multiplicative under tensor product, so R®(MaMusz) > 6. ]

The exact value of R®(MaMuy) is unknown, but it must necessarily be in the interval [6, 7].
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Chapter 3

The asymptotic spectrum of tensors

Tensor rank, border rank and their asymptotic versions, introduced in Chapter 2, constitute
what could reasonably be called entanglement monotones for pure states, in the sense that
they decrease under application of any SLOCC channel, and therefore specially any LOCC
channel. However there are certain properties that are often considered desirable for entanglement
monotones. One is a sense of continuity, which shall not be touched upon in this thesis. Another
is additivity under tensor product. That is, for states p and ¢ we wish for a monotone to
satisfy f(p ® o) = f(p) + f(o). In other words, the combined entanglement of two resources
should be the sum of the entanglement of the parts. These kinds of entanglement monotones
can necessarily not distinguish between asymptotic and single-shot conversions of resources. In
the case of pure states under SLOCC (equivalently tensors under restriction), it was shown by
V. Strassen that in fact the asymptotics are entirely determined by a subset of the additive
entanglement monotones, namely by what Strassen called the asymptotic spectrum of tensors,
which shall now be introduced. Note that in what follows we are considering monotones which
are multiplicative under tensor product: f(p ® o) = f(p)f(o), but this is of course equivalent to
log f being additive. Considering log f(v)) rather than f(¢) is the same difference as considering
w(v) rather than R®(¢).

3.1. The asymptotic spectrum of a preordered semiring

In [15], Strassen considers the semiring (7%, ®, ®, >) of equivalence classes of k-tensors under
mutual restriction, see Definition 2.1.3. This is a semiring with respect to direct sum and
Kronecker product and the partial order, given by restriction, respects the algebraic structure of
this semiring. By applying the spectral theorem [15, Theorem 2.3] (here Theorem 3.1.4 below),

one gets the asymptotic spectrum A(7g) of tensors.
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Definition 3.1.1. A commutative semiring (S,+,-) is a set S with two binary, commutative,
and associative operations (+,-) containing distinct additive and multiplicative identity elements

0,1 €S, satisfying the distributive law:
a(b+c) = ab+ ac. (3.1)

Note that what distinguishes a semiring from a ring, is that there is no guarantee of an
additive inverse. In fact the semiring we will consider in this chapter has no additive inverses,
except for 0, which is always its own additive inverse. In this thesis all semirings are commutative

and semiring shall therefore be understood to implicitly mean commutative semiring.

Definition 3.1.2. A preorder < on S is a binary relation which is transitive and reflexive (but
not necessarily antisymmetric). We say that (S,+,-, <) is a preordered semiring, if < respects

the algebraic structure on S. That is, when a < b and ¢ < d:

a+c<b+d (3.2)

ac < bd. (3.3)

Remark 3.1.3. Note that in order to show conditions (3.2) and (3.3) it suffices to show
a+c<b+candac < bc whenever a < b, since this implies a + ¢ < b+ ¢ < b+ d whenever

a <bandc<d, and similarly for the product.

One can always turn a semiring into a preordered semiring by defining < to be either the
equality preorder (z <y <= x = y) or the other extreme preorder (Vx,y € S:z <y). We
shall only be interested in certain non-trivial preorders, namely semirings where N C S and the

preorder restricted to N is the usual ordering of N.

Theorem 3.1.4 (Strassen, [15], see also [37, Theorem 2.2]). Let (S, <) be a preordered semiring
with N C S satisfying the following:

1. < restricted to N is the usual ordering of N.
2. For any a,b € S\{0} there is an r € N such that a < rb.

Define the asymptotic preorder < on S by; a < b if and only if a¥ < 2°NbN for some integer-

valued sequence xn € o(N). Then (S, <) is also a preordered semiring. Let
A(S) = {f € Hom(S,RY)Va,b € S:a <b = f(a) < f(h)} .
That is A(S) is the set of order-preserving semiring homomorphisms from S to R*. Then
aSb <= VfEAS): fla) < f(b). (3-4)
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Let A(S) be equipped with the topology generated by the maps a : A(S) — R, given by a : f — f(a).
That is, A(S) is equipped with the coarsest topology making these maps continuous. Then A(S)
is a compact Hausdorff space and a — a is a semiring homomorphism S — C(A(S)), which, by

Eq. (3.4), respects both < and < on S. A(S) will be called the asymptotic spectrum of S.

Ti. of Definition 2.1.3 naturally comes equipped with the structure of a partially ordered
semiring. When v €e V1 ® --- ®@ Vi and ¢ € W ® - -- ® Wy, the operations

YoOpe(VLoW) ... (Vi W) (3.5)
and
vope(ViaW)®...0 (Vi ® W) (3.6)

both respect restriction and therefore also equivalence, making (7, ®, @, >) a partially ordered
semiring. Furthermore, the conditions of Theorem 3.1.4 are met (for details see [21] and [15]).
The unit element of the semiring 7} is the equivalence class of simple tensors, which we might
represent by [u1] = [|0...0)] and since u; & uj ~ u;y; and u; ® uj ~ u;;, the embedding of the
natural numbers in Ty is 7 — [u,]. So the term 2*~ of Theorem 3.1.4, in the case of S = Ty,

corresponds to the element u2®xN ~ u9zy , and per definition

W] 2 (6] <= v 0ug*™ > ¢, (3.7)
By [15, eq (2.7)-(2.10)], also
1/)2@%)<:>V9>1VN>>1:¢®N®U(9NWZ¢@N. (3.8)

Since for the rest of this chapter we shall be dealing with 7, we shall sometimes omit the

brackets and simply write v in place of [¢], as this is unlikely to cause confusion.

Lemma 3.1.5. Let ¢, ¢ € Ty, with 1 globally entangled. Then

Y29 = wth,¢) <1 (3.9)

Proof. Assume first that w(1,¢) < 1 and let # > 1 be given. Let r = log R(%), such that

uy™ > wQLTJ for all n. Then

u[m>w@L v J, (3.10)

which implies

PN ©upgey 2 9 0Pl =y [(r2] 5 o, (3.11)

Here the last relation holds for N > 1, since 1 + @ >1>w(, o).
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Conversely, assume that [¢)] > [¢], such that OV © us™ > ¢ON for some zy € o(N).

Let 7 > 1 be given. We need to show that @™ > ¢®N for large N. By Proposition 2.1.7

YOLT=Dn) > 4y for some n. So for large N:
w@L‘rNJ _ wQN ®¢®L(T_1)NJ > w@N QU;DLN/nJ > w@N @ugmw > ¢®N_ (3.12)

Here the second to last relation holds because | N/n| dominates any function in o(N) for large

N. O

Proposition 3.1.6. For (T, >), the asymptotic preorder < of Theorem 3.1.4, is precisely the

preorder

V2o = w,9) <L (3.13)

Proof. The proof of the implications <= in Lemma 3.1.5 did not use the fact that ®V
was globally entangled, so we just have to prove the reverse implication for general . If
Y € V1 ®---® Vg is separable across some bipartition where ¢ is not, then ¥ Z ¢ and
w(1, ) = 0o. So we can assume that ) =91 @ --- @y and ¢ = ¢1 ® - - - ® ¢; for some partition
Liu---Ul = [k] and 9j,0; € Qicr; Vi with each ¢; globally entangled in &)y, Vi. It is not
hard to see that w(v, ¢) < 1 if and only if w(v;, ¢;) <1 for all j. Showing that also

V2o = Vi 2 o4, (3.14)

finishes the proof, as Lemma 3.1.5 implies ¥; 2 ¢; <= w(v;, ¢;) < 1. So we prove (3.14). The

[2k] > uéj . The implication = is slightly harder.

implication <= follows from the fact that u
For the quantum information reader, who is comfortable with arguments by protocol description,
we have to show that the sublinear number of global GHZ states can be replaced by local GHZ
states within each entanglement cluster. This is done by having one party in each cluster locally
create the states of the other entanglement clusters and then mimic the global protocol. In
mathematical terms: Assume that (f1 ® -+ ® fi)(¥®" © u5™) = ¢°™ and let a cluster jo € [I]
be given. It suffices to prove that @DJQO” ® <u£j°)®xn > gb;%". Fix any party ig € I,. Consider the

flattening of Y™ ® u™", to a |, |-tensor:

Flat (v 0us™) € [V, o QVile @ W (3.15)
iZl; iGIjO\{io}

Notice that by applying a suitable map to V;,, we have w;%" ® <u§°) > Flat (@Z)@” ® ugx”)
and Flat <¢®" O] ugx") > Flat(¢®™) > ¢j,, where the first restriction is the flattening of
(f1®---® fr), while the second is taking the partial trace on the systems (V;O ® Oigfj W). O
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Combining Proposition 3.1.6 and Theorem 3.1.4 we see that w(¢,¢) < 1 if and only if
f() > f(@) for all f € A(Tg). Since for any a,b € N: w(¢p9%, ¢°%) = 2w(4, ¢) we obtain the

following formula:

Corollary 3.1.7.
_ e 08 f(9)
feA(m) log f(¥)’

where we ignore all f that are 1 on both ¢ and 1, and interpret § as oo

w(¥, ¢) (3.16)

Since log f(ug) = 1 for all f € A, we infer the following corollary from Corollary 3.1.7 applied
to Eq. (2.31) and Eq. (2.32).

Corollary 3.1.8.

RO(y) = (e f(4). (3.17)
® _ .
R, (¥) = [ain f@). (3.18)

Since we are often interested in expressing costs in terms of exponents, i.e. computing w(1, @),
we shall often consider the logarithmic spectrum log A(7), which is simply {log f} rea(my- BY
Corollary 3.1.7, knowing the entire spectrum A(7j) means seeing the complete picture of
asymptotic restrictions of k-tensor, or equivalently asymptotic SLOCC transformation rates
between pure k-partite quantum states. It is then not surprising that finding members of A(7%)

is not an easy task.

Example 3.1.9. The first points in Ay which one finds are the local ranks. Giveny € V1®-- -V}
and any bipartition Iy U I, = [k], we may consider the flattening rank Ry, 1, (¢) of ¥ viewed as a
map Qicr, Vi = Qicr, Vi- That is, the rank of the map (¢|;, = (S|, |¥) 1,11, 1t s easy to see

]

that Ry, 1, s additive under & and multiplicative under © and respects the restriction order, so

RILIQ S A(E)

In the following section, some non-trivial spectral points found in [13] and [8] will be presented.

3.2. Support and quantum functionals

In [13] V. Strassen found spectral points in A(O3), called support functionals, for a certain
sub-semiring O3 C T3 of oblique tensors (see Definition 3.2.2 below). These spectral points were
recently extended in [8, see Cor. 3.31] to monotones in A(7). In the following sections we shall

only work with k = 3, so here is a quick recap of the relevant results from [13] and [8] for k = 3.
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Definition 3.2.1. Let ¢y € CX@CY @C? for some finite sets X,Y, Z, then supp(¢)) C X xY x Z
are the tuples (x,y, z), such that (zyz|y) # 0.

Definition 3.2.2. Let ¢y € CX @ CY @ C%, then 1 is said to be oblique if for some total

orderings of X, Y and Z, supp(yp) C X XY X Z forms as antichain in the product order. Le.

for (z1,y1,21), (z2, Y2, 22) € supp(¥);
x1 > x9 and y1 > yo and 21 > 2z = (r1,Y1,21) = (T2, Y2, 22). (3.19)
Os is the subset of [¢] € Ts such that v is equivalent to an oblique tensor.

Definition 3.2.3. Given ® C X XY x Z and probability measure 0 : {1,2,3} — [0, 1], define
hg(®) as

3
ho(®) = 0(i)H(P,), 3.20
(@) = g S 00H(R) (3.20)
where P; is the marginal probability distribution on system i, e.g. Pi(x') = > P(z,y,2).

(z,y,2)eP:x=0'
Theorem 3.2.4. [13, Thm. 4.4.] For [¢] € Os, let ¢ ~ 1 be an oblique representative of the

equivalence class, then the map

P’ [b] = hg (supp(9)) , (3.21)
is well-defined and (¥ = 2’ € A(O3). Or equivalently, p? € log A(O3).

The subset {(?}y € A(Oj3) is what Strassen calls the support simplex, as it is the image of
the simplex P([3]), under the continuous map 6 — ¢?. Note that if (9(1’))?:1 = (1,0,0), then ¢’

is simply the local rank Ry (5 3y of Example 3.1.9.

Theorem 3.2.5. [8, Cor. 3.31] Forv{ € H1®@Ha®@H3 and probability measure 0 : {1,2,3} — [0, 1],
let Ho(v) = S22, 0(i)H(p;), where p; = Tr12,33\ {i} % is the normalized marginal state of
|) on system i and H(p) = — Tr(plog p) is the von Neumann entropy. For [1)] € T3, let
Eo(¢) = sup Hy(9). (3.22)
¢<y

Then Fy = 2F¢ € A(T3). Furthermore F|o, = ¢ (see [S, Sec. 3.4]).

Whether these so-called quantum functionals or Theorem 3.2.5 form the entirety of A(73)
is unclear. If this was the case, it would imply that the maximal local dimension is an upper
bound to the asymptotic rank, and in particular that w(MaMusy) = 2. Though no such strong
results are known for R®, a weaker version, for the sub-semiring of tight tensors (defined below)

is known for R®

—up> as shall now be explained.
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Definition 3.2.6. A tensor ) € CX @ CY @ CZ is said to be tight if there exist injective maps
a: X >Z,8:Y >7Z,v:Z — Z such that

(z,y,2) € supp(y)) = a(x) + B(y) +7(2) = 0. (3.23)

Tight tensors are necessarily oblique and form a sub-semiring of T3 (see [13, sec. 5]). We

denote by Ogight C T3 the sub-semiring of equivalence classes of tight tensors.

