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Introduction

Normal forms are invariants under (group) operations, which help to simplify classification of
the objects they refer to. Classifications can reduce the number of cases to be considered in a
given problem and organise approaches, which allows to tackle hard and interesting problems.
Therefore they are ubiquitous in mathematics and mathematical physics and occur at any level,
from matrix diagonalisation to Dynkin diagram classification to graph canonisation.

This thesis is concerned with the introduction, extension, and application of normal forms
mostly in the context of squeezing in continuous variable (CV) quantum information theory.
Quantum information theory is concerned with the transmission and storage of information (for
instance classical information encoded into bitstrings) in quantum mechanical systems. Such
tasks arise naturally in real life, when two people who are spatially separated want to commu-
nicate with each other. In that case, they need to use a medium in order to communicate such
as telephones connected by cables. Since communication will be disturbed by problems such as
imperfections in the production process of the telephones or animals chewing on the cables, it
is important to consider robust encondings to transmit information nonetheless. In information
theory, such communication devices are modeled as “channels”, maps that transform an input
into a possibly randomised output based on some noise model. Trying to send information
despite the fact that these channels may transform the message seemingly beyond recognition
is called “coding”. In recent decades, it has transpired that quantum systems such as polarised
photons can also be used to transmit information. The study of “quantum channels” and
coding is interesting for several reasons, for instance: Quantum channels offer the advantage
that the information can be physically secured from eavesdroppers, whereas secure information

transmission over classical channels relies on unproven “hardness” results for number theoretic



1. INTRODUCTION

problems (e.g. finding prime factorisations for very large numbers is next to impossible in short
time). Furthermore, smaller and smaller systems may require the study of quantum mechanics
just by the fact that they are too small to be sufficiently well-described by classical mechanics.
Since light is already one of the most useful information carriers in current technology it seems
natural to use quantum mechanical descriptions of light and try to encode information with
quantum optical devices. This is one of the applications of the subfield of continuous variable
quantum information that is most promising for applications - in fact, commercial applications
already exist (see the Swiss company ID Quantique).

Assume for a moment we wanted to build a quantum telephone. A very rough path towards

good quantum communication includes the following steps:

1. Identify physical systems and operations that can be used for coding and transmission

and model the systems including noise models.

2. Calculate information capacities (i.e achievable error-free transmission rates) of realistic

channels.

3. Create concrete coding schemes to implement communication protocols including poten-

tial error correction.

4. Prove the robustness of schemes. This is necessary to ensure that small differences in the

model will not completely alter information-transmission behaviour.
5. Implement them in a lab.

While the first and last step are purely physical, the other steps rely only on the underlying

mathematical model. The study of normal forms enters the picture at various points:

1. Calculating channel capacities turns out to be a hard task in quantum information theory.
No single letter formula is known to date for most channels and the lack of additivity
(cf. [SY08]) renders a computable formula which holds for all channels impossible. Recent
advances in calculating channel capacities in CV systems (see [GGPCH14]) relied on a
normal form for a large class of quantum channels showing that such channels are always

a concatenation of channels of a certain type.

2. Channels can be seen as states using the Choi-Jamiolkowski isomorphism; therefore it is
also beneficial to study normal forms for states. Instead of studying the channel directly,

normal forms of states can help to see how a channel acts. For instance, the minimum
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output entropy of a channel, which is connected to its capacity, relies only on eigenvalues

of the output.

3. Implementing coding schemes and error correcting codes requires the implementation of
large classes of (unitary) operations. Usually, these are implemented by using just a small
number of “gates” which can then be perfected in the lab and reused. Finding such gate
systems or decomposing unitaries into gates can benefit from the invention of normal

forms.

4. Robustness is usually implied by continuity of the normal forms.

1.1 Summary

In this dissertation I consider normal forms from several perspectives including proving new
normal forms, proving the stability of known normal forms, and applying normal forms to study
information theoretic problems. The main focus is twofold: The application of normal forms
to questions related to squeezing, and the development of normal forms for quantum channels
(mostly connected to squeezing).

Squeezing is a quantum optical operation which requires the use of nonlinear media and
is considered a very hard task, also because squeezed states decohere quickly. By studying
squeezing in various contexts I provide tools to answer questions about how much squeezing is
necessary to perform a given task such as the creation of a quantum state. Squeezing is also
closely related to entanglement, arguably the most important resource in quantum information
theory. In addition, squeezing can itself be seen as a resource with connections to general
resource theories.

In this section I will briefly sketch the results of each paper and how it relates to the

overarching theme of the thesis and the other articles written during my graduate studies.

An operational measure of squeezing The article studies squeezing in itself and as a
resource. The main goal is to answer the following question: If we only allow single-mode
squeezing or single-mode squeezed resource states, how much squeezing is needed to prepare
an arbitrary (Gaussian) state? As a preliminary result, we also cover the question how much
squeezing is necessary to implement an arbitrary Gaussian unitary.

The question of implementing arbitrary Gaussian unitaries is translated to a question of

decomposing symplectic matrices and we prove that the optimum is achieved by the Euler
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decomposition, a well-known normal form of symplectic matrices. This was to be expected but
has never been formally proven. We prove the result also for arbitrary paths on the symplectic
group using results from ordinary differential equations in [Son98]. We then propose multi-
mode squeezing measures, which turn out to be convex and superadditive. The main technical
tool in this part is a matrix version of the Cayley transform from complex analysis.

Finally, we prove that the measure indeed answers the problem of minimising squeezing.
Unfortunately, we have not found a simple and analytically computable formula for the min-
imisation but instead provide a MATLAB program which can compute the optimum approxi-
mately. The approximation was shown to be very precise in various numerical tests. To assess
the performance of this algorithm, we also provide lower and upper bounds for the measure.
These bounds are in part an application of spectral theory and Williamson’s normal form, a
symplectic diagonalisation of positive matrices.

To my knowledge, this is the first work which considers multi-mode squeezing measures and
not only the smallest eigenvalue of the covariance matrix as in [KGLCO3]. It is not clear how
relevant the measures in the paper are for experimental purposes since single-mode squeezers
might not capture what is actually done in the lab. We give a short discussion of this question
and provide results about which modifications are possible without the need of new proofs. We
are confident that the tools of this paper can be used in subsequent developments of squeezing

measures and the resource theory of squeezing.

Perturbation Bounds for Williamson’s Symplectic Normal Form This article grew
out of the Bachelor thesis of Sebastian Soto Gaona, who proved that the symplectic spectrum,
the diagonal entries of Williamson’s normal form, are stable with respect to small perturbations.
A similar bound also appeared in [BJ15]. We extend these results to give a full discussion of
the perturbation theory of Williamson’s normal form.

We give bounds on the stability of the symplectic spectrum and prove that the scaling
of the constants, which depend on the condition number of the matrices involved, cannot
be improved very much. We prove that the diagonalising matrix is stable if the spectrum is
nondegenerate and give a counterexample otherwise. Finally, we prove that if S is a diagonlising
matrix, then S~75! is stable. We mainly employ techniques from usual perturbation theory
(cf. [Bha96]) to prove our stability results.

This result is actually needed to prove termination of the algorithm in the previous article:

When giving the MATLAB program, the starting point for the convex optimisation algorithm
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is exactly S~7S~! for some matrices. If this combination were not stable, the starting point
could turn out to be an infeasible point in the constraint set of the algorithm and it is not clear
that the algorithm converges.

Furthermore, the normal form is very important in continuous variable (CV) quantum
information because the entropy can be expressed solely in terms of the symplectic spectrum.
Therefore, the stability of Williamson’s normal form will be interesting for the robustness of

certain protocols in CV quantum information.

On additive Gaussian quantum channels This paper studies so called additive Gaussian
channels, a class of channels consisting primarily of environment modes and beam splitters
which couple the environment to the system. We approach the subject from the angle of the
resource theory of squeezing: Which channels can be implemented using only passive (i.e. non-
squeezing) unitaries but squeezed environments?

We provide a classification of all the channels with squeezed and unsqueezed environment
and passive unitaries and in addition provide a normal form which identifies them as concate-
nations of beam splitters and Gaussian unitaries. Given our measures for squeezing from the
first article, we could now ask the question of which states can be prepared using how much
squeezed resources.

In addition, given the recent advances on computing channel capacities for covariant channels
(cf. [GGPCH14] and similar papers), additive Gaussian channels might be a natural class to
extend the results. They retain part of the properties of covariant channels which made them
attractive, while essentially only adding the beam splitter with a squeezed environment mode

(Efforts to extend the results of [GGPCH14] have however been futile so far).

Sinkhorn normal form for unitary matrices This article studies several new normal
forms for unitary matrices, proving a conjecture by [DVDBI4a]. The main tool for the proof is
a deep result in symplectic geometry stating that a displacement of the so called Clifford torus
from itself using Hamiltonian symplectomorphisms is impossible. It transpired later that the
same proof had been used in a different context in [KJRI14].

We use the normal form to derive a number of other decompositions of unitary matrices.
Such decompositions can be interesting for coding schemes, where one constructs unitaries out
of a limited number of gates. In our case, the normal form implies that it is enough to be

able to implement phase shifters and Fourier transforms on any number of modes in order to
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generate all (Gaussian) unitaries. In addition, the normal forms reveal structural properties
of the unitary group which might help to solve open questions concerning unbiased bases or

(un)certainty relations.

A review of matrix scaling and Sinkhorn’s normal form for matrices and positive
maps This review is a condensed version of everything I have come to know about Sinkhorn’s
normal form. Since it is a review, it contains hardly any new material. It closes a gap in the
literature because many results have been rediscovered several times and the general literature
covers at least 200 papers over almost 80 years. A full overview about different approaches
has never been achieved since the 70s. Despite the length and detail, it is focused on the
mathematical questions surrounding the problem and only skims applications to give pointers
to relevant literature. The article originated in the original research done in my Master’s thesis
and the paper on the Sinkhorn normal form for unitary matrices.

The topic of Sinkhorn normal forms touches upon quantum mechanics in several ways: We
already discussed the normal forms for unitary matrices that were developed in Article [[V] and
its connection to CV quantum information. The original Sinkhorn theorem for positive matrices
was used by Aaronson in [Aar05] to study certain hidden-variable models. Most importantly,
the extension of Sinkhorn’s theorem to positive maps provides new normal forms for arbitrary
quantum channels for finite dimensional systems. In this sense, the largest part of this paper
is rather different from the rest of the thesis, as it concerns mostly finite dimensional and
not continuous variable quantum information. However, it fits neatly into the discussion about
normal forms and their impact on the quest to quantum information processing. I was interested

in the problem in the hope to apply it to certain classes of quantum channels.

1.2 Outline

The next section introduces the mathematical framework underlying the papers. After intro-
ducing basic notation, I will review normal forms in symplectic geometry which are applied in
the articles. A second section gives an introduction to continuous variable quantum information,
in particular Gaussian states. I introduce resources and resource theories in a third section,
sketching the best known example of entanglement theory and its connection to squeezing.
This chapter is followed by the articles ordered according to the list preceding this intro-

duction. The list is ordered contextually to highlight connections between papers. Each article
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is introduced by a short summary highlighting the technical advances of the paper as well as a

short description of my own contribution to the results.
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Mathematical foundations

This chapter explores the mathematical foundations underlying my work and the connections of
said work to the literature. As the title of the dissertation suggests, there are three main topics
to be explored: Normal forms, continuous variable (CV) quantum information, and squeezing
as a particular subproblem of CV quantum information. As normal forms are ubiquitous in
mathematics, we will not dedicate a complete chapter to them but rather treat them whenever
they appear.

Since all topics explored in my work use aspects of symplectic geometry, we will fix notation
and then start with a quick recapitulation of symplectic geometry. After that, we introduce
quantum mechanics and CV quantum information before discussing resources and resource
theories. Squeezing can be considered as a resource theory, which we do peripherally in Paper
[ Since the topic of resource theories has drawn a lot of interest in recent years, it is beneficial
to study squeezing from this perspective and connect it to the existing body of work in resource

theories.

Notation and remarks Throughout this introduction, we use the notation A > B if A— B
is positive semidefinite. Furthermore, H will always be a separable Hilbert space and B(H) will
denote the bounded operators on that space, while 81 (H) denotes the Schatten-1 or trace-class
operators. Furthermore, the Hermitian conjugate is denoted by T, while the adjoint map for
maps T : B(H) — B(H) is marked with a *.

In addition, the identity operator will always be denoted by 1 or 1,, while the standard

symplectic form o, € R?"*2" is given by

0, 1,



2. MATHEMATICAL FOUNDATIONS

None of the material in this section is original and most of it is fairly basic. Nevertheless,
I tried to give references for most results which are not covered in standard undergraduate

courses in physics or mathematics.

2.1 Symplectic geometry with a focus on linear theory

Symplectic geometry arose from the study of Hamiltonian mechanics: Phase space with its
canonical variables (g, p) is a natural symplectic manifold equipped with the Poisson bracket.
Symplectic geometry therefore allows to study integrable systems of classical mechanics geo-

metrically.

2.1.1 Symplectic manifolds and applications to quantum mechanics

Given a differentiable manifold M, a symplectic form w is a closed non-degenerate differential
2-form and the tuple (M,w) is known as a symplectic manifold. If M = R?"*2"  then the
matrix os, from Equation defines such a symplectic form (also called the standard form):
It is a nonsingular skew-symmetric matrix (i.e. a nondegenerate 2-form), which is closed as all

(R21%2n g,,,) defines the linear symplectic space which

forms on R2"*2" are closed. The tuple
can be studied via linear symplectic geometry (for further information see [MS98| [dGOG]).
Given a symplectic manifold (M,w), one can ask for diffeomorphisms ¢ : M — M whose
pullback (i.e. the natural map on differential forms derived from ¢) leaves w invariant. Such
maps are called symplectomorphisms. A symplectomorphism is Hamiltonian if it is derived as

the flow of an exterior derivative of a smooth (Hamiltonian) function. There are at least two

remarkable facts about symplectomorphisms:

1. Every symplectic form is locally diffeomorphic to the standard form (Darboux’ theorem

[Dar82)).

2. If B(r) is the Euclidean ball of radius r and Z(R) := {z = (21,91, %2, Y2, ...) € R*"|2? +
y? < R}, then any symplectic embedding B(r) < Z(R) implies r < R (Nonsqueezing
theorem [Gro85]).
Aside from these two theorems, symplectic geometry was largely inspired by two broad conjec-
tures known as Arnold conjectures (cf. [MS98], Chapter 11):

Conjecture 2.1.1. Let (M,w) be a symplectic manifold. Then every non-degenerate Hamilto-
nian symplectomorphism of M has at least as many fized points as the number of critical poitns

of a Morse function.

10



2.1 Symplectic geometry with a focus on linear theory

This conjecture is interesting from the physical perspective because fixed points of Hamilto-
nian symplectomorphisms are stationary orbits of the associated Hamiltonian. It is interesting
from a mathematical perspective because it connects symplectic topology to Morse theory. The
second conjecture concerns so-called Lagrangian submanifolds. A submanifold L of a symplectic
manifold (M,w) is called Lagrangian, if w|;, = 0 (the symplectic form vanishes on the submani-
fold), and dim(L) = dim(M)/2. These manifolds also appear as flow manifolds of Hamiltonian
functions in classical mechanics (cf. [bf11]).

Conjecture 2.1.2 ([MS98], Conjecture 11.17). Let Lo, L1 C M be compact Lagrangian mani-
folds of a symplectic manifold (M,w). Suppose that vy is an isotopy derived from a compactly
supported Hamiltonian function (precise definition in the reference) such that vg = id and

¥1(Lo) = L. Then Lo and Ly must have at least as many intersection points as a Morse

function on Lg has critical points.

This conjecture is also known as Arnold-Givental conjecture. Both conjectures have gener-
ated the invention of powerful tools such as Floer homology (see [Sal99]). While a weaker form
of the first conjecture has been proven (cf. [LT98| [FO99]), the second conjecture remains open
in most interesting cases.

As a special case that [KJR14] and I independently used in applications, let CP™ be the
complex projective space of n complex dimensions and T™ := {[zq, ..., Zn11]|z0| = ... = |2n|}

the Clifford torus. Then:

Theorem 2.1.3 ([BEP04], Theorem 1.3). The Clifford torus T™ C CP"™ cannot be displaced

from itself by a Hamiltonian isotopy (i.e. YT™ must intersect T™ for any Hamiltonian isotopy

¥).

This is a special case of the Arnold conjecture because it states that two Clifford tori which
are related by a Hamiltonian isotopy must always intersect since the number of critical points
of the torus is always larger than zero (another proof is given in [Cho04]).

The theorem can be applied to the problem of finding mutually unbiased bases (cf. [ABI5]
FRI5]) and (un)certainty relations (cf. [KJR14, [PRCT15]), as well as to find normal forms
of unitary matrices (cf. [DVDB14a, DVDB14b| [DVDBI6]). However, all these problems have
an intrinsically linear structure. The introduction of nonlinear symplectic geometry is only
necessary because a linear algebra proof of Theorem for linear symplectomorphisms re-
mains elusive. For most other applications in this thesis, it suffices to consider linear symplectic

geometry, which we now review in slightly more detail.

11



2. MATHEMATICAL FOUNDATIONS

2.1.2 The linear symplectic group

For the linear symplectic space, the linear symplectomorphisms form a matrix group called the
(real) symplectic group denoted by Sp(2n,R) € R2"*2n, Tts matrices are given by the property
ST 09,8 = 09,. The symplectic group has been studied extensively as one of the fundamental
Lie groups. A good overview for quantum physicists is given in [ADMS95al. Since we are
particularly interested in normal forms, we want to study some normal forms involving the
symplectic group.

First, let O(2n,R) be the real orthogonal group, then we define the following subsets of
Sp(2n):

K(n) := Sp(2n,R) N O(2n,R)
Z(n) = {dia’g(]]-i—la S ]]-n—i—la ]]-i—17 5715 ]]-n—i—l)|5 > Oal = 17 s 7”}

II(n) :={S € Sp(2n,R)|S > 0}

The first subset is an orthogonal-symplectic subgroup of Sp(2n), which is also the maximal
compact subgroup. The second set of matrices contains the single-mode squeezers, where the
name will be explained later. It generates a maximal abelian subgroup of Sp(2n). Finally, the
last set is the set of positive semidefinite symplectic matrices.

Since Sp(2n) is a Lie group, it has a Lie algebra sp(2n):
Proposition 2.1.4. The Lie algebras of Sp(2n), K(n) and the subset w(n) C sp(2n) corre-

sponding to the set II(n) under the exponential maps are given by
1. sp(2n) := {T € R**2"|0y, T + Toa, = 0}, Lie algebra of Sp(2n),

a b

2. t(n) = {A € R2*|A = <
—b a

) ;a=—a’ b=>b"}, the Lie algebra of K(n),

a b

3. m(n) == {A € RI*Injg =
b —a

> ;a = a’ b = b}, the subspace of the Lie algebra
sp(2n) corresponding to TI(n),
where the Lie bracket is always given by the commutator.
Using standard arguments from Lie algebras, one can now derive a number of decompositions
of the Lie algebra, which in turn define decompositions of the Lie group (cf. [Hel01]). We only

list two, which are most important for us:

Proposition 2.1.5 (Polar decomposition [ADMS95a]). For every symplectic matriz S € Sp(2n)
there exists a unique U € K(n) and a unique P € TI(n) such that S = UP.

12



2.2 Continuous variable quantum information

Proof. Since det(ST0,,S5) = det(oa,), we have det(S) = +1 (in fact, det(S) = 1 as seen
in the proof of the Euler decomposition). In particular, S is invertible and we can write
S = S(STS)~1/2(STS)/2. By construction, setting P := STSY2 P € M(n) and U :=
S(STS)~1/2 € Sp(2n). However, we also have U € O(2n) since UUT = S(STS)71ST = 1. The
uniqueness of this decomposition follows from the uniqueness of the (positive) square root of a

positive definite matrix. O

Proposition 2.1.6 (Euler decomposition, Bloch-Messiah decomposition [ADMS95a]). Let S €
Sp(2n), then there exist K, K' € K(n) and A= Ay --- A, with A; € Z(n) for each i such that
S=KAK'.

Proof. Using the polar decomposition, we can write S = UP with U € K(n) and P € II(n).
Since P is positive semidefinite, we can diagonalise it. The eigenvalues come in pairs +A;: For
every eigenvector v of P to eigenvalue A, o9,v is also an eigenvector of P to the eigenvalue
A1 as APTo9,v = 09,0 since P is symplectic. If {v;} is an orthonormal set of eigenvec-
tors for the positive eigenvalues of P, then K = (v; ... v, 0oopv1 ... Ugnvn> satisfies

KT09,K = 09y, hence K € K(n). Furthermore, K diagonalises P where the resulting matrix
D = KTPK = diag(A1, ..., A, ALY, .-, A1) is a product of matrices in Z(n). In total, we

) n

have S = UKDKT and thus the Euler decomposition. O

There exist many more normal forms, such as the Cartan decomposition or the Iwasawa

decomposition which we leave out here and refer the reader to [ADMS95a, Hel01].

2.2 Continuous variable quantum information

Classical information theory studies how to manipulate information, for instance in order to
store or transmit it. It is based on the concept of message (usually a bitstring) and channel
(usually a stochastic matrix transforming a bitstring into another bitstring probabilistically).
Following the seminal paper of Shannon [Sha4§|, the (classical) information content of a
message can be quantified using the Shannon entropy. The operational interpretation of this
measure is known as the Shannon Coding Theorem: The Shannon entropy of a message is the
least amount of space (mostly measured in bits) necessary to store a message with lossless
compression. For information transmission, the Noisy Channel Theorem of Shannon provides
a measure computing the maximal asymptotic capacity of a classical channel. Here, capacity
means information content per bit such that the message is transmitted without error in the
limit of many channel uses. These two theorems form the cornerstone of information theory
as they provide bounds for its most important tasks: Compression for storage and coding for

sending information (for an overview, see [CT06]).

13



2. MATHEMATICAL FOUNDATIONS

Quantum information extends this theory from classical to quantum systems, which are
modeled by so called quantum states (quantum messages) and CPTP-maps (quantum channels).
This is interesting for example as it allows physically secure information transmission (see
INCOQ] for an introduction and [BB84l [Eke91] for specifics on quantum cryptography). For
information content, the Shannon entropy is replaced by the von Neumann entropy and the
coding theorem becomes the Schumacher compression theorem (cf. [Sch95]), while the noisy
channel theorem is replaced by the HSW theorem (cf. [SW97, [Hol98]) for classical and the LSD
theorem (cf. [Dev05]) for quantum information. However, many questions remain, such as how
to efficiently compute quantum capacities of channels or which coding schemes are simple but
achieve approximately optimal results.

Quantum information is an abstract framework which can be implemented in many ways.
For instance, atomic spins might be interesting for storage while laser light is already used for
classical communication although it also provides a perfectly quantum system. While spins can
be modeled in finite dimensional systems, light needs infinite dimensions. Continuous variable
quantum information is the subfield of quantum information which studies infinite dimensional
systems with finitely many degrees of freedoms such as modes of light in a cavity. The name
derives from the fact that the observables studied have a continuous spectrum.

There exist many good overviews of continuous variable quantum information such as
[BvLO5, WPGPT12, [ARLT4]. Since the topic is huge, we will only review a selection of facts

and leave out many important results. The reader may wish to consult the cited overviews.

2.2.1 Quantum mechanics in infinite dimensions

As quantum mechanics is a physical theory, it must be founded in experiments. An experiment
can roughly be modelled in two steps: A system is set up and controlled (preparation) and
then some part of it or the complete system is measured (measurement), i.e. some numbers
are produced. Sometimes, it is beneficial to include a third step in between preparation and
measurement, where the system evolves (un)controlled (time evolution). The goal of a physical
theory is to predict the outcome given the preparation procedure.

In quantum information, the preparation procedure can roughly be seen as an encoding of
states, the time evolution could be a storage time or a signal transmission, and the measurement

is equal to the decoding scheme (maybe excluding postprocessing).

14



2.2 Continuous variable quantum information

2.2.1.1 The foundations of quantum mechanics

We specify the mathematical model underlying quantum mechanics by specifying preparation,
time evolution, and measurement:

The preparation procedure is subsumed in the concept of a quantum state. Two quantum

states are the same if the predictions for any measurement one can perform on the two systems
are the same. Hence we can see quantum states as equivalence classes of preparation procedures
which capture the result of a real system preparation.
Postulate 2.2.1. A quantum state or density matriz p is an operator p € 8;1(H) over a
separable Hilbert space H such that p > 0 and tr(p) = 1. The Hilbert space H contains the
description of the system. If two systems H;, Hy are considered, the combined system is given
by H; ® H,y. Conversely, the restriction of a state p € 81(H; ® Hsa) to one of its subsystems is
given by the partial trace.

Furthermore, a pure quantum state is a normalised element v € H or equivalently (modulo

phase) the rank one density matrix vot.

Since any positive definite matrix can be decomposed as a weighted sum of rank one matrices,
the set of states is a convex set with pure states as extremal points.

Measurement procedures in quantum mechanics are intrinsically probabilistic. A measure-
ment of a state p is specified by a set of possible outcomes and a probability distribution over
the outcomes (depending on p). For quantum mechanics, such measurements turn out to be

positive operator valued measures (see for instance [Holll], Prop. 1.6.1).

Postulate 2.2.2. A positive operator valued measure (POVM) is an index set I with a map
P :P(I) — B(H) from the Borel set of I to the bounded operators on H such that P(J) > 0
for all J C I and P(I) = 1. The probability of measuring a value in J C I of state p is then
given by p(J) = tr(P(J)p).

A very easy way to obtain POVMs is to take a self-adjoint (not necessarily bounded) operator
A on H with the outcomes defined by the spectrum of A and the measure defined by the spectral
projections. Such measures are also called projection valued measures (PVM).

Finally, the time evolution of a system is governed by the most famous equation of quantum
mechanics, the Schréodinger equation (or von Neumann equation for density matrices):

Postulate 2.2.3. Every closed quantum mechanical system can be specified by a self-adjoint

linear operator H on H such that the time evolution of a quantum state p € 81(H) is given by
i0p = [H, p] (22)

where we use natural units with & = 1.
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Very often, the Hamiltonian of a system can be guessed from the classical equations of the
same system (that is, if a classical description exists). The formal ideas behind this are known
as canonical quantisation. The basic idea is to start with the so called Hamiltonian function
of the Hamiltonian formalism of classical mechanics and upgrade variables (except the time
variable) to operators. To illustrate this procedure, the variables of position and momentum (g
and p) are upgraded to operators of position and momentum (@ and P). Instead of the Poisson

bracket, position and momentum must now fulfil the commutator equation

[P,Q] = %]1. (2.3)

This commutator equation is at the heart of what is known as Heisenberg’s uncertainty principle
and is necessary from the fact that P is the Fourier transform of Q. It turns out (cf. [BEHOS§],
Section 8.2) that this equation can only be fulfiled if both P and @ are unbounded operators,

thus H has to be an infinite dimensional Hilbert space.

2.2.1.2 Quantum mechanics in phase space

One of the most important systems for information carriage in quantum information is light.
To have a fully quantum theory of light, the electromagnetic field must be quantised. This
can be done using a collection of non-interacting quantum harmonic oscillators with different
frequencies. This is a standard second quantisation approach in quantum field theory (cf. [SZ97,
Lou00]). For our purposes, it is sufficient to consider a finite number of these frequencies (also
called “modes”) to avoid further mathematical complications. In reality, such a system can
arise as an electromagnetic field in a cavity.

Each oscillator/mode then defines annihilation and creation operators aj, and a}; such that

the Hamiltonian of the full electromagnetic field is given by
H= . H Hy, = i L 2.4
—; ks k= Wk akak+§ (2.4)

where wy, are the base frequencies of the oscillators (see for instance [ARL14]). As the force
carriers of the electromagnetic field - the photons - are bosons, the annihilation and creation
operators fulfil the CCR [ak,aj] = 01 and [ag,ai] = [ L,a}] = 0 (this follows directly from
the definition of ay, a,t via a standard computation).

In order to connect with the previous section, we can set

;
Qr = (ak\—/gak)v Py =

(ag — a;i)

— (2.5)
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2.2 Continuous variable quantum information

to obtain the so called quadratures, which behave just like position and momentum operators
(fulfiling for instance (2.3)). If we write (Rog—1, Ror) = (Qk, Pr) and R = (Ry,..., Ray), then
we have

[Ri, Ri] = i(02n)kl%- (2.6)

Put together, (R, 02,,) define a symplectic structure similar to the standard symplectic structure
of classical Hamiltonian mechanics (cf. [Arn89]).

The standard quantum mechanical representation of the CCR is known as the Schréidinger
representation, where each mode consists of a Hilbert space 3 = L%(R), Q, is the usual position
multiplication operator and Py, = i9/(0Qx).

However, this representation has at least two problems:

e Since P, Q fulfil Equation (2.3), they must be unbounded operators on an infinite dimen-

sional Hilbert space and are therefore difficult to work with.
e The representation is not unique.

It is therefore useful to consider bounded representations of the operators. Such a representation

is the Weyl system
W§ = eXp<i§ : U2nR)7 §€ R?" (27)
which fulfils the Weyl relations

)
WeW, = exp (25 : 02n77> Wepn. (2.8)

The operators are also called displacement operators or Glauber operators. By the Stone-
von Neumann theorem (cf. [BEHO08], Theorem 8.2.4), this definition is the unique strongly
continuous and irreducible representation of the CCR algebra defined through R up to unitary
equivalence (note that this statement only holds for finitely many modes).

Using the commutation relations, we can easily see that W corresponds to a translation in

phase space:
WngWg =Rr + &1 V€€ R?". (2.9)

The Weyl system looks similar to the usual Fourier plane waves exp(ikz) and indeed, similar to

the (commutative) Fourier transform, we can define the (noncommutative) Weyl transform to
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2. MATHEMATICAL FOUNDATIONS

obtain phase space functions for quantum states. Given a quantum state p € 81(H), we define

the characteristic function

Xp(€) == tr(Wep), & € R, (2.10)

Many results for Fourier transforms have similar versions for the Weyl transform. For instance,
we have the following characterisation of quantum states:

Theorem 2.2.4 (Quantum Bochner-Khinchin, [Hol11] Theorem 5.4.1.). Let x € L*(R?*") be a

function, then it is the characteristic function of a quantum state if and only if
1. x(0) =1 and x(&) is continuous at & =0,

2. For everym €N, &1,...,6m €R?™ and ¢y, ..., ¢ € C we have

m .
— 1
3 ertx (6 — &) exp (2@ '@nfl) >0
k=1
The name derives from the classical Bochner-Khinchin theorem which characterises the
Fourier transform of positive finite Borel measures on R which can be seen as classical states.
Finally, using the characteristic function one can define the well-known Wigner function

(cf. [Wig32]) of a state p:

W, (€) := (2m) =" / exp(i& - 02n1) X () d*" 1.

Necessary and sufficient conditions for a function to be the Wigner function of a state can be
computed from the Quantum Bochner-Khinchin theorem, but they are much more difficult to

state, so we omit them here and refer the readers to [NOSG, [CEZT4].

2.2.2 (Gaussian states and covariance matrices

A very natural class of states are those where characteristic or Wigner function are Gaussian.
Those states are therefore called Gaussian states. They are especially important in quantum
optics as the coherent states of lasers are in particular Gaussian states. They are also important
in mathematical physics as the coherent states, a subset of Gaussian states, form an overcom-
plete set in Hilbert space. Furthermore, thermal states of quadratic Hamiltonians are mixtures
of coherent states and therefore Gaussian (cf. [OIi12]).

From classical probability theory, it is well-known that a Gaussian is characterised by its

first and second moments. The same is true for Gaussian states, where the first and second
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2.2 Continuous variable quantum information

moments are defined as

dy, = tr(pRy) (2.11)

Vel 1= tI‘(p{Rk —dip1,R; — dﬂl}_,.) (2.12)

with the anticommutator {-,-};. Similarly to classical characteristic functions, they can also be
defined as the first and second partial derivatives of the (quantum) characteristic function. The
first moments are sometimes called displacement vector, the matrix of second moments is called
the covariance matriz. While a Gaussian state can have any displacement vector d € R?”, the

covariance matrix is more limited by Heisenberg’s principle:

Theorem 2.2.5. For any v € R?"*2" there exists a quantum state p with covariance matriz
if and only if v > %O’Qn.

Let us now study a number of normal forms of covariance matrices and Gaussian states.
Given a covariance matrix v of a Gaussian state, since v > iog, /2 implies in particular that
is Hermitian we can of course study eigenvalues and eigenvalue decompositions. It turns out
that this leads to the notion of squeezed states: Assume v = diag(A1,. .., A2, ) for some values
A; € R. The inequality v > io9, /2 then leads to A\jA,4; > 1/4 for every ¢ = 1,...,n. This is
just Heisenberg’s uncertainty (2.3) in disguise. If A\; < 1/2 or A\,4; < 1/2, this implies that the
uncertainty in this mode (P; or @Q;) is lower than possible if the variance of P; and @); were the
same. The corresponding state is said to be squeezed.

Note that this does not contradict the non-squeezing theorem: In fact, from a mathematical
perspective Heisenberg’s principle is nothing else than the assertion that a quantum state must
have a symplectic capacity, a notion made possible by the non-squeezing theorem (see [dGL09]).

Hence we define:

Definition 2.2.6. Let v be the covariance matrix of a Gaussian state. Then ~ is called squeezed
if it has an eigenvalue A < 1/2.

Other definitions appear in the literature but are known to be equivalent (cf. [ADMS95D]).

An important normal form for covariance matrices is given by

Theorem 2.2.7 (Williamson’s theorem [Wil36]). Let M € R?"*2" be q positive definite matriz.
Then there exists a nonnegative diagonal matrix D € R™*"™ and a symplectic matriz S € Sp(2n)
such that

STMS = diag(D, D). (2.13)

The entries of D are often called symplectic eigenvalues of M and they are the positive eigen-

values of 109, M .
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Proof. We sketch the proof of [SCS99] similar to the sketch in my own papers:

Let diag(D, D) =: D. Since D and M are positive definite, consider S = M~1/2KD'/2,
where K € O(2n). By construction STMS = D. We need to choose K such that S is
symplectic: This is equivalent to

0 D!
KT(M~ Y20y, M~V K = ( . ) .
-D' 0

Using that (M =265, M~Y/%)T = —M~1254, M~1/2, we know that we can indeed find an or-
thogonal K achieving this construction since iM /204, M/? is a Hermitian matrix and therefore
diagonalisable by a unitary U € U(2n). Eigenvalues come in pairs +\; with eigenvectors z;+iv;
for j=1,...,n and z;,y; € R?" and hence K = (z1,...,%pn,Y1,...,Yn) Using o2,x; = y; and

O2nY; = —Tj. O

Symplectic matrices, by definition, leave the CCR invariant and are therefore an interesting
set of physical operations (see also the discussion in Section 2.2.3). The symplectic spectrum is
invariant under symplectic conjugation (by construction) and is therefore more important than
the eigenvalue spectrum.

The Williamson normal form leads to a decomposition of Gaussian states known as normal
mode decomposition
Theorem 2.2.8 (see for instance [Olil2]). Let p be a density matriz of an n-mode Gaussian

state. Then there exists a canonical basis in phase space with corresponding annihilation and

creation operators a, a' such that p takes on the form

exp(—Bws(ata +1/2))
P= @ tr(exp(—pwi(ata +1/2))) (2.14)

In other words, p is a tensor product of thermal states of different temperature in this basis,
where Bwy, are given by 1+ 2(exp(—Bwy) —1)~1 = 25, with the symplectic eigenvalues sy of the
covariance matriz of p.