Theorem 3.2.7. [13, Theorem 5.5] For any sub-semiring S C (’)éight we order A(S) by the
usual ordering of functions by point-wise majorization. The minimal points of {¢%|s}e C A(S)

coincide with the minimal points of A(S).

When & = (¢1,...,%,) C T is the sub-semiring generated by 1,...,1,, let us write
A(Y1,...,Yn) = A(S). We shall always think of sub-semirings as unital. For [¢] € Ogight, we
may consider the sub-semiring (¢) C T3 generated by 1. Since any f € A(¢)) is determined by

its action on %, it follows from Theorem 3.2.7 that

© _ : _ s 0
Roy,(¥) = fgm)f(w = eep?%i%,g}ﬁ (¥). (3.24)

So while the asymptotic rank is not known to be determined by the support simplex, for tight

tensors, the asymptotic sub-rank is. Whether this generalizes to the sub-rank of general tensors

and the quantum functionals, is currently unknown.
Example 3.2.8. The tensor W € CX @ CY ® C%, with X =Y = Z = {0,1} has
supp(W) = {z; = (1,0,0), 29 = (0,1,0), 23 = (0,0,1)} c {0,1}*3, (3.25)

which is tight as witnessed by the injective maps «, 3, : {0,1} — Z, given by a(x) = z, B(y) = vy,
v(z) = z—1. When P € P({z,y,z}), the entropy of the marginals are H(P;) = h(P(x1)),
H(Py) = h(P(x2)), H(P3) = h(P(x3)), where h (p) = —plogp — (1 — p)log(1 — p) is the binary

entropy function. Let Q be the uniform distribution on {x1,xz2,x3}, then

0 = max z * v
p’(W) _pep(suPpm‘)(l)h(P( 1)) + 0(2)h(P(22)) + 0(3)h(P(3)) (3.26)

1 2
> 0(1H(Q(a)) + B(QLez)) +0()h(@Qa) = (5 ) = log(3) ..
When g is the uniform distribution, the fact that h is concave, implies, by Jensen’s inequality,

that Eq. (3.26) becomes an equality, so

2
PP (W) =log(3) — 3 (3.27)
In conclusion
2
log R® (W) = i Y(W) =log(3) — = ~ 0.9183 3.28
og R, (W) 951»1(%])’)( ) =1log(3) — 3 , (3.28)

as was also shown in [26]. Furthermore, since log R®(W) = mane'p([g)])pg(W) =1 and

PO (W)Y =1 and 6 — p’ is continuous, we conclude that log A(W) = [log(3) — 2.1].
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3.3. The support simplex of W and one EPR-pair

Let us add another tensor into the mix and see if we can determine the spectrum. Let us consider
the unnormalized EPR-pair |e) = |e!?) = |000) + [110) € C? ® C? ® C, which is also tight, as
witnessed by the maps «, 3,7 : {0,1} — Z, given by a(z) = —z, 5(y) =y, 7(z) = z. We shall
determine log A(e, W).

Since supp(e) is a two-point set, any P € P (supp(e)) is determined by the value p = P ((0,0,0)).

Note also that the marginal P5 is supported on a one-point set, so that H(P;) = 0. So

P) =, _max  B)H(P) +6QH(P)

= max (0(1) +6(2)) h(p) (3:29)

= 0(1) +0(2).

Since f € log A(e, W) is determined by its value at e and W, we may visualize log A(e, W)
as a subset of R?2 by the inclusion logA(e, W) > f — (f(e), f(W)) € R2. The points
p? €log Ae, W), for € P ({1,2,3}), then correspond to the points

(l6) +0(2)] " (W)) .

We describe what this set looks like. Let supp(W) = {z1,x2,23} as in Eq. (3.25) and for
P € P (supp(W)), let

F,P)= > 0(i)h(P(x;)), (3.30)
1€{1,2,3}
such that
P’ (W) = max F(6,P). (3.31)

PEP({ILCEQ,CE3})

For any 0 € P ({1,2,3}), let 6 be given by 0(1) = 0(2) = 9(1);6’(2), 6(3) = 6(3). Then

dy i Dy _ 5 py _ 0
p(W)=maxF(§,P)= max F(@P)= max F(@P)<p (W), (3.32)
P(z1)=P(z2) P(z1)=P(z2)

where the second equality holds by concavity of h and the third is true since F(6, P) = F(6, P)
whenever P(z1) = P(x3). From Eq. (3.32) it follows that for fixed ¢ = p?(e) = (1) + 6(2), the
minimal value of p?(W) is attained at (6;(1), 6:(2),0:(3)) = (t/2,t/2,1 —t), with value

PP (W) = max Sh(p) + Ship) + (1~ Dh(1 — 2p) = max [th(p) + (1~ Oh(2p)] . (333)

Let L, be the line parametrized by t — (¢,th(p) + (1 — t)h(2p)) € R%. Then the lines L, cut

out the support simplex from below. See Fig. 3.1 for illustration.
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07

Figure 3.1: Support simplex {pe}gep({m’g,}) shown in purple.
p?(e) along the z-axis and p? (W) along the y-axis.

Tangent lines Ly 4, L1/3, L3/g, L1/2 shown in respectively

olive, black, red and blue.

0.8

0.7

Figure 3.2: The green region is not in log A(e, W) by Theorem 3.2.7

The yellow region needs to be determined
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Now by Theorem 3.2.7, we can rule out the green region in Fig. 3.2 as points in log A(e, W).
In other words, all points below the lines L, for p € [i, %} are not in log A(e, W). To deal
with the yellow region will take some work, deferred to Section 3.4, but let us first see what
our current knowledge of the spectrum allows us to say about w and SLOCC. Let p € E, %]
Since L, cuts out log A(e, W) from below, we know that for any f € log A(e, W), we have

fFW) = f(e)h(p) + (1 = f(e)) h(2p). So for any f € log Ae, W)

FW) + (h(2p) — h(p)) f(e) = f(e)h(p) + (1 = f(e)) h(2p) + (1(2p) — h(p)) f(e)

(3.34)
> h(2p),
from which it follows, by Corollary 3.1.8, that for any n € N and p € E, %]
WO @ Rl (h2p)=hE)n] > Olnh(2p)] (3.35)

In terms of SLOCC, this means that given a large number of W-states and (h(2p) — h(p))
EPR-pairs shared between two of the parties per W-state, we can extract h(2p) GHZ-states per
W. Putting p = %, we recover the asymptotic sub-rank of W from Example 3.2.8. For p = i we
see that we can asymptotically convert W states to GHZ states at rate 1-to-1 given the aid of

(h(1/2) — h(1/4)) =~ 0.189 EPR-pairs per W-state.

Theorem 3.2.7 can only tell us that the green region of Fig. 3.2 is not in log A(e, W). In
the following section we will show that Eq. (3.34) also holds for p € [%, %} Note, that for such
p, h(2p) — h(p) is negative. Therefore the expression Eq. (3.35) does not really make sense,
as we have not defined negative Kronecker powers of tensors. The correct interpretation is
then that negative powers should be moved to the other side of the inequality. In the proof of

Theorem 3.4.1 below, we will essentially prove the negative power version of Eq. (3.35) in the

more general setting where, W is replaced with any tight tensor.

3.4. Extracting EPR-pairs and GHZ-states from a tight tensor

In order to determine whether the yellow section of Fig. 3.2 is in log A(e, W), we need to get
a bit technical. The proof of the following theorem uses a variation of the technique used for
proving Theorem 3.2.7 in [13]. The technique in [13], which is an integral part of what is called

the laser method, is a way of extracting large unit tensors from a tight tensor. In what follows,
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the same technique is used for extracting direct sums of high-level maximally entangled states

between a fixed pair of parties.

Theorem 3.4.1. Let i) € C*¥ @ C¥ @ CZ be a tight tensor with ¥ = supp(y)) C X x Y x Z
and |e) = |000) + |110) € C? @ C2 ® C. Let f € logA(e,v) and P € P (V) such that
H(P3) <min{H(P,),H(P2)}. Let s = f (¢) and t = f (e). Then

s>t (ien{l%g}H(Pi) - H(Pg)) + H(Ps). (3.36)

Proof. The overall idea is to first take a large tensor power ¥©" € CX" @ C¥" @ C#", and
then choose subsets X,, ¢ X", Y, C Y" Z, C Z", such that projecting onto these subsets
creates a tensor ¢, = (1x, ® Ty, ® 7z, ) Y, equivalent to uS'* © e®?, where o ~ nH(P3) and

B~ n (minjeq 2y H(P) — H(P)).

We may assume that the values of P are rational and obtain the general result by taking
limits. Let § > 0 be given. Let n € N be large with nP integral, such that we may consider the
type classes T3, T, T, (defined in Section 1.2). Let W} = W" 1 [T} x Tf, x Th|. Note that
for each z € T, the sets W5 N (X™ x Y™ x {z}) are of the same size, so

|95 0 (X7 Y x {2})| = V|

’ , and similarly for z € T5 and y € Tp,. Let M = M(n) be a
g,

prime depending on n with
W pn|
min (|73 |, [T, )

By [13, Proof of Lemma 5.1 pp 151-153] (for completeness the statement is proven in Lemma 3.4.2

< 2" < M. (3.37)

M
2

below), we may choose n and therefore M sufficiently large that the following holds: There exist
random maps a : X" — Zpr, b: Y™ — Zpg, ¢ 0 Z™ — Zyr and a set S C Zyy of size |S| > M9,

such that for (x,y, z) € U%
Pr[a(z),b(y),c(z) € S] = — (3.38)

and for all pairs of distinct (z,y, 2), (¢/,¢/,2') € ¥ withz =2 or y =y  or 2 =2/

_ 18l

= 5 (3.39)

Pr [a(m’), a(z'),b(y), b(y'), c(z), c(2) € s]

Note that a, b, c are not random maps in the sense that their domains X™, Y™, Z™ are measure
spaces, but rather, in the sense that the maps a, b, ¢ themselves are randomly chosen. That is, for
some probability space 2, we have Q > w +— a,, € Homget (X", Zps), where we have suppressed

the w in the notation, as one usually does with stochastic variables.
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Now let V = ¥%, N (a—l(S) x b71(S) x c—l(S)) and

b= {{(xy Z%(w’,y'vzl)} © <‘2/>

Let I' C V be the set of isolated vertices in the graph (V, E). Furthermore, let

r=1ory= y'} . (3.40)

V.=V N (X" xY"™x {z}) be the vertices with fixed z coordinate, and E, be the edges with at
least one end-node in V. Foreach zlet ', = I'NV,. Let X,, = nxn (1), Y,, = myn (1), Z,, = mzn (D),
such that the support of ¢, = (1x, @ Ty, ® 7z, ) Y™ is supp(¢,) =T = Uzeng I',. By the fact
that I" is the set of isolated vertices in (V, E), all z and y coordinates of points in I" are unique.

So

U U (r,y,2), (3.41)

ZeTlg; (x7yaz)erz
with each z and y unique in the union above. So by a rescaling fx : CX» - CX» given by

X ¢ |x) = WM |x), we get

"]
Ix@Iel
0 " S S W~ Y Yk~ @lan). (4
ZET" (z,y,2)€l, ZET” z=1

Here |e,,) = Y751 #i0) denotes the m-level bipartite unit tensor shared between the first two
systems. For reasons which will become clear, we are interested in lower bounding the ¢’th
moment E[I".|* for z € Tp,. To do this, we lower bound E|T'.| and then upper bound E[T'.|?,
since a lower bound of E|T',|* then follows from Holder’s inequality. First, the expectation value:
Since a subgraph with no edges consists of isolated points, and adding an edge will de-isolate

only the vertices it connects we get the coarse lower bound [I',| > |V, | — 2|E,|.

E|V,| = Z Pr[a(z) € S,b(y) € S,c(z) € 5]
(x,y,z)éW”ﬂ(X"XY"X{z})
- ’\Izg N(X"x Y™ x {z}) ‘S’ (3.43)
LD
g | M2
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E|E,| < Z Z Pr [a(x), a(z"),b(y), c(2),c(2') € S}

(2,,2) EVEN(X"x Y x{z}) | (@' .2 e¥RN (X7 x {y}x2")
(#,y,2")#(®,y,2)

+ )3 Pr [a(2),b(y),b(y). (=), (') € S|
(I,y’,z’)e‘wlgm({z}xyn xZ™n)
(1’./7y7z/)¢($7y7z)

S
< ’\If’fa N(X"x Y™ x {z})‘ [QmaX{“If’]oﬁ (X" x{y} x 27)|, |¥p N ({z} x Y™ x Zn)‘} J‘wi”)
_ omPis

’Tﬁg’min{‘Tﬁl |73 }M3
(3.44)
Combining Eq. (3.43) and Eq. (3.44) with both inequalities in Eq. (3.37) yields
3.43,3.44 |\gn||S 4 (W%
E|T;| > E|V;| — 2E|E,| > Ll L L= Ve
mn .
‘TPS M Mmm{‘Tﬁl AT, }
:5437(s>econd) |\1173HS’( B 4) (3.45)
o et
3
3.37(first) min{’Tgl TP, } 1 4
A[ond i (1 - 2m5> :

>
73

Now for the second moment. First off |T.|* < |V|?, and the latter can be estimated from

above as follows:
E|V.[? = 3 3 Pr [a(z), a(2'), b(y), b(y), c(2) € S]

(:L‘,y,z)E\I/’}éﬂ(X” XY™ X{z}) (x’,y’,z)E\I/’}éﬂ(X” XY™ X{z})

5| 15|
< 2 et > 2 A
(J:,y,z)ellﬂléﬁ(X"XY"X{z}) (J:,y,z)elI/;;ﬁ(X"XY"X{z}) (x’,y’,z)elll’}éﬁ(X"XY"X{z})
_ LISt (RIS _ [wplIs ([, (v
— 2l
73| M2 g | a3 |73 | M2 T3 | M
. min{‘Tﬁl |5, } min{‘Tﬁl |5 } min{‘Tﬁl |3, }
< 1+ <2
8, 8, 8,
(3.46)

n
TP2

i

} > ‘T}’EB‘. We can now use the

Here the last inequality follows from the fact that min { ’Tﬁl
2-t

estimates of the first and second moment to lower bound E |T,|". Let p = s, p=2—t,q=2=L
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Since 1% + % = 5 + =L =1, it follows from Hélder’s inequality applied to |T';| = |I';|” T,
that

1
E[T.| < (E[D.7)7 (BT, 777) " (3.47)

which implies, by taking the p’th power on both sides, that

_ 1—t
(E[r.)* " < (B|r.|) (B|P-1%) (3.48)
Therefore
2—t
min{ T;.}l ,ng ) (1 . )
" M52n6+1 2n6
2—t Ps
o (EIT:))
El.|" > (E\P 2‘2)1 pT;
z 3 TTL s T?’L
o1t mm{ npre } (3.49)
T3,
t
mm{‘TP1 1P, } - 1 4 2—t
- ‘T” 2 Mo9nd+1 < 2n5> ’
P3
such that
. min{’T}}l |, }
lim —logE|l,|" > ¢ lim —log
n—oo n n—00 n, Tn
75
2 1) (=5 -5 lim S logM + lim ~log (1— — (320
e m0 =0 Jim Dlog Mok lim log (1= 555
> ¢ (min {H(Py), H(Py)} — H(Py)) + (2 — 1) (=6) (1 + log |¥| +6) .
Here the last inequality comes from the upper bound on M in Eq. (3.37):
. 1 . 1 nond __
JgrgoglogM(n) < Jgrgogloghm 2" = log |¥| + 4. (3.51)
If f €logA(e, W), then
f n €T,
9 <€BzeTp3 er I) _ Z 2f(e\l“z\) _ Z 2f(e)log|Fz| _ Z |Fz|t. (352)
Z€Tp, z€Tp, 2€Tp,
So
ns =nf() = f (V") > f(on) = f | D er. | =log 3 IL.". (3.53)
zET;3 zETI’;S

For some realization of the stochastic variable ZzeT% IT.|", we have ZzeT};s IT.' > E ZzeT};s .|,

and for this realization

1 1 1 1 .1
s>—log > [T.['>-logE > [T.['=—log > E[l,|'> *10g’T1§3’ + lim ~logE|T.[",
" ety " €Ty, " seTp n n

(3.54)
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which in the limit n — oo, gives
s> H(Py) -+t (min {H(Py), H(Py)} — H(Py)) + (2 = 1) (~6(1 + log|¥[ +)) . (3.55)
Taking § — 0 removes the last term and concludes the proof. O

Applying Theorem 3.4.1 to ¢ = W, we see that log A(W,e) is exactly the purple region in
Fig. 3.2, so that the support simplex (or equivalently the quantum functionals of [8]) is the

entire spectrum. By Theorem 3.4.1, for any p € {%, %},

won > & (he)-h(2p))n] ® uéDth@p)J' (3.56)

When p = % we recover the subrank of W. For p = % we get W™ > e which follows trivially
from W > e. But for p strictly between % and %, Eq. (3.56) seems about as non-trivial as

Theorem 3.4.1.

In terms of asymptotic restrictions for tight tensors, ¢, in general, Theorem 3.4.1 implies

w@n > o) L(minie{l,Z} H(Pi)_H(PS))nJ o USJL”H(PB)J (3.57)

for any probability distribution P € P(supp(v)) with H(P3) < min;ey 9y H(F;).

Before ending this chapter, a proof of the technical lemma, used in the proof of Theorem 3.4.1

is presented below.

Lemma 3.4.2 (Technical lemma following the proof in [13]). Let ¥ C X x Y x Z be tight and
§ > 0 be given. For sufficiently large n and prime M = M(n) % oo there exist random maps
a: X" = Zy, b:Y" = Zpg, ¢ Z™ — Zyg and a set S C Zyy of size |S| > M9 such that
Eq. (3.38) and Eq. (3.39) hold.

Proof. Let § > 0 be given and let «, 8,7 : X,Y, Z — Z be the injective maps witnessing tightness
of U. By adding a large constant K, to both a and (, while subtracting 2K from -, we can
assume that a and 8 only take positive values, while v only takes negative values. This will
be important later and resolves an issue with the original proof in [13], which seems to have
gone unnoticed. Let M be a prime larger then 2|a(z)|, 2|5(y)| and 2|y(z)| for all z,y, z. Let
W1, ...,wnt+s be independent uniformly distributed stochastic variables with values in Zjy;. Now
define a : X™ — Zp;, b: Y™ — Zpy and ¢ : Z™ — Zypy by

n

a(z) = Za(%‘)wi + Wnt1 — W2, (3.58)
i=1
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n

b(z) = Z B(yi)wi + Wnt2 — wnts, (3.59)

i=1

1 n
—3 (Z’y Zi)wi + Wpt+3 — wn+1) (3.60)

By [38] we may find S C { ML of size | S| > M9 such that for sy, 59,83 € S,

S1+ 83 =280 =—> s = Sg = S3. (361)

In other words, S has no three elements in arithmetic progression. Clearly a(z), b(y) and ¢(z) are
uniformly distributed and pairwise independent for each x,y, z. Furthermore for (z,y,z) € ¥,
tightness implies
n
a(x) + b(y) — 2c(z) = > (alxi) + Bys) + v(z:)) wi = 0. (3.62)
i=1

Since S has no three-term arithmetic progressions,
a(x),b(y),c(z) € S <= a(zx)=by) €S < bly) =c(2) € S <= a(x)=c(z) €S, (3.63)

which by pairwise independence and uniformity implies Eq. (3.38), as wanted.

We now need to establish Eq. (3.39). Let (z,y, 2), (2/,y/, 2’) € U} be distinct points which
agree on either the x, y or z coordinate. We consider the case where z # 2’ and x = 2/. The
other cases are shown in the exact same way and the particular case is chosen for the simple fact
that the typographical distance between ¢ and +y is larger than for the other letters in use. By
Eq. (3.63), a(z),b(y),b(y), c(z),c(z") € S if and only if a(z) = c¢(z) = ¢(2’) € S. So all we need
to show is that a(x), ¢(z), ¢(z’) are independent. a(z) is independent of the pair (¢(z), ¢(2')), by
the fact that this pair does not depend on w42, so it suffices to show that ¢(z) and ¢(2’) are
independent, which is equivalent to showing that > i ; v(z;)w; and .1 ; (2! )w; are independent.

This will follow as we show that the « part is linearly independent:

Since z and 2’ both belong to the same type class, and ~ is injective, the vectors
v(2) :== (v(21));_; € Q" and y(a') := (v(2]));_, € Q™ also have the same type (i.e. they take
values in Q equally many times), and by injectivity, v(z) # v(2’). Since v(z) and v(z’) have all
entries of the same sign (negative, by the assumption at the beginning of the proof), are different,
yet of the same type, they must necessarily be linearly independent. When M is sufficiently

large this implies that v(z) and ~(z’) are also linearly independent in Z%,.
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We now return to showing that Y7 ; v(z)w; = (7(2)|w) and >0 v(2))w; = (y(2')|w) are
uniformly and independently distributed. Since v(z),7(z") € Z}; are linearly independent we

may find A € GLa(Zyy) such that the matrix

v (%)
=A € Moxn(Zpr), (3.64)
v’ 7(%)
. vj 1 . -
has j’th column = for some j. It follows that the stochastic variables Y ;' ; viw; = (v|w)
v 0
J

and > | viw; = (v'|w) expressible as
=A , (3.65)

are stochastically independent and uniformly distributed, since only (v|w) depends on w;. Since

(v|w)

is uniformly distributed on Z?W, SO
(v'|w)

A acts as a permutation on Z2,, it follows that since

@ | (vl

= , which is equivalent to the variables (y(z)|w) and (y(z')|w) being
(V(Z)w) (v']w)
independently and uniformly distributed in Z,; as wanted. O
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Chapter 4

The asymptotic spectrum of LOCC

transformations

In the previous chapter, we considered the spectrum A(7g) of the ordered semiring, (7, ®, ®, >),
of tensors under restriction, corresponding to SLOCC channels and pure states. In SLOCC,
there is no control on the probability by which the conversion succeeds. If we wish to retain
information on this probability when passing to monotones, then for p € R\{0} we must distin-
guish between v and pi, which in Ty belong to the same equivalence class. In this chapter we
shall refine the notion of equivalence of tensors, creating a finer division of the class of states.
Two tensors ¢ and ¢ will be equivalent if and only if their corresponding operators [1)(1)], |p)¢|
are equivalent under LOCC. In particular they must have the same norm. It turns out that
the set of equivalence classes, ordered by LOCC, which will be denoted Sk, is also an ordered
semiring, to which Theorem 3.1.4 applies. The asymptotic ordering of Theorem 3.1.4 then gives
asymptotic LOCC conversion given a converse error exponent and Theorem 3.1.4 provides a

relation between this rate and the spectrum A(Sg).

In this chapter we consider asymptotic, exact, probabilistic LOCC conversion of pure k-
partite states. That is, given many copies of a resource state [¢)), we ask how many copies of
a target state |¢) we can probabilistically obtain through exact LOCC, as a function of the
asymptotic behavior of success. In [39] they considered the special bipartite case when the
target |¢) = % (]00) + |11)) was the maximally entangled state. The optimal exact extraction
rate, was described as a function of the asymptotic exponential behavior of the probability of
successful transformation: If probability of failure behaves like 27" where n is the number of
copies of the resource, r is called the direct error exponent. If probability of success behaves

like 27" r is called a converse error exponent. Given converse error exponent r, the following
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formula for the concentration rate was given in [39]:

1 el
E*(r)= inf "OT1082iPY (4.1)

agl0,1) 11—«
Here (y/pi); are the Schmidt coefficients of the resource state [¢). In [14] this formula was
extended to multi-partite states and other target states than the maximally entangled state.

This chapter largely follows the content of this paper.

For two multipartite pure states, [¢)) and |¢), we let E%(r,1), ¢) be the number of copies of
|¢) that can be asymptotically extracted per copy of |¢)) with success probability behaving like
9-nr+o(n)  The “P” stands for probabilistic and the * represents the fact that we are considering
the converse error exponent, rather than the direct error exponent. We say that the optimal
extraction rate from [1)) to |¢) with converse error exponent r is Ex (7,1, ¢). In the light of

Proposition 1.1.12, E5(r, v, ¢) is formally defined, also for mixed states, as

E5(r, p,0) = sup {7’ eR"

p@n LOCC 2—nr+0(n)0_®\j’nJ for n > 1} . (42)

As a consequence of Theorem 4.1.4 below we show in Eq. (4.51) that for k parties and globally
entangled resource state 1), the optimal extraction rate between pure states can be expressed

as

* o ralf) +log f([v))
Ep(rv,0) = Wl = Tie)

Here A(Sy) is the spectrum of a certain partially ordered semiring, which is to be constructed,

(4.3)

from Theorem 3.1.4. Concretely A(Sy) is the set of real, LOCC-monotone functions on the set of
unnormalized states, that are additive under direct sum, multiplicative under tensor product and
normalized, and a(f) = log f (\@ 0... 0>) A(Sy) will be called the asymptotic LOCC spectrum.
Due to Eq. (4.3), an explicit description of the A(Sy) would imply a complete understanding of the
asymptotic extraction rates given a converse error exponent. In Theorem 4.2.1 a characterization
of the functions in A(Sy) is presented. Note that in the case where the target |¢) is the normalized
GHZ-state %, we have log f(|¢)) = 1 —a(f), showing the resemblance between Eq. (4.1)
and Eq. (4.3) and once the bipartite spectrum is fully described in Section 4.3, we shall see that

Eq. (4.1) is the special case of Eq. (4.3) with k =2 and |¢) = % (]00) 4 ]11)).

4.1. The semiring of unnormalized pure states

We wish to apply Strassen’s Theorem 3.1.4 to a semiring of unnormalized pure quantum states
with preorder determined by LOCC conversion via trace non-increasing LOCC channels cf.

Definition 1.1.10. Since the class of all k-partite states acting on some tensor product of finite
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dimensional Hilbert spaces is not a set we shall deal with equivalence classes of pure states, just

like in Chapter 3. These equivalence classes will be the elements of the semiring.

Definition 4.1.1. Given k € N and finite dimensional Hilbert spaces Hi, M}, ..., Hi, H), we say
that two unnormalized states |¢) € H1 @ -+ @ Hy, and [¢p) € H) @ --- @ Hj, are locally unitarily

equivalent (or LU-equivalent), if there exist partial isometries U; : H; — H} such that

W) = (U1 @ @ Uy) |¢)

and
l9) = (Ui ®--- @Ug) |¢).

Let Sy denote the set of local unitary equivalence classes, commonly abbreviated as the LU

classes.