Proof. We first consider the thermal states of a one-mode quantum harmonic oscillator: For an
inverse temperature (3, those are given by the Gibbs state

exp(—BH) _ exp(—Puw(ata+1/2)
tr(exp(—5H))  tr(exp(—fwlata + 1/2)))

PGibbs =

We can now use
L We = exp(i/V2((& +i&2)a’ — (&1 — i&2)a)),
2. the Fock states |n) = (al)”/v/n!|0) form a basis,

3. (n|Welm) = 8pm exp(—|€|?/4) L, (|€]?/2) with the Laguerre polynomials L,, (cf. [Oli12]),
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to obtain

X(€) = tr(Wepainbs) = cexp(—(€F + &)(1 + 2(exp(—fw) — 1)71)/4)

with some constant ¢ which does not depend on £ and fixes the normalisation. Hence a thermal
one-mode state is a Gaussian state with covariance matrix v = (1 + 2(exp(—fw) — 1)71) 11 /2.

Given any p, Williamson’s normal form implies that there exists a basis where v, =
@i _, skl with symplectic eigenvalues s, and without any displacement. But this implies
that p is of the form of Equation with 1+ 2(exp(—Brw) — 1)~1 = 2sy. O

Williamson’s normal form gives us an opportunity to describe all Gaussian pure states:

Corollary 2.2.9. A covariance matriz v € R?"¥2" is q covariance matriz of a Gaussian pure
state if and only if det(2y) =1 or equivalently, 2y € Sp(2n).

Proof. Note that a state p is pure if and only if p? = p. Using the basis where ~ is diagonal
and d = 0, we have that p corresponding to =y is a tensor product of thermal states. A simple
calculation shows that a thermal state is pure if and only if 55 — oo (at zero temperature) or
else if and only if d, =1/2 forall k=1,...,n. O

Note that the set of Gaussian pure states is also the set of extremal Gaussian states.

Williamson’s normal form is also useful to derive a simple function for entropy. Recall that
the von Neumann entropy of a quantum state is given by the Shannon entropy of its spectrum
(which immediately tells us that pure states have zero entropy). Similarly, on the level of

covariance matrices, we obtain:

Theorem 2.2.10 ([HSH99]). Let p € B(H) be a Gaussian quantum state. Then its entropy is

described by
S(y) = i (g (dk + ;) -9 (dk - ;)) (2.15)

k=1

where g(z) = xlog(x) and the dy, are the symplectic eigenvalues of the covariance matriz vy, of
0.

Many other decompositions and normal forms can be described that might help in different
circumstances. For instance, the well-known singular value decomposition has a symplectic

analogue described in [Wol0§].

2.2.3 Quantum Channels

We already stated that time evolution is governed by the Schrédinger equation. However, this

requires knowledge of the total Hamiltonian and the state of the system, something which is
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infeasible in most experiments. To remedy this we introduce the idea of open quantum systems
and quantum channels. The idea is to divide the whole closed system into one part (called the
“system”) that is interesting in an experiment and can be manipulated and the rest (dubbed
the “environment”). Consequently, a quantum channel is a function which sends a state of the
system to a different state taking the environment into account.

Given a state of the system p and a state of the environment pr and assuming that we know

the time evolution U = exp(iHt) of the whole system such a channel would be
T(p) = tre(U(p @ pp)U"). (2.16)

Here, trg denotes the partial trace over the environment and pg is the state of the environment.
Usually, the assumption is made that the system starts out in a product state, which can be
achieved by a careful state preparation, but we do not go into details here. It turns out that
these maps T : B(H) — B(H) are completely positive, meaning that id,, ®7T : C"*" ® B(H) —
C™*"™ @ B(H) is a positive map for any n € N. In order to maintain normalisation of the state,
T must be trace-preserving, too.

Definition 2.2.11. A quantum channel T : 8;(H) — 8;(H’') is a completely positive trace

preserving linear map. A Gaussian channel is a quantum channel that sends Gaussian states

to Gaussian states.

We are particularly interested in Gaussian channels. An overview can be found in [EWO07].
Since a Gaussian channel sends Gaussian states to Gaussian states and those are completely
specified by the displacement vector and the covariance matrix, we can consider Gaussian

channels on the level of covariance matrices:

Theorem 2.2.12. An n-mode Gaussian channel T is given by a triple (X,Y,v) with v € R?"
and X,Y € R?"*2" fulfiling

Y > oo, —iX oo X (2.17)
such that for any Gaussian state p with covariance matriz vy and displacement d we have

Y= XTAX +Y  de— Xd+o. (2.18)
For some applications, it can be beneficial to also study the set of completely positive maps
and not just the (subclass) of quantum channels. A complete description of Gaussian completely

positive maps and the yet bigger class of Gaussian positive maps is found in [GIC02] [Fiu02].

The set is most commonly constructed using the Choi-Jamiolkowski isomorphism.
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2.2 Continuous variable quantum information

We have defined channels mostly as tracing out an environment. Clearly, it should be
possible to add a (potential) environment to get a unitary channel again. This is the physical
interpretation of what is known as Stinespring dilation theorem. For Gaussian channels, this
was studied in detail in [CEGHOS8| [CEGHII]. One of the main results is:

Theorem 2.2.13 ([CEGHO08|, Theorem 1). For any Gaussian bosonic channel (X,Y,v) there
exists | < 2n with S € Sp(2n + 21) and vg > i09;/2 such that

(S diag(v,72)ST )anxon = XTIy X +Y Yy > ioon, (2.19)

where ()anxan denotes the restriction to the upper left 2n x 2n principal submatriz.

For some applications, it is interesting to study these dilations for subclasses of channels,
for instance those channels that have a pure or squeezed environment.

Many subclasses of quantum channels have been described in the literature, either because
they are physically interesting or because they have a mathematical structure that can be

exploited. Let us mention two such subclasses:

Gaussian unitary channels Closed system dynamics are always unitary following the fact
that a Hamiltonian is (by definition) a self-adjoint operator which generates a unitary one-
parameter time evolution via Stone’s theorem (cf. [BEHOS8], Section 5.9). Gaussian unitaries
are the subset of unitary channels that are Gaussian channels. We have the following charac-
terisation (cf. [DVVTT)):

Proposition 2.2.14. A Gaussian unitary operator is completely specified by a tuple (S,v) with
S € Sp(2n) and v € R®™ which acts on the Weyl operators as

We — exp(i€ - v)Wase. (2.20)

In other words, a Gaussian unitary consists of a symplectic transformation of the modes
(which translates to a transformation v — ST~S of the covariance matrix and d — Sd on the
displacement of a quantum state) and a displacement.

In quantum optics, there are several optical instruments which implement symplectic matri-
ces. Using the Euler decomposition Proposition |[2.1.6] one can implement any Gaussian unitary
with the help of only single-mode squeezers (implementing operations in Z(n)), beam splitters
and phase shifters (implementing operations in K (n) using [RFP10]) and Weyl displacements.
Other implementations are given by different normal forms of unitary matrices such as the

Sinkhorn normal form [DVDB14b].
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Gauge-Covariant and Contravariant Gaussian channels Similar to other theories, one
can consider the transformation ay +— exp(i¢)ar on the creation (and annihilation) operators.
This gauge transformation (a global phase) is given by the group of symplectic transformations

{exp(io2,@)|¢ € [0,27)} and can also be defined on the level of the Weyl system (cf. [GHGP135]):
W (exp(ioand)€) = USW (§)Us.
Using this transformation, one can define gauge invariant states or channels and study normal

forms for these states (as in [HSH99]). We want to study a slightly broader class:

Definition 2.2.15. Let 7 be an n-mode Gaussian quantum channel. Then T is called gauge

covariant (contravariant) if it fulfils the relation

n n n n
T (exp (i(b Z a;»rai> pexp (—iqﬁ Z ajai>> = exp (:I:iqﬁ Z ajai> T(p) exp (ZFZ'¢ Z azai> .
i=1 i=1 i=1 =1
(2.21)
Gauge covariant channels have a very simple description in terms of maps on covariance
matrices:

Proposition 2.2.16 (for instance [LGW13]). An n-mode Gaussian channel T is gauge-covariant
if and only if the corresponding triple (X,Y, z) fulfils [X, 02,] = [Y, 02,] = 0.

Proof. The proof rests on the observation that [X, o9,] = 0 if and only if [X, exp(igoa,)] = 0,
which in turn implies that the channel commutes with the unitary group exp(i¢a’a) if and only

if (X,Y) commute with og,. But this is true if and only if the channel is covariant. O

R27%2" which commutes with os, is of the form

4= (% %)

and can therefore be written as a matrix A := B +iC' € C"*". The corresponding condition

Any matrix A €

for complete positivity of a channel then translates to (cf. [HHWI0])
Y > +(1, - XTX).
The channels are called quantum limited, if equality is attained. In particular:
1. The quantum limited attenuator is a map with XTX <1 and ¥ = (1, — XTX)
2. The quantum limited amplifier is a map with XTX>1andY = (1, — XTX)

3. The quantum limited gauge contravariant channels are maps with Yy = (1, + XTX)
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This characterisation paves the way to a normal form of gauge covariant (and contravariant)
channels, which states:
Theorem 2.2.17 (cf. [Holl5, IGPNBL™12]). Any gauge covariant channel is a concatenation
of a quantum limited amplifier and a quantum limited attenuator.

Any gauge contravariant channel is a concatenation of a quantum limited amplifier and a

quantum limited contravariant channel.

With these two examples, let us return to one of the major questions in quantum information:
How well can one communicate with a given channel? The task is vaguely defined for the
reason that multiple communication tasks can be evaluated: For instance, we can consider
communication of bitstrings encoded into quantum states or communication of (instances of)
quantum states themselves.

One of the most important capacities is the classical capacity (sending classical information
over a quantum channel with asymptotically zero error) for which the following formula was
proved in [SW97, Hol98]

O fpsips 3 T

. 1 n n
C(T) = lim sup — [ ST | D pip; | | =D ST (p;))
J J

The maximisation over all ensembles is a serious problem when computing the capacity. Since
this is often the case in classical information theory, it was conjectured in [HWOI] that the
minimisation can be restricted to Gaussian states only. It turns out that in many cases, this
reduces to the conjecture that Gaussian inputs minimise the entropy of the output. For those
channels, where the limit can be dropped because the maximum does not depend on the num-
ber of channel uses (so called additive channels) the capacity could then easily be computed
analytically.

This conjecture remained completely open for over a decade despite considerable effort
(see [GHGP15] and links in the introduction), but was recently solved in [GHGP15, [GHM15]
MGH14] for gauge covariant and contravariant channels, which also led to capacity calculations
such as [GGPCH14] and a flurry of further activity. The proof heavily relies on the normal
form for gauge covariant and contravariant channels in Theorem [2.2.17] and the fact that the
conjecture was known to be true for quantum limited attenuators |[GGL™04].

It is still open to extend these results to all channels, for example the channel defined by a
beam splitter and a squeezed environment. One approach could be to use similar normal forms

and reduce the effort to a specific type of channel.
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2.3 Resources and Resource Theories in quantum infor-

mation

Most of the basic tasks of quantum information theory such as quantum teleportation, en-
tanglement sharing, or channel coding require the preparation and transformation of specific
states. In principle, preparing a quantum state is always possible if one has full control over
the system, but in reality this is not always the case.

For example, if one wants to create an entangled state between two labs, implementing
operations which need access to both labs is impossible in many cases. As another example,
creating a state with a high amount of squeezing is difficult if not impossible. The goal must
therefore be to create certain states despite these problems and use them as resources. The
abstract mathematical framework of resources and state interconvertibility is then called a
resource theory.

Although they were only studied peripherally in the papers underlying this thesis, we will
study abstract mathematical frameworks for resource theories because they provide motivation,

context, and an interesting aspect of further study for my research about squeezing.

2.3.1 Basic concepts of resource theories

We will describe resource theories similar to the description in [BaG15].

Resource theories are defined by two sets:

1. A set Sgee C 81(H) of free states. Those are states which can easily be created. Free

states can for instance include the vacuum.

2. A set Ogp € CP(81(H)) of allowed operations. Usually, this set will contain a subset of

completely positive operations (CP(81(H))) restricted by experimental realities.

In addition all states not in the set R := {T(p)|p € Stree, T € Oop} are called resource states.
These are the states which cannot be prepared with free states and allowed operations only.
Usually the distinction between free states and resource states is given by a resource which is
quantified in some way.

Goals of a resource theory include the solution to the following problems:

1. Classify the set of resource states.

26



2.3 Resources and Resource Theories in quantum information

2. For any given o ¢ R find p € Sgee, p’ a resource state, and T € O, such that o = T(p®@p’)

and p’ is as cheap as possible.

3. Find a subset S;esource € R which has a simple description and still solves the second task

approximately. If not prespecified, find functions which describe the cost of the resource.

Clearly, the framework is extremely general and it is thus no surprise that it has been applied
to many different areas of quantum information and beyond. More recently, a general study of
resource theories was initiated from a mathematical perspective, for instance in [BaG15, [Fril5l
CFS16].

The study of resource theories is a very active area of research. We will only study entangle-
ment and squeezing in more detail because they are relevant for the thesis. Many other resource
theories exist such as “thermal operations” in quantum thermodynamics [HO13, NGP15], com-
plexity [[CK™16|, asymmetry [MS13], reference frames [GS08], coherence [CG16, [SAP16], or
knowledge [dRKR15].

2.3.2 Entanglement

We start with a short discussion of the best known resource in quantum information: Entangle-
ment. For any number n of parties we consider quantum states p € 81(H; ® ..., H,) for some
Hilbert spaces ;. A state is called separable if it is a convex linear combination of product
states p = p1 ® ..., pn with p; € 81(J(;). Any other state is called entangled. The resource

theory of entanglement now consists of
1. The set of separable state Sggp as free states.

2. The set LOCC of local operations with classical communication. These are all operations
which can be implemented if we assume that every party sits in a lab spatially separated

from the others.

The resource states then correspond to the entangled states and functions measuring entan-
glement are usually called entanglement monotones (cf. [Vid00O, [VWO02]). Multipartite en-
tanglement can be a very rich subject (cf. [DVC00, VDDMV02]), so we restrict to n = 2,
Hi1 = Ho =: H and pure states to give an idea of possible questions and results. The corre-
sponding entangled states are called bipartite entangled states. A good overview can be found

in [HHHH09).
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For pure states, it turns out that the class of entangled states is captured by one state alone,

the so called mazimally entangled state |®) in the following sense:

Theorem 2.3.1 ([Nie99]). Let |¢), |¢) € HRH be two (normalised) quantum states, then there
exists an LOCC operation T such that T(|0)(¢]) = |¢))¢| if and only if for allk =1, ..., dim(H)

=

k
3 Auttrallool) = - Mtna(9) ) (222

where A\, denotes the k-th largest eigenvalue.

The condition in Equation is also known as majorisation (cf. [Bha96]) and the maxi-
mally entangled state is then naturally given by the state |®) where the reduced density matrix
is proportional to the identity.

Two other important questions concerning the theory are (see [BDSW9G]):

1. Given a state w®™ where w = |®)(®|, how many copies n of a given state [¢)) can
we produce using LOCC operations and additional separable states? The ratio n/m is
a different entanglement monotone called entanglement of formation. For qubits, the

entanglement of formation tends to S(tra(p)).

2. Given any pure state p®™, how many copies n of the maximally entangled states of some
dimension d can we produce using only LOCC operations and additional separable states?
The ratio n/m is called distillable entanglement. For qubits, the distillable entanglement

tends to 1/5(tra(p)).

For mixed states, not all states can be distilled to maximally entangled states. For systems
of dimension 3 ® 3 or larger, the complete classification is still open which is known as the
NPT-bound entanglement problem [Cla06].

The entanglement of formation for mixed states is differently defined than for pure states,
since a mixed state can be created as a mixture of pure quantum states in many different ways.

The definition therefore amounts to a convex roof (cf. [BDSW96])

= inf {Z ;S (tra(ps) Zripi = p} . (2.23)

Computing the entanglement of formation has been a major challenge. The seemingly simpler

problem whether for any states p = p) ® p(?) we have Er(p) = Er(pM)) + Er(p®) was an
open problem for a long time. It was settled in the negative in [Han09] although a concrete

example is still missing.
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2.3 Resources and Resource Theories in quantum information

For the class of Gaussian states, one is usually interested in the restriction of LOCC to
the class GLOCC of Gaussian local operations and classical communications. Remarkably,
distillation of entanglement is entirely impossible using GLOCC operations as shown by [GIC02,
ESP02]. In contrast to this the determination of the entanglement of formation is still open.
Similarly to the conjectures about channel capacities described in Section 2.2.3, it might a good
guess that the minimum is attained on Gaussian states. For the corresponding measure, the
Gaussian entanglement of formation, we have:

Theorem 2.3.2 ([WGK™04|, Proposition 1). Given a Gaussian state p with covariance ma-

triz 7y, the Gaussian entanglement of formation is given by
Ec(p) = nf{S((p)rea)ly = 7p = 2875, 5 € Sp(2n)}. (2.24)
Yred denotes the covariance matriz of the reduced state of p and S is the entropy.

The measure is therefore a minimisation over all pure Gaussian states with covariance ma-
trices 1, similar to the squeezing measures we introduce in Paper I. It is only known to be

equal to the entanglement of formation for a certain class of Gaussian states [GWK™03].

2.3.3 Squeezing

For a Gaussian state, entanglement is linked to squeezing [WEP03, LGW13]. For instance, we
have the following theorem:

Theorem 2.3.3 ([WEPO03], Proposition 2). Let v — KTyK be a passive transformation
(i.e. K € Sp(2n) N O(2n)) acting on a Gaussian state of n > 2 modes with covariance ma-

trix v. The mazimum attainable amount of entanglement obtained for an arbitrary two-mode

subsystem of KTvK is then given by
En = max{0, —logy(4A12) } (2.25)

where A1, Ao are the two smallest eigenvalues of v. Here, En denotes the logarithmic negativity,
which is an entanglement measure for mized Gaussian states (cf. [VW02]).

Clearly, the state has zero entanglement if it is not squeezed.
The fact that squeezing can be considered a resource was first noted in [Bra05], where the
author proved that a state could not be squeezed without squeezers. Based on this approach,

the following resource theory seems natural:

1. The free states are given by all Gaussian states, which are unsqueezed, i.e. the covariance

matrix fulfils v > 1.
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2. MATHEMATICAL FOUNDATIONS

2. The allowed operations include drawing unsqueezed ancillary states, making measure-
ments, adding noise, performing beam splitters and phase shifters as well as Weyl dis-

placements.

Resource states are all squeezed states. We now only need a measure for squeezing. A simple
measure, the smallest eigenvalue of the covariance matrix, was proposed in [KGLCO03, Lee88].
Analogously to the Gaussian entanglement of formation one can now also consider “squeezing
of formation”, which leads us to postulate a measure similar to Theorem Indeed, this is
one possible starting point for considering the measures in Paper I.

Studying squeezing as a resource is interesting not only because it is linked to entanglement,
but mostly because it is considered a hard task. The problem is twofold: Squeezed states deco-
here very quickly and single-mode squeezing becomes infeasible for large amount of squeezing.

Current upper limits are reported in [AGML15].
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An operational measure for squeezing

M. Idel, D. Lercher and M. M. Wolf February 12, 2017

A quantum state p is squeezed if its covariance matrix vy, has an eigenvalue A < 1
(leaving out factors of 1/2). Squeezing is hard in practice and therefore a useful re-
source [1]. In order to study the resource, we need to have operational measures (as in
the case of entanglement). So far, the only measure of squeezing in the literature is the
minimum eigenvalue of the covariance matrix [2]. Clearly, this is not an operational
measure for most tasks such as preparation of a squeezed state, because the two quan-
tum states with covariance matrix v; = diag(s,1,s7!,1) and 2 = diag(s,s,s™!,s71)
have the same minimum eigenvalue, but the squeezing cost for the second should be
twice the amount of the first, as it is squeezed in both modes. We define measures
covering preparation costs for squeezed states.

1 Operational squeezing

Before considering the case of a squeezed state, we can ask: For any Gaussian unitary
operation given by the symplectic transformation .S, what is the least amount of single-
mode squeezing necessary to implement it? If sf denotes the decreasingly ordered
singular values, we prove:

Theorem 1.1. Let S be a symplectic matriz. Then
F(S) = log(s;)(5) (1)
i=1

is the minimal amount of single-mode squeezing required among

1. all products S = Sy --- Sy, where S; € SO(2n) N Sp(2n) or S; is a single-mode
squeezer with squeezing parameter s and associated cost log(s),

2. all rectifiable, almost everywhere differentiable paths v : [0,1] — Sp(2n) with
v(0) = 1 and v(1) = S, where the costs are quantified according to the coefficient
of the active generators.

In both cases, the minimum is given by the Euler decomposition.

The costs for paths on Sp(2n) are chosen such that they are consistent with the
choice for single-mode squeezers. A detailed construction is given in the paper. The
proof for paths on Lie groups relies on results from the theory of ordinary differential
equations. In particular it follows from perturbation theory of the propagator of the
ODE given by the path.



2 State preparation with minimal squeezing

In the main part of the paper, we answer the following question: If we can freely draw
any state with covariance matrix v > 1, freely add ancillas, add noise, create convex
combinations and perform passive operations, measurements and Weyl displacements,
what is the minimal amount of single-mode squeezing needed to create a given state
p?

Theorem 2.1. Let v € R?"*2" be the covariance matriz of a quantum state. If we
measure the amount of any single mode squeezer by log(s), where s is the squeezing
parameter, then the minimal amount of squeezing necessary in order to create the state
p using the free operations outlined above is given by

G(y) = inf {Z log(s;)(S)

v> 8755 € Sp(?n)} . (2)

The measure G is convez, lower semi-continuous and subadditive.

The proof of convexity uses the Cayley transform for matrices. On the basis of
the convexity of G, we provide a program to calculate G numerically. Moreover, we
provide upper and lower bounds. The proof that the measure is operational relies on
convexity as well as Cauchy’s interlacing theorem.

Finally, we give a short discussion on squeezing as a resource. We prove that our
measure remains the same if we consider single-mode squeezed states as “resource
states” similar to the entanglement of formation in entanglement theory. Consequently,
our measure could also be dubbed “squeezing of formation”.

3 Legal statement

The project was started by Daniel Lercher and Michael Wolf. T continued the project
when the first part of Theorem 1.1 as well as the definition, convexity and some
properties of G had already been sketched. Based on the idea to use propagators (by
Daniel Lercher), I worked out the proof of the second part of Theorem 1.1 and filled
in all gaps in the sketches of the first part. All other parts (especially Sections 5-7 in
the paper) are my work with guiding input by Michael Wolf.
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CrossMark
Abstract
We propose and analyse a mathematical measure for the amount of squeezing
contained in a continuous variable quantum state. We show that the proposed
measure operationally quantifies the minimal amount of squeezing needed to
prepare a given quantum state and that it can be regarded as a squeezing
analogue of the ‘entanglement of formation’. We prove that the measure is
convex and subadditive and we provide analytic bounds as well as a numerical
convex optimisation algorithm for its computation. By example, we then show
that the amount of squeezing needed for the preparation of certain multi-mode
quantum states can be significantly lower than naive state preparation
suggests.

Keywords: squeezing, continuous variable quantum information, operational
measure, Euler decomposition, bosonic systems

(Some figures may appear in colour only in the online journal)

1. Introduction

The interplay between quantum optics and the field of quantum information processing, in
particular via the subfield of continuous variable quantum information, has been developing
for several decades and is interesting also due to its experimental success (see [KL10] for a
thorough introduction).

Coherent bosonic states and the broader class of Gaussian bosonic states, quantum states
whose Wigner function is characterised by its first and second moments, are of particular
interest in the theory of continuous variable quantum information. Their interest is also due to
the fact that modes of light in optical experiments behave like Gaussian coherent states.

For any bosonic state, its matrix of second moments, the so called covariance matrix,
must fulfil Heisenberg’s uncertainty principle in all modes. If the state possesses a mode,
where despite this inequality AxAp > 7 /2 either Ax or Ap is strictly smaller than /7 /2, it
is called squeezed. The production of squeezed states is experimentally possible, but it
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requires the use of nonlinear optical elements [Bra05], which are more difficult to produce
and handle than the usual linear optics (i.e. beam splitters and phase shifters). Nevertheless,
squeezed states play a crucial role in many experiments in quantum information processing
and beyond. Therefore, it is natural both theoretically and practically to investigate the
amount of squeezing which is necessary to create an arbitrary quantum state.

As a qualitative answer, squeezing is known to be an irreducible resource with respect to
linear quantum optics [Bra05]. In the Gaussian case, it is also known to be closely related to
entanglement of states [WEPO3] and the non-additivity of quantum channel capacities
[LGW13]. In addition, quantitative measures of squeezing have been provided on multiple
occasions [Kra+03, Lee88], yet none of these measures are operational for more than a single
mode in the sense that they do not measure the minimal amount of squeezing necessary to
prepare a given state.

The goal of this paper is therefore twofold: first, we define and study operational squeezing
measures, especially measures quantifying the amount of squeezing needed to prepare a given
state. Second, we reinvestigate in how far squeezing is a resource in a mathematically rigorous
manner and study the resulting resource theory by defining preparation measures.

In order to give a brief overview of the results, we assume the reader is familiar with
standard notation of the field, which is also gathered in section 2. In particular, let v denote
covariance matrices. A squeezed state is a state where at least one of the eigenvalues of v is
smaller than one.

To obtain operational squeezing measures, we first study operational squeezing in section 3:
suppose we want to implement an operation on our quantum state corresponding to some unitary
U. Any such unitary can be implemented as the time-evolution of Hamiltonians. Recall that any
quantum-optical Hamiltonian can be split into ‘passive’ and ‘active’ parts, where the passive
parts are implementable by linear optics and the active parts require nonlinear media. We assume
that the active transformations available are single-mode squeezers with Hamiltonian

B
— i T2
Hyqueeze,j = 15(51]' — 4 )s

where the j denotes squeezing in the jth mode. We therefore consider any Hamiltonian of the
form

H= Hpassive (t) + ch (t)H%queeze,jv (1)
k

where ¢, are complex coefficients, which can be seen as the interaction strength of the
medium and Hp,give i an arbitrary passive Hamiltonian. Then, a natural measure of the
squeezing costs to implement this Hamiltonian would be given by

ﬁ ueeze (H) = |C (l)l dr.
sq f; k

Our squeezing measure for the operation U is then defined as the mimimum of f,.,. (H) for
all Hamiltonians implementing the operation U of the form (1). With this definition, we have
an operational measure answering the question: given an operation U, what is the most
efficient way (in terms of squeezing) to implement it using passive operations and single-
mode squeezers?

Instead of working with the generators, which are unbounded operators and therefore
introduce a lot of analytic problems, we will work on the level of Wigner functions and
therefore with the symplectic group. The unitary U then corresponds to a symplectic matrix S
and we prove that the most efficient way to implement it is by using the Euler decomposition,
also known as Bloch—Messiah decomposition. We show this result first in the case where the

2
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functions c¢; are step functions and later on in the more general case of measurable c
(section 3.2). In particular, the result implies that the minimum amount of squeezing to
implement the symplectic matrix § € R**?" is given by

F(S) = anlog 5+(S), ()

i=1

where sl-l denotes the ith singular value of S ordered decreasingly.

With this in mind, we define a squeezing measure for preparation procedures where one
starts out with a covariance matrix of an unsqueezed state and then performs symplectic (and
possibly other) operations to obtain the state. More precisely, we define

G(7) = infq > logs!(S) [y = S7S, S € Sp(2an) ¢. 3)
j=1

One of the main results of this paper, which will be proven in section 5, is that this measure is
indeed operational in that it quantifies the minimal amount of single-mode squeezing
necessary to prepare a state with covariance matrix -, using linear optics with single-mode
squeezers, ancillas, measurements, convex combinations and addition of classical noise.

We also define a second squeezing measure, which is a squeezing-analogue of the
entanglement of formation, the ‘squeezing of formation’, i.e. the amount of single-mode
squeezed resource states needed to prepare a given state using only passive operations and
adding of noise. This is done in section 5.3, where we also prove that this measure is equal
to G.

In addition, we prove several structural facts about G in section 4. In particular, G is
convex, lower semicontinuous everywhere, continuous on the interior and subadditive.
Moreover, we show

% > log(\ (M) < G()

A<l

with the eigenvalues A; of +. Equality in this lower bound is usually not achievable, albeit
numerical tests have shown that the bound is often very good.

The measure would lose a lot of its appeal, if it could not be computed. Although we
cannot give an efficient analytical formula for more than one mode, we provide a numerical
algorithm to obtain G for any state. To demonstrate that this works in principle, we calculate
G approximately for a state studied in [MKO8] (section 6). The calculations also demonstrate
that the preparation procedure obtained from minimising G can greatly lower the squeezing
costs when compared to naive preparation procedures. Finally, we critically discuss the
flexibility and applicability of our measures in section 7. We believe that while we managed
to give reasonable measures and interesting tools to study the resource theory of squeezing
from a theoretical perspective, G might not reflect the experimental reality in all parts. In
particular, it becomes extraordinarily difficult to achieve high squeezing in a single mode
[And+15], which is not reflected by taking the logarithm of the squeezing parameter. We
show that this shortcoming can be easily corrected for a broad class of cost functions. In
addition, the form of the active part of the Hamiltonian (1) might not reflect the form of the
Hamiltonian in the lab. This cannot be corrected as easily but in any case, our measure will
give a lower bound.



J. Phys. A: Math. Theor. 49 (2016) 445304 M Idel et al

2. Preliminaries

In this section, we collect basic notions from continuous variable quantum information and
symplectic linear algebra that we need later on. For a broader overview, we refer to
[ARL14, BLO5].

2.1. Phase space in quantum physics

Consider a bosonic system with n-modes, each of which is characterised by a pair of cano-
nical variables {Qy, P;}. Setting R = (Q,, P, ...,Q,, P,)T the canonical commutation relations
(CCRs) take on the form [Ry, R;] = igy with the standard symplectic form

n
o= 01y,
—\—10
i
Since it will sometimes be convenient, we also introduce another basis of the canonical

variables: let R = (Q, Qa,...,0p, Py, Ps, ..., B)T, then the symplectic CCRs take on the form
[Ri, R)] = iJy; with the symplectic form

(0 1,
=% %)

Clearly, J and o differ only by a permutation, since R and R differ only by a permutation.
From functional analysis, it is well-known that the operators Q; and P, cannot be represented
by bounded operators on a Hilbert space. In order to avoid complications associated to
unbounded operators, it is usually easier to work with a representation of the CCR-relations
on some Hilbert space H, instead. The standard representation is known as the Schriodinger
representation and defines the Weyl system, a family of unitaries W with £ € R?" and

W, := exp(iloR), & € R*

fulfiling the Weyl relations W; W, = exp1/2¢om Weyp for all , 7. Such a system is unique up to
isomorphism under further assumptions of continuity and irreducibility as obtained by the
Stone—-von Neumann theorem. Given W it is important to note that

WRWE =R + &1 YEe R™ )

In this paper, we will not use many properties of the Weyl system, since instead, we can work
with the much simpler moments of the state: given a quantum state p € S;(L2(R?")) (trace-
class operators on L?), its first and second centred moments are given by

dy = tr(pRy), (5)
W = w(p{Re — dil, R — di1}1) (©6)

with {-, -}, the regular anticommutator. We will write I" instead of « for the covariance
matrix, if we work with R instead of R. Again, a simple permutation relates the two.

An important question one can ask is when a matrix 7y can occur as a covariance matrix of
a quantum state. The answer is given by Heisenberg’s principle, which here takes the form of
a matrix inequality:

Proposition 2.1. Lety € R¥*?", then there exists a quantum state p with covariance matrix
v if and only if
v = io,
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where > denotes the standard partial order on matrices (i.e.y > io if v — io is positive
semidefinite). Note that we leave out the usual factor of 7 /2 to simplify notation.

Another question one might ask is when a covariance matrix belongs to a pure quantum
state. This question cannot be answered without more information about the higher order
terms If we however require the state to be uniquely determined by its first and second
moments, i.e. if we consider the so called Gaussian states, we have an answer (see [ASI04]):

Proposition 2.2. Let p be an n-mode Gaussian state (i.e. completely determined by its first
and second moments), then p is pure if and only if det(’yp) =1

2.2. The linear symplectic group and squeezing

A very important set of operations on a quantum system are those, that leave the CCRs
invariant, i.e. linear transformations S such that [SR;, SR;] = ioy. Such transformations are
called symplectic transformations.

Definition 2.3. Given a symplectic form o on R?"*2"  the set of matrices S C R?**?" such
that SToS = o is called the linear symplectic group and is denoted by Sp (2n, R, o).

We will usually drop both ¢ and R in the description of the symplectic group since this
will be clear from the context. The linear symplectic group is a Lie group and as such contains
a lot of structure. For more information on the linear symplectic group and its connection to
physics, we refer the reader to [Gos06, MS98] chapter 2. An overview for physicists is also
found in [Arv+495a]. All of the following can be found in that paper:

Definition 2.4. Let O(2n, R) be the real orthogonal group, Then we define the following
three subsets of Sp (2n):

K(@m) = Sp2n, R) N O(2n, R),
Z(n) = {1 ® diag(si, 5;7) @ b_jripls = 0,j = 1,...,n},
M) = (S e Sp@n, R[S > 0}.

The first subset is the maximally compact subgroup of Sp (2n), the second subset is the subset
of single-mode-squeezers. It generates the multiplicative subgroup .A4(2n), a maximally
abelian subgroup of Sp (2n). The third set is the set of positive definite symplectic matrices.

In addition, since Sp(2n) is a Lie group, it possesses a Lie algebra. Let us collect a
number of relevant facts about the Lie algebra and some subsets:

Proposition 2.5. The Lie algebra sp(2n) of Sp (2n) is given by
sp(2n) = {T € R¥*2oT 4 To = 0}

together with the commutator as Lie bracket. Certain other Lie algebras or subsets of Lie
algebras are of relevance to us:

(1) s0(2n) == {A € R**?|A + AT = 0} the Lie algebra of SO (2n).

(2) £(n) :== (A € R¥"*2|A = (—ab Z), a= —al, b = b"} the Lie algebra of K (n).
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b

(3) T(n) = {A € Rnx2|A = (Z
sp(2n) corresponding to 11(n).

), a=a’, b = b"} the subspace of the Lie algebra

Since the Lie algebra is a vector space, it is spanned by a set of vectors, the generators. A
standard decomposition is given by taking the generators of £(n), the so called passive
transformations as one part and the generators of 7 (n), the so called active transformations as
the other part. That these two sets together determine the Lie algebra completely can be seen
with the polar decomposition:

Proposition 2.6 (Polar decomposition [Arv+95a]). For every symplectic matrix
S € Sp(2n) there exists a unique U € K (n) and a unique P € 11(n) such that S = UP.

A basis for the Lie algebras £(n) and 7 (n) therefore characterises the complete Lie
algebra sp(2n). Elements of the Lie algebras are also called gemerators and a basis of
generators therefore fixes the Lie algebra. Via the polar decomposition, this implies that they
also generate the whole Lie group. We will need a set of generators gl;”) € £(n) and

gi](.“) € m(n) later on, which we will fix via the metaplectic representation:

Proposition 2.7 (Metaplectic representation [Arv+95a]). Ler W; be the continuous
irreducible Weyl system defined above and let S € Sp (2n). Then there exists an up to a phase
unique unitary Us with

Ve UsWeUf = W

Since we have the liberty of a phase, this is not really a representation of the symplectic
group, but of its two-fold cover, the metaplectic group. We can also study the generators of
this representation, which are given by 1/2{R;, R;}..

For the reader familiar with annihilation and creation operators, if we denote by a;, a;' the
annihilation and creation operators of the n bosonic modes, the generators of the metaplectic
representation are given by

1 : i 2

Gij’( )= 1(a;ai —a/aj) Gl-]’»’( )= a;aj + a;a,-, @)
3 : 4 T

GiV=i(ala — aia)  G{Wi=ald] + aja;, (8)

where the p stands for ‘passive’ and the a for ‘active’. The passive generators are also
frequently called linear transformations in the literature (see [Kok+07]). We can now define
a set of generators of the symplectic group Sp (2n) by using the set of metaplectic generators
G;; above and take corresponding generators g;; in the Lie algebra sp(2n) in a consistent way.
As one would expect from the name, the passive metaplectic generators correspond to a set of
passive generators of £(n) and the set of active metaplectic generators corresponds to a set of
active generators of 7 (n). The details of the correspondence are irrelevant (they are explicitly
spelled out in equation (6.6b) in [Arv-+95a]), except for the fact that the set G¢®, i = 1,....,n
corresponds to the generators gl.l‘.l(3) generating matrices in Z,,.