To call this local unitary equivalence could be somewhat confusing, since the witnessing
operators are partial isometries rather than unitaries, and indeed in most of the literature
the U;’s are to be unitaries. The reason the definition uses partial isometries instead is be-
cause this corresponds to disregarding the dimension of the ambient spaces. The definitions
are morally the same, since if we choose any family of Hilbert spaces (K;);c|y) that are large
enough that #; and #, can both be embedded in /; for each i, then the images of i) and |¢)
in K1 ® --- ® K under the product of these embeddings are unitarily equivalent in the sense

of unitaries U; acting on K; if and only if [¢)) and |¢) are equivalent in the sense of Definition 4.1.1.

In the bipartite case k = 2, each LU equivalence class is uniquely represented by its ordered
non-zero Schmidt coefficients. In the case k > 3 characterizing LU classes is a highly non-trivial
task. For a characterization of LU classes in the k-qubit case, i.e. when each of the local systems

are 2-dimensional, see [5].

Note that for any two representatives, [|[10)] = [|¢)], of an element of Sk, the partial isometries
witnessing this equivalence define k-step LOCC channels mapping one to the other and back;
[v) Loce, |p) Loce, |t)). In other words, unnormalized states that are locally unitarily

equivalent are also LOCC-equivalent. The following preorder on Sy is therefore well-defined:

LOCC

[1¥)] = [le)] iff [9) = [¢).

By [40, Corollary 1], LOCC equivalence also implies local unitary equivalence. So the above

preorder is in fact a partial order. This is not of importance for the theory to work, but still

o6



worth noting.

When [¢) € H1® -+ ® Hi, and |¢) € H| @ - - - ® H), we may take their direct sum and tensor

product to get new k-partite states:
) @ @) € (Hi@H) @ & (Hi ®H}),

) ©|¢) € (H1OH]) @@ (Hi © Hy,).

The direct sum, [¢)) @ |¢), is the sum of the images of 1)) and |¢) under the natural inclusions
into (H1 ®H)) ® - @ (Hi ®H}).

Both sum and product respect local unitary equivalence, turning (Sg, ®, ®) into a semiring. As
mentioned, we wish to apply Theorem 3.1.4 to (Sg, ®, ®, <). For this purpose, what remains to
be shown is that (S, ®,®, <) is a preordered semiring and that conditions 1 and 2 of Theo-
rem 3.1.4 are satisfied. We start out by showing that it is a preordered semiring. Eq. (3.3) is

immediate, so we proceed to proving Eq. (3.2), which is done in Proposition 4.1.2.

We say that a state p € B(H1) ® -+ ® B(Hy) ® Diag(C?Y) is conditionally pure if it can

be written in the form

p=D 16c)da| @ |z)al. (4.4)

TEX

Proposition 4.1.2. Let |¢),|¢) and |n) be unnormalized, k-partite pure states then

) 2% 19 = el S g e ). (4.5)

Proof. Assume that [1)) Loce, |¢) and |n) € K1 ® - -+ ® Kj. By Proposition 1.1.15

|6X| = Trreg An -+ Ax [N, (4.6)

for some trace non-increasing channels (A;)j; of the form (1.27). Let J, 4y, f; : Ji = Ji—1 and
(Kjl»)jeJl be the defining objects of A; for { = 1,...,n as in Proposition 1.1.15. Then
A Ar Yol = D ajlo)e| @ 1) (4.7)
J€JIn
for some a; > 0 with 3_;a; = 1. We wish to show that there exists an LOCC channel ¢ such

that
Cly ey en = ajlé@nie @ nl )il (4.8)

J€JIn

This is shown by induction on n. The induction hypothesis is; if for any unnormalized states

[1¥), |¢) and |n) and any A,,...,A; of the form Eq. (1.27) such that Eq. (4.7) holds, then there
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exists A’ such that Eq. (4.8) holds. Assume the hypothesis holds for n — 1, we are to show that
it holds for n. So assume Eq. (4.7) holds. Now
A )Xol = D [ Xval @ L)l (4.9)
J1€d1
where [1j,) = KJ [¢) in the notation of Proposition 1.1.15. Now Ag acts on Y ¢ 7, [, Xtbj, |®]71)(1],
and we may break As down to the sum of its conditional actions
Ap= > AJ (4.10)
J1€J1
where A} : p® [5)(j] — 6=, Y jsert() KipKG, @ 122l Now A Mg =375 e, An. AL

and

(4.11)

SR I CAEIACIES SR C AR Dl

GneJit Jn€JL

where Jit C J, is the subset Ji' = (fno...of) ' (j1) and ¢, = ZjneJZ} a;,. Since

Zj et Zj—" = 1 and since Agl only acts on a single part of the register, we may apply the
n n 1

induction hypothesis to the states [1},), |¢j,) = |\/¢;,¢) and |n;,) = |\/¢;,n) with the n —1

channels A, ..., A]él. The induction hypothesis grants a channel ®/! such that

: . aj, .
7 oy, @y, Xbg, ® g | @ )] = > CL D5y ® 13y XD @ Mjy | © |5in )i

Y )1

Jn&n (4.12)
= 3 aj lo@ )Xo | © juinl -

jn€Jit

Finally, let ®, = £(Jy, f1) be the map acting on |[¢) @ 1)1y @ n| by the Kraus operators K}l ®.,/ci 1,
where (K ]11) are the Kraus operators of A; = £(J, f1) and I is the identity operator acting on

ICi,. Here ¢; is the index of the Hilbert space on which A; acts. ®; is trace non-increasing since

S (KL eyal) (KL eyagl) =Y (K)'EL e Y el <hy, @, (413)

J1€J1 J1€d1 J1€J1
and

Py W @ 77><w ©nl = Z ‘wﬁ ©® 77j1><¢j1 ©® 77]’1’ ® ‘Jl><]1’ . (4-14)
J1€J1

Now

(Z @'1) @1 |y &)y & n| = (Z @jl) 2 |95 @nj Xjy © 51| @ L)l

J1€J1 J1€1 J1€J1

=3 Y g le@n)No©n| @ |in)inl (4.15)
NEN juedi}
=Y ajlo@nie®n @ i)l
J€In
finishing the induction step. Tracing out the register results in |¢)) & |n) Loce, oy @ |n). O
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By Remark 3.1.3 it follows that Eq. (3.2) holds for (S, ®, ®, <), which is therefore a pre-

ordered semiring.

It remains to be shown that conditions 1 and 2 in 3.1.4 are satisfied. The multiplicative unit
in Sy, is represented by the pure state |0...0) € C®* and the additive unit is represented by the
zero-vector 0 € C®*. N embeds into Sy, in the following sense: An integer d € N is represented
in S by the d-level, k-partite, unnormalized GHZ state, which we in Definition 2.1.2 identified

with the unit tensor

Vd|GHZg) = |ug) = Z i Chek, (4.16)

If di > do, then the one-step trace reducing LOCC channel, defined by the single Kraus operator
K = Y% 1i)i| acting on the first system, witnesses |ug, ) roce, |ug,). And since LOCC

. LOCC . s
channels never increase the trace, we have |ug,) — |ug,) iff d; > da, so condition 1 holds.

We proceed by proving that condition 2 holds:

Proposition 4.1.3. For any non-zero pure states |1) and |¢), there is a d € N such that

lug) ® [) 2255 |g). (4.17)

Proof. By having one party locally construct the normalized |¢), converting GHZ states to EPR
pairs between parties [41] [42] and using quantum teleportation [43] [19, s. 6.5.3], one obtains a

protocol that extracts the normalized version of |¢) from |ug) for large enough d. Furthermore

) —— Loce, |9|| |u1). So for sufficiently large d
juah @ 14) 29 o ¢u 16) © ) 228, ““j““ 16). (4.18)

In order to obtain |¢) one simply increases d to dn for large enough n and traces out the GHZ

states not used for teleportation:

i) © [8) = [tn) © Jug) © ) 2% m un) @ |¢) 0%, f’”,ﬁ’“ 16). (4.19)

And for n > ”¢|||z
VAl 1) 2 o). (4.20)
]

Theorem 3.1.4 now applies to S and we get the following:
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Theorem 4.1.4. Let A(Sy) be the set of order preserving semiring homomorphisms Sy — R*.

Then
)] 2 [16)] <= YfeASk): f([¥) = f(ld)- (4.21)

We call A(Sk) the asymptotic LOCC' spectrum.

Concretely [|1)] 2 [|¢)] means that
[u2) ) @ )" 22 (9)° (422)

where |ug) = [0...0) + [1...1) is the unnormalized two-level GHZ state. In other words; to
extract n copies of |¢), we need n copies of |1)), a proportionally vanishing number of GHZ states
and the success probability decays as on(log|[¥l[* —log|[#l|*)+o(n) - Since we only need a proportionally
vanishing number of GHZ states, we may, assuming that |¢) is globally entangled, extract these
GHZ states from |¢)®" without further cost in the asymptotic limit (see Proposition 2.1.7).
Indeed, one can show that when |¢) is globally entangled, ]¢>®k Loce, |ug) for some x > 0,

e.g. by extracting EPR-pairs (see [26, Lemma 4]) and using teleportation. That is, for any
globally entangled [¢),

Bp(r,.6) = sup {7 € RY27 7o) ) y]°™ 2O g6 Pl for 1
sup {7’ €eRT [(2”2 |¢>)®n

= sup {r e RE s € A1 (22100) > £ ()}

2 [l9)°] for n > 1} (4.23)

It is unclear whether this is also true for states which are separable across some bipartition (i.e.
not globally entangled). It is the intuition of the author that this is indeed the case, but a proof

has not been found.

4.2. Characterizing the spectrum

The goal of this section is to prove Theorem 4.2.1 below, which establishes a condition for a
semiring homomorphism f : S, — RT to be monotone (i.e. order preserving) and hence define a

point in A(Sy).

Theorem 4.2.1. Let f : S — RT be a semiring homomorphism. Then f is monotone if and

only if there is an o € [0,1] such that f(/p|0...0)) = p® for all p >0 and
F0)) = (F () ™* + £ (1 =10 |8) )" (4.24)
forany |¢p) e H1 ®--- @ Hy, i € {1,...,k} and orthogonal projection 11 € B(H,).
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In the above theorem, and for the duration of this section, the case a = 0 should be

interpreted in the sense of @ — 0. That is, Eq. (4.24) becomes

£(19)) = max { £ (TT|)) , f (TT|4)) } (4.25)

We start by showing that the a of Theorem 4.2.1 necessarily exists.

Proposition 4.2.2. Let f : S, — R* be a monotone semiring homomorphism. There is an

a > 0 such that

f(vple)) =p*f (I9) (4.26)

for each |p) and each p > 0.

Proof. Since p — f(y/p|0...0)) is multiplicative, non-decreasing, sends 0 to 0 and 1 to 1, it

follows from the solution to the Cauchy functional equation that

f(Vpl0...0)) =p*

for all p > 0 and some « > 0. Therefore

f(WVplo) =f(Vplo) ®10...0)) = f(l9) f(vpl0...0)) =pf (I¢)) f(l0...0))
=pf(l9)) -

O]

For the proof of Theorem 4.2.1 the following extension of a monotone homomorphism
[+ Sk — RT to conditionally pure states is introduced: Given f such that f(,/p[0...0)) = p®

for some « > 0, define

f (Z |2 )| ® rx><w|) = (Z f(r¢x>>1/a) :

zeX zeX

and if a = 0, let the extension be defined as

reX

Proposition 4.2.3. The extension of f is multiplicative under tensor product.
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Proof. For a > 0

reX yey

= £ | X (I6adexl © [, X0y]) © ley)ayl

yey
(4.27)
= [ 22 fea) L) | = | 22 F@a)) e F (1))
yey vey
= [ > fllean)* > f<|wy>>1/“) . (Z f(\%))l/o‘) (Z f<|wy>>1/“)
rzeX yey rzeX yeJ
—f(z ’¢a¢ d)m‘@‘x ) (Z Wy><¢y|®’y )
reX yey
If a =0, then
zeX yey
=i £ (62)) £ (1)) = ma £ (102)) ma £ (1)) (1.28)
yey
zeX yey
U

Proposition 4.2.4. If f is monotone, then the extension of f to conditionally pure states is
monotone under conditional application of local quantum instruments with components having
Kraus rank 1. That is, f is monotone under maps of the form Eq. (1.27) acting on conditionally

pure states.

Proof. First assume a > 0 and start with the case where the initial state is pure:
BN T2 3 PG )il @ liNil. (4.29)
el
Here the |¢;)’s are normalized and P : I — R* is a map.
Recall from Section 1.2, that for n € N we say that a probability distribution @ : I — R™ is an
n-type, if nQ(i) € N for each ¢ € N. Given an n-type @), we say that a sequence in I" is of type
Q, if i appears nQ(7) times. The type class 7T, ¢ C I™ is the set of sequences of type Q. Given
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any n-type Q:

on
)| 22%% (ZP ) iXbil ® i) r)

el

- Y 1 Pl @ ba, X u,
ael™ j=1

= | T2 (H(@)+D(Ql|P)) @ i M hi|© Q)
i€l

® |aXal (4.30)

The last LOCC transformation is the projection onto the multi-indices of type @ followed by a
unitary reshuffling of indices and a partial trace on the classical register. H(Q) is the Shannon
entropy of @, defined in Definition 1.2.1, and D(Q||P) is the relative entropy as defined in
Definition 1.2.2. Since the last expression in Eq. (4.30) is a pure state we can apply monotonicity
of f on pure states to get

foN)"™ = (IT"I2 H(Q”DQ”P) D (4.31)

el

By Lemma 1.2.3 |[T3)| > onH(Q)—log(n+1) this implies, by taking the n-th root of the above

expression:

£(u) 2 (27 P@IPIEL QO o)) gmair 2, (4.32)

Let Z = Y;c; P(i)f(|$:))'/® and let P, be the probability distribution Py(i) = %W
Then

~D(QIIP)+ Y- Qi) log f(|é:)/* = =D (Q||2P,) =tog z = D (Q||Ps) . (4.33)
Using Eq. (4.33), Eq. (4.32) becomes

F(|)) > 20108 7=D(@IIPs))arg—al 1| PG (4.34)

For each n € N, let @, be an n-type with suppQ,, = suppPy such that lim, @, = F4. Then
D(Qnl||Py) = D(Py||Py) = 0. Inserting @, in Eq. (4.34) and letting n — oo yields

ﬂw>%“¢ZP W]—(ZP|@@®MO (4.35)

icl il
showing that the extension is monotone under remembering one-step LOCC channels applied
to pure states. We use this result to generalize to LOCC channels of the form Eq. (1.27) on
conditionally pure states. The action of such channels on a conditionally pure state always looks

like this:
3 [a)tal @ )z 2255 ST 3 [y Xes| @ 15)], (4.36)

TEX $€X]Eg_1( )
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where [¢;) = K |¢g(;)), in the notation of Proposition 1.1.15 (except for the fact that we use g
in place of f, which is already in use). By restricting the protocol to only the Kraus operators

acting on [1),) one gets for each x € X

T R S I CT kA )1 (4.37)

j€g— ()
1/a> ¢

Therefore

(Z!wx Nibe| ® | )

zeX (
> ( Z f 630" a)
:f< |¢j><¢j\ ®|j><j|)-
wGX_]Eg_l
For the case a = 0, note that
L e D D Y CH I €] (4.38)
j€g—(z)

implies [¢;) Loce, |¢;) for each j € g~!(z), which by monotonicity of f on pure states implies

f([%z)) > max;jcg-1(,) f(|9;7)). Therefore

zeX
Zryg}f(lqﬁj))
=f(Z 2 |¢j><¢j\®|j><j|).
reX jeg—1(z)

d

Remark 4.2.5. It is not so hard to see that if p is conditionally pure and 11, is a coarse-graining

such that Igp is also conditionally pure, then the extension of f also satisfies f(p) > f (Ilyp).

By Proposition 4.2.4 this implies that when p Loce, o, for conditionally pure states, then

f(p) > f(o).

Lemma 4.2.6. Let f : Sy — RT be a semiring homomorphism with f(,/p|0...0)) = p® for

some « € [0, 1] which satisfies Eq. (4.24) for any choice of pure state and orthogonal projection.

7(16)) = (f(A|¢>)1/a+f(B|¢>)l/a>a (4.39)

forany |¢p) e H1 @+ @ Hy, i € {1,...,k} and A, B € B(H;) with A*A+ B*B < I.

Then
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A
Proof. Consider the operator U = B : H; — H}. This is an isometry, so
VI— A*A — B*B
f(|o) = f([¥)), where |[p) = U |¢). Let IT : H3 — H3 be the projection onto the first summand.
Then [IT[y)] = [A|@)] and [(I —T0) [¢)] = [B|¢)], so

F(19)) = £(1w)) = (f(H|w>)”“ (- |¢>)1/a>°‘

1 e (4.40)
2<f(A\¢>) "y r(Bl9)) /“> .

O]

Proof of Theorem 4.2.1. Suppose f is monotone, then by Proposition 4.2.2 there is an a > 0
such that f(\/p|¢)) = p“f(|¢)) for all |¢) and p > 0. Consider the extension of f to conditionally

pure states. Let |¢) and II be given as in the statement of the theorem, then
LOCC
|[PXd| ——= T |pXa| TL @ [0X0] + (I —1I) [pX¢| (I — IT) ® |1X1], (4.41)

so by monotonicity of the extension of f we get

f(19)) = (f(n|¢>)”“+f(<f—n>\¢>)”°‘)a.

10 0 0
When |¢) =10...0) +|1...1), II= and [ —IT = , we get by Eq. (4.24)
0 0 01

« «

2=f(1¢)) > (f(n|¢>)”‘“+f((z_n>|¢>)1/“> - (f(\o...0>>1/a+f(H...l))l/a) _ 9,
(4.42)

showing that o < 1. This concludes the proof of the “only if” statement.

Conversely, suppose f is a homomorphism satisfying Eq. (4.24). By Lemma 4.2.6, f satis-
fies Eq. (4.39). Consider the extension of f to conditionally pure states. By Proposition 1.1.15
we need only check that f is monotone under conditional application of local instruments with
components of Kraus rank 1 Eq. (1.27), and when tracing out the register of a state of the form

i ai |p)Xé| @ |i)i|. f is monotone under the latter, since

@f(\/aﬂw)”‘“)a = (Xes) 1060 = 1(Svaila) ) (1.43)

Now for monotonicity under conditional application of rank 1 instruments. Like in the proof of

Proposition 4.2.4 we first consider the case when the initial state is pure. That is, we need to
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show:

OE (if(f(j r¢>)w>a (1.44)

whenever >°; K7 K; < I, for some local maps (Kj );l Assume for the sake of induction that

Eq. (4.44) is true for d — 1 and let (K )] 1 be some Kraus operators with -, K7 K; < I. Set

(4.45)
B =K, (4.46)
and
Ki=KA?!' j=1,...,d-1. (4.47)
Here A~! denotes the Moore-Penrose pseudoinverse. Since
-1 d—1
YNKiKj=A") KIKA " =A"A%A7" <1, (4.48)
j=1 J=1

we may apply the induction hypothesis to the operators (K. j)dfl and the vector A |¢) to obtain

(1)) = (f(A|¢>)”“+f(Br¢>)”“) |
Zf KA\¢>>) ) >l/a+f(B<z>>)”"‘)

(d K;16)) f(Kd|¢>)1/a>a
(2

[0}

(4.49)

—

Jj=1

d @
S (K 16)) ”>,

j=

—_

finishing the induction step.

Just like in the proof of Proposition 4.2.4, this extends to conditionally pure states. Through-

out this proof it has been assumed that « % 0. For the case o = 0, the proof is similar, and
1/

obtained by simply replacing every instance of a-anti-norm [44] ( j x?‘) “ by max; x; in the

above proof. O

Note that for & = 0 an LOCC spectral point is in fact a point in the asymptotic spectrum of

tensors A(Sk), see Section 4.4. For a = 1 there is just one spectral point, the norm squared:

Proposition 4.2.7. Let f : S — R be a monotone semiring homomorphism with

f(yPl0...0)) =pf(|0...0)) for p >0, then
fle)) = (¢l¢)-
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Proof. Given |¢) of norm 1 we have % |ua) Loce, |p) Loce |0...0) for sufficiently large d.
Furthermore

! 1 3 o)) = y 0...0))=f(0...0 4.50

(gl ) = g oSG = 305000 = 7010...0), (1.50)

showing that f(|¢)) = f(|0...0)) =1. So f(/p|¢)) = p for p > 0. O

By Proposition 4.2.2 we can pull scalings of unnormalized states outside spectral evaluation,

which allows us to reformulate Eq. (4.23). For globally entangled |¢):

E5(r,1, ¢) =sup {7‘ eRT

VS € A 270 2 £(6) )

—sup {r € RY|Vf € ASY) i ra(f) +log f(10) = Tlog f(é) | (45)

_ g el +log f(1¥)
reasy  log f(lg))

Here o(f) = log f (\/§ |0...0) ) is the o from Theorem 4.2.1. For resources which are not globally
entangled, the formula expresses the extraction rate, provided a proportionately vanishing amount

of entanglement shared between each pair of parties.

4.3. Example: Bipartite states and A(S,)

When k = 2, we may, by the Schmidt decomposition, write any element in S as a finite direct
sum of terms of the form ,/p|00). Therefore any monotone semiring homomorphism, f, is
entirely determined by the value of a(f) € [0,1]: For |¢) = |[¢p) = >, \/P(7) |ii) a monotone

semiring homomorphism, f, must be given by

@) = >_ P = Tr [(Tra [¢)¢])] (4.52)

where Try is the partial trace of the second system.

The question to answer is then: For which « € [0, 1] does f, : |¢) — Tr [(Tra [¢)¢|)?] satisty

equation Eq. (4.24). The answer is all of them.

Theorem 4.3.1. A(S2) = {fa|a € [0, 1]} where

fo+ 1) = Tr [(Tra ) ¢])"] -

Proof. When a = 0, fo(|1)) is the Schmidt rank, which is monotone. Assume instead that
a € (0,1]. Let |¢) € C¢ @ C? and TI € B(C?) be an orthogonal projection. It suffices to verify
Eq. (4.24) for projections acting on the first system. Let X € B(C?) be such that

d
0) =D _X1i) @ i).
=1
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Since the coefficients of |¢) are the square roots of the eigenvalues of Try [p)(¢| and
d
Trz [o)0] = ) X [ifi| X* = X X7,
i=1

Eq. (4.24) is equivalent to
[Tr(X X))V > [Te(ILX X))V + [Te((I — )X X* (1 — 1))V,
Since YY™* and Y*Y always have the same eigenvalues we may formulate it instead as
[Tr(X* X))V > [Tr(X*IIX)Y* + [Te(X*(I — )X )]

For o = 1 this inequality holds since X*X = X*I X = X*(II4+ (I —-1I)) X = X' [IX + X*(I -1I) X.
For a € (0,1) it follows from [44, Proposition 3.7]. O

Note that the topology on A(Sy) as described in Theorem 3.1.4 is the Euclidean topology on
[0, 1], such that A(S2) can topologically be identified with the unit interval.

Since A(Sz) is known we get the following formula for the asymptotic extraction rate
between normalized states given converse error exponent r, using the a-Rényi entropy from

Definition 1.2.1.

) L ratlgX PG . r% + Ha(P)
PR el = By Tws Qe ety w4

When [¢g) = %(|00> +[11)) is the maximally mixed state we retrieve the result [39, eq. (114)]

mentioned in Eq. (4.1):

Ep(r,¢p,vg) = inf ra +log ). P(i)*

4.54
a€(0,1) 11—« ( g )

4.4. Known points in the asymptotic spectrum of LOCC transformation for

3-partite states

We finish this chapter by reviewing what we know about the LOCC spectral points in the tripartite
case. Firstly, note that because [¢) Loce, lp) = [¢) stoce, |¢) for any unnormalized states
|) and |¢), we have a surjective, order preserving semiring homomorphism Sy — 7k, where
Tk is the semiring of tensors discussed in Chapter 3. This implies that any f € A(7g), can
naturally be considered as an element of A(Sy) by simply composing with the map Sy — 7. The

a(f) € [0, 1] from Theorem 4.2.1 for such spectral points is necessarily a(f) = 0 as these spectral

SLOCC LOCC
e

points are invariant under scaling. On the other hand, [) |p), then |¢p) —— p|¢) for
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some p > 0. So if f € A(Sy) such that a(f) =0, then f respects the SLOCC ordering of 7i. In
this way, the a(f) = 0 part of A(Sy) is simply A(7%):

A(Tr) € A(Sk) (4.55)

In the k = 3 case we therefore might consider the quantum functionals Fy of Theorem 3.2.5 also

as members of A(Sg).

For any partition | |;c ; I; = [k] the corresponding flattening map @;cp Hi — ®,cs (@ielj ”Hl)
induces an order preserving semiring homomorphism Sy + §);. Composing with this homomor-
phism, gives a map A(S);) < A(Sk). In the special case of k = 3 we have three fattenings onto
bipartite systems, by grouping two of the three tensor legs together. So from Theorem 4.3.1 it

follows that

Fa s 1) = T [ (Trig gy [6X6)°] (4.56)
also belongs to A(S3), for a € [0,1] and i € [3]. Note that for « = 0, f} = Fp,, where 0; is
the distribution on [3] with all it’s weight at i, i.e. 6;(j) = d;j=;. For a =1, fi(|¢)) = [¥|?,
independent of i. Perhaps Theorem 4.2.1 will be useful in finding other points of A(S3) in the

future.
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Chapter 5

Asymptotic majorization of

probability distributions

In Chapter 4 we considered conversion rates given a converse error exponent for pure states.

E5(r,p,0) = sup {T e Rt

gnrto(n) ,on LOCC, 5Ol for p>> 1} . (5.1)
In this chapter we consider the case when the probability of success goes to 1 rather than to 0

Ep(p,0) =sup {7’ e R

(1+0(1)) p™ LOCE, 50l for n > 1} , (5.2)

and the conversion rate when success probability equals 1 for large n

on LOCC
p

Eevact(p,0) = sup {T eR" 2228 5O for o> 1} ) (5.3)

Again we only consider the pure case and in this chapter only the bipartite case. The connection

between this chapter and entanglement transformation rests on Nielsen’s theorem.

Theorem 5.0.1 (Nielsen, [45]). Let P and Q be finitely supported probability distributions.
Then

Wp) 225 ) <= P=Q. (5.4)

Here P < @) reads as () majorizes P, as defined in Definition 5.1.1 below. So majorization of
probability distributions is inverse to the LOCC ordering of the corresponding pure bipartite

states.