Given a Hamiltonian, the associated time evolution corresponds to a path on the Lie
group: for a (sufficiently regular) path ~:[0, 1] — Sp(2n) we can find a function
A(t) € sp(2n) such that
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Y (@) =AY ®). C))

Instead of directly studying Hamiltonians with time-dependent coefficients as in equation (1),
it is equivalent to study functions A : [0, 1] — sp(2n).

There are a number of decompositions of the Lie group and its subgroup in addition to
the polar decomposition. We will mostly be concerned with the so called Euler decomposition
(sometimes called Bloch—Messiah decomposition) and Williamson’s decomposition:

Proposition 2.8 (Euler decomposition [Arv+95al). Ler S € Sp(2n), then there exist
K, K' € K(n) and A € A(n) such that S = KAK'.

Proposition 2.9 (Williamson’s theorem [Wil36)). Ler M € R¥'*?" be a positive definite
matrix, then there exists a symplectic matrix S € Sp (2n, R) and a diagonal matrix D € R"*"
such that

M = STDS,

where D = diag(D, D) is diagonal. The entries of D are also called symplectic eigenvalues.

In particular, for M € II(n), this implies that M has a symplectic square root. Since
covariance matrices are always positive definite, this implies also that a Gaussian state is pure
if and only if its covariance matrix is symplectic. Heisenberg’s uncertainty principle has also a
Williamson version:

Corollary 2.10. A positive definite matrix M is a covariance matrix of a quantum state if
and only if all symplectic eigenvalues are larger or equal to one.

The proof is simple and therefore omitted.

2.3. Quantum optical operations and squeezing

We have already noted that an important class of operations are those, which leave the CCR-
relations invariant, namely the symplectic transformations. Given a quantum state p, the
action of the symplectic group on the canonical variables R descends to a subgroup of unitary
transformations on p via the metaplectic representation (see [Arv+95b]). Its action on the
covariance matrix Y of p is even easier: Given S € Sp (2n),

7, — §1,8. (10)
In quantum optics, symplectic transformations can be implemented by the means of

(1) beam splitters and phase shifters, implementing operations in K(n) ([Rec+94])
(2) single-mode squeezers, implementing operations in Z(n).

Via the Euler decomposition, this implies that any symplectic transformation can be

implemented (approximately) by a combination of those three elements.

Definition 2.11. An n-mode bosonic state p is called squeezed, if its covariance matrix Y
possesses an eigenvalue \ < 1.

Especially in the early literature, squeezing is usually defined differently: a state p is
squeezed if there exists a unitary transformation K € K (n) such that K TfypK has a diagonal
entry smaller than one. This again comes from the physical definition of squeezed states being

7
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states where the Heisenberg uncertainty relations are satisfied with equality for at least one
mode. These definitions however are well-known to be equivalent (see [SMD94]).

3. An operational squeezing measure for symplectic transformations
Throughout this section, we will always use ¢ as our standard symplectic form.

3.1. Déefinition and basic properties

We will now define a first operational squeezing measure for symplectic transformations,
which will later be used to define a measure for operational squeezing.

Definition 3.1. Define the function F : R¥*2" — R

F(A) = log(s}(A)), (11)

i=1

where sl-l are the decreasingly ordered singular values of A.

Note that we sum only over half of the singular values. Restricting this function to
symplectic matrices will yield an operational squeezing measure for symplectic transforma-
tions: recall that the symplectic group is generated by symplectic orthogonal matrices and
single-mode squeezers. The orthogonal matrices are easy to implement and therefore will be
considered a free resource. The squeezers have singular values s and s~' and they are
experimentally hard to implement and should therefore be assigned a cost that depends on the
squeezing parameter s. Using this, the amount of squeezing seems to be characterised by the
largest singular values. Here, we quantify the amount of squeezing by a cost log(s), which
can be seen as the interaction strength of the Hamiltonian needed to implement the squeezing.

Let us make this more precise: define the map

A:Sp2n) — | Sp@nym

meN
S — U {(S],...,Sm)|S:S] "'Sms SIEK(VL)UZ(”)}
meN

The image of A for a given symplectic matrix contains all possible ways to construct S as a
product of matrices from K(n) or Z(n). We define:

Definition 3.2. Let F : Sp(2n) — R be a map defined via

m

F(S) := log inf{H 5 (S) | (S5 S) € A(S)}. (12)

i=1

Proposition 3.3. If S € Sp(2n) then F(S) = F (S).

Proof. Let S = KAK' be the Euler decomposition of S with K, K’ € K (n) and A € A(n).
Assume  without loss of generality that A = diag(a;, a; ',...,a, a,") and
a>a, > ...>2a,>1 and define A; = diag(l,...,1, a;, a,-’l, 1,...,1). By construction

A=A - A, and A; € Z(n). Since K, K' € K (n), (K, Ay,...,A,, K') € A(S). Using that
s,-l (K) = sl-l (K') = 1 and the fact that the Euler decomposition is actually equivalent to the

8
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singular value decomposition of S, we obtain:

n n
F (S) < log [sli(K)H sll(Ai)sli(K’)] =log [] s'(S) = F(9).
i=1 i=1
Conversely, consider (S, ..., S,,) € A(S). Using that by definition for each S; € K (n) U Z (n)
we have [T, sil ) = sll (8;), we conclude:

n ( * ) m n m
F®:b4H#®)<1%IIH#@)=MII¢®%
i=1 j=1 i=1 j=1
where in ( % ) we used a special case of a theorem by Gel’fand and Naimark ([Bha96],
theorem II1.4.5 and equation (III.19)). Taking the infimum on the right-hand side gives
F(S) < F(S). O

Let us write the last observation in ( * ) as a small lemma for later use:
Lemma 3.4. Let S, S’ € Sp(2n). Then F(SS") < F(S) + F(S").

3.2. Lie algebraic definition

Up to now, we have only considered products of symplectic matrices, which would corre-
spond to a chain of beam splitters, phase shifters and single-mode squeezers. The goal of this
section is to prove that one cannot improve the results with arbitrary paths on Sp(2n),
corresponding to general Hamiltonians of the form of equation (1) as described in section 2.

Let C"(S) be the set of absolutely continuous paths « : [0, 1] — Sp(2n) with a derivative
which is bounded almost everywhere such that a(0) = 1 and a(1) = S. Such paths seem to
capture most if not all physically relevant cases.

Recall the set of generators g of sp(2n) defined in section 2 and order them in a single
vector. Usin equation (9), any o € C"(S) corresponds to a A € L*([0, 1], sp(2n)). Since
the generators g form a basis, we can write A(f) = c,(¢) - g with a function
co € L([0, 1], sp(2n)). Both A or ¢, together with the condition «(0) = 1 uniquely
define a.

The goal of this section is to prove that this does not give us any better way to avoid
squeezing:

Theorem 3.5. For any S € Sp(2n), we have

1
Fm:mﬁﬁmmmmr

a € C'(S), a) = (€7 (g (a®), 5§(t)g“(a(t)))T},
(13)

where we introduced the notation ¢ to clarify that gP’® are actually vectors containing a set
of generators each, and the coefficients might differ for each of these generators.

The proof of this theorem is quite lengthy in details, thus we split it up into several
lemmata. The general idea is easy to relate: we first show that paths corresponding to products
of symplectic matrices of type Z(n) or K(n) produce the same outcome in (13) and (12). We
then use an approximation argument: given any path, we can approximate it by a path of
products of symplectic matrices to arbitrary precision.

To start, we prove the following lemma:
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Lemma 3.6. Let A € sp(2n) and write A = 1/2(A + AT) + 1/2(A — A7) = A, + A_.
Then A, € w(2n) and A_ € €(n) and we have F (exp(A)) < F(exp(Ay)).

Proof. First note that F is continuous in S since the singular values are. Using the Trotter-
formula, we obtain:

F(exp(A)) = F(lim(exp(A;/n)exp(A_/n))")

n— o0
*

Q' lim (nF (expA. /m)) + nF (exp(d_/m))
= lim nF (exp(A; /n)) = F(exp(A1)),

n—oo

where we used that F (exp(A_)) = 0 since A_ € ¥(n) and in ( * ), we used a version of a
theorem by Gel’fand and Naimark again (see [Bha96], equation (I11.20)). (]

Let us define yet another version of F which we call F in the following way:

CN(S) = {(51“, efy....en, e

N
S= 11 exp@jg + /g G e R‘*nz},
j=1
C©):= U V),

NeN

F(S)= inf{Zna-“l

cecC (S)}.
This definition is of course reminiscent of the definition of F in equation (12):

Lemma 3.7. For S € Sp(2n), we have F(S) = F (S).

Proof. To prove F < F, consider the Euler decomposition S = Ki4; ... A,K, with
A; € Z(n) and K, K; € Sp(2n). Since K(n) is compact, the exponential map is surjective
and there exist ¢’ and ¢/ such that exp(¢{’g?) = K; and exp(cfg”) = K;. Recall that we
ordered the vector g“ in such a way that the generators g;* generate the matrices in Z(n) for
i = 1,...,n, hence we know that there exist ¢’ = (0,...,0, (¢/)q), 0,...,0) fori = 1,...,n such
that

S =exp@lg" ][] exp(cg?exp(cfgP).
i-1

This implies

F($) < Sllelh = SF (exp(@g®) = SoF @xp(@ag™) = - logsi(A)) = F (8).

Here we used that (¢)g is also the largest singular value of exp((c/');g") € Z(n), as
F (exp((¢)iy&")) = (¢ by normalisation of g.

For the other direction # > F,let Sbe arbitrary. Let ¢ € C(S) and consider each vector
¢; separately. We drop the index i for readability, since we need to consider the entries of the
vector ¢;. To make the distinction clear, we denote the jth entry of the vector ¢ by ¢ ;). Recall
that the active generators are exactly those generating the positive matrices. Then:

10
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. Lemma 3.6 S . za a
F (exp(cg)) < F(exp(c?g?)) = llﬂm‘F((H exp(c &/m)")

< ZF(GXP(E(?)&”)) = Z|5(7)| = [|¢“ls,
i i

where we basically redid the calculations we used to prove lemma 3.6, using the continuity of
F and the Trotter formula from matrix analysis. Until now, we have considered only one ¢; of
¢ € C(S). Now, if we define S; = exp(cig), then we have []; S; = S and hence, using
lemma 3.4, we find:

— Lemma 3.4 . a
F(S) < STF(S) <D F(exp(@g) <D |I&fh Ve e C).
i i i
But this means F (S) < F(S), as we claimed. 0
We can now prove the first half of the theorem:

Lemma 3.8. For S € Sp(2n) we have

1
F(S) > inf{J; 12 di € C(S), a(r)}.

Proof. Let S € Sp(2n) and consider the Euler decomposition S = K;S; --- S, K;. We can
define a function A : [0, 1] — sp(2n) via:

(n+2)-¢fgP te [0, 1/(n+ 2)),
A@) =3 +2)- (CLDpng" teli/Qn+2), 0@+ 1)/(n+2),i=1,..,n, (14)
(n+2)-¢f,8" teln+ D/(n+ 2), 1],

where (¢f, 0,0, c3,...,0, &y, ¢ ,, 0) denotes the element in C"t2(S) for the Euler
decomposition and vector indices are denoted by a subscript (;) as before. Let U (s, t) be the
propagator corresponding to A, then for 7 € [0, 1/(n + 2)) according to proposition A.1,
since A does not depend on ¢ on this interval, it is given by U (¢, s) = exp((t — s)A). In
particular, U (1/(n + 2), 0) = exp(c?, ,8") = K.

Iterating the procedure above, using U0, 1) =U@O, 1/n + 2))---U((n + 1)/
(n + 2), 1), we can see that by construction, U (0, 1) = KiS; --- S, K> = S. Hence A defines
a continuous path on Sp (2n) via U (s, t). We can calculate:

1
[zl ar
0

n

i+1)/(n+2) a
f; l(n +2) - (@ )l dt

=1 i/(n+2)

= 1@ | FemmadT g,
i=1

where we used that the integral over the interval [0, 1/(n 4+ 2)) and [(n + 1)/(n + 2), 1] is
empty due to the fact that all active components are zero. In the last step, we used that for
the Euler decomposition, which takes the minimum in F, this value is exactly
YA Dol = 2118 I, since (¢ ) = O for j = i. Taking the infimum on the left-hand
side only decreases the value. ]
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For the other direction, we need some facts about ordinary differential equations that are
collected in appendix A.

Lemma 3.9. For S € Sp(2n) we have

F(S) < inf{fo1 lEs@ dt | « € C°(S), a(r)}. (15)

Proof. LetS € Sp(2n) be arbitrary. Combining the proof of lemma 3.8 with proposition 3.3
and lemma 3.7 we have already proved:

1
F(S)=inf{f0 [ de|a € C(S),

a) = €l ngr(a®), g (a®))’, ¢ step fet.}.

The only thing left to prove is that we can drop the step-function assumption. This will be
done by a standard approximation argument: let F(S) denote the right-hand side of
equation (15). Let € > 0 and consider an arbitrary A € L* such that

1 ~
‘fo [2¢® dr — F($)| < e 16)

i.e. A corresponds to a path that is close to the infimum in the definition of F. We can now
approximate ¢, by step-functions ¢, (corresponding to a function A’, see lemma A.2) such
that

1
‘fo lea(t) — curlli dr | < e. (17)

Using the fact that the propagators Uy, Uy are differentiable almost everywhere (proposition
A.1) and absolutely continuous when one entry is fixed, we can define a function
f(s) = Us(0, s)U 4 (s, t), which is also differentiable almost everywhere. Furthermore, the
fundamental theorem of calculus holds for f(s) (see [Rud87], theorems 6.10 and 7.8).
d
d—f(S) = —Upr (0, DA U (s, 1) + Up (0, A (5)U 4/ (s, 1)
s

almost everywhere, which implies:

Ug0.0 = LO.0 =10~ fO = [ t %f(s)ds

- j; " U0, A (s) — A() Uy (s, D)ds.

Since U and g are bounded in ||-||»,, we obtain
t
U4 0, 1) = Us 0, D)li < Mfo [car(s) — ca(®)| ds < Me. (18)

M can explicitly be computed by the bounds given in proposition A.1.
Up to now, we have taken a path a to S close to the infimum and approximated it by a
path o'. Tt is immediate by equations (16) and (17) that

12
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I el o~ Fs)| < 2= (19)

Since ¢, € CN(S’) for some N € N and S’ = U, (0, 1), we would be done if S’ = S. To
remedy this, we want to extend o’ to a path & such that it ends at S. This is where
equation (18) enters: set S = U, (O, )~'U4(0, 1), then

M

IS — 1) < ——=¢
1S

(20)

hence S~ 1 for ¢ small enough. Using the polar decomposition, we can write
S = exp(cf, Dexp(Zy ). A quick calculation yields
M

—— = Ce 21
ISl D

. M
[ log Sl < nlog (5”5—) < ne
1

This lets us construct a new A : [0, 2] — sp(2n):
A @) tefo, 1],
t—<2-2cf,,8" te(,3/2),
2. Cyin8% te(3/2,2].

By construction, for the corresponding propagator we have U;(0, 2) = S and & is a feasible
path for F(S) (at least after reparameterisation) fulfiling:

2 _ 1 _ 1
ona-re| < | [eono- o)+ | oo
(19) + 21
< 2+ O)e.

Since, c; € CN*2(S), & is a valid path for F(S), which implies that for any € > 0, choosing
e:=€¢/(2 + C), we have seen:

F(S) < F(S) + e. (22)
For e — 0, F(S) < F(S), which implies the lemma via lemma 3.7. O

4. A mathematical measure for squeezing of arbitrary states

Throughout this section, for convenience, we will switch to using J as symplectic form.
Having defined the measure F, we will now proceed to define a squeezing measure for
creating an arbitrary (mixed) state:

Definition 4.1. Let p be an n-mode bosonic quantum state with covariance matrix I'. We
then define:

G(p) = G = inf{F(S)IT > 7S, S € Sp(2n))}. (23)

Note that G is always finite: for any given covariance matrix I', by Williamson’s theorem
and corollary 2.10, we can find S € Sp(2n) and D > 1 such that I' = STDS > S”S. Fur-
thermore G is also non-negative since F is non-negative for symplectic S. We will prove in
section 5 that this is indeed an operational measure.

13
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4.1. Different reformulations of the measure

We will now give several reformulations of the squeezing measure and prove some of its
properties. In particular, G is convex and one of the crucial steps towards proving convexity
of G is given by a reformulation of G with the help of the Cayley transform. For the reader
unfamiliar with the Cayley transform, a definition and basic properties are provided in
appendix B.

Proposition 4.2. Let ' > iJ and I' € R¥*2" symmetric. Then:

G = inf(FTyHIT > I > i/} (24)
N 1 + 5,(A + iB) .

= f —_ 1 -_— F/H’H ’ 2
m{2iz_:log(l—s,~(A+iB))|C = EH} 25)

where 'H is defined via:

H = {H: (;‘ _BA) € R2<2m | AT — A, BT = B, spec(H) C (—1, 1)}. (26)

Proof. First note that the infimum in all three expressions is actually attained. We can see
this most easily in the definition (23): the matrix inequalities I' > ST (>iJ) imply that the set
of feasible S in the minimisation is compact, hence its minimum is attained. To see
(23) = (24), first note that (24) < (23) since any S € Sp(2n) also fulfils STS > iJ,
hence T' > STS > iJ. For equality, note that for any I" > I > iJ, using Williamson’s
theorem we can find S € Sp(2n) and a diagonal D > 1 (via corollary 2.10) such
that Ty = STDS > S7S > iJ. But since F(T}/?) > F((S7$)"/2) = F(S) via the Weyl
monotonicity principle, the infimum is achieved on symplectic matrices.

Finally, let us prove equality with (25). First observe that we can replace Sp (2n) by 'H
using proposition B.1(4).

Using the fact that s'(S) = M (S7S)"/2 = A(C(H))'/? and the fact that H is
diagonalised by the same unitary matrices as C(H) = (1 + H) - (1 — H)™' whence its
eigenvalues are

1 HH
My = A
L= A (H)
we have:
(14 D))
mﬂﬂ$W>§E56$9m%ﬁﬁ1%II&17%%]W>CWLHGH.
i=1 A

Next we claim )\} (H) = sil (A + iB) for i = 1,...,n. To see this note:

1(1 il A B 1 1\_( O A+iB
g(ﬂ_iﬂ)'(g _A)'(—iu iJl)_(A—iB 0 ) @7

The singular values of the matrix on the right-hand side of equation (27) are the eigenvalues
of diag((A + iB)' (A + iB), (A + iB)(A + iB)")!/2, which are the singular values of A + iB
with double multiplicity. From the structure of H, it is immediate that the eigenvalues of the
right-hand side of equation (27) and thus of H come in pairs =+s;(A + iB). Hence

14
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)\}(H) = sil(A + iB) for i = 1,...,n and we have:
inf{F(S)|T > S7S, S € Sp(2n)}

o (1a (14 sA+iB)
—infd LS 10 [ LA T BN n s ey e H L
m {2§°g(1si(A+iB))| () }

To see that that the right-hand side equals (25), we only need to use the fact that
I'>CH) < C ') > H for all He H and I > iJ since the Cayley transform and its
inverse are operator monotone. (I

4.2. Convexity

The reformulation (25) will allow us to prove:
Theorem 4.3. G is convex on the set of covariance matrices {I' € R¥*2'|[" > iJ}.
The crucial part of the proof is the following lemma:

Lemma 4.4. Consider the map f : R"" x R"™*" — R:

1< 1+ 5(A + 1B
@, B = —Zlog(—.) .
2:3 1 —s5;(A+1iB)
If we restrict f to symmetric matrices A and B such that s;(A + iB) < lforalli = 1,...,n, f
is jointly convex in A, B, i.e.

A+ A —DA, B+ (1 —B)Y< A, B +( —nf@A,B) Yrelo, 1].

(28)

Proof. Let A:=1A+ (1 — )A’ and B:=tB+ (1 — r)B’. Note that A and B are
also  symmetricc and the largest singular value of A +iB fulfils
st (A +1iB) < 15} (A 4 iB) 4 (1 — 1)s} (A" + iB). Therefore, the singular values of any
convex combination of A + iB and A’ + iB’ also lie in the interval [0, 1). This makes our
restriction well-defined under convex combinations.

For any j = 1,...,n, by Thompson’s theorem (see [Tho76]), which states that for every
complex A, B, there exist unitary matrices U, V such that |A + B| < UJA|U* + V|B|V*, we
have

s +iB) = \;(1A + iBl) < N (Ult(A + iB)|U* + V|(1 — 1)(A' + iB")[V¥).

Using Lidskii’s theorem ([Bha96], chapter III with explicit formulation in exercise 111.4.3),
we have

s5;(A + iB) < N (Ult(A + iB)|U*) + > _p. A () (VI(1 — YA + iB))|V¥)

~~
I

Ai(i1A +B))) + Y p Ar(p(1(1 = (A" + iB)])

tN(A +1B) + (1 — DD pArj(IA + iB]) (29)

withp. > Oand ) _p_ = 1. In( * ), we used that unitaries do not change the spectrum. Now
each summand in equation (28) is the Cayley transform of a singular value. We can use the

15
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log-convexity of the Cayley-transform to prove the joint convexity of f:

f@A,B) = > logCls;(A + iB)]
i=1
< ZlogC[t)\ (JA +iB) + (1 — t)Z:p7T ~»(A +iB |)]
i=1
< Z[r log C[\;(JA + iB)] + (1 — t)Z:p7T log C[)\ﬂ(,)(|A’ + iB |)]]
i=1

— Zz log CIN (A + iBD1 + (1 — > p, (21ogC[Aﬂ,)(|A’ +iB |)]]

i=1

s

< tZlogC[/\ (A +iBD]+ (1 — I)Zp max (ZlogC[/\ﬂ(l)(lA’ + iB |)])

i=1 T \i=1

kk
- tZlogC[/\ (A +iBD1 + (1 — t)ZlogC[/\ (A" + iB'|)]

i=1 i=1

= f(A,B)+ (1 —nf@, B,

where in (x%) we use that the sum of all eigenvalues is of course not dependent on the order of
the eigenvalues. ([l

This lemma will later allow us to calculate G as a convex programme.

Proof of theorem 4.3. We can now finish the proof of the convexity of G.
First note that using the definition of f in lemma 4.4 we can reformulate (25) to

GT) = inf{f(A, B)|C"'(I') > H, H € H}. (30)

LetT > iJ, IV > iJ be two covariance matrices and let H, H' € H be the matrices that attain
the minimum of G(I'), G(I'') respectively. Then, in particular, tH + (1 — )H' € H.
Furthermore, since C-'(I") > H and C~!(I"") > H' we have

*
C '« + 1 — I (2) iCCIH+A -DC'\THY>H+ A — H,

where we used the operator concavity of C~! in ( * ). This means that tH + (1 — t)H' is a
feasible matrix for the minimisation in G, which implies using equation (30)

Gl + (1 — DIy <fA + (A — A, B+ (1 — 1)B).

The convexity now follows directly from lemma 4.4 and the fact that we chose H and H’ to
attain G (') and G (I"). O
4.3. Continuity properties

From the convexity of G on the set of covariance matrices, it follows from general arguments
in convex analysis that G is continuous on the interior of the set of covariance matrices (see
[Roc97], theorem 10.1). What more can we say about the boundary?

16
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Theorem 4.5. G is lower semicontinuous on the set of covariance matrices
(I € R**>|[" > iJ} and continuous on its interior. Moreover, G(I' + €l) — G for
0<e—0foranyl >1iJ.

The ultimate goal is to extend continuity from the interior to the exterior, which we do
not know how to do at present. The proof will need a few notions from set-valued analysis
that we review in appendix C.

Proof of theorem 4.5. As already observed, G is continuous on the interior. Let [, > iJ be
arbitrary and suppose

A = {T|(T = 2| < T < T}

By definition, A is compact and convex for any I'. Moreover, it defines a set-valued function
on the set of covariance matrices with non-empty values. Let € > 0, then for all I" > iJ with
Il — Th|| < e, we have that for any e AD), I'=I'+ T -I) € ATy and
[T — T|| < e. This is the condition in lemma C.2 hence the set-valued function defined by
A is upper semicontinuous at I, which implies that A(I') N {X]|i/ < X} is also upper
semicontinuous by proposition C.3. If € is small enough (e.g. ¢ < 1), this implies

AD) M X < X} = {XIiJ < X < T} = G,

hence this set is upper semicontinuous at Ij.

Since F' is continuous on positive definite matrices, it is absolutely continuous if we
restrict to a small neighbourhood of the covariance matrix Ij. This means that for every € > 0
there exists an € > 0 such that

FO)—e<FO) <FD +¢ 31

for all [T — 7| < ¢ and all T', T' € Jjr_ <1 G(D).

Assuming without loss of generality that|[T" — Tp|| < 1, the set G(I') is exactly the set for
the minimisation in the definition of G. The upper semicontinuity of G(I') implies by
lemma C.2 that for every ¢ > 0 there exists a > 0 such that for all [T’ — Ip|| < § we have:
forall T € G(I') there exists a " € G(I}) such that ||f‘ — f‘H < €. In particular, this is true for
all minimisers ' with G(@) = F(I"/%), where T' and T € Ujr_pj<1 GT). Using
equation (31) we obtain: for every € > 0 there exists a 6 > 0 such that for all
[T — Ly|| < 6, we have a pair I', I with T' € G(I") minimising G (I') and T' € G(Iy) such that

FO) —e<F@) =G6D).
This implies that for all € > 0 there exists a 6 > 0 such that
Gy <GM) + ¢

for all ||T" — Ty < é.

Taking the limit inferior on both sides implies that G is lower semicontinuous at .
Upper semicontinuity would follow for instance if G(Ip) is also lower semicontinuous.

Finally, let us prove that G (I 4+ 1) — 0 fore — 0. To see this, consider the closed sets

Co= U G0+ <&
0<E<1/n

for any n € N. It is easy to see that C, | C C, and that [ ),c0o C, = G(I). Moreover, C; is
compact. Now let I}, be the sequence of minimisers for G (Iy + 1/nl), then I, € C, for all
n € N. By compactness, a subsequence will converge to

17
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re N C,=3g0y.

neoo
Therefore, G (I) < lim._,oG (Iy + 1), but since Iy < Iy + €l for all € > 0 we also have
GT) = lim._oG Iy + el). O

4.4. Additivity properties

Now we consider additivity properties of G. We switch our basis again and use + and o.

Proposition 4.6. For any covariance matrices ~, € R*">*> and ~, € R*>*212, we have

%(G(’VA) +Gp) < Gy © ) < Gy + G(p).

In particular, G is subadditive.

Proof. For subadditivity, let S7S < ~, and S’"S" < 7, obtain the minimum in G (v,) and
G(vg) rtespectively. Then S @ S is symplectic and (S & S Y (S a8 < Y4 ® Vg
hence, G (7, ® ) < G(A) + G(B).
To prove the lower bound, we need the following equation that we will only prove later
on (see equation (46)):
az1: Gy <Gy ®aly). (32)
Assuming this inequality, let a > 1 be such that al,,, > ~;, then

Gy @ aﬂng) <Gy @)

hence G(v,) < G(v, @ ) and since we can do the same reasoning for ,, we have
Gy + G(p) < 2G (94 D p)- O

We do not know whether G is also superadditive, which would make it additive. At
present, we can only prove:

Corollary 4.7. Lety, € R>*2m gnd ~, € Sp(2ny), be two covariance matrices (i.e. Vg is a
covariance matrix of a pure state). Then G is additive.

Proof. Subadditivity has already been proven in the lemma. For superadditivity, we use the
second reformulation of the squeezing measure in equation (24): note that there is only one
matrix vz > < 2> io, namely -y, itself. Now write

A C). .
Y B = ~| =z io
vouz(4S)
for A € R>>*2m and B € R?*2", Then in particular 7, — B > 0, but also B > i, hence
> B > io and therefore B = - But then

A C Ta — AcC
SV — -
T4 © VB (CT B) ( cr 0

hence also C = 0 and the matrix that takes the minimum in G (v, @ <) must be block-
diagonal. Then v, @ 3 > A @ 7, > 0 and A is in the feasible set of G (v,). O
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Corollary 4.8. For any covariance matrices ~, € R* " and ~, € R2m2x2n,

v C
G(1p) + Gy < ZG((CAT 73]]'

If G is superadditive, then this inequality holds without the factor of two.

Proof.

Y O I{w C 1w —C
G + G < 2G = 2G| — + =
(’YA) (’YB) ((0 ’YB)] [Z(CT ,YB) 2(_CT Vg

ol <)ol el )

Here we used proposition 4.6 and then convexity of G in ( * ). Finally, in (**) we used that

for every

w CY_ (s e)(s ¢Y

SR Y e " € SpQ2(n + n2)) (33)
C ’YB C SB C SB

we also have:

~ N\T
Ya -C SA - C SA - C
( CT ] > [ ~T ][_ & s, ] € Sp(2(ny + ny)) (34)

and vice versa. Since the two matrices on the right-hand side of equations (33) and (34) have
equal spectrum, the two squeezing measures of the matrices on the left-hand side need to be
equal. ]

4.5. Bounds

Let us give a few simple bounds on G.

Proposition 4.9 (Spectral bounds). Let I' > iJ be a valid covariance matrix and X\ (I') be
the vector of eigenvalues in decreasing order. Then:

LS et < 6 < lfjlog @) = FI'). (35)
MD)<1 2 i=1

Proof. According to the Euler decomposition, a symplectic positive definite matrix has
positive eigenvalues that come in pairs s, s~! and we can find O € SO (2n) such that for any
STS LT

O™T0 > diag(sy,.... 8 8 s..0ns; D).

But then, AL (I') > M (diag(s}, ..., 8, 5 ...,5, ) via the Weyl inequalities A} (4) > A} (B)
for all i and A — B > 0 (see [Bha96], theorem II1.2.3). This implies:
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G(I) < Y log(max{s;, s, '}) < > log AF (D)2,

i=1 i=1

For the lower bound, given an optimal matrix S with eigenvalues s;, we have

G = > max{s, s '}.

If S7S = OTdiag(s?,...,s2, 5y % ...,5, 2)O with O € SO(2n) is the diagonalisation of STS,
we can write:

O TT-'0~' < diag(s?,....s72, 572 ...08,2)

99 s

and again by Weyl’s inequalites, we can find for all k < n:

2n k
1 ST log(MID)) < %Zlog M (diag(s?, ..., 82, 572 08,0) < G(D). (36)
i=2n—k+1 i=1

Now, —%E,Zz”fk 41 AH(T) can be upper bounded by restricting to eigenvalues A} (') < 1.
This implies

LSy g < 6
AHD)<1

using that the number of eigenvalues A;(I') < 1 can at most be n (hence k < n in the
inequality of equation (36)), since I' > S”S and S’S has at least n eigenvalues bigger than
one. |

Numerics suggest that the lower bound is often very good for low dimensions. In fact, it
can sometimes be achieved:

Proposition 4.10. Let I > iJ be a covariance matrix, then G achieves the lower bound in
equation (35) if there exists an orthonormal eigenvector basis {v; }izi 1 of ' with viTij = i nj-
Conversely, if G achieves the lower bound, then viTij = 0 for all normalised eigenvectors
Vis Vj OfF with >‘ia >\j <L

Proof. Suppose that the lower bound in equation (35) is achieved. Via Weyl’s inequalities
(see [Bha96] theorem II1.2.3), for all S7S < I' in the definition of G we have
MH(STS) < M(I). For the particular S achieving G, this implies that for all \}(I') < 1 we
have )\ll 878y = )\} (D). But thenI" > STS implies that S TS and T" share all eigenvectors to the
smallest eigenvalue. Iteratively, every eigenvector of I' with A\;(I') < 1 must be an
eigenvector of S”S with the same eigenvalue.

Since the matrix diagonalising S”S also diagonalises C~!(S7S), the eigenvectors of the
two matrices are the same. Now, since C~!(S7S) € H by reformulation (25), for any
eigenvector v; of any eigenvalue C~!()\;) < 0, Jv; is also an eigenvector of C~'(S7S) to the
eigenvalue —C~!()\;), implying viTJ\{,- = 0 for all i, j. By definition, this means that {v;, Jv;}
forms a symplectic basis. Above, we already saw that the eigenvectors of I" for \; (I') < 1 are
also eigenvalues of S, hence viTij = 0 for all i such that \;(T") < 1.

Conversely, suppose we have an orthonormal basis {v;},-zil such that v,-Tij = Ojj4n
(modulo 2n if necessary) for all eigenvectors of I', i.e. I' is diagonalisable by a symplectic
orthonormal matrix O € U (n). Then
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Oro" = diag(\y,..., A).

Since I' > iJ we have A\; \y; > 1. Assume that \; > A\, ; for all i = 1,...,n and the \,,; are
ordered in decreasing order. Then A, , < 1 < A,4,_; for some r < n and

STS = O0"diag(1,....1, A\ o L 11, A M) O
fulfils STS < I" and obviously achieves the lower bound in equation (35). O

In contrast to this, the upper bound can be arbitrarily bad. For instance, consider the
thermal state I' = (2N + 1) - 1 for increasing N. It can easily be seen that G (I') = 0, since
I' > 1€ Il(n) and F) = 0, hence G (I') < 0. However, the upper bound in equation (35) is
n/2log(2N + 1) — oo for N — oo, therefore arbitrarily bad.

We can achieve better upper bounds by using Williamson’s normal form:

Proposition 4.11 (Williamson bounds). Let ' € R*"*?" be such that I" > iJ and consider
its Williamson normal form T' = STDS. Then:

F(§) — log(ydet(I)) < GI) < F(S). (37

Proof. Since D > 1 vial' > iJ, the upper bound follows directly from the definition. Also,
F(S) < F(I''/?), which makes this bound trivially better than the spectral upper bound in
equation (35).

The lower bound follows from:

G(F)(>)llog( I A}(F)l)—llo M
? 2 I M

i=n+1
= F(I'%) — log(det(I)'/?) > F((S7$)!/?) — log(y/det(T"))

F(S) — log(/det(T))

using Weyl’s inequalities once again, implying that since S”S < T, we also have
F(S)? =F(S'S) < FQD). O

The upper bound here can also be arbitrarily bad. One just has to consider
:==8"W-1)S with $*>=diag¥ - 1,...N—1,(N— 1" ..,(N— 1) eSpn).
Then I" > 1, i.e. G(I') = 0, but F(S) — oo for N — oo.

Proposition 4.12. Let I' > iJ be a covariance matrix. Then

1.
GQI) > me{llvoHlIlOgF > Y% €T}, (38)

where m(n) was defined in proposition 2.5 as the Lie algebra of the positive semidefinite
symplectic matrices. This infimum can be computed efficiently as a semidefinite programme.

Proof. Recall that the logarithm is operator monotone on positive definite matrices. Using
this, we have:
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i=1

GI) = log inf{H AHSTHV2D > STS}

WV

inf {Zlog Ar(exp()!/2 JlogT = v, 7 € W(n)}
i=1

. 1<
= inf {5 S M (pllogD > 55, 5 € 7T(n)}
i=1

2n
- inf{i SstpllogT = vy, 1 € W(n)}.

i=1
The last step is valid, because the eigenvalues of matrices 7, € 7 (n) come in pairs £ ;. Since
the sum of all the singular values is just the trace-norm, we are done.

It remains to see that this can be computed by a semidefinite programme. First note that
since the matrices H € m (n) are those symmetric matrices with HJ 4+ JH = 0, the constraints
are already linear semidefinite matrix inequalities. The trace norm is an SDP by standard
reasoning [RFP10, VB96]:

)1 A v
= min{ —tr(A + B >0
ol {2 aenl(2 ) }

which is clearly a semidefinite programme. (I

Numerics for small dimensions suggest that this bound is mostly smaller than the spectral
lower bounds.