Majorization of probability distributions (see Definition 5.1.1) is an important notion in the
field of information theory. Given probability distributions P and @, we ask whether P®" < Q®"
for large n, and we ask how large r € R is allowed to be for P®" < Q®""] to be true for large

n. We denote the supremum of such r by F(P, Q). Since the squared Schmidt coefficients of
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|9p)®™ are P®™, this implies, by Nielsen’s theorem, that in the context of LOCC conversion
of bipartite pure states, E(P, Q) is the optimal rate at which one can extract exact copies of a
pure state with squared Schmidt coefficients @ from copies of a pure state with squared Schmidt

coefficients P:

Ee:cact (¢P7¢Q) = E(Pv Q) (55)

In Theorem 5.2.9, one of the main result of this chapter, it is shown that

E(P,Q) = min Ho(P)

a€[0,00] Ha(Q) (56)

This formula was conjectured in [16, Example 8.26].

That the rate cannot be larger follows from the well-known fact that H, is Schur-concave
(see Proposition 5.2.6). The main tool for showing that the rate is attainable is a description of
the growth exponents defined in Definition 5.1.2. This description is found in Proposition 5.1.5.
One immediate consequence of Eq. (5.6) is that the asymptotic resource theory of exact entan-

glement transformations is irreversible, in the sense that E(P, Q)E(Q, P) < 1 for generic P and Q.

Using the method for showing Eq. (5.6) and the result from the previous chapter in Eq. (4.53),
we arrive at the second main result of this chapter: A formula for the conversion rate, for exact,
probabilistic LOCC transformations of bipartite pure quantum states with success probability
going to 1, which is denoted by Ep, and defined in Eq. (5.2) above. This will be done in
Section 5.3. The formula for Ep is the same as Eq. (5.6), except that the minimum is taken
only over the interval o € [0, 1].

- Ho(P)
min
a€gl0,1] Ha(Q)

Ep (Yp,1hg) = : (5.7)

The attainability of this probabilistic rate rests on the techniques for showing Eq. (5.6). The
fact that it is optimal follows from Eq. (4.53). The two rates Ep and FE then coincide precisely

when the minimal ratio of Rényi entropies is obtained at « € [0, 1], which is sometimes the case.

Other resource theories where majorization plays a role include the resource theory of
coherence, of purity and thermodynamics (see e.g. [46] [47] [48] [49]). It might be possible to
interpret the results of this chapter in those contexts. In particular the result Eq. (5.6) bears

=

some resemblance with the result in [50] on catalytic majorization. The exact relation between

the two results, would be interesting to study further.
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5.1. Asymptotic exponents

Given a probability distribution P : X — [0,1] with finite support |supp(P)| = d, we let
Pt :[d] = {1,...,d} — [0,1] be P ordered non-increasingly. We may naturally extend to
Pt : N — [0,1] by letting P(i) = 0 for i > d. Like in previous chapters, all probability

distributions will have finite support.

Definition 5.1.1. Given two probability distributions P,Q, we say that Q majorizes P, written
P=Q,if
N
> PHi) <D0 QY), (5.8)
i=1

i=1
for all N € N.

For n € N, P®" : X™ — [0,1] is the n’th product distribution given by P®"(I) =[], P(I;).
We wish to study majorization of P®" by Q®" for large n. To this end, given a value v, we are
interested in the size of the set of multiindicies I, such that P®"(I) > v and the sum of these
probabilities. In order to asymptotically compare these for different probability distributions, it

is useful to let v depend exponentially on n and look at asymptotic growth rates.

Definition 5.1.2. For V € [log P(d),log P(1)] let

my (V)= Y P®(I), (5.9)
refam
pon(1)>2mV
m (V)= > PP, (5.10)
refan
Pon([)<2nV
sh(V) = [{L € [d"[Pen(1) > 2"V}, (5.11)
sm(V) = |{1 € [P (1) < 27} (5.12)
We define asymptotic exponents of these functions as follows:
1
P i & P
MY (V) = Jim nlogmn(V), (5.13)
1
P i & P
Mo(V) = lim —logmy,,(V), (5.14)
1
P i & P
SH(V) = Jim - log s,, (V), (5.15)
1
P T - P
S, (V) = Jim - log s, (V). (5.16)
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It is not immediately clear that the limits describing M* MF, S* and S are well defined,
but this will follow from Lemma 5.1.3 below. The letters chosen stand for value, mass and size.
V,M¥* and S* might be called the value, mass and size exponents, respectively. MF and SF
might then be called the converse mass and size exponents. The first step to creating tangible

formulas for these exponents is to relate them to the sizes of type classes.

Lemma 5.1.3. Given a probability distribution P = P¥ with |supp(P)| = d and
V € [log P(d),log P(1)],

P — —
M (V)*_H(@f%a(’éup)zv D(QI|P), (5.17)

P — —
M, (V) = ) <y D(Q||P), (5.18)

SP(wW) = max H(Q), (5.19)

Pv)= H(Q). 2
W= o Bimer (@ (5.20)

Proof. We show Eq. (5.19), as the other equations are shown in the same way: By Eq. (1.43)

= > TSI (5.21)

sPv) = ‘{I € [d]"‘P@)”(I) > 2"‘/}
QEPn
~H(Q)-D(Q||P)>V

By Eq. (1.40) and Lemma 1.2.3,

> 5] < (n+ 1) max 75|
QEPn _ _
_H(Q)SD(O||P)>V H(Q-D(@IIP)2V
< (n+1)? max 2nH(@Q) (5.22)
QEPn
—H(Q)-DQI|P)>V
< max (n+ 1)%2nH(@),
QeP

-H(Q)-D(Q||P)2V

Applying “li L16g” to both sides sh that ST(V) < H . Similar]
pplying “lim, ;o ;- log” to both sides shows tha ( )_fH(Q)E(ll)a(}C(QHP)ZV (Q). Similarly,

by applying the other inequality from Lemma 1.2.3,

3 T3] > max 175
QePn —H(Q)SIED%HPPV
—H(Q)-D(Q|[P)>V - ' (5.23)
S 72”11(@).
= o (n+1)d

QEPn
-H(Q)-D(Q||P)=V
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Since |J,, Pn is dense in P and H is continuous we get S¥'(V) > max H(Q). We

QePr
—H(Q)-D(Q||P)>V
conclude that

Pvy = H(Q). 24
SW= o By 1@ (5:24)

Eq. (5.20) is shown in a similar manner. By using Lemma 1.2.5 in place of Lemma 1.2.3 in the

above argument, one obtains Eq. (5.17) and Eq. (5.18) O

Once Proposition 5.1.5 has been established it becomes clearer how the Rényi entropy enters
the picture. In order to prove Proposition 5.1.5 we need Lemma 5.1.4. It should be said that

the proof of Proposition 5.1.5 has been extracted from [39].

Lemma 5.1.4. Let X C R™ be a compact, conver set. Let g : X — R be continuous and
h: X — R be continuous and strictly concave. Suppose h takes its maximum value at xo € X.

If g takes its minimum value at ©1 € X, then

Yy x:g(lgggyh(x) y € [g(x1), g(a2)] (5.25)

1s strictly monotonely increasing.

If g takes its mazimum value at x1 € X, then

y— max h(z) y e lg(z2),g(x1)] (5.26)
wig(2)=y

1s strictly monotonely decreasing.

Proof. Assume g takes its minimum value at 1. Let g(x1) <y’ < y” < g(x2). Let 2/ € g1 (¢/)
such that max,.q)—y M(x) = h(z'). By continuity of g we may find 2" on the line segment

between 2’ and x2, such that g(2”) = y”. That is
" = Xz + (1 — N2’ (5.27)

for some A € (0, 1]. Since h is strictly concave

h(x") > Mh(x2) + (1 — N)h(2') > h(z"). (5.28)
So
max h(x) = h(z') < h(z") < max h(z). (5.29)
zig(x)=y’' zig(x)=y"
The second part of the lemma follows from the first by replacing g with —g. O

Given a probability distribution P with support [d], we let

Fp(a) =1log Y _ P(i)* (5.30)
i€[d]
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Note that Fp(«) is just (1 — a)H(P). In order to make things simpler, we shall only consider
Fp for probability distributions that are non-uniform (such that Fp is strictly convex) and
ordered non-increasingly (such that we may simply write P(1) instead of max,cx P(x) and P(d)

instead of min,cx P(x)).

The function Fp will be central to the rest of the chapter. Note that

Fp(a) = & ];?);E?fap(i) (5.31)

is negative and monotone increasing 5 : R — (log P(d),log P(1)). We shall define

Fp() = Jim Fp(a) =1log P(1) (5.32)
and
Fp(—o0) = al—igloo Fp(a) = log P(d). (5.33)

Fp is decreasing and strictly convex. Two important values to keep in mind are

F(0) = Ho(P) = logd,

(5.34)
F(1)=0.
Also note the following bijections
[—00, 0] s [log P(d), M ,
Fp 40,1 [Zi e PO, H(P)} , (5.35)
1, o] +— [=H(P),log P(1)].

We are now ready to give explicit formulas for the exponent functions Eq. (5.13), Eq. (5.14),
Eq. (5.15), Eq. (5.16). The following proposition is in fact also true for uniform distribution, the
statement just becomes trivial as [log P(d),log P(1)] becomes a one-point set and the exponent

functions become constant.

Proposition 5.1.5. Let P be a non-uniform probability distribution with supp(P) = [d] which is
ordered non-increasingly. For V € [log P(d),log P(1)] let ay € [—00, 00] be the unique solution
to Fp(a) =V, then

0 ifV € [log P(d), ~H(P)] .

MEP(WV) = (5.36)
Fp(av)+ (1 —ay)Fp(ay) if Ve [-H(P),logP(1)].

ey | P00 Fen) gV e P -mR).
0 ifVe[-H(P)logP(1)].
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., logd if V € |log P(d), =80 ]
ST(V) = ' S log PG - (5.38)
Fplay) —ayFplay) if Ve o log P(1)] .

Fp(ay) — avFplay) if V € [log P(d), =870
(5.39)

logd if V € Zlo%.glp(l,logP(l) .

Whenever ay = doo the above formulas are to be interpreted as the limit o — Fo0.

Proof. Let P([d]) be the set of probability distributions on [d]. The map h : Q — H(Q) is
concave on P([d]) and takes its maximum value at the uniform distribution, where

—H(Q) — D(Q||P) = zlogp . The map g : Q@ - —H(Q) — D(Q||P) has maximim value
log P(1) and minimum value log P(d). According to Lemma 5.1.4,

— H 5.40
—H(Q)—nfli)a(él\P):V @ ( )

is strictly monotone decreasing on {Zogp() log P(1)| and strictly monotone increasing on

log P(d), Zlogp
Similarly, since D(Q||P) is convex with respect to ), Lemma 5.1.4 tells us that
V2 o Sim—y D @IP) (541)
is strictly monotone increasing on [log P(d), —H(P)| and strictly monotone decreasing on
[—H(P),log P(1)]. For each V € [log P(d),log P(1)] we wish to find the probability distribu-
tion, @, that solves the maximization problems in Eq. (5.40) and Eq. (5.41).

Given V € (log P(d),log P(1)), let a be the solution to Fp(a) = V and consider the
distribution P, (i) = ZP(JZD)( . Note that —H(P,) — D(P,||P) = Fp(a) = V. We prove
that P, solves the above optimization problems. Let V' € (log P(d),log P(1)) be given and

choose a € (—00,00) such that —H(P,) — D(P,||P) = V. Let Q € P([d]) be such that also
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—H(Q) — D(Q||P) =V. We need to show that H(P,) > H(Q).

[ D(@QIP) ~ H(P) + H(Q)]
= | D(@IIP.) + D(AIIP) - QHP]
1] o P P(i)* | P() PO b Mo Pls
IR gz]Pm *zg PG E S, PG 5, PGy T QO
zlia_(loz)i < Qi) a)logP ]
- ¥ (e -5 ](Dzj)) log P(i) = H(Py) + D(P[P) ~ H(Q) - DQ||P) = .
(5.42)
So
H(P.) — H(Q) = D(Q||Pa) =0, (5.43)
which proves that P, solves the optimization problems with the values
B p@* o P@O* Ao _ g2 P()* log P(0)
DB Gz o DL Mk Sy AT
= Fp(a) — aFp(a), (5.44)
~D(P|IP) = H(Pa) - (H(Pa) + DPa||P)) = H(P) + Fp(a)
= Fp(a) + (1 — a)Fp(a).
By Lemma 5.1.3 we obtain for V € {Zlogp ,log P(1 ))
P = max = max
TVI= 0 Bimey Y= ne) BEip-v @ (5.45)
= H(P,) = Fp(a) — aFp(a).
Similarly, for V' € (log P(d), Zlogp(z
P = max
W= o B8ime V= ne BEin-v @ (5.46)
= H(P,) = Fp(a) — aFp(a).
For V € (log P(d), —H(P)]
P = max —
MoV = o B5im ey P QIR = o) B85 ymy oy ~P(QNIP) (5.47)

— —D(P.||P) = Fp(a) + (1 - a)Fp(a),
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And for V € [-H(P),log P(1))

MP (V) = max —D(Q||P) = max —D(Q||P
V) —H(Q)-D(Q||P)>V @ii?) —H(Q)-DQI|IP)=V (@IIP) (5.48)

— —D(PW||P) = Fp(a) + (1 — a)Fp(a).

We may take a to —oo or oo and get the results at the boundary. O

Remark 5.1.6. Define mE(V) on [log P(d),log P(1)] to be equal to mE (V) at the endpoints,
but for V € (log P(d),log P(1)) we use a strict inequality and define
mE(V)y= Y P®(I). (5.49)

Ie[d]™
PR (I)>2nV

Define mP,, sP and s, similarly. By continuity of M¥ ,MF ST and ST one sees that we

nxr<n

could replace mY mP s sP in equations Eq. (5.13), Eq. (5.14), Eq. (5.15), Eq. (5.16) with

nx? <N ) Tnx

respectively m mﬁ*,sﬁ , sﬁ*, without the limit changing. Furtermore since all functions are
monotone and the limit functions are monotone, continuous and bounded, the convergences are

all uniform. This will be important later.