5. An operational definition of the squeezing measure

We claim that G answers the question: given a state, what is the minimal amount of single-
mode squeezers needed to prepare it? In other words, it quantifies the amount of squeezing
needed for the preparation of a state.

5.1. Operations for state preparation and an operational measure for squeezing

We first specify the preparation procedure. Since we want to quantify squeezing, it seems
natural that we allow to freely draw states from the vacuum or a thermal bath to start with.
Furthermore, we can perform an arbitrary number of the following operations for free:

(1) Add ancillary states also from a thermal bath or the vacuum.

(2) Add Gaussian noise.

(3) Implement any gate from linear optics.

(4) Perform Weyl-translations of the state.

(5) Perform selective or non-selective Gaussian measurements such as homodyne or
heterodyne detection.

(6) Forget part of the state.

(7) Create convex combinations of ensembles.
In addition, the following operation comes with an associated cost:

(8) Implement single-mode squeezers at a cost of log(s), where s is the squeezing parameter.
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All these operations are standard operations in quantum optics and they should capture
all important Gaussian operations except for squeezing.

It is well-known that all of these operations are captured by the following set of
operations on the covariance matrix (for a justification, see appendix D):

(O0) We can always draw N-mode states with v € R?¥*2N for any dimension N from the
vacuum y = | or a bath fulfiling v > 1.

(O1) We can always add ancillary modes from the vacuum ~, . = 1 or a bath v > 1 and
consider v @ ..

(02) We can freely add noise with ~, ... > 0 to our state, which is simply added to the
covariance matrix of a state.

(O3) We can perform any beam splitter or phase shifter and in general any operation
S € K (n), which translates to a map v — S7S on covariance matrices of states.

(O4) We can perform any single-mode squeezer S = diag(l,...,1, s, s7', 1 ... ,1) for
some s € R,.

(O5) We can perform any Weyl-translation leaving the covariance matrix invariant.

(O6) Given two states with covariance matrices 7, and ,, we can always take their convex
combination py, + (1 — p)v, for any p € [0, 1].

(O7) At any point, we can perform a selective measurement of the system corresponding to
a projection into a finitely or infinitely squeezed state. Given a state with covariance

. A B .
matrix v = , this maps
v= (g &) wis map
Y A= C(B = )MCT,
where M* denotes the Moore—Penrose pseudoinverse.

Only operation (O4) comes at a cost of log(s), all other operations are free.
We are now ready to state our main theorem, which states that the minimal squeezing
cost for any possible preparation procedure consisting of operations (1)—(8). is given by G.

Theorem 5.1. Let p be a quantum state with covariance matrix ~y. Consider arbitrary
sequences

—

=Y N W

where vy, fulfils (O0) and every arrow corresponds to an arbitrary operation (01)—(05) or
(07). Using (06), we can merge two sequences '?N] and ’7N2 to one resulting tree with
Yviin 1 = My, + (1 = Xy, for some A € (0, 1). Iteratively, we can construct trees of any
depth and width using operations (01)—(07).

Let Oy () be the set of such trees with N operations ending with ~ (i.e. vy, = ).
Let O () = U= Ov ().

Furthermore, for any tree 4 € Oy (7), let 5 = {51, be the sequence of the largest
singular values of any single-mode squeezer (O4) implemented along the sequence (in
particular, M < N). Then

G(y) = inf{z logsils; € 5,4 € D(’y)}. (39)
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5.2. Proof of the main theorem

Since we consider many different operations, the proof is rather lengthy, where the main
difficulties will be in showing that measurements do not squeeze. In order to increase
readability, the proof will be split into several lemmata.

Lemma 5.2. Let v € R**?" be a covariance matrix, 7, > 1, let N € N and

Yo —7N 7 W= (40)

be any sequence of actions (O1)—(05) or (O7). If we denote the cost (sum of the logarithm of
the largest singular values of any symplectic matrix involved) of this sequence by c, then one
can replace this sequence by:

(o) (02) (03), (04)
- % & Yane 7 o D TVanc + Tnoise - ST (’70 D Tanc + ’ynoise)S
(07)

7
- M(ST (’YO @ ’Yanc + Wnoise)S) (41)

Y

with v, 2 1 7 =0, S €Sp@2n) and M a partial Gaussian measurement of type
specified in (O7). For this sequence, ¢ > F (S).

Proof. We prove the proposition by proving that given any chain ), — v — -+ — % = 7
as in (40), we can interchange all operations and obtain a chain as in equation (41). For
readability, we will not always specify the size of the matrices and we will assume that
¥ 210, Ve 2 L Ypoie = 0, and S a symplectic matrix, whenever the symbols arise:

(1) We can combine any sequence v, — %_; — =+ — 7, for some m € N where each of
the arrows corresponds to a symplectic transformation S;, j = 1,...,m as in (O3) or (04),
into a single symplectic matrix S € Sp(2n) such that ~,, = S7yS. Furthermore
lemma 3.4 implies F (S) < Y, s,L (S;), hence this recombination of steps only lowers the
amount of squeezing.

(2) Any sequence v — ST4S — STAS + 7, . can be converted into a sequence
¥ = ST(y 4+ poie)S Wwith the same S and hence the same costs by set-
ting ﬁnoise = SiT’Ynoisesi1 > 0.

(3) Any sequence 7y — ST4S — ST4S @ v, can be converted into a sequence
Y= 7D Ve — S‘TW @ %mc)S' by setting § = § @ 1 with 1 of the same dimension
as ... Since we only add the identity, we have F ) = >.;log s} (§) = F(S) and the
costs do not increase.

(4) Any sequence ¥ — ¥ + Yyoise = (7 T Mnoise) © Vane €an be converted into a sequence
T ® Tane 7 Y @ Nanc + ﬁ/noise by setting ﬁnoise = Thnoise © 0 > 0, which is again a
valid noise matrix. As no operation of type (O4) is involved, the squeezing costs do not
change.

In a next step we consider measurements. We will only consider homodyne detection,
since the proof is exactly the same for arbitrary Gaussian measurements of type (O7). Given a
covariance matrix vy, we assume a decomposition

A C
v = (CT B); M(y) = A — C(@Bm)MPCT

as in the definition of (O7) with m = diag(1, 0).
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(5) Any sequence v — M(y) — STM(y)S can be converted into a sequence
v — 88 - M@$"S) by setting S=S@1L. To see this, write
STM(y)S = STAS — STC (7Bn)MPCTS and

s oY (A C)(s 0))_ STAS STC
M((o ) (CT B)(o u)] = M(( c’s B ))
= STAS — STC (nBm)MPCTS
hence the final covariance matrices are the same. By the same reasoning as in (3), the
costs are equivalent.

(6) Any sequence vy — M(y) — M(y) + 7, can be converted into a sequence
Y=Y+ Fnoise = MO+ Fpoise) BY SELNE T, i = Vooie © 0, With O on the last mode
being measured. Since no symplectic matrices are involved, the costs are equivalent.

(7) Any sequence v — M(y) — M(y) @ ,,. can be changed into a sequence
Y=y D Y — MY D 7,,.), Where the measurement M measures the last mode of
7, i.e.

AC 0
mllcT B 0 ||=@@® ) — (Co 0)@Br)MP(C & 0).
0 O ’Yanc

Clearly, the resulting covariance matrices of the two sequences are the same and the costs
are equivalent.

We can now easily prove the lemma. Let 7 — ---— ~, be an arbitrary sequence with
operations of type (O1)—(05) or (O7). We can first move all measurements to the right of the
sequence, i.e. we first perform all operations of type (O1)-(05) and then all measurements.
This is done using the observations above. Note also that this step is similar to the quantum
circuit idea to ‘perform all measurements last’ (see [NCOO], chapter 4).

Similarly, we can combine operations of type (O3) and (O4) and rearrange the other
operations to obtain a new sequence as in equation (41) with at most the costs of the sequence
N — - — 7, we started with. 0

We can now slowly work towards theorem 5.1:

Lemma 5.3. Let v € R**2" be a covariance matrix, then

G(y) =inf{F )|y = ST (9 & e T Mnoise)S» S € SP2n), % ® Yane = L Vnoise = 0}
(42)

Proof. First note that for any y > io, we can find § € Sp(2n), 5, € R**?" with 7, > 1 and
Yooise € R¥¥ with 7. >0 such that v = ST (7, 4+ 7,0ie)S by using Williamson’s
theorem, hence the feasible set is never empty. The lemma is immediate by observing that for
any 7y = s’ (70 @ Yane T rynoise)S since (70 D Yane T ’Ynoise) 21 we have > TS and
conversely, for any v > ST, defining ~, := S777S~! > 1, we have v = S7,S. 0
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As an intermediate step we introduce the following notation:

G(y) = inf (F(S)ly = MST (Vg @ Yane T Mhoise)S)> S € Sp(2n),

43
Yo @ Yane = bns Vooise = 0, M measurement}. @
Then we have:
Lemma 5.4. For v € R¥*2" q covariance matrix, we have
G(y) = inf{F3/?) |y = M), ¥ > 4 > io, M measurement}. (44)
Proof. This follows from lemma 5.3:
G~(’Y) = inf{F(S)|y = M(ST (70 ® Yanc T ’Ynoise)S)}
= inf{FS)ly =M. 5=5"0 D Yane T Vnoise)S = i}
Lemma >3 inf(G (f)ly = M), 7 > io)
Prop. 4.2 . N N A~ A
B5T b (FG)ly = MG). 5 > 4 > o) (45)
by taking the infimum over all measurements last. (|

Note here, that equation (45) together with the following proposition 5.5 finishes the
proof of proposition 4.6 via:

G(y) = inf{GHly = M©#), 5 = ic} < G(y & aly) (46)

for a > 1, using that measuring the last modes we obtain M (y @ al,,) = v and therefore,
v @ al,, is in the feasible set of G) = G().

Proposition 5.5. For v € R¥"*?" q covariance matrix we have

G(y) = G(y).

This proposition shows that G is operational if we exclude convex combinations (and
therefore also non-selective measurements).

Proof. Using lemma 5.4, the proof of this proposition reduces to the question whether:
inf(F(A'2)5 = 4 = io, M(¥) = 7} = inf{FF/H)ly =27 > io}. (@7

Since we do not need to use measurements, < is obvious.
Let ¥ > 4 > io for some M (%) = . Our first claim is that

¥ =M@ =i (43)

M (#H) > io is clear from the fact that 4 is a covariance matrix and a measurement takes states
to states. 7 = M (%) is proved using Schur complements. Let M be a Gaussian measurement
as in equation (68) with n, = diag(d, 1/d) with d € R*. It is well-known that

M) = (A & diag(1/d, d)y(1 & diag(1/d, d)) + 0 & L),
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where ° denotes the Schur complement of the block in the lower-right corner of the matrix.
For homodyne measurements, we take the limit d — oo. Since for any ¥ > 4 > 0, the Schur
complements of the lower right block fulfil 5 > 45 > 0 (see [Bha07], exercise 1.5.7), we
have v > M (%) as claimed in equation (48).

Next, we claim

FM®'?) < FAY). (49)

To prove this claim, note that via the monotonicity of the exponential function on R, it
suffices to prove
m n
[T st < [T sf®)
j=1

J=1

when we assume 4 € R?"*2" and M () € R>"*2" with m < n. If we write

& B

then the state after measurement is given by M (%) = A-C@B+ diag(d, 1/ d))*l(t’r or the
limit d — oo for homodyne measurements. In any case ¢ (l§ + diag(d, 1/ d))*ICA‘ r > 0 and
M (%) < A and therefore, by Weyl’s inequalities, also

[T stime) < IT sf).

j=1 j=1

Now we use Cauchy’s interlacing theorem (see [Bha96], corollary III.1.5): as A is a submatrix
of 4, we have )\ll A) < )\} (%) for all i = 1,...,2m. Since at least m eigenvalues of A are
bigger or equal one and at least n eigenvalues of 4 are bigger or equal one, this implies
m m m n n
[T st =T M <[] ¥ <] X =11 5. (50)
=1 j=1 j=1

J=1 j= Jj=1

In particular, this proves equation (49).

We can then complete the proof: let ¥ > 4 > io for some M (%) = ~ in equation (47).
We have just seen that this implies v > M (¥) > io via equation (48) and furthermore that
F(3'/%) > F (M (%)"/?) via equation (49). But this means that we have found ¥ := M (%)

such that v > ¥ > io. Hence 7% is in the feasible set of the right-hand side of (47) and
F(5'/%) > F (5'/2), which implies > in equation (47). 0

Finally, we can prove theorem 5.1 by also covering convex combinations:

Proof. Lety € R¥*2" be a covariance matrix. First consider only sequences 7: we replace
any sequence by the special type of sequence of lemma 5.3. For these sequences, we have
seen that the minimum cost is given by G (y) in proposition 5.5.

However, we explicitly excluded convex combinations (O6) by considering only
sequences and not trees #: consider a tree of operations (O1)—(07) which has + at its root and
v = 1 as leaves. Let us consider any node closest to the leaves. At such a node, we start with
two covariance matrices «;, and -y, that were previously constructed without using convex
combinations and with costs G(y) and G(y,). The combined matrix would be
7= My + (1 — X)y, for some A € (0, 1) and the costs would be AG (y;) + (1 — M) G ().
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By convexity of G (see theorem 4.3):
GOy + 0= N0 <AGMH) + 0 = NGy

which means that we can find a sequence (without any convex combinations) producing
Ay + (1 — A)y, which is cheaper than first producing 7, and +y, and then taking a convex
combination. Iteratively, this means we can eliminate every node from the tree and replace the
tree by a sequence of operations (O1)—(05) and (O7), which is cheaper than the tree and trees
do not matter. O

5.3. The squeezing measure as a resource measure

We have now seen that the measure G can be interpreted as a measure of the amount of
single-mode squeezing needed to create a state p. Let us now take a different perspective,
which is the analogue of the entanglement of formation for squeezing: consider covariance
matrices of the form

5 = (g Sol)- 51)

These are single-mode squeezed states with squeezing parameter s > 1. We will now allow
these states as resources and ask the question: given a (Gaussian) state p with covariance
matrix vy, what is the minimal amount of these resources needed to construct -, if we can
freely transform the state by the same operations as before excluding squeezing ((O1)-(07)
excluding (04)).

The corresponding measure is once again G:

Theorem 5.6. Let p be an n-mode state with covariance matrix v € R>"*2", Then

Gw:m%Z%%WM:ﬂ®Q} (52)
i=1

i=1

where T: R¥<2m _, R21%2n s g combination of the operations (1)—(6) above.

Proof. <: Note that for any feasible § € Sp(2n) in G (v), i.e. any S with STS < v, we can
find O € Sp2n) N OQ2n) and D =P v, with S'S=0"DO via the Euler
decomposition. Using that the Euler decomposition minimises F, we have
F(S) = %F(D) =3, %log(s,-). But then, since we can find ~,;. > 0 such that
v = OT @17, O + Ypoise> We have that D is a feasible resource state to produce ~. This
implies G™°"¢ () < G ().

>: For the other direction, the proof proceeds exactly as the proof of theorem 5.1. First,
we exclude convex combinations. Then, we realise that we can change the order of the
different operations (even if we include adding resource states during any stage of the
preparation process) according to lemma 5.2, making sure that any preparation procedure can
be implemented via:

Y= M(O(@’Yv/ © Ly + ’Ynoise)OT]’
i=1

where O € Sp(2m + 2m') N 0Q2m + 2m'), 4, € RZHX2H20 Gith o > 0 and M
a measurement. Now the only difference to proof of 5.1 is that we had the vacuum 1 instead of
e, Y, © Ly and an arbitrary symplectic matrix S instead of O, but the two ways of writing
the maps are completely interchangeable, so that the proof proceeds as in theorem 5.1. [

28



J. Phys. A: Math. Theor. 49 (2016) 445304 M Idel et al

We could call this measure the ‘(Gaussian) squeezing of formation’, as it is the analogue
to the Gaussian entanglement of formation. Note also that the measure is similar to the
Gaussian entanglement of formation as defined in [Wol4-04]. One natural further question
would be whether ‘distillation of squeezing’ is possible with Gaussian operations. It is
impossible in some sense for the minimal eigenvalue via [Kra4-03], while it is possible and
has been investigated for non-Gaussian states in many papers (see [Fill3, Hee+4-06] and
references therein). In our case, it is not immediately clear whether extraction of single-mode
squeezed states with less squeezing is possible or not. This could be investigated in
future work.

6. Calculating the squeezing measure

We have seen that the measure G is operational. However, to be useful, we need a way to
compute it.

6.1. Analytical solutions
Proposition 6.1. Let n = 1, then G(I') = f% min; log(\; (1)) for all T € R2x2n,

Proof. Note that this is the lower bound in proposition 4.9, hence
—% min; log(\;(I")) < G(I'). Now consider the diagonalisation T' = O diag(\, \»)O7
with O € SO (2) and assume ) > X,. Then, /\51 < )\ since otherwise, I % iJ.

Consider diag(\;, A\y) = O~ TSTSO™! for some S € Sp(2) with eigenvalues s > 1 and
s~1. Since diag()\, ) = O~TSTSO~!, this implies in particular that s—! < A\, by Weyl’s
inequality. Since F(STS) = logs, in order to minimise F(S) over STS < I', we need to
maximize s~!. Setting s~' = \, we obtain s = \;' < )\ and diag(\;, \y) > diag(s, s71).
Since SO(2) = K (1), STS := OT diag(\, \»)O < T' is the minimising matrix in G and
G(I) = F(S) = JlogA;". 0

Proposition 6.2. Let p be a pure, Gaussian state with covariance matrix I' € R,
Then G (T') = F (I''/?).

Proof. From proposition 2.2, we know that det(I") = 1 in particular. Therefore, the bounds
in proposition 4.11 are tight and G (T') = F (I''/?). O

6.2. Numerical calculations using Matlab

The crucial observation to numerically find the optimal squeezing measure is given in
lemma 4.4: if we use G in the form of equation (25), we know that the function to be
minimised is convex on H. In general, convex optimisation with convex constraints is
efficiently implementable and there is a huge literature on the topic (see [BV04] for an
overview).

In our case, a certain number of problems occur when performing convex optimisation:

(1) The function f in equation (28) is highly nonlinear. It is also not differentiable at
eigenvalue crossings of A + iB or H € 'H. In particular, it is not differentiable when one
of the eigenvalues becomes zero, which is to be expected at the minimum.
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(2) While the constraints C~!(y) > H and 1 > H > —1 are linear in matrices, they are
nonlinear in simple parameterisations of matrices.

(3) For ~ on the boundary of the set of allowed density operators, the set of feasible solutions
might not have an inner point.

The first and second problem imply that most optimisation methods are unsuitable, as
they are either gradient-based or need more problem structure. It also means that there is no
guarantee for good stability of the solutions. The third problem implies that interior point
methods become unsuitable on the boundary, which limits applications. For instance, our
example of the next section (see equation (53)) lies on the boundary. As a proof of principle
implementation, we used the MATLAB-based solver SOLVOPT (for details see the manual
[KK97]). We believe our implementation could be made more efficient and more stable, but it
seems to work well in most cases for less than ten modes. More information on the pro-
gramme is provided in appendix E.

6.3. Squeezing-optimal preparation for certain three-mode separable states

Let us now work with a particular example that has been studied in the quantum information
literature. In [MKOS8], Mista Jr and Korolkova define the following three-parameter group of
three-mode states where the modes are labelled A, B, C:

7= ® lc + x(q,9] + 4,4)) (53)
with
eXg 0 —eXe 0
g = 0 e2g 0 e 2
AB —eXMe 0 eXa 0 [

0 e2¢c (0 e g
q, = (0,sing, 0, —sing, V2, V2)T,
¢, = (cos¢, 0, cosp, 032, V2)T,

where a = cosh(2r), ¢ = sinh(2r), tan¢ = e " sinh(2d) + \/1 + e ¥ sinh?(2d). The
remaining parameters are d > r > 0 and x > 0. For

2 sinh(2r)
e¥sin? ¢ + e 2 cos? ¢
the state becomes fully separable [MKO8]. The state as such is a special case of a bigger
family described in [Gie+01]. In [MKOS], it was used to entangle two systems at distant
locations using fully separable mediating ancillas (here the system labelled C). Therefore,
Mista Jr and Korolkova considered also an LOCC procedure to prepare the state characterised
by (53). For our purposes, this is less relevant and we allow for arbitrary preparations of the
state. This was also done in [MKO8] by first preparing modes A and B each in a pure
squeezed-state with position quadratures ¢2@~") and ¢2(@+"_ A vacuum mode in C was added
and x (g, qlT + q, qu) was added as random noise. Therefore, the squeezing needed to produce
this state in this protocol is given by

X = Xsep =

c = %1Og(62(d—r) . e2d+y = 24, 54)

We numerically approximated the squeezing measure for 7,-, choosing x = xp, which
leaves a two-parameter family of states. We chose parameters d and r according to
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Figure 1. Results of numerical calculations (formulas for d and r in equation (55)). On
the upper figure, the lower range of points (green in the online version) are the best
lower bound, the middle points (blue) denote the value of the objective function at
the minimum found by SOLVOPT and the upper points (red) denote the squeezing
costs of the preparation protocol of [MKOS8] (equation (54)). The lower figure shows the
preparation error. It is mostly below 107°.

r=01+j-005  d=r+i-003 (55)

withi, j € {1,...,30} for a total of 900 data points. Since the algorithm is not an interior point
algorithm as described above, to check the result, we reprepared the state in the
following way:

(1) Let S be the symplectic matrix at the value optimum found by SOLVOPT for a covariance
matrix v, pc-
(2) Calculate S+, ,-S~" and calculate its lowest eigenvalue \y,.
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(3) Define ¥ := STy, 587! + (1 — min{1, Ay,})1 > 1. Calculate the largest singular value
of ST4S — ~.

If S was a feasible point, then ST4S = ~. Since it is obvious how to prepare 5 with
operations specified in section 5, the largest singular value of ST4S — + is an indicator of how
well we can approximate the state we want to prepare by a state with comparably low
squeezing costs.

The results of the numerical computation are shown in figure 1. We computed the
minimum both with the help of numerical and analytical subgradients and took the value with
a better approximation error. At rare occasions, one algorithm failed to obtain a minimum.
Possible reasons for this are discussed in appendix E. The optimal values computed by the
algorithm are close to the lower bound and a lot better than the upper bound and the costs
obtained by equation (54). One can easily see that 7,,~ cannot achieve the spectral lower
bound as the assumptions of lemma 4.10 are not met.

7. Discussion of modifications to allowed operations

In experiments, squeezing of a state is most commonly measured by the logarithm of the
smallest eigenvalue (up to a constant) and the unit is usually referred to as decibel (dB)
[Lvol5]. We know of no operational interpretation for this measure that is similar to the
interpretation given in section 5 and the measure is not natural for multimode states.

In contrast, G is a natural measure for multimode states. However, squeezing is not just
experimentally challenging, it gets much harder if we want to achieve a larger amount of
single-mode squeezing. Currently, the highest amount of squeezing obtained in quantum
optical systems seems to be about 13 dB (see [And+-15]). In other words, the two states p and
p' with covariance matrices

~v = diag(s, s, s, s, 7' = diag(s2, 572, 1, 1) (56)

will not be equally hard to prepare although G () = G (7"). This is due to the fact that we
quantified the cost of a single-mode squeezer by logs.

To amend this, one could propose an easy modification to the definition of F in
equation (11):

F(v) =Y log(g(s*(S))) (57)
i=1

by inserting another function g : R — R to make sure that for the corresponding measure
G, (p) = G, (), we have G,(7) = G, (7) in equation (56). We pose the following natural
restrictions on g:

* We need g(1) = 1 since G, (p) should be zero for unsqueezed states.

* Squeezing should get harder with larger parameter, hence g should be monotonously
increasing.

* For simplicity, we assume g to be differentiable.

Let us first consider squeezing operations and the measure F,. We proved in proposition
3.3 and theorem 3.5 that F is minimised by the Euler decomposition. A crucial part was given
by lemma 3.4. In order to be useful for applications, we must require the same to be true for
F, ie.
g’

32



J. Phys. A: Math. Theor. 49 (2016) 445304 M Idel et al

n

> log(g(s+(SS"))) < D log(g (st ($))) + log(g (s (SH)].
i=1

= i=1

This puts quite strong restraints on g: considering n = 1 and assuming that S and S are
diagonal with ordered singular values, this implies that g must fulfill g (xy) < g(x)g(y) for
x, y > 1. This submultiplicativity restraint rules out all interesting classes of functions:
Assume for instance that g(2) = ¢, then g(2") < ¢", where equality is attained if
g(x) = c¢ - x. Therefore, all submultiplicative functions g(x) for x > 1 must lie below
g(x) = ¢ - x at least periodically. Hence, lemma 3.4 does not hold if we consider increasingly
growing functions g. This implies that one could make the measure arbitrarily small by
splitting the single-mode squeezer into many successive single-mode squeezers with smaller
squeezing parameter, which does not reflect experimental reality.

A way to circumvent the failure of lemma 3.4 would be to work with the ‘squeezing of
formation” measure. Likewise, one could require that there was only one operation of type
(O4) as specified in section 5 in any preparation procedure. In that case we have:

Proposition 7.1. If g: R — R fulfils

(1) log o g o C is convex on (1, c0),
(2) log(g(exp(t))) is convex and monotone increasing in t,

then the squeezing of formation measure G, is still operational, i.e. theorem 5.1 still
holds.

Proof. The first condition replaces the log-convexity of the Cayley transform in the proof of
theorem 4.3, making the measure convex. Using [Bha96], I1.3.5 (v), the second condition
makes sure that equation (50) still holds. The second condition can probably be relaxed while
the proof of theorem 5.1 is still applicable. A function g fulfilling these prerequisites is
g(x) = exp(x), which would correspond to a squeezing cost increasing linearly in the
squeezing parameter. One could even introduce a cutoff after which g would be infinite. [J

A simpler way to reflect the problems of equation (56) would be to consider the measures
G and Gpjggig together (calculating Gpingig Of both the state and the minimal preparation
procedure in G).

Another problem is associated with the form of the Hamiltonian (1). In the lab, the
Hamiltonians that can be implemented might not be single-mode squeezers, but other
operations such as symmetric two-mode squeezers (e.g. [SZ97], chapter 2.8). It is clear how
to define a measure G’ for these kinds of squeezers. Using the Euler decomposition, G is a
lower bound to G’, but we did not investigate this any further.
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Appendix A. Preliminaries for the proof of theorem 3.5

Let us collect facts about ordinary differential equations needed in the proof:
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Proposition A.1. Consider the following system of differential equations for
x:[0, 1] — R¥:

i@’ x(TA®) vt e [0, 1],

x() = x for some x; € R?", 5 € [0, 1],

(58)

where A € L>* ([0, 1], sp(2n)). Then this system has a unique solution, which is linear in x;
and defined on all of [0, 1] such that we can define a map

Vs, t€[0,1]: (s, ) — U(s, t) € B(R™)
via x (1) = xI' U (s, 1) called the propagator of (58) that fulfils:

(1) U is continuous and differentiable almost everywhere.

(2) U (s, -) is absolutely continuous in t.

B)U, t)y=1and U (s, r)U(r,t) = U(s, t) for all s, t € [0, 1].

(4) U,y ' =U(t, s) forall s, t € [0, 1].

(5) U is the unique generalised (i.e. almost everywhere) solution to the initial value problem

U@, 1) —U(s, )A()=0
U(s,s)=1 (59)

on C([0, 1]2, R2mx2n),

(6) If A(t) =A does not depend on t, then S(r) = exp(rA) solves equation (59)
withU (s, t) =S — s).

(7) for all s, t € [0, 1]:

t
06, Dl < exp [ 1acol ar)

(8) U(s,t) € Sp(2n) for all t,s€[0,1] and ~(@) = U0, t) fulfills equation (9)
with v(0) = L

Proof. The proof of this (except for the part about U (s, ) € Sp(2n)) can be found in
[Son98] (theorem 55 and lemma C.4.1) for the transposed differential
equation X (t) = A(t)x(1).

For the last part, note that since U (s, s) = 1 € Sp(2n), we have U (s, s)TJU (s, s) = J.
We can now calculate almost everywhere:

o U, HTIU(, 5)) = —U(t, )T AT ()] — JAG)HU(t, s) = 0

since A(t) € sp(2n) and therefore AT ()J — JA(t) = 0.
But this implies U (¢, s)TJU (¢, s) = J, hence U is symplectic. Obviously, U (0, 1) solves
equation (9). O

We will also need another well-known lemma from functional analysis:

Lemma A.2. Let A:[0,1] — sp(2n), A € L*([0, 1], R¥*?). Then A can be
approximated in ||-||;-norm by step-functions, which we can assume to map to sp(2n)
without loss of generality.

The approximation by step-function can be found e.g. in [Rud87] (chapter 2, exer-
cise 24).
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Appendix B. The Cayley trick for matrices

In this appendix, we give an introduction to the Cayley-transform. The definition and
properties needed in the main text are summarised by the following proposition:

Proposition B.1. De¢fine the Cayley transform and its inverse via:
C: {H € R*™"|spec(H) N {+1} = g} — R

H'_)Jl—i—H’ (60)
1-H
C S € R spec(H) N {—1} = @} — R~
S—1
—_— 61
s ©b

C is a diffeomorphism onto its image with inverse C~\. Furthermore, it has the following
properties:

(1) C is operator monotone and operator convex on matrices A with spec(A) C (—1, 1).

(2) C~! is operator monotone and operator concave on matrices A with spec(A) C (—1, co).

(3) C: R — R with C(x) = (1 + x)/(1 — x) is log-convex on [0, 1).

(4) For n=2m even, H€ R**?" and He H if and only if C(H) € Sp(2m, R)
and C(H) > iJ.

where 'H is defined via:

H:{H:<A B )6R2m><2m

AT = A, BT =B H -1, 1),.
B A : , spec(H) C ( ,>,}

The definition and the fact that this maps the upper half plane of positive definite matrices
to matrices inside the unit circle is present in [AG88] (1.4.2) and [MS98] (proposition 2.51,
proof 2). Since no proof is given in the references and they do not cover the whole propo-
sition, we provide them here.

We start with well-definedness:

Lemma B.2. C and C! are well-defined and inverses of each other. Moreover, C is a
diffeomorphism onto its image dom(C™)).

Proof. If spec(H) N {+1} = &, then 1 — H is invertible and H — (1 + H)/(1 — H) is
well-defined, as [1+ H,1— H]=0. Now let HeR"™™ be such that
spec(H) N {+1} = @. We will show that C(H) contains no eigenvalue —1. To see this, let

H=T@Jmn, \)T! (62)

be the Jordan normal form with block sizes n; and eigenvalues );. Let us here consider the
complex Jordan decomposition, i.e. ); are allowed to be complex. Then:

I+ H=T@Jmn, 1 + )T, 1-H=THJ(n;, 1 — \)T~' (63)
i i
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and thus

CH)Y=T@®Jm, 1+ \)-Jn;, 1 — X\~ 'L

l

For the inverse of the Jordan blocks, we can use the well-known formula:

1 -1 (=i}

T—x 1 .0 YU [T aewy o aea
01—\ 0 o ! b
X Loh . = 1= 7 oa=ant.
0 0 .. 1— X\ ‘ o
0 0 . 5

In particular, this is still upper triangular. Then J (n;, 1 + \)J (n;, 1 — X\;)~! is still upper
triangular with diagonal entries (1 + \;)/(1 — A;). Since (1 + A;)/(1 — X)) = —1 for all
i € C, we find that J(n;, 1 + \)J (n;, 1 — X\)~! cannot have eigenvalue —1 for any i,
hence spec(C(H)) N {—1} = @.

Finally, we observe:

sV 1+H-1+H
_ _1-H _ _
C‘C(H)—HH il T =H
[T H h

Moreover, set f; (A) = —2A — 1 for all matrices A € R™*™, f, (A) = A~! for all invertible
matrices A € R"*™ and f;(A) = A — 1 for all matrices A € R"*™. Then we have
1 2
offofi(Hy=fiof,(H—-1) = = — — 1= C(H). 64
fioh ofs(H) =f ofp( ) f‘(H—Jl) -1 (H) (64)
Since f; are differentiable for all i = 1, 2, 3, we have that C is invertible.

The same considerations with a few signs reversed also lead us to conclude that C! is
well-defined and indeed the inverse of C. We can similarly decompose C~! to show that it is
differentiable, making C a diffeomorphism. Here, we define g (A) =2A + 1 for all
AeRmm g (A)=A" for all invertible A € R™™ and g;A)=A+1 for all
A € R"*m_ A quick calculation shows

808 08 =C'O). (65)
]

Denote by H the set

2 = {H _ (;‘ _BA)‘A CR¥UAT — A BT — B, 1 < H < Jl} (66)

where H < | means that | — H is positive definite (not just positive semidefinite). We can
then prove the Cayley trick:

Proposition B.3. Let H € R*"*?" Then H € 'H < (C(H) € Sp(2n) A C(H) > iJ).

Proof. Note that for H € H, 1 ¢ spec(H), hence C(H) is always well-defined.
CH)Y=0+H0—-Hy"'">0, since 1+ H>0 and 1 - H)'>0 as - 1<H<1.
Observe:

36



J. Phys. A: Math. Theor. 49 (2016) 445304 M Idel et al

(A B 0O IN_(-B AY_ (0 I\(A B\_ _
m‘@—ﬂﬂﬂ&‘(ABy‘tﬂQQ—Q .
Then we can calculate:

W+ H -0—H JU=—UA+H)  -JAd-—H)'=—-0+H) -1+ HJ)!
=AU+ HJA+H'=J0—-H) - -0+ H,

hence C(H)J = JC(H)~" and as C(H) is Hermitian, we have C(H)'JC(H) = J and C(H) is
symplectic. Via corollary 2.10, as C(H) is symplectic and positive definite, we can conclude
that C(H) > iJ.

Conversely, let S € Sp(2rn) and S > iJ. Then S > —iJ by complex conjugation and
S > 0 after averaging the two inequalities. Since any element of Sp(2n) is invertible, this
implies S > 0. From this we obtain:

5ol 1 asseisd,
S+1

S—_JI<J1 always.
S+1

. N 1 _(A B
Write (S — D - (S+ D _(C D

We have on the one hand

). As S is Hermitian, AT = A and C = BT, DT = D.

S N (ST = D = (S — (D) (ST 4 !
S+1
S ST =) - (ST 4+ 1)1 = J (ST — 1)STS-T (ST + Iy~!
51
S+ 1

and on the other hand
(A B)J _ (—B A)
BT D -D BT)
)
BT D A B)

Put together this implies B = BT and D = —A, hence C~'(S) € H, which is what we
claimed. O

Proposition B.4. The Cayley transform C is operator monotone and operator convex on the
set of A = AT € R™™ with spec(A) C (—1, 1). C! is operator monotone and operator
concave on the set of A = AT € R™ "™ with spec(A) C (—1, o).

Proof. Recall equation (64) and the definition of f;, f,, f;. fi and f; are affine and thus for all
X2Y: X)) 2 /X)) and fi(X) <fi(Y). For X>Y >0, we also have f,(Y) >
£ (X) > 0 since matrix inversion is antimonotone. Now let —1 <Y < X <1, then
2<AX)<SAX) <0 and 121> f, o, (Y) 2 f, o5(X) > 0 and finally C(X) >
C(Y) > 0, proving monotonicity of C. Similarly, one can prove that C~! is monotonous using
equation (65).

For the convexity of C, we note that since f;, f; are affine they are both convex and
concave. It is well-known that 1/x is operator convex for positive definite and operator
concave for negative definite matrices (to prove this, consider convexity/concavity of the
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functions (1, X~1¢) for all ¢). It follows that for —1 < H < 1 we have f; (x) < 0, hence
S, ofs is operator concave on —1 < H < 1. As f(A) = —2A — 1, this implies that
C =1, of, of; is operator convex.