A few nice values to keep in mind for S, M? and M?F are the following

MP(—H(P)) =

MP(log P(1)) = log P(1) + log |{i € [d] | P(i) = P(1)}]
ME(~H(P)) =0

5" (log P(1)) = log [{i € ] | P(i) = P} o2

ST(~H(P)) = H(P)

s (Z logf;(i)> = logd = Hy(P).

5.2. A sufficient and almost necessary condition for asymptotic majorization

Lemma 5.2.1. Let P and Q be non-uniform probability distributions with

. H.(P)
min
acl0,1] Ho(Q)

> 1. (5.51)

For sufficiently small e > 0 and all V' € ZI%P(O, —H(P )} and W € [Zlog@ ,—H(Q)
SE(WV)Y<SeW)+e = MEP(WV)>MEW) +e. (5.52)

Proof. We wish to apply Lemma A.1.1 to F' = Fp : [0,1] = R and G = Fg : [0,1] = R. The

conditions of the lemma are satisfied, since for av € [0,1), Ho(P) > H,(Q) is equivalent to
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Fp(a) > Fg(a) and Fp(l) = —H(P) < —H(Q) = Fj(1). By Lemma A.1.1, there is an ¢ > 0
such that

Fp(z) —xFp(x) < Foly) —yFo(y) +¢ = Fp(x)+ (1 —2)Fp(x) > Fo(y) + (1 —y)FL(y) +e.

(5.53)
By Eq. (5.37) and Eq. (5.38) applied to P and @, this is precisely the same as
SP(WV)<SOUW) +e = MI(V)>MEW) +e. (5.54)
U
Lemma 5.2.2. Let P and @ be non-uniform probability distributions with
Ho(P)
min > 1. 5.95
a€ll,00] Ha(Q) ( )
For sufficiently small e >0 and all V € [—H(P),log P(1)] and W € [-H(Q),log Q(1)]
SEWV)Y<SeW)+e = MP(V)+e< MOW). (5.56)

Proof. The proof of this lemma is essentially the same as the previous proof, using Lemma A.1.2
in place of Lemma A.1.1, again with F' = Fp and G = Fg and by using Eq. (5.36) in place of
Eq. (5.37). The lemma applies since for o > 1, Ho(P) > H,(Q) is equivalent to Fp(o) < Fg(a),
because 1 — a is negative and limg—o0 Fp(a) = —Hoo(P) < —Hoo(Q) = lima—o0 Fy(a). Fur-
thermore the limits limy—00 Fp(a) — al'p(a) and limg—o0 Fo(a) — aff(a) exist according to

Proposition 5.1.5 and are equal to respectively S¥(log P(1)) and S%(log Q(1)). O
Proposition 5.2.3. Let P = P+ : [dp] — [0,1] and Q = Q* : [dg] — [0, 1] be non-uniform
probability distributions with P(1) > P(2) such that

. H,(P)
min
aef0,1] Ho(Q

>1 (5.57)

) :
Let V* € [log P(dp),log P(1)] be such that ST(V*) € (H(Q), H(P)). Then for all sufficiently
large n, and all N such that V = Llog(P®™(N)) € [log P(dp),V*],

N-1 N-1

D PER() < 3T QEM(i). (5.58)

i=1 i=1
Proof. Let € > 0 be small enough that Lemma 5.2.1 applies. By the assumption that P(1) > P(2),
SP surjects [log P(dp),log P(1)] decreasingly onto [0, Ho(P)]. Assuming e < Ho(P) — Ho(Q),
we have Hy(Q) + e < Hy(P) and we therefore have Vi € [log P(dp),log P(1)] such that
SP(Vi) = Ho(Q) + . Now let n be large enough that for both P and @ and all V and W
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Eq. (5.13), Eq. (5.14), Eq. (5.15) and Eq. (5.16) are good approximations, and also good approx-
imations when replaced by the alternative versions in Remark 5.1.6 (this may be done since the
convergences are uniform). Note that PE™(N) = 2" such that N > sZ(V). We split into three
cases: Either V € [log P(dp),V1], or Vi < —H(P) and V € [Vi,—H(P)], or V € [-H(P),V*].

First assume that V € [log P(dp), V1]. Then

1 1. — 1. —
~log N > —log sP(V) > ~log sP(V1) ~ SP(V1) = Ho(Q) + ¢ > Ho(Q), (5.59)
which implies N > 270(Q) g0
N—-1
>R (i) =1 (5.60)
=1

and Eq. (5.58) holds trivially.

Assume instead that V' € [Vi, —H(P)], provided that the interval is non-empty. Without
. . log Q(@
loss of generality we can assume that ¢ < H(P) — H(Q). Since S? maps Z%Q(), —-H(Q)
onto [H(Q), Ho(Q)] and H(Q) + ¢ < H(P) = SP(—=H(P)) and H(Q) + ¢ = SY(V}), we may
find W e [2=%90 _1(Q)| such that SY(W) + & = S(V). By Lemma 5.2.1, this implies

ME(WV) > ME(W) +e. (5.61)
And
1 J— 1
—log N > =logsP(V) ~ SP(V) = SPW) +& > SOW) ~ ~log se(W), (5.62)
n n
which implies N > s@(W). Therefore
1, & 1, —
~1 P () > ZlogmP (V) ~ MP(V) > M@(W
nogz (i) = —logmy, (V) (V)= MgZ(W) +e

=N

1 1
> MAW) = ~logm@,(W) = —log > Q%"(I)

refdgIn (5.63)
Qe (I)<2nW
1 >0 1 >0
>—log D> Q¥"(i)>—log ) Q™(i),
n ) n —N
i=s;x (W) ¢

which implies Eq. (5.58).

Finally, assume that V € [~H(P),V*]. Let W be such that S?(W) ¢ (H(Q),SP(V*)).
Note, importantly, that W is chosen independently from V', so that n does not depend on V.
Then

%logN > %logsff(V) ~ SP(WV) > SP(V*) > S9W) ~ %log s@W), (5.64)
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So N > s@(W). Since S is strictly decreasing W < —H(Q), and since V > —H(P) it follows
from Eq. (5.38) that MF (V) = 0 > M (W). We conclude as in Eq. (5.63) that
1 [e.e]
log Z P (i) > =~ log Z Q™ (i). (5.65)
i=N N

O

Proposition 5.2.4. Let P = P* : [dp] — [0,1] and Q = Q* : [dg] — [0,1] be non-uniform

probability distributions with
min Ha(P)
a€ll,00] Hy (Q)
Let V* € [log P(dp),log P(1)] be such that SP(V*) € (H(Q),H(P)). Then for all sufficiently

large n, and all N such that V = Llog(P®™(N)) € [V*,log P(1)],

(5.66)

Z PEM (i) < Z Q™ (i) (5.67)

=1
Proof. Like in the proof of Proposition 5.2.3 we let € > 0 be small enough that Lemma 5.2.2 ap-
plies. We split into three cases. Letting e > 0 be sufficiently small we may let W € (log P(1),log Q(1))
be the solution to S(W;) = S?(log Q(1)) + ¢
Firstly, we assume that S¥ (V) < S¢(W;), then
1 1
- log N < ﬁlog sP(V) ~ SP(V) < SQ(Wy) < §9(log P(1)) ~ logs (log P(1)),  (5.68)

showing that N < s@(log P(1)), which implies that Q®™ (i) > log P(1) for all i € [N]. So

Z Q¥™ (i) > Nlog P(1) > ZP®”¢ (5.69)

Secondly, we assume that ST (V) € {SQ(Wl), H (Q)], provided that the interval is non-empty.
Let W € [-H(Q),log Q(1)] be such that S?(W) + ¢ = ST (V), which is possible by the choice
of W7. By Lemma 5.2.2

MP(V) +e < MOW). (5.70)

And

1 jR— 1
—log N > —log s}/ (V) ~ SPWV)=8S9W) +¢/2> SYW) ~ —log sQ(W), (5.71)
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showing that N > s@(WW).
1, 1
Qnd (s r ~ AP
Elog;P (1) < ﬁlogmn (V) ~ M"(V)
1
<MP(V)4+e< MOUW) ~ Elogmg(W) (5.72)

s (W)

N
“log 3 Qi) < Slog >0 Q).
=1 =1

n

Finally, assume that S”(V) € [H(Q), ST(V*)]. Let W > —H(Q) be such that M(W) > MF (V).
Then
1 R 1
~log N' > —log sP(V)~ SP(V)> H(Q) > SOW) ~ —log sQ(W), (5.73)

showing that N > s@(W).
R 1
- log >~ PP (i) < —log mbE (V) ~ MP (V) < MP(V*) < MO(W)
i=1
1 Q 1 ®n
=~ — logm,; (W) = —log > Q)

Ieldg]n (5.74)
Q®n(1)22nW

s (W)

1 N NN
= —log Y Q%™(i) < —log) Q¥™(i).
n i=1 (-
’ ]

So far we have assumed that all probability distributions are non-uniform. This was mainly
a matter of convenience. In the following we no longer make this assumption. If @) is the trivial
probability distribution (i.e. |supp(Q)| = 1), then P®" < Q®" holds for any P and n, so this

case is rather uninteresting.

Proposition 5.2.5. Let P = P¥ : [dp] — R and Q = Q% : [dg] — R be two probability
distributions with dg > 1 and assume that

min Ha(P)
a€[0,00] Ha(Q)

> 1. (5.75)

For sufficiently large n
PEm < Q%" (5.76)

Proof. If dp =1 then H,(P) = 0 for all «, so we may assume that dp > 1. For small 6 > 0, let
PH)y+d ifi=1,

Ps(i) = { P(i) if 1 <i<dp, (5.77)

P(dp)— 46 ifi=dp.
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Q)y—d ifi=1,
Qs(i) = 4 Q(i) if 1 <i<dg, (5.78)

Q(dg) +6 iti=do.

When § is sufficiently small

min Ha(Pé)
a€l0,00] Ha(Q(;)

By applying Propositions 5.2.3 and 5.2.4 to Py and )5, we get for large n

> 1. (5.79)

PE" L PP <L QF" < QO (5.80)
O

We have now established a sufficient condition for asymptotic majorization. In fact this

condition is almost necessary, since for o € (0, 00) the a-Rényi entropy is strictly Schur-concave:
Proposition 5.2.6. Let P and Q) be two probability distribution with P < Q. Then either
Pt =Q' (5.81)
or
H,(P)> Hy(Q) for all a € (0,00). (5.82)

Le. H, is strictly Schur-convcave for o € (0,00); see [51, 3.A.1].

For a proof of Proposition 5.2.6 see e.g. [51, 3.C.1.a], which applied to the map p — —plogp
shows that H; is strictly Schur-concave. Applying [51, 3.C.1.a] to the map p — p®, shows that
P — >, P(i)* is strictly Schur-concave for o € (0, 1) and strictly Schur-convex for o € (1, 00).

So H, is strictly Schur-concave for all a € (0, c0).

Using the fact that H,(P®") = nH,(P), we may sum up the contents of Propositions 5.2.5
and 5.2.6 as follows: When P¥ # Q*;
Va € [0,00] : Ho(P) > Ho(Q)
| Proposition 5.2.5
In € N: Po" < Q%" (5.83)
| Proposition 5.2.6

Va € (0,00) : Hy(P) > Ho(Q).
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Remark 5.2.7. It is natural to ask if we can make requirements at 0 and oo in order to get
a biimplication, that is, if we can determine In € N : PO < Q®" entirely from comparing
Rényi entropies. It seems that in order to do so, we would have to be more careful with our
estimations. I cautiously conjectures that requiring a weak inequality at oo is sufficient, and that
the requirement of a sharp inequality at O could be replaced by a similar condition regarding the

a-Rényi entropies for megative .
Definition 5.2.8. When P and @Q are probability distributions with finite support, we let
E(P,Q) = sup {r € Rzo‘ for large n P®™ < Q®L"TJ} ) (5.84)
When [supp Q| =1, E(P,Q) = .

Theorem 5.2.9. Given finitely supported probability distributions P and Q, with |[supp(Q)| > 1,

. Ha(P)
E(P,QQ) = min . 5.85
( ) a€l0,00] HQ(Q) ( )
Proof. Let r < min,e[p o %. Then for large n
_ H,(P®™) i n Hy(P)
= 5.86
L) Ha(QTT) ~ ol [nr] Ha(@) 550
By Proposition 5.2.5, P®"* < Q®l"],
Let r > minge(g,o0) % and choose some «, such that r > gz’"ggg Then for large n
Qn
Ho (P") _ n HolP) (5.87)
H,, (Q®LWJ) [nr] Hea, (Q)
By Proposition 5.2.6 P®™ 4 Qe O

5.3. Success probability going to 1

In Chapter 4 we considered optimal extraction rates where the success probability was allowed
to go to 0. Setting r = 0 in equation Eq. (4.53) gives the optimal extraction rate between the
two states, where the success rate is allowed to go to 0, but not exponentially fast. This is a
good candidate for the optimal extraction rate, when we demand that the success probability

goes to 1, the rate which we called Ep in Eq. (5.2).