For the concavity of C~!, recall equation (65) and the definitions of g, g,, g;- Then, given
—1 < X, we have g;(X) is positive definite and concave as an affine map. g, is concave on
positive definite matrices, as 1/x is convex and (—1) is order-reversing, hence —1/x is
concave on positive definite matrices. Since g is concave as an affine map, g 0 g, 0 gg = C~!
is operator concave for all —1 < X. O

Lemma B.5. C: R — R is log-convex on [0, 1).

Proof. We need to see that the function 4 (x) = log E is convex for x € [0, 1). Since & is
differentiable on [0, 1), this is true iff the second derivative is non-negative:

4x
x) = ——
(x) 1)
is clearly positive on [0, 1) and 7% is therefore log-convex. O

Appendix C. Continuity of set-valued functions

Here, we provide some definitions and lemmata from set-valued analysis for the reader’s
convenience. This branch of mathematics deals with functions f : X — 2¥ where X and Y are
topological spaces and 2! denotes the power set of Y.

In order to state the results interesting to us we define:

Definition C.1. Let X, Y C R™” and f : X — 2" be a set-valued function. Then we say
that a function is upper semicontinuous (often also called upper hemicontinuous to
distinguish it from other notions of continuity) at x, € X if for all open neighbourhoods Q of
f (xg) there exists an open neighbourhood W of xy such that W C {x € X|f (x) C Q}.
Likewise, we call it lower semicontinuous (often called lower hemicontinuous) at a point x if
for any open set V intersecting f (xo), we can find a neighbourhood U of x; such that
f)NV=gforalxeU.

Note that the definitions are valid in all topological spaces, but we only need the case of
finite dimensional normed vector spaces. Using the metric, we can give the following
characterisation of upper semicontinuity:

LemmaC.2. LetX,Y C R™" and f : X — 2¥ be a set-valued function such that f (x) is
compact for all x. Then f is upper semicontinuous at xq if and only if for all € > 0 there
exists a § > 0 such that for all x € X with ||x — xo|| < é we have: for all y € f (x) there
exists a y € f(xo) such that|ly — y || < e.

Proof. =-: Let f be lower semicontinuous at xy. For any € > 0 the set

B(e,f(xo) U eXlly-yI<el (67)
YES (x0)
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is an open neighbourhood of f (x¢). Hence there exists an open neighbourhood W of x,
which contains a ball of radius § > 0 such that Bs(xg) C W C {x € X|f (x) C B(e, f (x0)) }-
Clearly this implies the statement.

<: Let Q be a neighbourhood of f (x(). Since f (x() is compact this implies that there is a
€ > O such that B(e, f (xo)) € Q where this set is defined as in equation (67). If this were not
the case, for every n € N there must be a y, € Y\Q such that infcr()lly, — 7 || < 1/n.
Since by construction this implies that y, € B(1, f (xo)), which is compact, a subsequence of
these y, must converge to y. As Y\Q is closed as Q is open, y € Y\Q. However,
infyerlly — ¥ || = 0 by construction and since f (xo) is compact, the infimum is attained,
which implies y € f (x¢). This contradicts the fact that Q is a neighbourhood of f (x).

Hence we know that for any open Q containing f (xo) there exists a ¢ > 0 such that
B(e, f(x0)) € Q. By assumption, this implies that there exists a 6 > 0 such that
Bs(xo) C {x € XIf (¥) C B(e, f(x0))}. Since clearly {x € X|f(x) C B(e, f(x))} C
{x € X|f(x) C Q} we can choose W := B;(x() to finish the proof. O

This second characterisation is sometimes called upper Hausdorff semicontinuity and it
can equally be defined in any metric space. Clearly, the notions can differ for set-valued
functions with non-compact values or in spaces which are not finite dimensional. With these
two definitions, we can state the following classic result:

Proposition C.3 ([DR79)). Let Y be a complete metric space, X a topological space and
f: X — 2¥ a compact-valued set-valued function. The following statements are equivalent:

e f is upper semicontinuous at x.
e for each closed K C X, K (N f (xo) is upper semicontinuous at x.

An interesting question would be whether the converse is also true. Even if f(x) is always
convex, this need not be the case if K (N f (x() has empty interior as simple counterexamples
can show. In case the interior is non-empty, another classic results guarantees a converse in
many cases:

Proposition C.4 ([Mor75]). Let X be a compact interval and Y a normed space. Let
f:X—2 and g: X — 2 be two convex-valued set-valued functions. Suppose that
diam(f (r) N g(t)) < ocand f(t) N int(g(t)) = S forallt. Then if f, g are continuous (in
the sense above) so is f( g.

Appendix D. Reduction of the set of hecessary operations for state preparation

In this section, we give a justification of why the operations (O0)—-(O7) are enough to
implement all operations described in section 5. All of this is known albeit scattered
throughout the literature, hence we collect it here.

In order to prepare a state, we could start with the vacuum ~ = 1 or alternatively a
thermal state for some bath (y = (1/2 + N)1 with photon number N, see e.g. [Oli12]). Of
course, we should be able to draw arbitrary ancillary modes of this system, too. The effect of
Gaussian noise on the covariance matrix is given in [Lin0O]. Since for any v > 1 we can
decompose it as v =1 + ..., this implies that the operations (00)-(02) are enough to
implement all operations 1. and 2.
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As with other squeezing measures, passive transformations should not change the
squeezing measure, while single-mode-squeezers are not free. The effect of symplectic
transformations on the covariance matrix has already been observed in equation (10), hence
(03) and (O4) implement operations (3) and (8).

Since we have the Weyl-system at our disposal, we can also consider its action on a
quantum state (translation in phase space). Direct computation shows that it does not affect
the covariance matrix. Including it as operation (OS5) is beneficial if we consider a convex
combination of states. In an experiment, this can be done by creating ensembles of the states
of the convex combination and creating another ensemble where the ratio of the different
states is that of the convex combination. On the level of covariance matrices, we have the
following lemma:

Lemma D.1. Let p and p’ be two states with displacement d* and d’ " and (centred)
covariance matrices y* and fyp/. For X € (0,1), the -covariance matrix of
p=Ap+ (1 — \)p is given by:

AP =Xy + (1 — My + 200 — N (@? — d”)(dr — d*)'

A proof of this statement can be found in [WWO1] (in the proof of proposition 1). Note
that for centralised states with d? = 0 and d”' = 0, a convex combination of states translates
to a convex combination of covariance matrices. Since in  particular,
221 — N\ (d” — d”Ydr — d”) >0, any convex combination of p and p’ is on the level of
covariance matrices equivalent to

* centring the states (no change in the covariance matrices),

e taking a convex combination of the states (resulting in a convex combination of
covariance matrices),

* performing a Wey] translation to undo the centralization in the first step (no change in the
covariance matrix).

« Adding noise 2\ (1 — \)(d? — d”)(d? — d”) > 0.

This implies that the effect of any convex combination of states (operation 4) on the
covariance matrix can equivalently be obtained from operations (02), (O5) and (O6). Finally,
we consider measurements. Homodyne detection is the measurement of Q or P in one of the
modes, which corresponds to the measurement of an infinitely squeezed pure state in
lemma D.2. A broader class of measurements known as heterodyne detection measures
arbitrary coherent states [Wee-+12]. Let us focus our attention on the even broader class of
projections onto Gaussian pure states.

Lemma D.2. Let p be an (n + l)-mode quantum state with covariance matrix v and
[7» d) {1, d| be a pure single-mode Gaussian state with covariance matrix v, € R*** and
displacement d. Let

A C
— , Bc RZXZ
! (CT B)

then the selective measurement of |y, d) in the last mode results in a change of the
covariance matrix of p according to:

,y/ —A— C(B _ ’VG)MPCT’ (68)
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where ™ denotes the Moore—Penrose pseudoinverse. Homodyne detection corresponds to
the case where v is an infinitely squeezed state.

This can most easily be seen on the level of Wigner functions, as demonstrated in
[ESP02, GICO2]. The generalisation to multiple modes is straightforward.

Since the covariance matrix of a Gaussian pure state is a symplectic matrix (see pro-
position 2.2), using the Euler decomposition we can implement a selective Gaussian mea-
surement by

(1) a passive symplectic transformation § € K (n + 1),
(2) a measurement in the Gaussian state diag(d, 1/d) for some d € R, according to
lemma D.2.

A non-selective measurement (forgetting the information obtained from measurement)
would then be a convex combination of such projected states. A measurement of a multi-
mode state can be seen as successive measurements of single-mode states since the Gaussian
states we measure are diagonal.

For homodyne detection, since an infinitely squeezed single-mode state is given by the
covariance matrix lim,_, . diag(1/d, d), we have

— dlim (A — C(B — diag(l/d, d))"'CT) = A — C(xBm)MPCT, (69)
—00
where 7 = diag(1, 0) is a projection and ™* denotes the Moore—Penrose-pseudoinverse. It
has been shown (see [Wee+12] E.2 and E.3 as well as [ESP02, GIC02]) that any (partial or
total) Gaussian measurement is a combination of passive transformations, discarding
subsystems, projection onto Gaussian states and homodyne detection.

Therefore, we should also allow to discard part of the system, i.e. taking the partial trace.
However, this can be expressed as a combination of operations (O1)-(06) and homodyne
detection:

Lemma D.3. Given a covariance matrix y = a partial trace on the second system

CT
translates to a map v — A. The partial trace can then be implemented by measurements and
adding noise.

Proof. When measuring the modes B, we note that since C(wBm)MPCT >0 in
equation (69), a partial trace is equivalent to first performing a homodyne detection on the
B-modes of the system and then adding noise. (]

Given the discussion above, lemmas D.2 and D.3 put together imply: on the level of
covariance matrices, in order to allow for general Gaussian measurements, it suffices to
consider Gaussian measurements of the state |y, 0)(v, O] with covariance matrix
v, = diag(1/d, d) for d € Ry U {+oc}. All Gaussian measurements are then just combi-
nations of these special measurements and operations (O1)-(06).

Appendix E. Numerical implementation and documentation

Here, we provide a short documentation to the programme written in MATLAB, Version
R2014a, and used for the numerical computations in section 6. The source Code can be found
at GitHub https://github.com/Martin-Idel /operationalsqueezing.
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The programme tries to minimise the function f defined in equation (28) over the set H.
Throughout, suppose we are given a covariance matrix +.

Let us first describe the implementation of f. as parameterisation of H, we choose the
simplest parameterisation such that for matrices with symplectic eigenvalues larger than one,
the set of feasible points has non-empty interior: we parameterise A, B via matrix units E;, Ej
with i€ {l,...,n}, ke{l,..,.n—1} and j<k, where (E)jx = 6;0x and
(Ej)im = 0j16um + 6jméy. This parameterisation might not be very robust, but it is good
enough for our purpose. Instead of working with complex parameters, we compute
s;(A + iB) as )\l-l (H) for the matrix

A B
H=(5 %) (70)
The evaluation of fis done in function OBJECTIVE.M. Since fis not convex for (A, B) with the
corresponding H having eigenvalues >1 or <—1, the function first checks, whether this
constraint is satisfied and outputs a value that is 10’-times larger than the value of the
objective function at the starting point otherwise.

The constraints are implemented in function MAXRESIDUAL.M. Via symmetry, it is
enough to check that for any H tested, )\%” (H) > 1. The second constraint is given by
C~'(y) > H and this is tested by computing the smallest eigenvalue of the difference.

The function which is most important for users is MINIMUM.M, which takes a covariance
matrix ' > i/, its dimensions n and a number of options as arguments and outputs the
minimum. Note that the programme checks whether the covariance matrix is valid. For the
minimisation, we use the MATLAB-based solver SOLVOPT ([KK97], latest version 1.1).
SOLVOPT uses a subgradient based method and the method of exact penalization to compute
(local) minima. For convex programming, any minimum found by the solver is therefore an
absolute minimum. In order to work, the objective function may not be differentiable on a set
of measure zero and it is allowed to be non-differentiable at the minimum. Since f is dif-
ferentiable for all H with non-degenerate eigenvalues, this condition is met. In addition,
SOLVOPT needs f to be defined everywhere, as it is not an interior point method. Since f is
well-defined but not convex for H ¢ ‘H and spec(H) U {1} = @, we remedy this by
changing the output of OBJECTIVE.M to be very large when H ¢ H as described above.
Constraints are handled via the method of exact penalisation. We used SOLVOPT’s algorithm
to compute the penalisation functions on its own.

It is possible (and for speed purposes advisable) to implement analytical gradients of both
the objective and the constraint functions. Following [Mag85], for diagonalisable matrices A
with no eigenvalue multiplicities, the derivative of an eigenvalue )\;(A) is given by:

IpAi(A) = v; (AT OpAV; (A), (71)

where v;(A) is the eigenvector corresponding to A;(A) and 0,(A) = lim,_o(A + hE — A)/
h = E. Luckily, if A is not differentiable, this provides at least one subgradient. An easy
calculation shows that a subgradient of the objective function f for matrices H with
—1 < H < 1 in the parameterisation of the matrix units Ej; is given by

n A\ n T [ .
V=Y O = Ul O%

S+ NE)A = NEH) ST+ NE)A = N (H))
with F being the matrices corresponding to the chosen parameterisation. The gradient of the
constraint function is very similar and given by equation (71) forA =~y —- HorA =21 — H
depending on which constraint is violated. This is implemented in functions OBJECTIVEGRAD.
M and MAXRESIDUALGRAD.M.

(72)
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SOLVOPT needs a starting point. Given I, via Williamson’s theorem, I' = STDS > S78,
hence S”S provides a good starting point. The function WILLIAMSON.M computes the Wil-
liamson normal form for ~ and returns S, D and S TS, the latter of which is used as starting
point. It computes S and D essentially by computing the Schur decomposition of I'~!/2J"~1/2
(in the o-basis instead of the J-basis). S is then given by ST = 4, /2KD*1/ 2 (see the proof of
[SCS99]), where K is the Schur transformation matrix.

A number of comments are in order:

(1) All functions use global variables instead of function handles. This is required by the fact
that SOLVOPT has not been adapted to the use of function handles. The user should
therefore always reset all variables before running the programme.

(2) SOLVOPT is not an interior point method, i.e. the results can at times violate constraints.
We use the default value for the accuracy of constraints, which is 10~® and can be
modified by option six. The preparation error should be of the same order than the
accuracy of constraints as long as the largest eigenvalue of the minimising symplectic
matrix is of order one.

(3) For our numerical tests, we used bounds on the minimal step-size and the minimal error
in f (SOLVOPT options two and three) of the order 107® and 10~%, which seemed
sufficient.

(4) All functions called by SOLVOPT (the functions OBJECTIVE.M, OBJECTIVEGRAD.M,
MAXRESIDUAL,M, MAXRESIDUALGRAD.M and XTOH.M) are properly vectorised to
ensure maximal speed.

Finally, BOUNDS.M contains all lower- and upper bounds described in section 4.5. The
semidefinite programme was solved using CVX (version SDPT3 4.0), a toolbox developed in
MATLAB for disciplined convex programming including semidefinite programming [GBOS8],
[GB14]. The third bound is not described in section 4.5—it is an iteration of corollary 4.8
assuming superadditivity, hence in principle it could be violated. If it were violated, this
would immediately disprove superadditivity, which has never been observed in our tests.

Issues and further suggestions: It occurs sometimes that the algorithm does not
converge to a minimum inside or near the feasible set. We believe that this is due to
instabilities in the parameterisation and implementation. The behaviour can occur while using
numerical as well as analytical subgradients, although it occurs more often with analytical
ones. For every example where we could observe a failure with either numerical or analytical
subgradients, one other method (using numerical subgradients, using analytical subgradients
or a mixture thereof) worked fine. In cases of failure, the routine issued several warnings and
the result usually lies below the lower bound. A different type of implementation might lead
to an algorithm that is more stable, but we did not pursue this any further. It might also be
worth to consider trying to compute the penalty function analytically.

In terms of performance times, the algorithm is generally fast for small numbers of
modes. When analytical subgradients are not implemented, the performance bottleneck is
given by the functions XTOH.M, which is called most often. When analytical subgradients are
provided, the performance is naturally much faster. This is particularly important when the
number of modes increases. While for five modes, the calculation is done within seconds,
already for ten modes and depending on the matrix, it can take a minute on a usual laptop (the
algorithm now takes the most amount of time for eigenvalue computations, which seems
unavoidable). For even larger matrices, it might be advisable to switch from using the Matlab
function EIG to EIGF, but for our examples this did not lead to a time gain.
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Perturbation Bounds for Williamson’s Symplectic Normal
Form

M. Idel, S. Soto Gaona and M. M. Wolf September 26, 2016

Williamson’s normal form defines a diagonalisation of positive semidefinte matrices
via symplectic conjugation. The corresponding diagonal entries are therefore also
called the “symplectic spectrum”. The normal form and the symplectic spectrum is
very important in continuous variable quantum information as symplectic conjugation
corresponds to the implementation of Gaussian unitaries which include many impor-
tant operations like beam-splitters and phase shifters on light packets. Moreover, the
symplectic spectrum can be interpreted as “mixedness” of the quantum state and com-
pletely determines its entropy in the case of Gaussian states. Therefore it is interesting
to consider perturbation bounds for the normal form. Such bounds have recently been
published in [2, 3].

1 Stability of symplectic eigenvalues

Based on the usual perturbation theory, we provide the following bound:

Theorem 1.1. Let M, M’ € R2"*2" pe two positive definite matrices and D, D’ their
Willitamson diagonalisations. Then

1D — D'|| < (k(M)r(M")"?|[M — M| (1)
for every unitarily invariant norm || - ||, where k(M) is the condition number of M.

Clearly, the constant can become arbitrarily bad. We also investigate whether this
can be amended and provide a counterexample, stating that the constant must some-
how depend on the norms of the matrices involved.

2 Stability of the diagonalising matrix

Similar to usual matrix theory we then consider the stability of the diagonalising
matrix S € Sp(2n), where STMS is diagonal. This corresponds to the stability of
eigenvectors. Using results from classical perturbation theory of Hermitian matrices,
we can show that S is only stable if the symplectic spectrum is nondegenerate as in the
case of the usual spectrum. In addtion, we prove that the stability of the eigenspaces
leads to the following theorem:

Theorem 2.1. Let M € R27%2% pe g positive definite matriz with Williamson decom-
position M = S~TDS~1.



Let E be any symmetric matriz with ||E|| = 1. Assume that ¢ > 0 is small enough
such that M. := M + eE 1is still positive definite and let M, = SgTbsSgl be its
Williamson decomposition.

Then for any € such that M. is positive definite and

N
0<e<min { (6- (M) M ”M'} @

with the condition number k, then

IS77S71 = SZTSH| < 9mn®m(M)?|| M|V A4, 3)

The proof is technically involved, but easy to relate: The idea is to divide the spec-
trum into parts that are close by (signifying “eigenspaces” of the symplectic spectrum)
and then use results from eigenvalue perturbation theory on the question of the sta-
bility of eigenspaces (see for instance [1], Chapters IX and X) to prove the stability
of S~TS~1. The tricky part is to choose the correct scaling: The estimates for the
stability of eigenspaces behave like 1/d, where § is the spectral gap. Naive choices of
dividing the spectrum blow up if § becomes too small.

3 Applications

We apply the results to provide perturbation bounds for the entropy of a Gaussian
state and we also note that Theorem 2.1 is needed to ensure that the algorithm in the
paper “An operational measure for squeezing” works as planned.

4 Legal statement

The project was proposed by Michael M. Wolf for the Bachelor thesis of Sebastian
Soto Gaona whom I advised during his writing process. The result of the thesis was
a weaker version of Theorem 1.1. All other results have primarily been my work with
advice by Michael Wolf and proofreading by Sebastidan Soto Gaona.
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Abstract

Given a real-valued positive semidefinite matriz, Williamson proved that it can be di-
agonalised using symplectic matrices. The corresponding diagonal values are known
as the symplectic spectrum. This paper is concerned with the stability of Williamson’s
decomposition under perturbations. We provide norm bounds for the stability of
the symplectic eigenvalues and prove that if S diagonalises a given matrix M to
Williamson form, then S is stable if the symplectic spectrum is nondegenerate and
STS is always stable. Finally, we sketch a few applications of the results in quantum
information theory.

1. Introduction

It is well-known that the eigenvalues of a Hermitian matrix are stable under small per-
turbations. This lies at the heart of perturbation theory, which in turn is important in
numerical analysis as well as most areas of theoretical physics. Many classic books have
been fully devoted to (spectral) perturbation theory in finite [Wil65] or infinite [I[{at95]
dimensions and the results are well-known today.

Next to the general notion of eigenvalues of a linear operator, in symplectic linear algebra
there exists the notion of symplectic eigenvalues: Given a positive semidefinite matrix
M € R?*27 Williamson [Wil36] showed that there exists a symplectic basis such that
M is diagonal. The diagonal entries form the symplectic spectrum. The symplectic
spectrum plays an important role in continuous variable quantum information, since
for Gaussian states, the spectrum of the density matrix (which defines for instance the
von Neumann entropy) can be obtained from the symplectic spectrum [HSH99]. The
literature on symplectic eigenvalue perturbation is not as rich as for the usual eigenvalue
problem. First results concerning perturbations for matrices in Williamson normal form
can be found in [SEWO05]. A more general approach was published in [Konl5], and a
bound similar to usual matrix perturbation bounds in the literature for matrix analysis
has appeared recently in [BJ15]. The bounds in the present paper improve on the last
result and also consider the Williamson analoga of eigenvectors and eigenspaces.

To summarise the results, let M = ST DS be the Williamson decomposition of a pos-
itive definite matrix. Since the symplectic spectrum is ultimately defined through the



usual eigenvalue spectrum of a diagonalisable matrix, the immediate intuition is that
the spectrum should be stable, while the diagonalising matrix S will not be stable when
symplectic eigenvalues are degenerate. Likewise, there is a chance that S5 is stable, be-
cause this would encode the information about “symplectic eigenspaces” and eigenspaces
are generally stable [Bha96]. In accordance with this intuition, we find:

e The symplectic spectrum is stable and we derive norm bounds for all unitarily
invariant norms, improving the bounds in [BJ15].

e The diagonalising matrix S is stable as long as no eigenvalue crossings occur and
we derive a norm bound depending on the smallest gap in the spectrum. We also
give a counterexample for the stability of matrices with degenerate eigenvalues.

e STS is stable and we derive norm bounds for the operator norm.

These results can be useful for proving continuity and approximation results at least in
the context of continuous variable quantum information. We sketch a few applications
in the last section. For the reader’s convenience, we recall the most important theorems
and a number of small lemmata with simple calculations in Appendix A.

2. Notation and Williamson’s normal form

Throughout this paper, let o € R?"*2" be the standard symplectic form defined as

(0 1,
o= (_]]-n 0 > . (1)
Furthermore, denote by Sp(2n) the group of 2n x 2n real symplectic matrices, by O(n) C

R™ ™ the group of real orthogonal matrices, and by U(n) C C™*™ the group of unitary
matrices. Let us now define the symplectic spectrum through Williamson’s theorem:

Theorem 2.1 (Williamson [Wil36]). Let M € R?™**" be a positive definite matriz.
Then there exists a monnegative diagonal matrix D € R™ "™ and a symplectic matriz
S € Sp(2n) such that

STMS = diag(D, D). (2)

We can assume without loss of generality that D11 > Das > ... > Dy, > 0. The entries
of D are sometimes called the symplectic eigenvalues of M and they are the positive
eigenvalues of io M .

The theorem can be extended to the case of positive semidefinite matrices M. In this
case, STMS = diag(D1, Dy) where Dy and Dy contain zeroes.

Proof. One proof that covers also the case of semidefinite matrices can be found in
[Gos06]. We sketch the proof of [SCS99] and [SG15]:



Let diag(D, D) =: D. Using that D and M are positive definite, consider an ansatz of
the form S = M~'/2KDY?, where K € O(2n). By construction STMS = D and we
only need to check that K can be chosen such that S is symplectic. This is equivalent
to

_ _ 0 D1
KT (M 2o M2 K = (—D—l 0 > .
Using that (M~Y2¢M /)T = —M~1/26M~1/2, we know that we can indeed find an
orthogonal K achieving this construction. The idea is that iM/26M'/? is a Hermitian
matrix and therefore diagonalisable by a unitary matrix U € U(2n). It is easy to see

that the eigenvalues come in pairs +\; with eigenvectors x; & iv; for j = 1,...,n and
z;,y; € R?™. One can then show that K is given by (z1,...,Zn,¥1,...,Ys) using that
ox; = y; and oy; = —x;. ]

The goal of the main part of this paper is to consider the stability of the symplectic
eigenvalues, the diagonalising matrix S and the matrix STS.

3. Stability of the symplectic eigenvalues

Let us first consider the stability of D:

Theorem 3.1. Let M, M’ € R¥"*2" be two positive definite matrices and D, D’ their
Williamson diagonalisations as in Theorem 2.1. Then

1D = D'|| < (k(M)r(M")/?|M — M| (3)
for every unitarily invariant norm || - ||, where k(M) is the condition number of M.

Proof. First note that by Williamson’s theorem, ic M is diagonalisable. This can be
seen via S~1(icM)S = i0STMS = iodiag(D,D) and the fact that the latter has
eigenvalues £D;; with eigenvectors (0,...,0,1,0,...,0,%i,0,... ,())T, where 1 and +¢
are at positions j and n + j. Let T be the matrix diagonalising io diag(D, D). Hence
io M is diagonalisable by ST with real eigenvalues and the eigenvalues are given by +D;;
fori=1,...n.

Using Lemma A.2 ([Bha96] (Theorem VIIL.3.9)), we obtain directly:

1D — D'|| < (w(ST)w(S"T")/?|liocM — ioM’| (4)
= (R(ST)R(S'T")"/?| M — M'| (5)
for all unitarily invariant norms. We also used ||ic N|| = ||N|| for all Hermitian N and

all unitarily invariant norms, since i is a unitary matrix.

Since io diag(D, D) is Hermitian, its eigenvectors are orthogonal and we can choose T' €
U(2n). Therefore, since x(A) = || A7!||oo|| Ao for all invertible matrices, x(ST) = k(.S)
as the operator norm || - ||oo is unitarily invariant.



Let us now proceed as in [SG15]): We can write S = M~'/2K D'/? with an orthogonal
matrix K € O(2n) using the proof of Williamson’s theorem. Then

k(S) = HS||OO||,5’—1||OO — ||M—1/2K[)1/2||OO||D—1/2KTM1/2HOO
< M2 oo| D2 oo | D2 | [ M2 o0 = w(M2)R(D'?)
Furthermore,
ID]loe < max{s(ioM)} = [[ioM s = | M]|oo (6)
1D oo < max{s(icM ")} = [[ioM " |oo = M| (7)

where s(A) denotes the vector of singular values of A. Using the C*-property of the
operator norm we obtain ||(DY?)?||s = ||DY/?||2, and hence

K(S) < K(MY?)k(DY?) < k(MY?)k(MY?) = k(M).
Since the same is true for M’ this completes the proof. O

In [BJ15], the authors provide a different bound of this type, which for the operator
norm reads

1D = D'lloo < (M7 + | M) 1M — |12, (8)

Note that the scaling in ||[M — M’||« is better in Theorem 3.1 than in Bhatia and Jain’s
bound [BJ15].

One natural question is, whether there is hope to improve a lot on this inequality. In
particular, let us ask the question whether an inequality of the type

1D — D'|| < cl| M — M| 9)

holds for some constant ¢ € R independent of M, M’ and some unitarily invariant norm.
The answer is “no”:

Proposition 3.2. Consider the following matrices:

M = diag (z,1) E = (_25 :g) (10)

Let M := M +¢- E fore > 0. Then, for all 0 < & < 1/10 and for all ¢ > 0 there exists
an xg > 1 such that for all x > x¢ we have

1D = De|l > | M — M| (11)

for all unitarily invariant norms, thereby showing that ¢ must depend on M and M’ in
equation (9).



Proof. First note that M, > 0 for x > 1 and ¢ < 1/10, since trace and determinant are
both positive. Note that |M — M.|| = ¢||E||. Now, since tr(E) = 0, the singular values
of E are both the same and given by s(E) = 1/29.

Since D is two-dimensional and M, M, are invertible, D and D, are multiples of the
identity. Any unitarily invariant norm is a so called gauge function of the singular
values (see [Bha96], chapter IV). Since the matrices D and D, have only one singular
value (excluding multiplicities), this implies that we can prove the statement for all
unitarily invariant norm by proving it for the operator norm only.

Now we need to calculate the singular value of D and D,, which is the positive eigenvalue
of ic M and io M, respectively. The characteristic polynomials are

x(ioM) =\ —z (12)
x(ioM.) = N2 +5%% — (1 — 2¢) (z + 2¢) (13)

Note that for z > 1 and € small enough (¢ < 1/10 is sufficient), we have A;(icM) =
VT > \/x —2e(x — 1) — 292 = )\ (ioM.). Therefore, we have:

c[|[M — M.|oo — ||D_l~)€||oo <0 (14)
& V29 — |[Vr — z —2e(x —1) —29¢2| <0 (
& 2V29xcs < 29¢3(1 + %) + 2e(x — 1) (16)

—
(@)
~—

if we assume x > 1 and € < 1/10. For ¢ = 1, if > 33, we have v29z < (z — 1) and
therefore (independent of ) ||D — D¢||oc > ||M — M||oo. Similarly, for any ¢ > 0 we can
find xy > 0, such that for all z > xy equation (16) is satisfied, since 2(x — 1) — v/29zc —
~+o00. g

A further evaluation shows that if one sets ¢ = k(M)"/2k(M.)"/? ~ x then ¢||M — M. ||
scales as xe to lowest order in € (for x > 1), while ||D — D, ||~ scales as \/xe. Therefore,
the example above does not attain the bound. Whether the bound ¢ = x(M)Y/2k(M,)'/?
is optimal can therefore not be determined by this counterexample. However, the scaling
of ¢ in ¢ = ||M||s can only be improved by at most a square root.

4. Stability of the diagonalising matrix S

Next, we will analyse stability of the matrix S. General wisdom from usual diagonali-
sation of Hermitian matrices tells us that this should hold at least when the eigenvalues
are simple:

Proposition 4.1. Let M € R?*™¥?" be q positive definite matriz such that all eigen-
values of icM are nondegenerate and let S € Sp(2n) be the matriz diagonalising M in
Williamson’s theorem. Let E be a symmetric matriz with ||E||c = 1, € > 0 such that
M. := M + eFE is positive definite. Then we have:



For e > 0 small enough, the diagonalising matriz S. € Sp(2n) of M. can be chosen in
such a way that

S — Selloo < 4 (x/er \/RB‘M”;’&/”M_”'OO) M2 o /5. (17)

where § := min;; |A\;(icM) — Xj(icM)| and k(M) is the condition number.

Proof. First observe that ||S — S.[|cc = O(y/€) cannot be true for all choices of S and
S, if those matrices are not unique, which occurs whenever there exists a matrix O €
Sp(2n) N O(2n) that commutes with M or M.

We consider the construction of S in the proof of Theorem 2.1 as S = M~Y2KD/?
where D = diag(D, D). The stability of S depends thus on the stability of K. Since
the eigenvalues are simple, it is known that the eigenvectors are analytic functions in e
([Wil65], chapter 2, section 5). Let x;(¢) denote the normalised eigenvectors of i(M +
eE)~'/2¢(M + eE)~'/2. Then, using Lemma A.1, there exists some constant cyec such
that for all € < ¢yeec and all ¢ we have

2n -

[z — zi(e)]l2 < (18)

Note that \;(iM'/2aM'/?) = \;(icM), iM'/2cM'/? is Hermitian and ||E||« < 1 fulfil-
ing assumptions of Lemma A.1.
We know that the parallelogram law holds for the vector norm || - ||2:

1R (i) + 1S (wi) = Rlwi(e)) — iS(@i(e))II3 + [R(x) — (i) — R(xi(e)) +iS(xi(e) 13
= 2||R (i) — Rl@i(e))II3 + 2[13(2s) — S(zs()3

Furthermore, we know that K consists of the real and imaginary parts of eigenvectors
of M—'/2¢M~1/2 and that when x; = R(x;) +iS(z;) is an eigenvector to the eigenvalue
Ai, then 2 = R(x;) — i¥(x;) is the eigenvector to the eigenvalue —\;. Thus we can find
K. such that:

1/2
1K = Kelloo < (Z 1K — H2>
n n 1/2
= (Z 1R (i) = Rza()3 + D (i) — %‘“(xi(s))H%)
i=1 i=1 o
( ZH%— ||2 ZHCC — 2 H2>

Lemn;a Al n 4712 9 1/2
= Z; mingz; [N (o M) — A (io M)[2°




2n3/2

<

€
|

where K; denotes the i-th column of K. Here, we used the fact that ||A||c < ||A|F for
the Frobenius norm, which is equivalent to the right hand side of the first inequality.
But then, using equation (6), Lemma A.4, A.5 and our stability result Theorem 3.1 we
obtain:
o _ -1/21-p1/2 -1/2 n1/2
15 = Selloo = [[M™/“K D= = Mo /"Ke D7
<MY = MV oo DYoo + M2 || K = Kelloo| D2 o
+ M| || DY? = DYoo
<MY oo MY oo || M oo (19)
+ MY oo (5(M) (M) /11?2 (20)
on3/2

+ M2 oo | MY 2 (21)

We can now use Lemma A.6 and A.7 to obtain for e < 1/(2||M ) and € < || M| s
1M 2o < 2IM 7 lo, w(Me) < dr(M).
By assumption

n;éin |Ni(io M) — Xj(ioM)| > 6.
i#]

Hence we have for the summands in (19) - (21)

M2 oo | M 72 oo | M2 o2 < V2R(M)2 | M7V o' (22)
M2 oo (M) (M) 412 < VI MTV2 | (4R(M)) A2 (23)
— 2n3/2 _ 2n3/2
I 2 ol 1Moo e =2 < (M o) 2 [M2 o =2
min;zj [A; il
2n3/2
< M2 g =5/ (24)

where we used ||[M~!|we < 1/2 by assumption on e.
Put together, this implies that for all 0 < ¢ < min{1/(2||M /o), || M||ocs Cvec }, We can
find S; diagonalising M,:

n®/2|| M ||

S — Sl < 2| (1 +1/V2)R(M)Y/2 +
| | <( /V2)k(M) SN

) 1M )loce? (25)

The constant is probably not optimal. O



However, this will not be true in general if we have eigenvalue crossings. To see this,
consider the following counterexample:

1 ¢ 00
e 100 L - ~
M = 00 1 ¢ M =diag(l+e,1—¢,1+¢,1—¢) (26)
0 0 ¢ 1

By Williamson’s theorem, for two matrices Si,S2 diagonalising M, we have S| 1s,
Sp(2n) N O(2n) and [S;'S2, M] = 0. Hence we need to consider the commutants of M
and M’. For £ > 0, an easy computation shows that [M,0] = 0 or [M’,0] = 0 if and
only if
A B 2x2
O: C D ) A7B7C7DER 7[A7E]:[B7E]:[C7E]:[D7E]:07
where E € R?*2 denotes the upper left block in M or M’. This reduces the problem to

finding the commutant of the upper left blocks in M. A simple computation shows that
these are independent of €. More precisely,

[A,diag(l +¢,1—¢)]=0 <« A= diag(a,b), a,b R

1 ¢ a b
a( =0 o a=(2 Yasen

But then, the commutant of M and M’ are independent of ¢ > 0 and so is the in-
tersection of the commutant with Sp(2n) N O(2n). Since this intersection is a closed
set (commutants are closed), this implies that any matrix S diagonalising icM with
|Slloc = 1 and any matrix S” diagonalising ic M’ either fulfil ||S — S'||o > C for some
fixed constant C' > 0 independent of ¢, or there is a matrix S diagonalising both i0 M and
iocM'. Since [icM,iocM’] # 0, the two matrices cannot be diagonalised simultaneously,
whence ||S — 5’| cannot become arbitrarily close to zero.