Indeed, as is shown in Theorem 5.3.3 below, setting = 0 in Eq. (4.53) gives a formula for

EP(¢7 ¢)
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Proposition 5.3.1. Let P = Pt : [dp] = R and Q = Q' : [dg] — R be probability distributions,

such that
H,(P)
min > 1. 5.88
aclo,1] Hy, (Q) ( )
Then for sufficiently large n
VEn [p) 7" 255 i) " (5.89)

for some sequence of xp, > 1 with x, — 1. That is, one can asymptotically transform n copies

of |) to n copies of |¢) with probability of success going to 1 as n — oo.

Proof. Analogue to the proof of Proposition 5.2.5, if we assume that we have proven the statement
of Proposition 5.3.1 for all non-uniform P and @ with P(1) > P(2). Then for general P and @
satisfying Eq. (5.88), we let Ps and Qs be non-uniform probability distributions with P < Pj
and Qs = @, such that min,eg 1] HQE g > mingeo1] 7° (( )) > 1. Then by Theorem 5.0.1 and
Proposition 5.3.1 for Ps and Qs, the statement follows for P and ). So without loss of generality,
we can assume that P and @) are satisfy the conditions of Proposition 5.2.3.

Wp)" = [hpen) = Y \/PEMI)|IT). (5.90)

Ieldp]™

From Eq. (5.88) we conclude that H(P) > H(Q). Let V* > —H(P) be chosen such that
Proposition 5.2.3 applies. Set ¢, = 2"V and note that

ey 25 ST min(y/ PR (D), Vi) | 1T) . (5.91)

IG[dP]"

-1
Let z, = <Zle[dp}" min(P®”(I),tn)> such that

IESVES mmWW\H (5.92)

IE[dp
is normalized and
Vi [1p)" 2 (). (5.93)

The proof is complete, when it is shown that z,, — 1 and |n,) Loce, o)™ for large n.

To see that x,, — 1, first note that

> min(PPM(I),t,) >1— > PEMI). (5.94)
Ieldp]” I€[dp]™
PO (1) >ty,

By Eq. (5.36), since P is non-uniform and V* > —H(P),

1
Xn o *
Jim_—log > PEMI)=Mp(V*) <0, (5.95)
Ieldp]™
POn(I)>ty,
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which implies

i ®n —
Jim > P (I) =0. (5.96)
Ieldp]™
Pen(I)>t,
So by Eq. (5.94), z, — 1.

To see that |n,) Locc, [1g)

O™ for large n, let P, € P([dp]™) be the probability distribution
given by P,(I) = x, min(P®"(I),t,), such that |n,) = |[¢p ). By Theorem 5.0.1, it must be

shown that P, < Q®" for large n. When N is large enough that P™(N) < 2"V then for all
i > N, PH(i) = 2, P2 (i) > PE™(4), so

N-1 N—-1
ST P < > PEM(). (5.97)
=1 =1

And by Proposition 5.2.3, we have for large n

N-1 Eq. (5.97) N-1 Proposition 5.2.3 N1
Y PHE) < Y PEM) < > QUM (d). (5.98)
i=1 1=1 i=1

What remains is to deal with all N such that P (N) > 2"V, To this end, let N* be the
largest number such that P (N*) > 2"V". By Eq. (5.98)

N* N*
Y Pr(i) < Q™)
im1 i=1

(5.99)
and since Py (i) = z,t, is constant for i € [N*], we have
N N
S P < Q™M) (5.100)
i=1 i=1
for all N < N*. O
Using H,(P®") = nH,(P), we obtain the following:
Corollary 5.3.2. Given n,m € N with
m . Hy(P)
— > . 5.101
w o Ha@ o
Then
n OCC m
VR [9)7F 2255 |9 (5.102)

for large k and some sequence xj — 1.

Corollary 5.3.2 and Eq. (4.53) with r = 0, yield respectively a lower and upper bound on
Ep (1, ¢), which can be summed up as:

Theorem 5.3.3. Given probability distributions P and Q

H,(P
Er (v, o) = min 700 (5.103)
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5.4. Minimizing the ratio of Rényi entropies

In Theorem 5.2.9 and Theorem 5.3.3, we are minimizing the same ratio Zo‘gg;, but over different

intervals. So Ep(vp,vq) = E(¢¥p,1q) if and only if the minimum is attained at a € [0,1]

and one might ask when this happens. Let us first study what happens in the simplest case

of binary probability distributions; suppP* = supp@Q* = {1,2}, such that the corresponding

quantum states are qubits. If P+(1) < @Q*(1), then P < @, which implies that E(P,Q) > 1.
Hy(P) log(2) _

But (@) = Toa(®) 1, so the minimum is attained at o = 0. To see what happens when

PH(1) > Q%(1) we need the following lemma.

Lemma 5.4.1.
_log (z%+ (1 —2)*)
N log

f(@) (5.104)

is an increasing function for x € (0,1), when o > 1 and a decreasing function for x € (0,1),

when o € (0,1)

Proof. Let us assume that o > 1.

_log(a® 4+ (1—a)) log(a®) +log (1+ -1

f(@) log log
. . (5.105)
log (1 + (5 — 1)0‘) log (1 + (5 — 1)0‘)
= —|— = — 1 )
log z log
. . 1 . . log(14+y®) .. . .
by substituting y =  — 1, it suffices to show that g : y — Toz(14y) 18 increasing for y > 0.

Taking the derivative of g gives

ay® (1+y)log(1+y) —y (1 +y*)log(1+y*)

/

9(y) = : (5.106)

y(1+y) (1+y*)log (1 +y)°
which is positive if and only if the numerator is positive. This is equivalent to

ay® (1+y)log(1+y) >y (1+y*) log(l+y“) (5.107)

which is equivalent to
1 log (1 1 *log (1 o
ylog(y) y*log (y*)
Since the maps z — 2 and z — % are decreasing for z € (0,1) and z € (1,00) and

since y® > y and y® and y belong to the same interval, we conclude that Eq. (5.108) holds and
therefore f is increasing. When a € (0,1) we have y® < y for y > 0, so the inequalities flip and

f is therefore decreasing. O

Proposition 5.4.2. When P and Q are probability distributions with |supp(P)| = |supp(Q)| = 2,

Ho (P)

Ha(@) 8 attained at either o =0 or o = o0.

the minimum min,e(o oo
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Proof. As we already saw, when P*(1) < Q*(1), the minimum is attained at o = 0. Assume
instead that p = P¥(1) > Q*(1) = ¢. For any a ¢ {0,1, 00},

Ho(P) 125 log (p* + (1 —p)®)

= 5.109
Hoo(P) “logp (5:109)

which by Lemma 5.4.1 is larger than

- 10g q HOO(Q)
So

H(P) _ HaolP)

> . 5.111

1.(Q) ~ HalQ) o410

By continuity in «, there is at least weak inequality for o € {0, 1}. O

In order to get o € (0, 00) into play, we thus need to consider probability distributions with
support larger than 2. When the support is larger than 2, we sometimes get minimizations on the
interior of the interval, and the minimizing o can be both larger and smaller than 1. For instance
when (P(1), P(2),P(3)) = (%,%, i) and (Q(1),Q(2),Q(3)) = (%,%,%), the minimizing « is
around a = 0.802, with a rate g;ggg ~ 0.9168. Or when (P(1), P(2), P(3)) = (%, 5, 5) and

(Q(1),Q(2),Q(3)) = (%, 1, %), the minimizing « is around « ~ 1.96, with a rate ZZES%

~ 0.8591.
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Appendix A

A.1. Inequalities

Lemma A.1.1. Let F,G : [0,1] — R be decreasing, strictly convex and continuously differentiable
functions with F(x) > G(z) for all z € [0,1), F(1) = G(1) =0 and F'(1) < G'(1). Then there

exists an € > 0 such that for all z,y € [0, 1]
F(z)—aF'(z) < G(y) —yG'(y) +e = Fla)+ (1 —2)F'(z) 2 G(y) + (1 -y)G'(y) +¢ (A1)
Proof. We start by proving (A.1) without the £ and with a sharp inequality on the right-hand-

side, since then (A.1) follows by compactness.

Let z,y € [0,1] and let g : [0,1] — R be the affine function

9(t) =Gy) + (t = y)G'(y) — F(x) - (t — 2)F'(x) (A-2)

We wish to prove that g(0) >0 = g¢(1) < 0. If x =y =1 then ¢g(0) = —=G'(1) + F’'(1) <0, so

in this case the implication is true. Now assume that x and y are not both 1. By convexity of G
9(z) = G(y) + (z —y)G'(y) — F(z) < G(z) - F(z) <0, (A.3)

with equality if and only if x = y = 1, which we assumed was not the case. Since g is affine and

g(x) < 0 we have g(0) >0 = ¢g(1) < 0 as wanted. This is equivalent to
F(x) - 2F' () < Gly) —yG'(y) = Fla)+ (1 —-2)F'(z) > Gy) + (1 -y)G'(y). (A4)

By Lemma A.1.3 below, with X = [0,1] x [0,1], S(x,y) = G(y) — yG'(y) — F(z) + 2F'(x) and
R(z,y) = F(z) + (1 —2)F(z) = G(y) — (1 —y)G'(y), we get (A.1). 0

Lemma A.1.2. Let F,G : [1,00) = R be decreasing, strictly convex and continuously differen-

tiable functions with F(z) < G(x) for all x € (1,00). Assume further that F(1) = G(1) = 0,
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F'(1) < G'(1), that limy_,oo F(x) — F'(x) and limy .o G(y) — yG'(y) both exist and that

limg oo F'(x) < limy o0 G'(y). Then there exists and € > 0 such that for all z,y € [1, 00]
F(x)—aF'(x) < G(y) —yG'(y) +e = F(z)+(1-a)F'(z)+e < Gy)+ (1 -y)G'(y). (AH)
Here x = 0o or y = oo is to be interpreted in the sense of limits.

Proof. Like in the proof of Lemma A.1.1, we start by proving (A.5) without the £ and with a
sharp inequality on the right-hand-side.

The case y = oo follows from the fact that F'(z) < limy . G'(y) for all z € [1, 00].

Let z € [1,00] and y € [1,00). Like in the proof of Lemma A.1.1, let g : [0,1] — R be the

affine function

9(t) = Gy) + (t —y)G'(y) — F(x) — (t — 2)F'(x). (A.6)
We wish to prove that g(0) > 0 = g¢(1) > 0. Again, we don’t need to consider the case
x =y = 1 since then ¢(0) = —=G'(1) + F'(1) < 0.

By strict convexity of F',
9(y) = G(y) — F(z) — (y — 2)F'(x) = G(y) — F(y) > 0, (A7)

with equality if and only if x = y = 1, which we can assume is not the case. Since g is affine and

g(y) > 0 we have g(0) >0 = ¢(1) > 0, which implies
F(z) - 2F'(z) < G(y) —yG'(y) = Flz)+ (1 -2)F'(z) <Gy)+ (1 -y)G'(y). (A8)
We consider [1,00] with the one-point compactification topology. By Lemma A.1.3 with

X =[1,00] x [1,00],
S(z,y) = G(y) —yG'(y) — F(z) + o F'(x)

and
R(z,y) =G(y) + (1 - y)G'(y) — F(z) — (1 — 2)F'(2),
we get (A.D). O

Lemma A.1.3. Let X be a compact topological space and S, R : X — R be continuous functions.

If
S(z) >0 = R(z)>0 (A.9)

then there is an € > 0 such that

S(z) > —e = R(x) >« (A.10)
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Proof. The set A = {z € X|S(z) > 0} C X is closed and therefore compact, so R takes a

minimum value, €1 > 0 on A. So
S(z) >0 = R(z) > e;. (A.11)
Contraposing, we get
S(x) <0 <= R(z) <e1 < R(z) <e/2. (A.12)

The set B = {x € X|R(z) <e1/2} C X is compact, so S takes a maximum value —e5 < 0 on B.
So
S(x) < —€&9 <— R(.Z‘) < 51/2. (A.13)

Contraposing again yields

S(x) > —eg = R(x) >e1/2. (A.14)

For € = min{es, £1/2} we now have

S(x) > —e = R(z) > e. (A.15)
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A.2. Bra-ket notation

Given a vector space V' and a vector 1) € V over a field F, we consider the linear map |¢) : F — V

) : 2= 29 (A.16)

This association is a bijection between V' and Hom(F, V') through the canonical isomorphisms
V=2F®V = Hom(F,V). Often we shall write |¢) € V, understood via this isomorphism
between V and Hom(F, V). This seems a little ridiculous at first, but turns out to be very

convenient notation.

When F = C, as is usually the case in quantum theory and V' has an inner product (-, ),
(conjugate linear in first entry!), this provides a natural antilinear bijection V' 3 ¢ + (¢, ) € V*.
Given a choice of bijection between V' and its dual, the image of 1y € V' under this bijection will

be denoted (¢|: V — TF.

Now (4| and [¢)) are composable maps and we may write

(W)Y = ¢ — (¥"(0) ¥ (A.17)

for the map that projects onto ¢ or

if inner _product <

(¥llo) = ¢*(¢) ¥, ), (A.18)

for ¢ measured along 1. (||¢) is often shortened as (1|¢).

When V = C¥X = Hom(X,C), and 2/ € X, we shall denote the natural basis elements
ez i @'+ 8z by |ez) = |z). When V = C¥ @ C¥ ® CZ we shall also use the notation

[zyz) = |2} [y) |2) = |2) @ [y) @ |2) - (A.19)

As an example, consider the unnormalized GHZ state, given by [000) + |111) = |¢/), where © is
the vector ey ® e @ eg + €1 ® €1 @ €7 in the space C0--d1=1} @ €021} @ CO-ds =1} for

some di,do, d3 > 2.
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