5. Stability of the matrix S—7.5~!

We have seen that S need not be stable when eigenvalue crossings occur, because eigen-
vectors need not be stable. However, it turns out that S~7S! is still stable because
it contains only the (real parts of) projections onto the eigenspaces, which are stable
according to general wisdom. In this section, || - || will always denote the norm || - || in
order not to clutter the text with notation.

Theorem 5.1. Let M € R?"*2" be q positive definite matriz with Williamson decom-
position M = S~TDS™1,

Let E be any symmetric matriz with ||E| = 1. Assume that ¢ > 0 is small enough such
that M. := M + ¢FE is still positive definite and let M, = SE_TDESE_1 be its Williamson
decomposition.



Then for any € such that M, is positive definite and

: [ M]] 1
0<8<mm{(6/§(M))4/3’2||MH’HMH} (27)

with the condition number k, then
1577871 = ST < 9mn (MM, (28)
The inequality can be improved by a more careful analysis of the prefactors.

Proof. From the proof of Theorem 2.1 we know S = M~Y/2KD'/2 and therefore
§Ts=1 = M2 D-1KT M2,
where D = diag(dy,...,dn,dy,...,d,) with d; > 0 and K € O(2n) is given by

K= (F, .. ool . 0. (29)

’Vn )
Here, v; = viﬁ + iv? are the eigenvectors of iM'/2gM'/? corresponding to d;. We have

ls=Ts= =5 TS|
= |M'2KD'KTMY? - M}?K. D' KT M|
< ||M1/2KD71KTM1/2 o M€1/2KD71KTM1/2H
+ | MM2KDTP KT MY? — MM2K . DZVKT M2
+ | MPK.DVKIMY? — MMPK D KT MP|
< M2 = M| MR ID | + ([ = M2 |62 | DS
+[ MM KDT KT — K.DZ'KT |

< (IM'2(ID=H + M2 21D ) M2 = M| (30)
+ M2 |2 DT = DY (31)
+ MM KD KT — KDTUK] (32)

We deal with each term separately, where the hardest term is the last.
Term (30): Using (7) we have |[D7!|| < ||[M~Y|. For [|[M~!|e < 1/2 and € < || M],
Lemma A.4 and A.6 imply
(M 2D+ D) | M2 = M2
< (1M 4+ 4l M2 e (33)
< 5K(M)1/2HM71H1/2€1/2_

Term (31): Since S~! diagonalises M~ > 0, Theorem 3.1 implies

ID™" = D1 < (w(M)R(M)) 2 M = M|



Lemma A.5,A.7
< AR(M)|IM %

for |M~t|le < 1/2 and with | M| < ||[M| +e < 2||M|. Plugging this into (31) and
using € < || M|| we obtain

IMEZ M| D™ = DI < 4s(M)*2(|M e (34)
Term (32): The interesting part is |[KD~'KT — K.D~'KT||. We start by observing:

KDflKT Zdl%%T_}_Zdl\SJT Zd— Z(;RJ%T_{_UJ\SJJT)

]G{k‘dk:di,k 1,.. ,n}

(35)
Furthermore,
ZMW +ot ) =R + i) F i) = R(Pu(d))  (36)
je{kldr=d;,k=1,...,n} je{k|dr=d; k=1,...n}

where R denotes the real part of the expression and Py/(d;) denotes the spectral pro-
jection onto the eigenvalue subspace of the eigenvalue d; of iMY25MY2. We wish to
apply general knowledge about the stability of eigenspaces. For convenience, the relevant
theorem ([Bha96] Theorem VII.3.2) is stated in Lemma A.3.

In order to apply it, we need to consider the spectrum of :M:’ "o M:'": By construction,
spec(iMY2c M'Y?) = {£dy,...,+d,}. Denote the positive eigenvalues as spec,, then
we can write spec, (iM/20M'/?) = U§:1 S; where all S; contain d; with multiplicities,
fulfil dist(S;, Sg) := min{|d —e| | d € Sj,e € S} > || M|[*/*e'/* and k is maximal.

The stability of the symplectic spectrum implies:

/2012,

~ ~ Theorem 3.1
ID=Del| < (w(M)r(M:))! %
Lemma A.7 6H(M) 3/4||M||3/461/4
< =
< 2k(M)e ||M||3/46 3
Assumption (27)
< IM]|* et 3 (37)

hence if we set d; :== D;; and ¢; := (ba)n‘, then we have
d; — e < ||M|]>*e'/4/3 Vi=1,...,n. (38)

We can now define the multisets R; := {e;|d; € S;} for every S; and make the following
observations:

1. The diameter of S; does not exceed ||M||3/4e!/4|S;|.
2. |Rj| =|5;| for every j =1,... k.
3. dist(R;, Rj) > 1/3||M |34/ for i # j.

10



Observation 1 follows from the maximal number of S;: If the diameter was larger, by
the pidgeon-hole principle we could divide S; into two sets with distance larger than
HMH3/451/4-

Observation 2 follows, since any e; € R; is at most 1/3|M||3/4c/* away from some
d; € S; and since the distance of S; and Sy, is at least || M|>/4e'/4, |e; —dy| > 2/3|| M||>/*
for any di € S with k # j. Incidentally, this also proves Observation 3.

Now let e; be as defined with equation (38). Using equation (36), we see

k
IKDT'KT — K.D'KT | = 1Y > d (R(Par(di) — R(Par. (e2)))
7=1 diGSj
For every set Sj, pick a value dg; € S; and we have:

k
IKD™ KT =KD K| = || dg ! (R(Pu(S))) = R(Par.(R))))
j=1

k
+30 3 @ - dgh) S (R(Par(d) — R(Par. (e2))

Jj=1d; €S d; €5
k
< ngjl\l?ﬁ(PM(Sj)) = R(Pu. (R)l (39)
j=1

k R
595 Py () - RCPu (e (10)

7=1 diESj v SJ

Recall that the real part of an operator T is defined as R(T) := (T + T%)/2. Since it
is clearly linear for all matrices T', using that |7+ T%|| < 2||T|| and the fact that every
unitarily invariant norm fulfils ||7%|| = ||T"|| implies

1R(P(S1)) = R(Par (By)) || < [Par(Si) — P (BRIl Vi, j.

Now we can apply Lemma A.3 to the term (39): Let Pf;(S;) and Pf; (R;) be comple-
mentary orthogonal projections such that in particular Pys(S;) + Pj5;(S;) = 1. Then we
have for every j =1,...,k:

1Par(S5) — Par. (Ry)|| = [|Par(S5) (Par. (R;) + Py (Rj)) — (Par(S;) + Py (S)) P (Rj)|
= 1P (S5) Pys. (Rj) — Py (S5) P (Ry)|
3 2 r1/2 1/2 _ :as1/2 1/2
S WHZM O'M ZME UME H
3T

< - 1/2 1/2 1/2 _ as1/2
_281/4||M||3/4(HM |+ 1A= ]| M M7

Here, we used Observation 3 of the decomposition, which gives a lower bound on
diSt(Sj,Ri) for 4 75 ]

11



For the term (40) we use that the norm of the difference of two projections never exceeds
one:

Z Z H%( M (di)) — R(Pa, (eq) H<ZZ : (41)
j=1d;eS; Jj=1d;eS;

We can now use the Observation 1 and the fact that for any S;, |S;| < n. This gives an
upper bound to |d; — dg,|. Furthermore, |dids;| > |dmin|* = 1/ D~!||* and hence,

k
> Z <Z n? [ DM PV < n®| DY P M P, (42)
j=1d

G J

In total, we obtain

k
_ _ _ 3T
IKDTEY — KDUKE < ) di gy (M2 4 MDA = 02
j=1
+ 3| D M A, (43)

Now, we know that ZZ Ld7t < |D7Y|; < n| MY by equation (7) and the fact that
|IL|li = n. Using Lemmata A.4, A.6 and A.7, we can now fully evaluate the term (32):

M2 (1M 2| KD KT — K.DT'KT|

9
-1 ) 1/2.1/2 3 a7—1)12 3/4_1/4
<2[|M|| <7”LHM H2€1/4HMH3/4 [M77=e™= + n? || M| 7| M|[* e >
< 97TTLI{(M)3/4||M_1||1/481/4 —|—ngli(M)7/4HM_1||1/481/4. (44)

Finally, we can put everything together by substitution (33), (34) and (44) into (30)-(32).
Using |[M~!||le < ||[M~||Y/%e/* < 1/2, we obtain:

17T~ =SS || < 9mnPr(M)? (| M| V41, (45)

The constant is not optimal. ]

6. Applications

Let us now sketch a few applications of the theorems to quantum information theory
(an overview can be found in [ARLI14]). The basic object in quantum mechanics are the
quantum state of a system. In the case of systems consisting of n bosonic modes (such
systems are considered especially in quantum optics), an important set of states are the
so called Gaussian states. They can be characterised by their first and second moments,
which correspond to a vector d € R?” and a covariance matrix v € R?"*2"_ Necessary
and sufficient conditions for v to be the covariance matrix of a quantum state are given
as v > 1o by Heisenberg’s inequality. Pure states then correspond to symplectic positive

12



definite matrices. Given two systems of n-modes and a state on two systems given by
vaB € R¥"X47 one can consider the reduced state of the quantum system, which is given
by the upper left 2n x 2n-submatrix of v4p3.

An important quantity in quantum information is the entropy of entanglement. As
proven in [HSH99], the entanglement entropy for Gaussian states is a continuous function
of the symplectic spectrum of the reduced state of a system. Given a Gaussian quantum
state with covariance matrix -, it is given by

H(V)Zi(g (dk2+1>—g<dk2_1>> (46)

k=1

where g(x) = xzlog(z) and the dj are the symplectic eigenvalues.
An easy corollary of Theorem 3.1 is the following norm bound on the entropy difference:

Corollary 6.1. For Gaussian states characterised by (yap,d), the entropy of entangle-
ment is continuous in yap. Furthermore, for two states v and % in the interior of the
set of covariance matrices, the entropy difference is bounded by

[H(7) = H@)| < (s(3)x(3)2)(1 + log(max(|[llos (VI = 1D/2))lly = Al

Proof. The entropy is continuous, since g is continuous and the symplectic eigenvalues
are continuous.

Let di be the entries of D, the Williamson diagonalisation of 7 (likewise dk), which
implies that % > 1 always and % > 0. For x > 0 we have

|z log(x) — ylog(y)| = |z log(z) — ylog(z) + ylog(x) — ylog(y)|
= |(z —y)log(z) + ylog(1+ (z — y)/y)| < |log(z)||z —y| + |z — y

For z = 0, the upper bound is clearly also true, since zlog(z) = 0. Using that log((dy +
1)/2) < log(dy), we obtain

() -0 (7)o (55) o (%)

2
< (1 +1log(dp))|dp — di| + (1 + log((di — 1)/2))|dk — dy|

Taking the sum and noting that dy < ||Dl|s by assumption and ming, dy < [|[D71]|],
we have

[H(7) = HF)| < (1 +10g (| Dl|oc))|D = Dll1 + (1 +log((1/| D~ los — 1)/2))||D = DI|1.
The rest then follows by using Theorem 3.1. O

Note that the bound becomes arbitrarily bad if D has eigenvalues close to one. This is
to be expected, since the function xlog(z) is not uniformly continuous at 0 and hence
cannot be norm bounded with a constant independent of .

13



Another interesting measure in quantum information is the Gaussian entanglement of
formation. This is a measure to quantify the amount of entanglement needed to prepare
a state of two systems under so-called LOCC operations (local quantum operations on
each part of the systems and classical communication between the parts). It was shown
in [Wol+-04] that this measure can be written as

lﬂbnn(VAfﬁ =ZHﬁH{]¥(W¢)V%4B Eit;rsasve Sp(Qn)}

where -y, is the reduced state of STS and H(-) denotes the entropy of entanglement.
Using the methods of [[LW16] and the stability results of this paper, one can now prove:

Proposition 6.2. The Gaussian entanglement of formation is continuous on the inte-
rior of the set of covariance matrices.

Sketch of the proof. This can be proven in two ways. For v4p in the interior of the set
of covariance matrices, one can either use set-valued analysis as in the proof of Theorem
4.4 in [ILW16] to prove that the set {yap > 70 > ic} is convex and varies continuously
with v45. Then the result follows from Corollary 6.1.

Equivalently, one can use Theorem 5.1 to show that for any € > 0 and any symmetric
small enough, for any ST'S < y4p there exists SI'S. < yap + ¢F, such that their norm
difference is small and then apply Corollary 6.1. 0

As a last application, let us mention that the stability of STS as in Theorem 5.1 is
implicitly useful in [[LW16]: There, we provide a program to compute an operational
measure for squeezing. Given a covariance matrix v of a state to be constructed, the
program first computes Williamson’s normal form and takes ST'S as a starting point. If
ST'S was not continuous in the covariance matrix, this would imply that rounding errors
in v could result in the corresponding S”'S not being a feasible point for the program.
Theorem 5.1 asserts that this problem cannot occur.
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A. Some useful lemmata

In this appendix, we will first review the main nontrivial theorems we use in the main
text to establish our results. In addition, we give a number of small lemmata that include
calculations that are frequently used in the main text to eliminate e-dependencies of the
constants. Since these are not very important for the gist of the argument, they are
collected here in order not to further clutter the main text.

Lemma A.1 ([Wil65] Chapter 2 Section 10). Let A be a Hermitian matriz with nonde-
generate spectrum and B be a perturbation with ||Blleo < 1. Then there exists a number
Cyec > 0 such that for all cyee > € > 0 we have
2n
- €
ming; [A; — A

| — zi(e)]l2 < (47)

where x; denotes the i-th eigenvector of A and x;(g) the i-th eigenvalue of A+ eB.

Proof. Since this is not the exact formulation of the section in [Wil65], a few words
on how this theorem is related to what is written there: The section computes the
first order term in the perturbative expansion of an eigenvector z;(¢). Since Hermitian
eigenvectors are orthogonal the first order term of the eigenvector expansion of x; as in

(10.2) of [Wil65] reads
B2122 Brn1Zn
< e .. _—
—€<A1A2+ )
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where |821| < ||Bl|co < 1 are some numbers and \; are the eigenvalues of A. Hence for
€ small enough, we have

|z; — 2i(e) |2 < <H$2H2 +...+ Hxn||2> e+ 0(e?)

A=A T A=A
2
= i P — )\jys + O(e%).
For € small enough, this then implies the bound in the theorem. O

Lemma A.2 ([Bha96] Theorem VIIL.3.9). Let A, B be any two matrices such that
A = SDiS7Y, B = TDyT™!, where S,T are invertible matrices and D1, Dy are real
diagonal matrices. Then

|Eigh(A4) - Eigh(B)| < (x(S)s(T))"*| A - B| (48)

for every unitarily invariant norm. Here, k is the condition number and Eig* denotes
the (ordered) set of eigenvalues.

Lemma A.3 ([Bha96] Theorem VII.3.2). Let A, B € C™*™ be Hermitian operators and
let S1,S2 be any two subsets of R such that dist(S1,S2) = § > 0. Let E = P4(S1)
(F = Pg(S2)) be the spectral projection onto the space spanned by the eigenvectors of A
(B) corresponding to eigenvalues in S1. Then, for every unitarily invariant norm,

™
IEF| < 55114 = B (49)

Lemma A.4. Let A,B € C"*"™ be positive semidefinite operators. Then, for every
unitarily invariant norm,

142 = BY2| < ||A - B2 (11| (50)

Proof. This follows directly from the proof of Theorem X.1.1 in [Bha96] using that
the square root function is operator monotone on positive semidefinite matrices and
01/2 = 0. D

Lemma A.5. Let A, B € C"*"™ be positive definite operators. Then for every unitarily
mvariant norm,

IA™ = BT < AT B7HI1A - B (51)
Proof. Calculate:

AT =B~ = A7 (@ = AB~H)BB7Y| < ATl B7M[I(L — AB~Y)B|
< [lATHIIB=HIA - Bl
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Lemma A.6. Let M be an invertible matriz, E a matriz with | Bl = 1 and | M| <
1

5, then

2¢e’

I(M +eE) oo <2 Ml (52)

Proof. Using the Woodbury formula (which was not found by Woodbury [Hag89]), we
have:

(M+eE)y =M - M YT +ecEM Y eEM.
Since || M ~!||o < 5, the Neuman series of (I + eEM~')~! converges and we have (I +
SEM1)! = S en(EMYP, and hence (1 +eEM 1) oo < S50 0 en | MR, <
2, which implies:

1M +€B) Moo < 1M Hloo + 1Moo - 26| EM ™.

Finally, since ¢||M 1| < 1/2 by assumption, we have |[|[M Yo - 2¢[|EM o <

1Moo - 26| M oo < |M™H|oo. 0
Lemma A.7. Let M,E € R™", M > 0 and |[Ell = 1. If MY < &£ and
e < ||M||oo, we have

k(M +eE) < 4k(M). (53)

Proof. We use k(M +¢eE) = ||M +¢E||sl||(M+eE)™!||« by definition and apply Lemma
A.6 to obtain:

K(M +eB) < 2| M + eEloo | M|

Using ||M + eE||oc < |[[M|| 4+ ¢ < 2||M]| finishes the proof. O
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On additive Gaussian quantum channels

M. Idel, R. Konig September 26, 2016

Quantum channels, i.e. completely positive trace preserving maps, provide the abstract
framework to study information transmission. Since the set of channels is too big to
be useful it is natural to study subclasses of channels. One such subclass is given by
the set of additive channels, channels of the form

E(p) = trp (Ux(p® pp)US) , (1)

where U is a beam splitter with some transmissivity. Such channels arise naturally
when the environment is considered a “resource”. We study the set of additive quan-
tum channels from the viewpoint of squeezing. It is then natural to consider the
broader class of channels with squeezed environment and a unitary U which cannot
squeeze but is not necessarily a beam splitter. We provide a classification of all such
channels and connect it to other classes of channels such as covariant channels.

1 Dilation theorem

Given a Gaussian channel (X,Y") which transforms the covariance matrix -y of a Gaus-
sian state as v — XT~yX + Y, we first ask the question which of those channels can
be implemented in the form of Equation (1) with passive unitary U. We call those
channels passively dilatable:

Theorem 1.1. Let ®x y be an n-mode Gaussian channel and suppose Y and X have
full rank. The following conditions are equivalent:

(i) There exists a passive dilation with l environment modes and S € Sp(2(n+1))N
O2(n+1)).

(ii) The matrices X,Y satisfy 1, — XXT >0, [X,02,] =0 and | > n.

We can leave out the condition that X,Y have full rank by introducing some fur-
ther technicalities. The proof of this theorem (in the full version) heavily relies on
properties of the Moore-Penrose pseudoinverse and the structure of matrices in the
group Sp(2nNO(2n). Some methods are similar to methods in earlier papers studying
general dilations in [1, 2].

We also prove uniqueness up to a passive rotation for minimal dilations, i.e. those
dilations where [ is as small as possible. This is in line with the usual uniqueness
statements of Stinespring’s theorem. In addition, we can also classify channels where
the environment is not squeezed. Those are channels that fulfil [Y, 03,] = 0 in addition
to all other properties of the equivalence.



2 Normal form

Given the dilation result and using the singular value decomposition we obtain the
following characterisation of all passively dilatable channels:

Theorem 2.1. Let & : B(A;... A,) — B(A;1--- Ayn) be a passively dilatable n-mode
Gaussian channel. Then there is an n-mode Gaussian state pg = pg,...E,, n-mode
Gaussian unitaries V., W and transmissivities A = (A1,...,An) € [0,1]™ such that for
the multi-mode beam splitter Uy = Uj\qllEl X ® U/’\:”E", we have

O(p) =V (trg U\(WpW* ® pp)U5) V™ for all states p. (2)

The theorem tells us that passively dilatable channels and additive channels are the
same (modulo Gaussian unitaries).

3 Open questions and connections to other work

Passively dilatable or additive Gaussian channels are interesting for the resource the-
ory of squeezing. Omne could for instance quantify the amount of squeezing in the
environment by one of the available squeezing measures and ask for the maximum
output squeezing provided that the input is not squeezed. This could then provide
bounds on the output entanglement and maybe relate to channel capacities. Another
possible application and one of the primary motivations was to quantify the amount
of squeezing necessary for superactivation, which is known to be nonzero [3]. So far
however we have no nontrivial new results.

4 Legal statement

The initial idea was proposed by Robert Konig. In all parts of this work I was signifi-
cantly involved.
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Abstract

We give necessary and sufficient conditions for a Gaussian quantum channel
to have a dilation involving a passive, i.e., number-preserving unitary. We then
establish a normal form of such channels: any passively dilatable channel is the
result of applying passive unitaries to the input and output of a Gaussian additive
channel. The latter combine the state of the system with that of the environment
by means of a multi-mode beamsplitter.

1 Introduction

It is a fortunate fact of nature that many physical systems are well-described by a
quadratic approximation. Harmonic oscillators are ubiquitous in physics, and are the
basis for our understanding of a variety of phenomena in the domain of classical me-
chanics, electrodynamics, solid state physics, quantum field theory and gravity. Gaussian
processes are also essential in probability theory and information theory as a source of
non-trivial yet exactly solvable scenarios of interest. Arguably one of the most promiment
examples is Shannon’s capacity formula for the additive white Gaussian noise (AWGN)
channel [10]. The latter constitutes a realistic model for fiberoptic communication. It
transforms an analog input signal X (modeled by a random variable on R") into the
output Y = X + Z by adding an independent centered unit-variance Gaussian random
variable Z representing the noise. More generally, Z may be replaced by an arbitrary
random variable Z, in which case we refer to this as an additive noise channel.

In quantum mechanics, Gaussian states arise naturally as thermal states of Hamilto-
nians which are quadratic in the mode operators of a bosonic system. The latter provide

*martin.idel@Qtum.de



an accurate description of many systems of interest. Restricting to such Hamiltonians,
Gaussian channels result whenever a system interacts with an environment in a Gaussian
state. A typical example is a channel of the form

E(p) = tre (Ux(p® pp)Uy) , (1)

where U, is a beamsplitter with transmissivity A € [0, 1], and pg is a Gaussian state of
the environment (see Example 3.2 below). This channel constitutes a natural quantum
counterpart of the classical additive noise channel, and, correspondingly, we refer to it
as a (quantum) additive Gaussian noise channel. In the special case where pg is the
thermal state of the harmonic oscillator Hamiltonian, it is also called a thermal noise
channel (and is the counterpart of the AWGN channel).

The channel (1) also arises naturally from the viewpoint of resources in e.g., quantum
optics. The unitary U, obeys a special property: it cannot generate squeezing. More
generally, a unitary U acting jointly on m modes of a system and [ environment modes
is called passive if it commutes with the total number operator N = ZZ; ajay. Here
ar = (Qp +iPy)/ V2 is the usual annihilation operator associated with the k-th mode.
The unitary U, describing the beamsplitter is an example of such a passive unitary. In
fact, a Gaussian unitary is passive if and only if it is the composition of beamsplitters
and phase shifters [9]. Thus passive Gaussian unitary operations are experimentally easy
to implement.

Considering squeezing as a resource, it is natural to try to separate preexisting squeez-
ing (in the form of a potentially squeezed state of the environment) from evolutions gen-
erating squeezing. One is then led to consider the class of passively dilatable channels:
these are channels possessing a dilation with a passive unitary. Motivated by the decom-
position [9] of passive Gaussian unitaries, we ask if passively dilatable channels also have
a special structure. The main result of our paper is such a normal form: we establish a
close connection between additive channels and the class of passively dilatable channels.
That is, any passively dilatable channel is the composition of (i) a passive unitary applied
to the input, (ii) an additive Gaussian noise channel and (iii) a passive unitary applied
to the output.

Our result thus provides an alternative characterization of quantum additive channels
as canonical examples of non-unitary channels which do not generate squeezing. It is
a further manifestation, but in a non-unitary context, of the well-known fact that non-
linear optical elements are generally required for the generation of squeezed states [1].
We refer to [6] for a recent study of the operational quantification of squeezing, and a
more detailed discussion of its role in quantum optics.

Our work also establishes simple necessary and sufficient criteria for deciding when a
given passively dilatable channel has a dilation with [ environment modes. Our consid-
erations cover all cases, including rank-deficient ones. Using these criteria, we compute
the minimal number of required environment modes for a passive dilation to exist. These



results are similar, in spirit, to those of [2, 3], but in contrast to the latter, geared towards
characterizing non-squeezing resources. Specifically, [2] constructs a unitary dilation of
an arbitrary Gaussian quantum channel, and presents a number of applications to weak
degradability. In [3], the minimal number of environment modes required to provide a
unitary Gaussian dilation with pure state environment is identified, and bounds for the
case of mixed state enviroments are given (see Remarks 3.2 and 3.3 below).

2 Preliminaries

We begin by introducing some of the basic relevant terminology associated with con-
tinuous variable quantum information (for longer reviews of the material see for in-
stance [4, 11]). This will also serve to introduce our notation.

2.1 Gaussian states and operations

We consider n-mode bosonic systems with n pairs of quadratures (or modes) given by R =
(Q1, P1,Q2, Ps,...,Qn, P,), or, equivalently, the annihilation and creation operators

ap = %(Qk +iPy) and ay = %(Qk —iPy)

for k =1,...,n. The commutators
[Rj, Ry] = iojiid (2)

are given by the standard symplectic form

U::é(ﬂ (1))

i=1
To simplify notation, it is often convenient to work in the permuted basis (Q1, . .., Qm, P,
coes Py Qi1 -+ o, Qi Prvas - - - Proyt), where o takes the form o = o9, @ 09, with

- (kak T ) .
=1 Opxk
For concreteness, we will henceforth assume that the CCR-relations (2) are realized by
unbounded operators acting on the tensor product H®" where H = L*(R) is the Hilbert
space associated with a single mode. When convenient, we will also use the notation
Ha,..a, = H®" to denote multipartite Hilbert spaces.

An important subset of states is given by the Gaussian states: such a state p is fully
characterised by its first and second moments

dy, = tr(pRy) and Ve = tr(p{ R — diid, Ry — d,id}) ,



where {A, B} = AB+ BA denotes the anticommutator. Here d € R?" is the displacement
vector, whereas the symmetric matrix v = v7' € R?"*2?" is referred to as the covariance
matriz. By Heisenberg’s uncertainty principle, the covariance matrix of any state satisfies
the operator inequality

Y Z Zb'gn . (3)

Conversely, any pair (d,7) with d € R* and v = 7T € R?*2" gatisfying (3) uniquely
defines a Gaussian n-mode state. As a consequence, we may identify the set of Gaussian
states with the set of such pairs.

2.2 (Gaussian operations

A quantum operation (or channel) acting on an n-mode system is described by a com-
pletely positive trace-preserving map ® : B(H®") — B(H®"). Here B(H®") is the set
of bounded linear operators on H®". Again, the subset of Gaussian channels is distin-
guished by the property that such channels map Gaussian states to Gaussian states. Such
a channel is completely characterized by its action on Gaussian states, and the latter has a
convenient description: for a Gaussian state p with displacement vector d and covariance
matrix -, the Gaussian state ®(p) resulting from application of the channel is described
by the pair (d',~") obtained from the map

v XA XT4+Y
d— Xd+v,

where the matrices X,Y € R?*2? and the vector v € R?" determine the action of the
channel. Clearly, Y = Y7 has to be symmetric for this to map covariance matrices to
covariance matrices. The map is completely positive if and only if' (cf. [4])

Y > iy, —iXoon X7 . (4)

Conversely, and similarly as for Gaussian states, any triple (X,Y,v) with Y = Y7 sym-
metric, (X,Y) satisfying (4) and v € R?*" arbitrary uniquely determines a Gaussian
n-mode channel. We will thus identify the set of Gaussian channels with the set of such
triples.

In fact, the displacement vector v € R?" has no influence on operational proper-
ties of the channel such as capacities since it can be changed arbitrarily by applying a
displacement operator (a Gaussian unitary) to the output of the channel (see e.g., [4]).
In contrast, the matrices (X,Y’) determine all important characteristics of the chan-

nel. As a consequence, we will henceforth assume that v = 0 (as in [2, 3]), and write
Dy : B(H®") — B(H®") for the Gaussian channel determined by the pair (X,Y).

!Note that in [4], the condition is stated with a minus sign, but since 07 = —¢ and Y is symmetric,

this conditions is equivalent.



2.3 Gaussian unitaries and passive unitaries

A Gaussian unitary channel is one of the form ®x (i.e., Y = 0). For such channels, the
constraint (4) implies that X preserves the symplectic form (i.e., X009, X = 0y,), i.e.,
X is an element of

Sp(2n) = {S € R* | 855,57 = 03} |

the group of real symplectic matrices. It can be shown that any element S € Sp(2n)
defines a unitary Ug on H®" such that

Pso(p) = UspUs .

Furthermore, S + Ug defines a representation called the metaplectic representation
of Sp(2n).

In more physical terms, a Gaussian unitary describes the evolution (for a fixed amount
of time) generated by a Hamiltonian H which is quadratic in the creation- and annihila-
tion operations, i.e., one that has the form

H= Z hjraiay, + h.c. (5)

J,k=1

A Hamiltonian of the form (5) which commutes with the total number operator, i.e.,
satisfies

n

[H, Za;aj] =0

J=1

is called passive. A passive Hamiltonian generates Gaussian unitaries which are associated
with orthogonal symplectic matrices S € Sp(2n) N O(2n), where

0(2n) = {0 € RZ™ | 007 = 1,,} .

We call such Gaussian unitaries passive. It can be shown that passive Gaussian unitaries
can be realized using beamsplitters and phase shifters only [9].

2.4 On the orthogonal symplectic group

Let us collect a few facts about the group Sp(2n) N O(2n). Crucially, there is an isomor-
phism U(n) = Sp(2n) N O(2n) between this group and the group

Un)={UeC™ | UU=1,}

of unitary n X n matrices. For our purposes, it will be convenient to write out this
isomorphism for the case of n 4 [ modes (associated with a system and its environment),
as follows:



Lemma 2.1. The map

p:Umn+1) — Sp2(n+1))N0O2(Mn+1))

v=(" “2) — ¢(U):S:(Sl 82)

Uz Ugq 53 5S4

were = (00 Rete)

and where u; € C™" uy € C™! ug € C>*" uy € C* is an isomorphism.
Proof. The existence of the isomorphism is well-known (see [8]). We need to show that

S is symplectic:

SosminSt = (

T T T T

$102n,57 + 5909159  8102,S53 + §20915y
T T T T

S$302p,57 + 5409159  S8302,S53 + 54095y

Note that

;09 5T = < Re(u;) Im(u;)" — Im(u;) Re(u;)”  Re(u;) Re(u;)” +Im(uz’)Re(Uj)T)
2no; —(Re(u;) Re(u;)" + Im(u;) Re(u;)T)  Re(u;) Im(u;)” — Im(u;) Re(u;)”

and that
Re(u;) Re(uj)T + Im(w;) Re(uj)T = Re(uiu;r-)
Re(u;) Im(u;)" — Im(u;) Re(u;)" = Im(uzuj)

Therefore, since U is unitary, it follows that Sag(nH)ST = Og(n+1)- Similarly,

T

v (8157 4 5283 s18) 4+ sasl)
5SS = T T T - IL2n
5387 + 8485 S3S83 + S45;

using the unitarity of U. To prove that this is an isomorphism, one then has to consider
the inverse map. This is well-defined because any matrix S € Sp(2n) N O(2n) is of the
form of the image of the map ¢ in (2.1) (see [8]). O

The following lemma will be an important tool in what follows.

Lemma 2.2. For any matriz X € R*"?" [X 0,,] = 0 if and only if X has the form

A B
(5 %)
for some matrices A, B € R™™. In particular, any matrizx X € Sp(2n)NO(2n) commutes

with oo, .
Furthermore, any eigenvalue of a matriz of form (2.2) has even multiplicity.

6



In fact, it can be shown (see [8]) that any two of the three properties X9, X7 = o,
(X, 09,] = 0and X X7 = 1,, implies the third, a feature known as the 2-out-of-3 property.

Proof. The proof is straightforward. The fact that this holds for X € Sp(2n) N O(2n) is
clear from Lemma 2.1 (specialized to [ = 0).

For the eigenvalue multiplicity, note that if v = (vy,v2)T with v;,v, € R™ is an
eigenvector to the eigenvalue A of X, then 09,0 = (vy, —v;)7 is an eigenvector to the same
eigenvalue and oy,v L v. Now, if {v, Ugn’U}J' contains another eigenvalue w € R?*" with
eigenvalue A\, then o9,w is again an eigenvector of X with eigenvalue A. We claim that
{v, 09,0, w, 09,w} is an orthonormal set of eigenvectors to eigenvalue A. By construction,

we have w L {v, 09,0} and og,w L w. Finally, o9, L v as (o9,w,v) = —(w, 09,v) =
0. Iteratively, we can construct an orthonormal basis of every eigenspace, which will
necessarily have even multiplicity. ]

The next lemma is an extension theorem for orthogonal symplectic matrices:

Lemma 2.3. Assume that s; € R*?" and s, € R*™¥% satisfy

T T __
8102,58] + S2091S5 = Oap

T T
S1571 + S289 = 12n .

Then there are s5 € R?*?" and s, € R**2 such that

53 S4

S = <81 82) € Sp2n+1))NO2(n+1)) . (7)
Furthermore, if S is of the form (7) and

5 — ( ) € Sp(2(n+ 1) N O2(n +1)) .

S35y

then there is an orthogonal symplectic matriz o € Sp(21) N O(2l) such that

S/ _ ( ]12n 02n><2l) S ) (8)

O21x2n 0

Proof. This is essentially saying that one can always extend suitable matrices to orthog-
onal symplectic matrices. It is clear by symplectic Gram-Schmidt (see [8]) that it is
always possible to find s3, s4 to construct a symplectic matrix S, which however is not
necessarily orthogonal. Therefore, we take the isomorphism to unitary matrices: Since s;
and s, satisfy the relations (6), we can choose uy, us from the isomorphism in Lemma 2.1.
In particular, the matrix V := (u1 uz) fulfills VVT = 1,,, hence we can extend it to a
unitary matrix U and use the isomorphism again to find s3 and s4. The corresponding S
is now orthogonal symplectic by construction.

7



For the second statement, let S, S € Sp(2(n+1))NO(2(n+1)) be given by (7) and (8),
respectively. Then

1o, 5158 + 5987
S/ST:( 2 T 1°3 24) (9)

1T ! 1T 1T
S381 + 8485  S3S3 + SySy

by the orthogonality relation (6). But S’ST € Sp(2(n+1)) N O(2(n +1)), hence it follows
that

S/ST — ( ]1271 02n><2l> —- O

021x2n 0

for some o € Sp(2l) N O(2]). Combining this with (9) immediately gives O7S'ST =
Lo(n+1)- The claim follows by left- and right-multiplying the latter identity with O and S,
respectively. O]

2.5 Dilations of Gaussian channels

Consider the Gaussian n-mode channel ®xy as defined in Section 2.1. It is well-known
(see [2]) that one can find a Gaussian state pg of [ < n environment modes and a Gaussian
unitary matrix U acting on n + [ modes such that ®xy can be written as

®(p) = tre(U(p® pp)U7) . (10)

Note that we do not demand pg to be a pure state (if it is, this is referred to as the
Stinespring representation, see Remark 3.3 below). In Eq. (10), U = Uy is the image
under the metaplectic representation of a symplectic matrix S € Sp(2(n +1)).

The relationship between S and (X,Y’) is obtained by analyzing the action on co-
variance matrices: if the [-mode Gaussian state pg has covariance matrix g, then the
channel’s action is given by

v (S(’Y D 7E)ST)2n><2n = X'YXT +Y

where (+)a,x2, means that we restrict to the upper left block of the size 2n x 2n. More
precisely, writing

with s; € R?*2" and s4 € R**? we have

T
s1 8 Y Ooaxar) (s1 82\ _ (s175] +s2vmsy
sz Sa) \ODaxan  7VE 53 Sa * *



and therefore
XyXT+Y = s17s] + syypse (11)
for all covariance matrices v. Thus the pair (X,Y) and (si, so,g) are related by

X =35 and Y = s9ypss . (12)

3 Passively dilatable (Gaussian channels

Given a Gaussian channel ®xy, we ask if there is passive unitary associated with an
element S € Sp(2n) N O(2n) and an (arbitrary) state pg of the environment constituting
a dilation of the channel. We shall call any channel with this property passively dilatable.
Our main result is the following.

Theorem 3.1. Let ®xy be an n-mode Gaussian channel. The following conditions are
equivalent:

(i) There exists a passive dilation with | environment modes and S € Sp(2(n +1)) N
O2(n+1)).

(ii) The matrices X,Y satisfy 1o, — XX7T >0, [X, 09,] = 0, ker(Y) = ker(1y, — X X7T)
and 21 > rank(1, — X XT).

We defer the proof of this theorem to Section 3.2, and first discuss some examples.

Remark 3.1. Note that if [X,02,] = 0, then rank(1a, — X X7) is even (see Lemma 2.2)
and therefore also rank(Y).

Example 3.1. Consider the classical noise channel given by X =1 and Y >0, Y # 0.
According to Theorem 3.1, this channel is not passively dilatable because the condition
ker(Y) = ker(1 — XXT) is not met. A dilation of this channel with two environment
modes is given in [5].

Example 3.2. Let Uy be the two-mode beamsplitter with transmissivity A € [0, 1], i.e.,
the Gaussian unitary given by the symplectic matrix

M= (\/I@ilg \/—ﬁf)

with respect to the ordering (Q1, P, Q2, P2) of the modes. Let pg be a one-mode Gaussian
state with covariance matriz vg. Consider a channel of the form

®(p) = trp Ux(p ® pp)U; - (13)



We call this an additive Gaussian channel.
Since Uy, is passive, ® is clearly passively dilatable. To see that the conditions of the
theorem are satisfied, observe that

X = VA1, and Y =(1-=XNyg .

Assume that X €]0,1[. Then it is easily verified (using the fact that covariance matrices
are positive definite) that the conditions of (ii) are satisfied for any l > 1. In particular,
the theorem implies that there is a dilation with | modes for all | > 1. This is consistent
with expression (13). The theorem also implies that at least one environment mode is
necessary.

On the other hand, assume that A = 1. Then the conditions of (ii) are satified for
any | > 0, implying the existence of a dilation with no environment modes. Indeed, in
this case, the channel is simply the identity channel, with trivial dilation ®(p) = p for all
states p.

Finally, consider the case where A = 0. Here the conditions (ii) apply with | > 1,
which is also consistent with (13).

In most cases, the theorem can be stated in a simpler fashion.

Corollary 3.2. Let ®xy be an n-mode Gaussian channel such that XY and 1y, —

XXT have full rank. Then there exists a passive dilation with n modes if and only if
Iy, — XXT >0 and [X,09,] = 0.

In fact, we remark that this Corollary can be shown directly by constructing an
orthogonal symplectic unitary from s; = X, sy = (L, — X X7)"/2 and using the covariance
matrix v = s, Y (s5)7.

3.1 General observations about dilations

We can now make a first step towards proving the theorem:

Lemma 3.3. Let ®xy be an n-mode Gaussian channel. Using the notation of equation
(10), such a Gaussian channel can be passively dilated with | environment modes if and
only if there exists a tuple (so,vE) with sy € R¥™¥2 ~p € R2*2 gnd v > ioy such that

820'218%—‘ = 09y, — XO'QnXT =
o5t =1y, — XXT = % (14)

T
$2YESy; =Y

There is a dilation with s = X.

10



Proof. Given a passive dilation of the channel with a matrix S € Sp(2(n+1))NO(2(n+1)),
we know that Xy X7 +Y = s19ysT + syyps? by equation (11). Therefore, it must hold
that s; = X and syygps? =Y, which is the third equation of (14). In addition, we need
that S is symplectic and orthogonal, which means that the following conditions must
always hold:

$109,8] + 52025y = Oy
818? + 8285 = ]lgn
slagnng + 820-2[8;{ =0
slsg + szsf =0
$302053 + S4025) = O
838?): + 548?; = ]1271
If we plug in s = X, the first two conditions are exactly equations (6) so that it is
necessary to satisfy system (14) in order to have a passive dilation.

Conversely, using Lemma 2.3, having a solution to (14), we can always choose s3 and
s4 to extend S to an orthogonal symplectic matrix. O]

This lemma implies that proving Theorem 3.1 is equivalent to characterizing the
solvability of the system of equations (14). From the fact that sys? is positive semidefinite,
it is immediately clear that the system can only be solvable if S > 0, which is one of the
conditions stated in Theorem 3.1. To recover the other conditions, we will need the next
lemma:

Lemma 3.4. In the notation of Lemma 3.3, for any passive dilation of an n-mode pas-
swely dilatable Gaussian channel ®xy we have ¥ = agnE and both > and 33 commute
with oay,.

Proof. By definition, we need 3202555 = > and szsg = 3. Since Sy is derived from an
orthogonal symplectic matrix, it is of the form (see Lemma 2.1)

o= () o)

Setting

we obtain:



Since ¥ and ¥ are of the form specified in Lemma 2.2, they commute with o5,. O

3.2 Proof of Theorem 3.1
3.2.1 Characterization of passively dilatable channels ((i)=(ii))

We begin by proving the first part of Theorem 3.1, namely that the stated conditions are
necessary:

Lemma 3.5. Let ®xy be an n-mode Gaussian channel. The conditions 1, —XXT >0,
[X,02,] = 0 and 21 > rank(la, — XX7T) are necessary for the existence of a passive
dilation of the channel with 21 environment modes.

Proof. By Lemma 3.3, in order for a dilation to exist, the system of equations (14) must
be satisfied. In particular, sps? = 1, — XX7. Due to the fact that s;sl is positive
semidefinite, 1o, — X X7 must be positive semidefinite. In addition, if so € R?**?' then
rank(sys?) < 2, which implies that sysi = 1,5, — XX7T can only have a solution if
rank(1y, — XXT) < 2I. Finally, for a passive dilation we have S € Sp(2n) N O(2n)
by definition. The 2-out-of-3 property of the unitary group (Lemma 2.2) then implies
1S, 0am+1y] = 0 and therefore [s1, 09,] = 0. Hence [X, 04,] = 0 is a necessary condition as
X = s1. ]

Lemma 3.6. Let Pxy be a Gaussian channel. The condition ker(1s, — X X7) = ker(Y)
i1s necessary for the existence of a passive dilation of the channel.

Proof. We suppose that we have found (sz, v£) such that 5232T = 19,—XXT and vg > ioy
such that syyps? =Y. First note that for every y € ker(s?) we have syypsty = 0, hence
y € ker(Y) or ker(s?) C ker(Y). Now, on the other hand

rank(s3 ) > rank(syygst ) > rank(sy syypss 55 )

with the pseudoinverse s (see Appendix A for definition and basic properties), using

that the rank of a product of matrices is always smaller than the rank of its factors. Now
note that s3 s, = @ is the orthogonal projection onto the range of sI. Since yg > ioy,
one can easily see that vg > 0 has full rank, which means that there is € > 0 such that
vE > €ly. Then we have that QveQ > £Q? = @, hence

rank(sy syypss s37) > rank(Q) = rank(s?)

But then, rank(Y) = rank(soygsl) = rank(s?) and therefore ker(Y) = ker(sl). Finally,
since ker(sy) = im(s2)*, ker(sesl) = ker(sl) and hence ker(1y, — XX7) = ker(Y) is a
necessary condition. O

Lemmas 3.5 and 3.6 show that the conditions stated in Theorem 3.1 are necessary for
a passive dilation to exist. This proves the implication (i)=-(ii).

12



3.2.2 Existence of unitary dilations ((ii)=(i))

We now consider the converse direction, i.e., we assume that (X, Y') satisfy the conditions
stated in (ii) of Theorem 3.1 and show that these are sufficient to imply the existence of
a passive dilation (as in (i)).

Lemma 3.7. Let ®xy be an n-mode Gaussian channel satisfying 21 > rank(1 — X X7T),
Iy, — XXT >0, ker(ly, — XXT) = ker(Y) and [09,, X] = 0. Then there is a passive

dilation with | environment modes.

Proof. From the spectral theorem, it is known that if [A, B] = 0 and A is normal, then
also [Py(a), B] = 0 for any spectral projection Py4) of A and therefore [A'/2 B] = 0,

where A2 denotes the unique positive square root of A. Define ¥ =1— XXT >0 and
Y = 09, — X09,X7T. Using [09,, X] = 0, we have Oond = ¥ and 09,5 = Sog,, ie. O
commutes with oq,. Therefore

U2 o] = 0 (15)

and thus (see Lemma 2.2) the matrix /2 is of the form

/2 < _uy Z) (16)

and
Y = 220,512 (17)
Furthermore, by definition of the square root (and since S is symmetric), we have
(21/2)T _ sz (18)
We divide the proof into three cases:

1. Consider the case where [ = n. We proceed by constructing a pair (s,, vg) satisfying
the conditions of Lemma 3.3, implying the existence of a passive dilation of (X,Y).

Setting s, = 31/2 we have 5,57 = 3 and $509,57 = . Thus the first two conditions
of (14) (Lemma 3.3) are satisfied, and it remains to construct a covariance matrix vg
satisfying syypst =Y. Let s5 be the Moore-Penrose pseudoinverse of s. We set

ve =s3Ys3 T+ Prex(ss) (19)
where Pye(s,) is the projection onto ker(sy). Then

S9YESs = 5953 Y 55 1 sh = Pim(SQ)YPT (59) (20)

m
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where we used the fact that sy Per(s,) = 0 in the first identity and the properties of
the Moore-Penrose-pseudoinverse (Lemma A.1) in the second step, and where we
denoted the projection onto the range im(sy) of sy by Pim(s,).-

~ ~

Since im(Y) = im(3) by assumption and im(X) = im(sesl) C im(ss), we have
Piy(s)Y =Y and since Y = YT is symmetric, it follows that

Pin(sn)Y P Y.

im(sp) —

Inserting this into (20) yields syyesl =Y, as claimed (cf. (14)).

We next verify that v is a valid covariance matrix. This is done using equation (4):
we have

53Y 537 4+ Prer(sy) > (22 (1090 — iX00n XT) (V)T 4 Prer(en)
— 2(21/2)+E(21/2)+T + Pker(SQ)
_ i(21/2>+21/202n(21/2)T(21/2)4—T + Pker(52)

= ZRm(S%“)UgnPT

im(s

) + Pker(sg)

where we used (17) in the third step and introduced the projection P

im(51/2) onto

the range of the symmetric matrix s7 = (£'/2)7 in the fourth step. Since s, is
symmetric we have

Pker(sg) = la, — Pkel'(SQ)J‘ = 1y, — Rm(82) = 1y, — le(sg) :
Using 19, > i09,, we thus obtain

S;YSEFT + Pker(sg) > i‘Pim(sg)O-QnPiz;l( + Z(]l - Pim(sg))UQn(]l - Plz;(sg)) = i02n~

$2)

Here we used that Py, (,,) commutes with o9, as a consequence of (15) and the fact

that it is the projection onto the range of 312, This concludes the proof that (19)
defines a valid covariance matrix.

. The claim for [ > n then follows immediately by using the established claim for
| = n: since 2n > rank(1 — X X7), there is a dilation ®(p) = trg(U(p @ pr)U*)
involving n environment modes. For an arbitrary (I — n)-mode state pz, we then
have

®(p) = trpp (U 15)(p® (pr ® pp)) (U 15)%),

providing us with a passive dilation using [ modes.

14



~

3. Finally, consider the case [ < n. Then we have rank(X) < 2I by assumption. We

~

can assume that rank(X) = 2l without loss of generality (cf. Remark 3.1), since
otherwise we can proceed as in step (2) to increase the number of environment

modes.
We exploit the form (16) of 31/2. Because $/2 is symmetric (cf. (18)), we have
uT =y and 17 = —v, hence the complex matrix 3¢/” := p + iv is Hermitian. We

can thus diagonalise f](lc/ ? with a unitary u € U(n), which corresponds (see Lemma

2.1) to a matrix o € Sp(2n) N O(2n) such that v *u corresponds to 051207, In
particular,

OiI/QOT:diag(dh"'7dl50a"'707d17'"’dho?""o)
S—— N——

n—I n—I
This implies that 3!/207 has the form
21/20T = (A 02n><(n—l) B 02n><(n—l))

for two matrices A, B € R?***!. We now define s, to be the matrix where we erase
the 2(n — ) zero columns, i.e. we choose

so=(A B) e R** .
By construction, this implies that sysi = 3 as before, and since o
with o9, (Lemma 2.2), we also have 3202135 = 02n3232T. Again, g is defined as in

the case [ = n by (19) and we have a solution to the system (14) with vg > iog by
the same argument as in case 1.

T commutes

O

3.3 Minimal dilations

In the following, we show that under the assumptions of Corollary 3.2, any pair of dilations
are related by orthogonal symplectic matrices acting on the environment. More generally,
let us define a minimal dilation as one with the least number of environment modes. We
then have the following uniqueness property of minimal dilations.

Theorem 3.8. Let ®xy be a passively dilatable n-mode Gaussian channel. Then

(i) A dilation is minimal if and only if | = Srank(Y). There is a minimal dilation
given by the construction of Theorem 3.1.

15



(ii) Let

_[S1 S2
so (2 %) a
be the orthogonal symplectic matrixz describing the passive Gaussian unitary as-

sociated with a minimal dilation. Then rank(sy) = 21 = rankY. In particular,
59 € R22 s injective.

(i1i) Consider two minimal dilations
Cxy(p) = trpUlp @ pp)U” = trp U'(p @ pp)U”

of ®x.y, where U, U’ are passive Gaussian unitaries on H®"+ . Then there are two
passive Gaussian unitaries V,V on H® such that

U' = (Iyen @ V)U(Lyen @ V) and — py=V*ppV .

Note that a statement analogous to (iii) was given in [2, Appendix D] for general (non-
passive) dilations.

Remark 3.2. Let us compare these statements to the results of [2, 3. For a channel ®x v,
let [Mized(®y y) denote the minimal number of environment modes such that a dilation
with a (potentially mized) state of the environment exists. By explicit construction, it
was shown in [2] (see also [3, Section 2]) that ™2 (®xy) < 2n —rank(X)/2, where ¥ is

defined by (14). This result was later improved to
[mzed(@y ) < rank(Y) — rank(3)/2 (22)

in [3], and this is conjectured to be optimal (a matching lower bound is not known, but
see Remark 3.3). To compare to our results, assume that ®xy is passively dilatable. Let
lgfﬁfgasme@ xy) denote the minimal number of environment modes such that a dilation
with a passive unitary exists. By definition, we clearly have

lmimed((I)X’Y) S lmixed ((I)X,Y) )

min min,passive

According to Theorem 3.8, we have

min,passive

: 1
jrized o (Pxy) = 5 rankY” . (23)

But since rank(Y') > rank(X) (see e.g., [3, Eq. (10)] — this follows immediately from the
positivity condition (4)), this means that

, 1
jrized (Pxy) =rankY — 3 rank Y < rank(Y') — rank(X)/2 .

min,passive

Thus our result is consistent with (22). We emphasize that in contrast to the case where
passivity is not imposed on the dilating unitary, the exact minimal number 75 & (®x y)
of environment modes is known, i.e., given by expression (23).
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Remark 3.3. The authors of [2, 3] also consider dilations where the state pg is pure.
These are referred to as Stinespring dilations. Correspondingly, they consider the min-
imal number V7 (Pxy) of environment modes for a Stinespring dilation with a pure
Gaussian environment state pg to exist. Imposing Gaussianity here is crucial to get a
non-trivial problem, since any mized state can be purified with only a single additional
mode otherwise. By definition, we clearly have ™= (®x ) < IPY(®xy). Improving an
upper bound of [2], and by providing a new lower bound, the identity
Poi(Pxy) = rank(Y —iX)

was shown in [3]. We have not considered the analogous question for passive dilations,
since our focus is on establishing an equivalence with additive Gaussian channels (see
Theorem 4.1). At least in one direction, the analysis of [3, Appendiz B] should be useful:
here the minimal number of modes needed to find a Gaussian purification of a generic
multimode Gaussian state is computed.

Proof of Theorem 3.8. Statement (ii) of Theorem 3.1 implies that there is a dilation with
| = rank(Y) environment, and this number is minimal. This proves statement (i).

To prove statement (ii), fix a minimal dilation with orthogonal symplectic matrix S
and covariance matrix vg. By (i), the number of environment modes is ¢ = %rank Y,
ie., 55 € R¥rank(Y) anqd ~p ¢ RrankY>manky "By the minimality and (12), we have 21 =
rank(Y) = rank(syygsl ), but since v > iy, the covariance matrix g is full rank and
it follows that rank(sy) = 2{. In particular, this implies that s, € R***? is injective.

Finally, we can prove statement (iii): Consider two minimal dilations of ®xy with

orthogonal symplectic matrices

=(hn) e o= ()
and covariance matrices vg and v}, respectively. In particular, so, s, € R**% and
sp=8=X (24)
by (12). Using the orthogonality of S and S’ (in the form (6)) therefore gives
S950 = shshl . (25)

Since s, is injective, s3 s = 1y by the properties of the pseudoinverse. Multiplying (25)

from the left by s3 therefore gives s = s3 shs4” and multiplying this from the right with

+T _ T AT _ + ot JT 4T : . .
Sy yields s5 55 © = 55 85s5" s © which is equivalent to



Hence
sysy=:10€ O(2) (26)

is orthogonal. Multiplying Eq. (26) from the left by s, and using that sysf = Prange(ss) 18
the projection onto the range of s, we obtain Pange(s,)s5 = 520, hence

Sy = $20 (27)

because Prange(s,)s5 = 5. The latter identity follows from the fact that the images of s,
and s, coincide as a consequence of the assumption sys? = shsy and the fact that s
and s are surjective (since so, s}, are injective, as argued above).

Furthermore, using the symplecticity condition (6), we have

T . T T.T
S9091Sy = S90Sy = S$2009,0" Sy (28)

Since s, is minimal it is injective and hence s is surjective. Because of the injectivity

of sy and the surjectivity of s, Eq. (28) implies

g1 = 000",
i.e., o is orthogonal symplectic, o € O(21) N Sp(2l). Similarly, Y = soypst = shyrsy! by
assumption, we have

Ve =0 Y80 . (29)

using once again the injectivity of s, and s}, (and correspondingly, the surjectivity of s
and s3).

Finally, we claim that S and S’ only differ by an orthogonal symplectic matrix applied
to the environment modes. Indeed, it follows from (24) and (27) that

/ /

g Lon  Oonxar) (81 S
0 - 1 1

2% 2n o S35 Sy

for some matrices s5 € R**?" and s] € R**%. The second part of Lemma 2.3 thus
implies that there is an orthogonal symplectic matrix o' € Sp(2l) N O(2l) acting on the
[ environment modes such that

Lon,  O2nxa L /
S =5. 30
<O2l><2n o > (02l><2n 0 ) (30)

Combining (30) with (29) yields the claim. O

18



3.4 Passive channels

To conclude this section, we combine Theorem 3.1 and Theorem 3.8 to characterize
passive channels. The latter are defined by having a dilation with a passive unitary U
and an environment state pg which is also passive. Here passivity of a state pg is defined
physically by the condition that pg is the Gibbs state of a passive Hamiltonian H at
some inverse temperature 3, i.e., pp = e PH /tr(e7?#). Mathematically, passivity of a
state pg is equivalent to the statement that its covariance matrix vg satisfies

(Ve 0] = 0 (31)

as argued in [7]. In other words, a passive channel is one which has no “hidden” squeezing:
both the system-environment interaction and the state of the environment are associated
with passive Hamiltonians. We have the following simple characterization of such chan-
nels:

Corollary 3.9. Let ®xy be a passively dilatable Gaussian channel. Then the following
are equivalent:

(1) [Y,00,] =0.
(11) ®xy is passive.

Proof. Suppose ®x y is passively dilatable. We first remark that any orthogonal sym-
plectic matrix S as in (21) satisfies

5209 = 02,52 . (32)

Indeed, this follows immediately using the block structure of S and 3,11y = 02, © 0y
by taking the upper right block matrix of the identity [S, oa(n1s)] = 0.

We prove the two implications: (i)=-(ii): Assume that [Y, g5,] = 0. Consider the min-
imal dilation constructed in Theorem 3.8, with orthogonal symplectic matrix S as in (21)
and an environment state of £ modes with covariance matrix vz given by expression (19).
According to Theorem 3.8, s, is injective, hence ker(sy) = {0} and thus vz = s§Ys§”.
We will show that v satisfies (31), which implies that ®x y can be passively dilated with
a passive environment state pg.

We use (32) to establish the identity

0215; = SSFUZHPrange(sg) . (33)
Indeed, we have

+ + _ ot + +o ot
So O-QnPrange(SQ) — 02189 = 89 02p5289 — 02]S9 5259
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where we used the fact that s955 = Prange(s,) and (s3s2)s3 = P, (Sg)sg = 55 by the

range
properties of the pseudoinverse and the fact that s is surjective (as s, is injective). That
is,
+ + _ (ot o Vot
So UQnPrange(SQ) — 09159 = (52 OonS2 — 02159 52)32
— (oF +o Vot
= (85 S909 — T91S5 S2)S5
= (Prange(s yO21 — O-QlPrange (s3 )82 =0

where we used (32) in the second step and the fact that sI is surjective (and thus
Prange(s7) = L21) in the last step. This establishes (33).

range

We will also need the transpose of (33), which reads

+T _ +T
So O91 = Pker(sg)LO-QnSZ (34)

T
because Prange(sz) Bier(s7yr- We can then compute

Oouve = ousy Y sy
= 55 02 Prange(ss) Y 53" by (33)

= 55 09,Y 557 because Y = syygst
= 55 Y o955 by the assumption [Y, 09,] =0
=S, YPker( T)J_O'ZHS;_T since Y = syygss
= s3Y s oy by (34)
= YEO2 -
Thus [yg, o] = 0, as claimed.

(ii)=-(i): Suppose ®x y is passive. Assume S is an orthogonal symplectic matrix and
vE a covariance matrix of a passive state such that S and vg define a dilation of the
channel ®xy. Then Y = syygpssi and thus

OomY = 5909YESs by (32)
= S9YET2S because pg is passive, that is, (31)
= SyYESa Oon by the transpose of (32)

= YUQTL )

hence [Y, 09,] = 0 as claimed. O

4 Passively dilatable channels are additive channels

Consider a (one-mode) channel of the form

D(p) =V (trg U\(WpW™ ® pp)UX) V",

20



Ey
PE :
E,

Figure 1: This figure shows how a general passively dilatable channel can be understood
as an additive Gaussian channel composed with passive unitaries (two modes are drawn
completely). This defines a normal form of passively dilatable channels.

where U, is the beamsplitter of transmissivity A\ (see Example 3.2) and V, W are passive
Gaussian (one-mode) unitaries. That is, ® is obtained by applying passive unitaries to
the input and output of an additive Gaussian channel. Since ®(p) = trg(U(p ® pg)U™)
for U = (V ® 1)Uy(W ® 1g), this channel is passively dilatable. Here we show the
converse: any passively dilatable is equivalent (up to passive unitaries) to a (multi-mode)
additive Gaussian channel. The following result is illustrated in Fig. 1.

Theorem 4.1. Let ® : B(A;...A,) — B(A;---A,) be a passively dilatable n-mode
Gaussian channel. Then there is an n-mode Gaussian state pgp = pg,..g,, n-mode Gaus-
sian unitaries V., W and transmissivities X\ = (A1,...,\,) € [0,1]" such that for the
multi-mode beamsplitter Uy = UﬁlEl Q- ® Ui”E", we have

O(p) =V (trg Ux(WpW* ® pp)Uy) V* for all states p .

Proof. Assume that ® = ®x y is specified by the pair (X,Y) of matrices. As in the proof
of Theorem 3.1, consider [ = n. Let (S,vg) be the dilation constructed in case 1 of the

proof of the theorem, i.e., S = o152 gatisfies
83 54
s1=X and sp =2V = (1 — xXT)1/2 (35)

and the covariance matrix g is given by the expression (19). Since [X, 09,] = 0, we can
decompose X as in Lemma 2.2. Let D = (G +iG2) (X1 +iX3)(F1 + iF3) be the singular
value decomposition of the complex matrix X; 4+ ¢X5. The matrix D is nonnegative
but not necessarily full rank. By definiton and the isomorphism of Lemma 2.1, the
unitaries G1 +iG5 and Fy +iF; define passive symplectic elements F, G € Sp(2n)NO(2n).

Define
& G 0 F 0 _ GSlF GSQGT . §1 §2
5= (O ]1271) S (O GT> - ( SgF S4GT ) o <§3 54 ) (36)
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With (35) we obtain
5 = GXF - D®D
So = Gl — XXT)2GT = (13, — D?*® D?)Y2.
Here we exploited that X X7 is equivalent to (X;+iX5)(X;+iX5)" = (G1+iGo) D*(G1+
iGo) under the isomorphism and hence 1y, — XX = G¥ (1, — D?> ® D*)G. Since G is
orthogonal we have (1, — XX7)Y/2 = GT(1,, — D* ® D?)'/2G.
We conclude from (36) that

S1 = GT§1FT and SS9 = GT§2G s

(37)

i.e., the action of the channel on a covariance matrice v is given by (cf. (11))
XyXT 4+Y =G5 FTyF5TG + GT5,GypGT5LG .

Clearly, this means that the channel can be written as the composition

¢ = @51,82%95; = CIDG’T,O © q)gl,ég’y}_:;gg © q)FT,O )
where g = GypGT is a valid covariance matrix. It is clear from (37) and the fact
that (S,9g) give a dilation that Ps, 5,957 1s an additive noise channel, hence the claim
follows. H

A The Moore-Penrose pseudoinverse

In this appendix, we collect a few well-known facts about the Moore-Penrose pseudoin-
verse. Let A € R**™ be a not necessarily invertible matrix. Using the singular value de-
composition, we can find unitaries U € U(k),V € U(m) and a diagonal matrix D € R¥*™
with A = UDV. Define AT = VIDTUT with DT € R™* and D} = DL for all Dy # 0
and zero otherwise. Then A™ is called the Moore-Penrose pseudoinverse.

Lemma A.1. Let A € RF*™ and let At be its pseudoinverse. Then:

1. P = AA™ is the orthogonal projection onto the range of A.

2. Q = AT A is the orthogonal projection onto the range of AT.

A proof can be found in any introductory book on linear algebra.
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Sinkhorn’s theorem states that for any matrix A € R™*" with positive entries there
exist diagonal matrices Dy, Dy such that Dy AD5 is doubly stochastic [5]. Recently,
the question was posed whether a similar theorem can exist for unitary matrices [3]:
For any unitary U, do there exist positive diagonal unitaries L, R such that LUR has
row and column sums 17 We answer that question in the positive and also provide
applications.

1 Sinkhorn for unitaries

The basic result is the following theorem:

Theorem 1.1. For every unitary matriz U € U(n) there exist diagonal unitary ma-
trices L, R such that LUR has unit row and column sums. The matrices L, R are not
unique.

The proof relies on the observation that the theorem is equivalent to the ques-
tion whether there exists a vector v = (e'®!,... e'%") with ¢; € [0,27) such that
Uv = (e'¥1,...,e"¥n) or in other words, whether there exists a vector in the Clifford
torus CP™~! which is mapped to a vector in the Clifford torus by U. This in turn
is immediately equivalent to a question in symplectic topology which was answered
(among others) in [2].

2 Applications

One interesting consequence of this theorem is the following decomposition of unitary
matrices:

Corollary 2.1. Let U € U(n), then there exist diagonal unitary matrices Dy, ..., Dy,
and D1,...,D,_1 and a ¢ € [0,27) such that the first i — 1 entries in each D;, D; are
equal to one and

U=D1F,Dy(11 & F,—1)Ds(ls @ Fj,_2) - -
Dn_l(ﬂ.n_g o) FQ)Dn(]].n_Q D FQT)Dn_l e (11 D Fiil)DgF;ngei(‘a.

In other words, any unitary can be decomposed into a product of diagonal unitaries
and Fourier transforms on submatrices. This decomposition therefore also provides a
simple design to implement Gaussian unitaries: If we know how to perform Fourier
transforms on arbitrary many modes, we only need to add phase shifters to implement
all unitary transformations.
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1. Introduction

For every n x n matrix A with positive entries there exist two diagonal matrices L, R

such that LAR is doubly stochastic, i.e. the entries of each column and row sum up to

one. This result was first obtained by Sinkhorn [8], who also gave an algorithm of how

to compute L and R by iterated left and right multiplication of diagonal matrices.

Recently, De Vos and De Baerdemacker studied the same problem for unitary matri-

ces [3]. They conjectured that for every n x n unitary U there exist two unitary diagonal
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matrices L, R such that LU R has all row and column sums equal to one. To support their
conjecture, they construct an algorithm similar to the iteration procedure for matrices
with positive entries from [8,9]. They also provide numerical evidence that the algorithm
always converges to a unitary matrix with row and column sums equal to one.

The goal of this paper is to prove the conjecture of De Vos and De Baerdemacker that
such a normal form always exists by reformulating the problem in terms of symplectic
topology. It turns out that the reformulated problem is a special case of the Arnold (some-
times Arnold—Givental) conjecture on the intersection of Lagrangian submanifolds [6],
which was solved for this case in [1,2]. More precisely, in Section 2 we show:

Theorem 2. For every unitary matriz U € U(n) there exist two diagonal unitary matrices
L,R € U(n) such that A := LUR satisfies 3 ; Aji =3 ; Aij =1 foralli=1,... n.

For a given unitary U € U(n) the triple (L, R, A) is certainly not unique, since multi-
plying L by a global phase and R by its inverse does not change LAR. Hence, it makes
sense to consider the decomposition U = YL’ AR’, where L', R’ are unitary diagonal
such that L}y = Rj; = 1 and ¢ € [0,27). In particular, for U(2), a simple complete
solution was given in [3] from which one can see that for every non-diagonal matrix,
there are only two different A such that e’ LAR = U. For n > 2 the picture is less clear
and the reformulation in terms of symplectic topology appears to give further insight
into the freedom of the decomposition.

In addition to the Sinkhorn-type normal form above, in Section 3 we give several
reformulations that might be interesting for applications, for instance regarding the de-
composition of general 2n-port linear optics devices into canonical multiports and phase
shifters.

2. Sinkhorn-type normal form

In order to prove the decomposition theorem, we reformulate the problem of rescaling
a unitary matrix into a problem in symplectic topology. For the reader’s convenience,
necessary results including elementary calculations and definitions are included in Ap-
pendix A. We only repeat the most important definitions for our reformulation. Recall
that the complex projective space CP™ consists of all equivalence classes of C"T\{0}
w.rt. z ~y < = Ay with A € C\{0}.

Definition 1. The Clifford Torus is the n-dimensional torus embedded in CP", i.e. the
set of points

This torus, as shown in the appendix in Proposition 4, is a Lagrangian submanifold of
the symplectic manifold CP™. We obtain the following connection to our normal form:
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Lemma 1. For any unitary U € U(n), there exist diagonal unitaries L and R such that
A := LUR has row and column sums equal to one if and only if the Clifford torus
Tt Cc CP™ ! fulfills TP NUT™ 1t £ (.

Proof. Let U € U(n) be arbitrary but fixed. We first consider the usual torus T C C”,
i.e. the set of all vectors for which each component has modulus one:

T := {(e"",...,e"") CC" | ¢; € R}

Let us first show that the existence of a normal form is equivalent to T N UT™ # (). For
one direction, let ¢ € T™ such that Up € T", i.e. ¢ € T"NUT™. Define the two diagonal
matrices R~! := diag(¢1,...,¢n) € U(n) and L™! := diag(Uy); ') = diag((Up);) €
U(n). With A:= L7'UR™! and e := (1,...,1)T we obtain:

Ae=L'"Wp=ce
Likewise, since Ae = Ae and A is unitary, we obtain
ATe=ATAe=¢

so that columns and rows of A sum up to one.
For the other direction, suppose U = LAR is a decomposition as proposed. Then
¢:= R lec T" and

Up=LARp=LAe =LecT"

hence Up € T" NUT".

The next step is to reformulate the problem using the Clifford torus. Clearly, 7"~ N
UT" 1 £ 0 iff (AT™) N UT™ # ) for some X € C\ {0}. Since U is norm preserving, any
intersection requires |A\| =1 so that

T InUT" ' #40 < T'NnUT"#0. 0O

One of the main conjectures in symplectic topology, the Arnold or Arnold-Givental
conjecture, states that a Lagrangian submanifold and its image under a Hamiltonian
isotopy intersect at least as often as the sum of the Zs-Betti-numbers. For T™, this sum
is not zero, thus, using Proposition 5, Arnold’s conjecture states in particular that 7™
should intersect with UT™ at least once. While the Arnold conjecture is wrong in all
generality and most cases are unknown, there is a positive result to the weaker question
whether the torus intersects with its displaced version (cf. [1,2]). In order to formulate
this result, we need the following:
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Definition 2. Let (M,w) be a closed symplectic manifold with Hamiltonian symplec-
tomorphisms Ham(M). A Lagrangian submanifold £ C M is called displaceable by a
Hamiltonian diffeomorphism, if there exists a ¢» € Ham(M) such that

LNYL =0.

The definition is slightly different from the one in [1], where the authors only consider
nonempty open sets such that the restriction of w to these sets is exact. However, they
prove that the torus T™ is displaceable in the above definition, if and only if there exists
an open neighborhood ¥V D T™ such that w|y is exact and V is displaceable. With this
we can state the final and crucial ingredient in the proof of the normal form:

Theorem 1. (See [1, Theorem 1.3].) The Clifford torus T™ C CP™ cannot be displaced
from itself by a Hamiltonian isotopy.

Because every unitary matrix defines a Hamiltonian isotopy (see Proposition 5 in the
appendix), the theorem tells us in particular 7" N UT™ # @ for all unitaries U € U(n)
so that together with Lemma 1 this proves the sought normal form:

Theorem 2. For every unitary matriz U € U(n) there exist two diagonal unitary matrices
L,R € U(n) such that A := LUR fulfills 3_; Aj; =3_; Aijj =1 foralli=1,....,n.

3. Equivalent normal forms for unitary matrices

To obtain equivalent normal forms, consider the n x n dimensional complex matrix
F,, with entries (F,,)n = ﬁ exp(2Zkl) with k,l € {0,...,n — 1}, which is known as
the discrete Fourier transformation. It is easy to see that F;! = FT hence F, € U(n).
If we denote the standard basis of C™ by {e; ?;01 and e := (1,...,1)T, then

€
Fneo = F,J{eo = %

Now let A € U(n) be such that Ae = ATe = e. Then FJAF,ey = o and similarly,
(FIAF,)Tey = F,ATFley = ey, which shows that

. 1 0oF
FIAF, = n-l
" <0n—1 U )

where 0,,_; := 0 € C* ! and U € U(n — 1). Thus, given a unitary U € U(n), we know

that there exists a decomposition

U=LF L0 F'R (2)
S\ 0y U )
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.
.

Fig. 1. In quantum optics, passive transformations on n modes are in one-to-one correspondence with n X n
unitaries. Up to an overall phase, each unitary U admits a decomposition into 2(n — 1) canonical multiports
(which are independent of U and described by discrete Fourier transformations [hatched]) surrounded by
2n — 1 layers of single-mode phase shifters [grey]. Here, this is exemplified for n = 4.

with U € U(n — 1) and diagonal L, R € U(n). We can now iterate the procedure by
applying it to the (n — 1) x (n — 1)-dimensional submatrix U and obtain the corollary:

Corollary 1. Let U € U(n), then there exist diagonal unitaries Dy, ..., D, and Dy, ...
D,_1 and a € [0,27) such that the first i — 1 entries in each D;, D; are equal to one

)

and

U=DF,Dy(1; ® F,—1)D3(12 ® Fy,_2)
Dy (Lo ® F2) Dy (L2 @ FY)Dppv -~ (11 © F}_ ) DoFf Dy, (3)

In other words any unitary can be decomposed into diagonal unitaries and discrete
Fourier transformations in this way. This has an immediate application in quantum
optics, where any n X n unitary corresponds to a passive transformation on n modes or
a 2n-multiport. In this scenario a diagonal unitary corresponds to a set of phase shifters,
which are applied to the modes individually and the discrete Fourier transformation
is known as canonical 2n-multiport [5], which may be implemented by a symmetric
fibre coupler. The structure of the corresponding decomposition is graphically depicted
in Fig. 1.

Another version of the normal form is found by using that D is a diagonal matrix iff
FDF' is a circulant matriz, i.e. (FDFT); ; = a;_; € C. Since the diagonal matrices
form a group, so do the circulant matrices and we denote the group of n x n circulant
matrices by Circ(n). Then:

Corollary 2. Let U € U(n), then there exist Cy,Cy € Circ(n) and U € U(n — 1) such
that

U = C, diag(1,U)Cs. (4)

Let us finally discuss the question of uniqueness of these decompositions and to this
end come back to the original normal form

U = eleADg, (5)
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where Dy, Dy are unitary diagonal with (D;);; = 1 and A has row and column sums
equal to 1. Counting parameters, using that the matrices A are isomorphic to U(n — 1)
as proven above, we have:

I+(n—1)+n-1>2%+n—1)=n?

parameters (cf. [3]). Hence, the number of parameters matches exactly the dimension of
U(n). Given a unitary U = e*? D; AD, as above, this means that it might be reasonable
to expect only a discrete set of different decompositions or at least a discrete set of A
that U can be scaled to. The exact number of different A can easily be seen to be two
for the case n = 2 (cf. [3]), but already for n = 3 and n = 4, there is only a conjectured
bound (6 and 20, cf. [7]).

In [2] it is proven that if 7" and UT™ intersect transversally, their number of distinct
intersection points must be at least 2", which follows from general results in Floer-
homology theory when applied to Lagrangian intersection theory. Since transversality
is a generic property for intersections, one might therefore conjecture that for a generic
unitary U € U(n) [2] implies a lower bound 2"~! on the number of different normal
forms. However, it is not true that we always have a discrete number of decompositions
or (in contrast to the 2 x 2 case) at least a discrete number of A such that A has row and
column-sums equal to one and e LAR = U. A counterexample is given by the Fourier
transform in 4 x 4 dimensions, where we have for any ¢ € [0,27)":

1 1 1 1 1 0 O 0
111 ¢« -1 —i 0 e 0 0
211 -1 1 -1 o o 1 o0
1 —i -1 i 0 0 0 —e®
1 —jel® 1 ie'?
1 ( e~ 1 —e7® 1
) 1 ie® 1 —jet®
—e7® 1 ety 1
1 0 0 0
0 ie7™® 0 0
0 0 1 0 (6)
0 0 0 —ie

After completion of this document, we learned that part of this section, in particular
Corollary 1 were independently found in [4].

4. Conclusion

We have studied a variant of a Sinkhorn type normal form for unitary matrices. Its
existence was conjectured in [3] and we give a nonconstructive proof. This means in

1 'We thank the anonymous referee for providing this counterexample.
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particular that the question, whether the algorithm presented in [3] always converges
for any set of starting conditions, remains open. Also, it would be nice to have an
elementary proof of the fact that for any unitary matrix U we have T" N UT™ # (.
The decomposition is in not unique: We provided an example where, contrary to the
2 x 2-case, there is a one-parameter set of A as well as L and R, such that LAR = U. We
suggested an argument that the number of different decompositions, if it is discrete, might
grow exponentially. However this lower bound relies on a lower bound on Lagrangian
intersections which holds only for transversal intersections.
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Appendix A. Symplectic preliminaries

This section introduces the definitions and results from symplectic topology beyond
the first chapters of [6] needed to understand the basic reductions of the proof of Theo-
rem 1 in [1].

A.1. Notation and basic definitions

To fix notation, a symplectic manifold will always be denoted by M and its symplec-
tic form will be called w. The group of symplectomorphisms of a symplectic manifold
(M, w) will be denoted by Symp(M) and its Hamiltonian symplectomorphisms (i.e. all
symplectomorphisms which are elements of the flow of a Hamiltonian vector field) will
be denoted by Ham(M). We have the following characterization [6, Chapter 10]:

Proposition 3. Let (M,w) be a closed symplectic manifold. If the manifold is simply
connected (i.e. every loop is contractible)

Ham(M) = Symp,(M)

where Symp, (M) denotes the connected component of the identity of the whole group of
symplectomorphisms.

In principle, the result also holds for arbitrary symplectic manifolds. One has to be
more careful with non-compactly supported functions, but we can safely ignore these
subtleties, since our manifold of interest will be closed.

Furthermore, let us recall that a Lagrangian submanifold L of a 2n-dimensional sym-
plectic manifold (M, w) is a smooth n-dimensional submanifold of M such that

T,Lf ={X e LM |w(X,Y)=0VY €T, L} =T,L VpeL
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A.2. The Clifford-torus as a Lagrangian submanifold

We now study the Clifford torus as a special case of the Lagrangian submanifold of
interest for our result.

Before proving that the Clifford torus is a Lagrangian submanifold, we need to specify
the symplectic structure on CP™: Consider the map @ : C**1\ {0} — S"*! c C"*! via
z +— z/|z|. We will show that the pullback ¢*w of the standard symplectic structure w
on C"*! descends to a symplectic form wpp on CP™, the standard symplectic structure
or Fubini—Study form of the complex projective space.

Proposition 4. CP", equipped with the Fubini-Study form is a 2n-dimensional symplectic
manifold and the Clifford torus is a Lagrangian submanifold thereof.

Proof. Let us go through the construction in more detail and see, how it defines a
symplectic form, e.g. a non-degenerate and closed 2-form on CP"™. Throughout, we will
consider the natural projection m: C**1\ {0} — CP™.

Note that if (2o, Yo, .., Tn,yn) are the real coordinates of R?"*2 = C"*! we can use
(20,20, - - -, 2n, Zn) as coordinates for any point (2, ...,2,) € C"*! as well. Then the
standard symplectic form reads

oJ:Zda:j/\dyj Z%Zdzj/\déj
J J

Considering the action of C* on C"*!, we obtain wy., = %Ej dX - 2)) Nd(N-29) =
|AI22 >, d2) NdZ = |APw,. Hence, if @ : C*F'\ {0} — S is given by z — 2/|z],
then ®*w will be invariant under the action of C*. This shows that @*w descends to a
well-defined 2-form wrg on CP™, by defining:

(@Fs)n(p) (A7 X (), dTYr(p)) = (P7w) (X, Y)

The next step is to show non-degeneracy. For this, note that &*w(X,Y) = 0 VY if and
only if d®X = 0 pointwise, since w is non-degenerate. But d®X = 0 implies in particular
dnX = 0 and hence, wpg as defined above is a non-degenerate 2-form.

Finally, we need to prove closedness. This can either be computed directly by con-
sidering coordinates, or by considering local sections of the projection 7. Let {U;}; be a
cover of CP™ such that there exists a local section o; : U; — C™*1\ {0}. On each U; we
have wrs = o7 P*w. But then

dwps = d(o; 9" w) = (0;P)"dw = 0

since d commutes with pullbacks and w is closed. Since this holds on any patch U;,
dwrs = 0 globally.
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In addition, we need to see that the Clifford torus is a Lagrangian submanifold. It is
easy to see that the Clifford torus is a submanifold of (real) dimension n, hence we only
need to prove (T,T™)¢ = T, 7™ V¥p € T". Given the canonical projection 7 : C"*1\ {0} —
CP™, T™ is the image of 7 of the torus

T" = {(20,---,20) | 20| = 21| = ... = |2a] = 1}

By inspection, we obtain for p = (po,...,p,) € C**1\ {0}:

T,T" = span{p;0p, — piOp, | i =0,...,n} =: Span{X; |i=0,...,n}

Then Ty, T™ will be spanned by de;(p).

Now, since already on the level of w, we have w,(X,, X;) =0 for all 4,5 € {0,...,n}
and all p € C**1\ {0}, it is immediate that (wrs)x(p) (T« X}, 7. X7) = 0 for all i, j and
for all m(p) € CP™. Hence we have that (7,7")° D T, 7™ Vp € T". Since equality then
has to hold by dimensional analysis, we have T™ is a Lagrangian submanifold. O

Now consider the standard action of U € U(n + 1) on C"*1. Note that U leaves w
invariant, since >, d(Uz)' AdUz" = D ik UijUidz? NdzF =3, dz* A dz'. Furthermore,
since U leaves the norm invariant by definition, we have that U*wpg = wpg, where U*
is the pullback associated with the map U. This means that any unitary U € U(n + 1)
corresponds to a symplectomorphism of CP™. Since it is well-known that the complex
projective space is simply connected and closed, its Hamiltonian symplectomorphism
corresponds to its symplectomorphism. Hence:

Proposition 5. We have U(n+1) C Ham(CP", wpg), where the identification is achieved
by considering the standard action of U on C™H1.

References

[1] Paul Biran, Michael Entov, Leonid Polterovich, Calabi quasimorphisms for the symplectic ball, Com-
mun. Contemp. Math. 06 (05) (2004) 793-802.

[2] Cheol-Hyun Cho, Holomorphic discs, spin structures, and Floer cohomology of the Clifford torus,
Int. Math. Res. Not. 2004 (35) (2004) 1803-1843.

[3] Alexis De Vos, Stijn Baerdemacker, Scaling a unitary matrix, Open Syst. Inf. Dyn. 21 (4) (2014).

[4] Alexis De Vos, Stijn Baerdemacker, The synthesis of a quantum circuit, in: Proceedings of the 11th
International Workshop of Boolean Problems, Freiberg University of Mining and Technology, 2014,
pp. 129-136.

[5] K. Mattle, M. Michler, H. Weinfurter, A. Zeilinger, M. Zukowski, Non-classical statistics at multiport
beam splitters, Appl. Phys. B Lasers Opt. 60 (1995) S111-S117.

[6] Dusa McDuff, Dietmar Salamon, Introduction to Symplectic Topology, Oxford Science Publications,
1998.

[7] V.S. Shchesnovich, Asymptotic evaluation of bosonic probability amplitudes in linear unitary net-
works in the case of large number of bosons, Int. J. Quantum Inf. 11 (2013).

[8] Richard Sinkhorn, A relationship between arbitrary positive matrices and doubly stochastic matrices,
Ann. Math. Stat. 35 (2) (1964) 876-879.

[9] Richard Sinkhorn, Paul Knopp, Concerning nonnegative matrices and doubly stochastic matrices,
Pacific J. Math. 21 (2) (1967) 343-348.


http://refhub.elsevier.com/S0024-3795(15)00022-1/bib73696E3637s1
http://refhub.elsevier.com/S0024-3795(15)00022-1/bib766F73313462s1
http://refhub.elsevier.com/S0024-3795(15)00022-1/bib6D61743935s1
http://refhub.elsevier.com/S0024-3795(15)00022-1/bib73696E3634s1
http://refhub.elsevier.com/S0024-3795(15)00022-1/bib766F73313462s1
http://refhub.elsevier.com/S0024-3795(15)00022-1/bib73696E3637s1
http://refhub.elsevier.com/S0024-3795(15)00022-1/bib766F73313461s1
http://refhub.elsevier.com/S0024-3795(15)00022-1/bib63686F3034s1
http://refhub.elsevier.com/S0024-3795(15)00022-1/bib6269723034s1
http://refhub.elsevier.com/S0024-3795(15)00022-1/bib73696E3634s1
http://refhub.elsevier.com/S0024-3795(15)00022-1/bib6D63643938s1
http://refhub.elsevier.com/S0024-3795(15)00022-1/bib7368633133s1
http://refhub.elsevier.com/S0024-3795(15)00022-1/bib6D63643938s1
http://refhub.elsevier.com/S0024-3795(15)00022-1/bib6D61743935s1
http://refhub.elsevier.com/S0024-3795(15)00022-1/bib7368633133s1
http://refhub.elsevier.com/S0024-3795(15)00022-1/bib63686F3034s1
http://refhub.elsevier.com/S0024-3795(15)00022-1/bib766F73313462s1
http://refhub.elsevier.com/S0024-3795(15)00022-1/bib6269723034s1

RightsLink Printable License https://s100.copyright.com/App/PrintableLicenseFrame.jsp?publisherID...

ELSEVIER LICENSE
TERMS AND CONDITIONS

Sep 17, 2016

This Agreement between Martin Idel ("You") and Elsevier ("Elsevier") consists of your
license details and the terms and conditions provided by Elsevier and Copyright Clearance

1 von 6

Center.

License Number 3951311192217
License date Sep 17, 2016
Licensed Content Publisher Elsevier

Licensed Content Publication

Licensed Content Title

Licensed Content Author

Linear Algebra and its Applications
Sinkhorn normal form for unitary matrices

Martin Idel,Michael M. Wolf

Licensed Content Date 15 April 2015

Licensed Content Volume 471

Number

Licensed Content Issue n/a

Number

Licensed Content Pages 9

Start Page 76

End Page 84

Type of Use reuse in a thesis/dissertation
Portion full article

Format both print and electronic
Are you the author of this Yes

Elsevier article?

Will you be translating? No

Order reference number

Title of your Normal Forms and Squeezing in Continuous Variable Quantum
thesis/dissertation Information Theory

Expected completion date Sep 2016

Estimated size (number of 200

pages)
Elsevier VAT number

Requestor Location

Total

GB 494 6272 12

Martin Idel
Boltzmannstr. 3

Garching, 85748
Germany
Attn: Martin Idel

0.00 EUR

9/17/2016 1:21 PM



RightsLink Printable License https://s100.copyright.com/App/PrintableLicenseFrame.jsp?publisherID...

Terms and Conditions

INTRODUCTION

1. The publisher for this copyrighted material is Elsevier. By clicking "accept" in
connection with completing this licensing transaction, you agree that the following terms
and conditions apply to this transaction (along with the Billing and Payment terms and
conditions established by Copyright Clearance Center, Inc. ("CCC"), at the time that you
opened your Rightslink account and that are available at any time at
http://myaccount.copyright.com).

GENERAL TERMS
2. Elsevier hereby grants you permission to reproduce the aforementioned material subject to
the terms and conditions indicated.
3. Acknowledgement: If any part of the material to be used (for example, figures) has
appeared in our publication with credit or acknowledgement to another source, permission
must also be sought from that source. If such permission is not obtained then that material
may not be included in your publication/copies. Suitable acknowledgement to the source
must be made, either as a footnote or in a reference list at the end of your publication, as
follows:
"Reprinted from Publication title, Vol /edition number, Author(s), Title of article / title of
chapter, Pages No., Copyright (Year), with permission from Elsevier [OR APPLICABLE
SOCIETY COPYRIGHT OWNER]." Also Lancet special credit - "Reprinted from The
Lancet, Vol. number, Author(s), Title of article, Pages No., Copyright (Year), with
permission from Elsevier."
4. Reproduction of this material is confined to the purpose and/or media for which
permission is hereby given.
5. Altering/Modifying Material: Not Permitted. However figures and illustrations may be
altered/adapted minimally to serve your work. Any other abbreviations, additions, deletions
and/or any other alterations shall be made only with prior written authorization of Elsevier
Ltd. (Please contact Elsevier at permissions@elsevier.com)
6. If the permission fee for the requested use of our material is waived in this instance,
please be advised that your future requests for Elsevier materials may attract a fee.
7. Reservation of Rights: Publisher reserves all rights not specifically granted in the
combination of (i) the license details provided by you and accepted in the course of this
licensing transaction, (ii) these terms and conditions and (iii) CCC's Billing and Payment
terms and conditions.
8. License Contingent Upon Payment: While you may exercise the rights licensed
immediately upon issuance of the license at the end of the licensing process for the
transaction, provided that you have disclosed complete and accurate details of your proposed
use, no license is finally effective unless and until full payment is received from you (either
by publisher or by CCC) as provided in CCC's Billing and Payment terms and conditions. If
full payment is not received on a timely basis, then any license preliminarily granted shall be
deemed automatically revoked and shall be void as if never granted. Further, in the event
that you breach any of these terms and conditions or any of CCC's Billing and Payment
terms and conditions, the license is automatically revoked and shall be void as if never
granted. Use of materials as described in a revoked license, as well as any use of the
materials beyond the scope of an unrevoked license, may constitute copyright infringement
and publisher reserves the right to take any and all action to protect its copyright in the
materials.

2 von 6 9/17/2016 1:21 PM



RightsLink Printable License https://s100.copyright.com/App/PrintableLicenseFrame.jsp?publisherID...

9. Warranties: Publisher makes no representations or warranties with respect to the licensed
material.
10. Indemnity: You hereby indemnify and agree to hold harmless publisher and CCC, and
their respective officers, directors, employees and agents, from and against any and all
claims arising out of your use of the licensed material other than as specifically authorized
pursuant to this license.
11. No Transfer of License: This license is personal to you and may not be sublicensed,
assigned, or transferred by you to any other person without publisher's written permission.
12. No Amendment Except in Writing: This license may not be amended except in a writing
signed by both parties (or, in the case of publisher, by CCC on publisher's behalf).
13. Objection to Contrary Terms: Publisher hereby objects to any terms contained in any
purchase order, acknowledgment, check endorsement or other writing prepared by you,
which terms are inconsistent with these terms and conditions or CCC's Billing and Payment
terms and conditions. These terms and conditions, together with CCC's Billing and Payment
terms and conditions (which are incorporated herein), comprise the entire agreement
between you and publisher (and CCC) concerning this licensing transaction. In the event of
any conflict between your obligations established by these terms and conditions and those
established by CCC's Billing and Payment terms and conditions, these terms and conditions
shall control.
14. Revocation: Elsevier or Copyright Clearance Center may deny the permissions described
in this License at their sole discretion, for any reason or no reason, with a full refund payable
to you. Notice of such denial will be made using the contact information provided by you.
Failure to receive such notice will not alter or invalidate the denial. In no event will Elsevier
or Copyright Clearance Center be responsible or liable for any costs, expenses or damage
incurred by you as a result of a denial of your permission request, other than a refund of the
amount(s) paid by you to Elsevier and/or Copyright Clearance Center for denied
permissions.

LIMITED LICENSE
The following terms and conditions apply only to specific license types:
15. Translation: This permission is granted for non-exclusive world English rights only
unless your license was granted for translation rights. If you licensed translation rights you
may only translate this content into the languages you requested. A professional translator
must perform all translations and reproduce the content word for word preserving the
integrity of the article.
16. Posting licensed content on any Website: The following terms and conditions apply as
follows: Licensing material from an Elsevier journal: All content posted to the web site must
maintain the copyright information line on the bottom of each image; A hyper-text must be
included to the Homepage of the journal from which you are licensing at
http://www.sciencedirect.com/science/journal/xxxxx or the Elsevier homepage for books at
http://www.elsevier.com; Central Storage: This license does not include permission for a
scanned version of the material to be stored in a central repository such as that provided by
Heron/XanEdu.
Licensing material from an Elsevier book: A hyper-text link must be included to the Elsevier
homepage at http://www.elsevier.com . All content posted to the web site must maintain the
copyright information line on the bottom of each image.

Posting licensed content on Electronic reserve: In addition to the above the following

3 von 6 9/17/2016 1:21 PM



RightsLink Printable License https://s100.copyright.com/App/PrintableLicenseFrame.jsp?publisherID...

clauses are applicable: The web site must be password-protected and made available only to
bona fide students registered on a relevant course. This permission is granted for 1 year only.
You may obtain a new license for future website posting.

17. For journal authors: the following clauses are applicable in addition to the above:
Preprints:

A preprint is an author's own write-up of research results and analysis, it has not been
peer-reviewed, nor has it had any other value added to it by a publisher (such as formatting,
copyright, technical enhancement etc.).

Authors can share their preprints anywhere at any time. Preprints should not be added to or
enhanced in any way in order to appear more like, or to substitute for, the final versions of
articles however authors can update their preprints on arXiv or RePEc with their Accepted
Author Manuscript (see below).

If accepted for publication, we encourage authors to link from the preprint to their formal
publication via its DOI. Millions of researchers have access to the formal publications on
ScienceDirect, and so links will help users to find, access, cite and use the best available
version. Please note that Cell Press, The Lancet and some society-owned have different
preprint policies. Information on these policies is available on the journal homepage.
Accepted Author Manuscripts: An accepted author manuscript is the manuscript of an
article that has been accepted for publication and which typically includes author-
incorporated changes suggested during submission, peer review and editor-author
communications.

Authors can share their accepted author manuscript:

- immediately

o via their non-commercial person homepage or blog

o by updating a preprint in arXiv or RePEc with the accepted manuscript

o via their research institute or institutional repository for internal institutional
uses or as part of an invitation-only research collaboration work-group

o directly by providing copies to their students or to research collaborators for
their personal use

o for private scholarly sharing as part of an invitation-only work group on

commercial sites with which Elsevier has an agreement
- after the embargo period
o via non-commercial hosting platforms such as their institutional repository
o via commercial sites with which Elsevier has an agreement

In all cases accepted manuscripts should:

- link to the formal publication via its DOI

- bear a CC-BY-NC-ND license - this is easy to do

- if aggregated with other manuscripts, for example in a repository or other site, be
shared in alignment with our hosting policy not be added to or enhanced in any way to
appear more like, or to substitute for, the published journal article.

Published journal article (JPA): A published journal article (PJA) is the definitive final
record of published research that appears or will appear in the journal and embodies all
value-adding publishing activities including peer review co-ordination, copy-editing,
formatting, (if relevant) pagination and online enrichment.

4 von 6 9/17/2016 1:21 PM



RightsLink Printable License https://s100.copyright.com/App/PrintableLicenseFrame.jsp?publisherID...

Policies for sharing publishing journal articles differ for subscription and gold open access
articles:

Subscription Articles: If you are an author, please share a link to your article rather than the
full-text. Millions of researchers have access to the formal publications on ScienceDirect,
and so links will help your users to find, access, cite, and use the best available version.
Theses and dissertations which contain embedded PJAs as part of the formal submission can
be posted publicly by the awarding institution with DOI links back to the formal
publications on ScienceDirect.

If you are affiliated with a library that subscribes to ScienceDirect you have additional
private sharing rights for others' research accessed under that agreement. This includes use
for classroom teaching and internal training at the institution (including use in course packs
and courseware programs), and inclusion of the article for grant funding purposes.

Gold Open Access Articles: May be shared according to the author-selected end-user
license and should contain a CrossMark logo, the end user license, and a DOI link to the
formal publication on ScienceDirect.

Please refer to Elsevier's posting policy for further information.

18. For book authors the following clauses are applicable in addition to the above:

Authors are permitted to place a brief summary of their work online only. You are not
allowed to download and post the published electronic version of your chapter, nor may you
scan the printed edition to create an electronic version. Posting to a repository: Authors are
permitted to post a summary of their chapter only in their institution's repository.

19. Thesis/Dissertation: If your license is for use in a thesis/dissertation your thesis may be
submitted to your institution in either print or electronic form. Should your thesis be
published commercially, please reapply for permission. These requirements include
permission for the Library and Archives of Canada to supply single copies, on demand, of
the complete thesis and include permission for Proquest/UMI to supply single copies, on
demand, of the complete thesis. Should your thesis be published commercially, please
reapply for permission. Theses and dissertations which contain embedded PJAs as part of
the formal submission can be posted publicly by the awarding institution with DOI links
back to the formal publications on ScienceDirect.

Elsevier Open Access Terms and Conditions

You can publish open access with Elsevier in hundreds of open access journals or in nearly
2000 established subscription journals that support open access publishing. Permitted third
party re-use of these open access articles is defined by the author's choice of Creative
Commons user license. See our open access license policy for more information.

Terms & Conditions applicable to all Open Access articles published with Elsevier:
Any reuse of the article must not represent the author as endorsing the adaptation of the
article nor should the article be modified in such a way as to damage the author's honour or
reputation. If any changes have been made, such changes must be clearly indicated.

The author(s) must be appropriately credited and we ask that you include the end user
license and a DOI link to the formal publication on ScienceDirect.

If any part of the material to be used (for example, figures) has appeared in our publication
with credit or acknowledgement to another source it is the responsibility of the user to
ensure their reuse complies with the terms and conditions determined by the rights holder.
Additional Terms & Conditions applicable to each Creative Commons user license:
CC BY: The CC-BY license allows users to copy, to create extracts, abstracts and new

5von 6 9/17/2016 1:21 PM



RightsLink Printable License https://s100.copyright.com/App/PrintableLicenseFrame.jsp?publisherID...

works from the Article, to alter and revise the Article and to make commercial use of the
Article (including reuse and/or resale of the Article by commercial entities), provided the
user gives appropriate credit (with a link to the formal publication through the relevant
DOI), provides a link to the license, indicates if changes were made and the licensor is not
represented as endorsing the use made of the work. The full details of the license are
available at http://creativecommons.org/licenses/by/4.0.

CC BY NC SA: The CC BY-NC-SA license allows users to copy, to create extracts,
abstracts and new works from the Article, to alter and revise the Article, provided this is not
done for commercial purposes, and that the user gives appropriate credit (with a link to the
formal publication through the relevant DOI), provides a link to the license, indicates if
changes were made and the licensor is not represented as endorsing the use made of the
work. Further, any new works must be made available on the same conditions. The full
details of the license are available at http://creativecommons.org/licenses/by-nc-sa/4.0.

CC BY NC ND: The CC BY-NC-ND license allows users to copy and distribute the Article,
provided this is not done for commercial purposes and further does not permit distribution of
the Article if it is changed or edited in any way, and provided the user gives appropriate
credit (with a link to the formal publication through the relevant DOI), provides a link to the
license, and that the licensor is not represented as endorsing the use made of the work. The
full details of the license are available at http://creativecommons.org/licenses/by-nc-nd/4.0.
Any commercial reuse of Open Access articles published with a CC BY NC SA or CC BY
NC ND license requires permission from Elsevier and will be subject to a fee.

Commercial reuse includes:

- Associating advertising with the full text of the Article
- Charging fees for document delivery or access

- Article aggregation

- Systematic distribution via e-mail lists or share buttons

Posting or linking by commercial companies for use by customers of those companies.
20. Other Conditions:

v1.8

Questions? customercare@copyright.com or +1-855-239-3415 (toll free in the US) or
+1-978-646-2777.

6 von 6 9/17/2016 1:21 PM



Sinkhorn review

M. Idel September 26, 2016

Since its first proofs in the 1960s, Sinkhorn’s theorem has become a cornerstone in sev-
eral areas of applied mathematics, ranging from transportation science and economics
to biology. My own interest began during my Master’s studies, where I proved a gen-
eralisation to positive maps. It later transpired that the theorem had already been
proved in [2] albeit with a very different proof that seemed unrelated to my approach.
We found this paper only shortly before we wanted to publish the results. Later in
the same year, another paper appeared that did publish the results [1]. Learning from
this experience, I started to write a review about the problem of matrix scaling, ma-
trix balancing and equivalence scaling and its generalisations, in particular to positive
maps.

1 Scope

The review gathers everything I could find about the mathematics concerning Sink-
horn’s theorem. It starts with a historical section describing the origins of the question,
before investigating many different approaches to prove the theorem in its original
form. The fourth section gives an organised overview about maximal results achieved
over the years. In the following two section, I first analyse related questions of DAD
and DAD™! scalings as well as other scalings (such as unitary scaling or complex
matrix scalings) before discussing generalised approaches that cover multiple scalings.
Two short sections are focused on complexity theoretic results for algorithms and
applications. Finally, a large section is devoted to the problem of positive matrix
scaling. It also contains a full proof of Gurvits’ results, since I found the proofs
difficult to follow.

2 Legal statement

This paper is a review and contains little to no nontrivial original results. I tried to
give due credit wherever a section is inspired by existing partial reviews. The project
developed over the years from my own interest. The original problem of finding a
Sinkhorn analogue for positive maps was given to me by Michael Wolf for my Master’s
thesis [3], however the review project did not emerge before 2014.
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A review of matrix scaling and

Sinkhorn’s normal form for matrices and

positive maps

MARTIN IDEL*

Zentrum Mathematik, M5, Technische Universitidt Miinchen, 85748 Garching

Abstract

Given a nonnegative matrix A, can you find diagonal matrices D1, Dy such that

D1 AD; is doubly stochastic? The answer to this question is known as Sinkhorn’s theorem.

It has been proved with a wide variety of methods, each presenting a variety of possible
generalisations. Recently, generalisations such as to positive maps between matrix algebras
have become more and more interesting for applications. This text gives a review of over
70 years of matrix scaling. The focus lies on the mathematical landscape surrounding the
problem and its solution as well as the generalisation to positive maps and contains hardly
any nontrivial unpublished results.
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1. Introduction

It is very common for important and accessible results in mathematics to be discovered
several times. Different communities adhere to different notations and rarely read
papers in other communities also because the reward does not justify the effort. In
addition, even within the same community, people might not be aware of important
results - either because they are published in obscure journals, they are poorly presented
in written or oral form or simply because the mathematician did not notice them in
the surrounding sea of information. This is a problem not unique to mathematics but
instead inherent in all disciplines with epistemological goals.

The scaling of matrices is such a problem that has constantly attracted attention
in various fields of pure and applied mathematics!. Recently, generalisations have
been studied also in physics to explore possibilities in quantum mechanics where it
turns out that a good knowledge of the vast literature on the problem can help a lot
in formulating approaches. This review tries to tell the mathematical story of matrix
scaling, including algorithms and pointers to applications.

As a motivation, consider the following problem: Imagine you take a poll, where
you ask a subset of the population of your country what version (if any) of a certain
product they buy. You distinguish several groups in the population (for instance by
age, gender, etc.) and you distinguish several types of product (for instance different
brands of toothbrushs). From the sales statistics, you know the number of each product
sold in the country and from the country statistics you know the number of people in
different groups. Given the answers of a random sample of the population, how can
you extrapolate results?

Central to a solution is the following innocuous theorem:

Theorem 1.1 (Sinkhorn’s theorem, weak form Sinkhorn 1964). Given a matrix A with
positive entries, one can find matrices D1, D, such that D1AD, is doubly stochastic.

The literature on Sinkhorn’s theorem and its generalisations is vast. As we will see,
there are some natural ways to attack this problem, which further explains why the
different communities were often not aware of the efforts of their peers in other fields.

One of the main motivations for this review was a generalisation of Sinkhorn’s
theorem to the noncommutative setting of positive maps on matrix algebras:

The term “Babylonian confusion” to describe the history of this problem was first used in Krupp 1979



Theorem 1.2 (Weak form of Gurvits 2003’s generalisation to positive maps). Given a
map & : C"*" — C"*" which maps positive semidefinite matrices to positive definite matrices
one can find invertible matrices X,Y such that the map £'(-) := YE(X - XT)YT is doubly
stochastic, i.e.

=1, & 1)=1
with the adjoint matrices X' and the adjoint map £*.

Some results and approaches can be translated to this noncommutative setting, but
many questions remain open and the noncommutativity of the problem makes progress
difficult.

Very recently, a new generalisation of Sinkhorn’s theorem to a noncommutative
setting has appeared in Benoist and Nechita 2016.

The goal of this review is therefore threefold:

e Trace the historical developments of the problem and give credit to the many
people who contributed to the problem.

e [lluminate the many approaches and connections between the approaches to
prove Sinkhorn’s theorem and its generalisations.

e Sketch the generalisation to positive maps and its history and highlight the
questions that are yet unanswered and might be attacked using the knowledge
from the classical version.

In addition, I will try to give a sketch of the algorithmic developments and pointers to
the literature for applications. I will probably have forgotten and/or misrepresented
contributions; comments to improve the review are therefore very welcome.

2. Notation and Preliminaries

Most of the concepts and notations discussed in this short section are well-known and
can be found in many books. I encourage the reader to refer to this section only if some
notation seems unclear.

We will mostly consider matrices A € R"*™. Such matrices are called nonnegative
(positive) if they have only nonnegative (positive) entries. We denote by R” (IR'},)
all vectors with only positive entries (nonnegative entries) and for any such x € R",
diag(x) defines the diagonal matrix with x on its main diagonal, while 1/x € R’}
defines the vector with entries 1/x; for all i.

An important concept for nonnegative matrices is the pattern. The support or pattern
of a matrix A is the set of entries where A;; > 0. A subpattern of the pattern of A
is then a pattern with fewer entries than the pattern of A. We write B < Aif Bis a
subpattern of A, i.e. for every B;; > 0 we have A;; > 0.



Finally, let us introduce irreducibility and decomposability. Details and connections to
other notions for nonnegative matrices are explained in Appendix A. If A is nonnegative,
then A is fully indecomposable if and only if there do not exist permutations P, Q such
that

(A0
PAQ—<A3 Az) 1)

where neither A; nor A, contain a zero row or column and Az # 0. The matrix is
irreducible, if no permutation P can be found such that already PAPT is of form (1). In
particular, this implies that all fully indecomposable matrices are at least irreducible.

For positive vectors, we will not use the notation x > 0 to avoid confusion with the
positive definite case: Especially in the second part of this review, we will be dealing
mostly with positive (semi)definite matrices A € R"*", which are symmetric matrices
with only positive (nonnegative) eigenvalues and should not be confused with positive
matrices. We also introduce the partial order > for positive semidefinite matrices,
where A > B if and only if A — B is positive semidefinite and A > B if A — B is positive
definite.

When talking about positive maps, we will also adopt the notation that M, ,, denotes
the complex n x m matrices, while the shorter M, is used for complex n x n square
matrices.

3. Different approaches to equivalence scaling

This section explores the historical development and current form of the mathematical
landscape surrounding the following extension to Theorem 1.1:

Theorem 3.1. Let A € R™*" be a matrix with nonnegative entries. Then for any vectors
r € R™ and ¢ € R" with nonnegative numbers there exist diagonal matrices Dy and D, such
that

DiADye =71
DzATDle =cC

if and only if there exists a matrix B with Be = r and BTe = c and the same pattern as A. Here,
e=(1,..., 1)T which means that r contains the row sums of the scaled matrix and c contains
the column sums.

Furthermore, if the matrix has only positive entries, D1 and Dy are unique up to a constant
factor.

In Section 4, we give maximal formulations of this theorem. Some immediate
questions emerge, such as: How to compute Dj, D; and the scaled matrix? Can this be
generalised to arrays of higher dimension? All of these questions and many more have
been answered in the literature.



Given a matrix A € R"*" with positive entries and the task to scale A to given row
sums 7 and column sums c, one is very naturally lead to the following approximation
algorithm:

Algorithm 3.2 (RAS method). Given A € R™*", do:
e Multiply each row j of A with r / (Zi Ai]') to obtain A1) with row sums r.

e Multiply each column j of A() with ¢j/ (¥; Aji) to obtain A®) with column sums
c.

e If the row sums of A(?) are very far from 7, repeat steps one and two.

If the algorithm converges, the limit B will be the scaled matrix. However, there is
a priori no guarantee that Dy, D, exist, in which case we can only ask for approximate
scaling, i.e. matrices Dy, D, such that D1AD; ~ B.

3.1. Historical remarks

The iterative algorithm 3.2 is extremely natural and it is therefore not surprising that
it was rediscovered several times. It is at least known as Kruithof’s projection method
(Krupp 1979) or Kruithof double-factor model (especially in the transportation community;
Visick et al. 1980), the Furness (iteration) procedure (Robillard and Stewart 1974), iterative
proportional fitting procedure (IPFP) (Ruschendorf 1995), the Sinkhorn-Knopp algorithm
(Knight 2008), the biproportional fitting procedure (in the case of r = ¢ = ¢; Bacharach
1970) or the RAS method (especially in economics and accounting; Fofana, Lemelin, and
Cockburn 2002). Sometimes, it is also referred to simply as matrix scaling (Rote and
Zachariasen 2007), which is mostly used as the term for scalings of the form DAD!,
or matrix balancing, which is mostly used for scalings to equal row and column sums.
The algorithm is a special case of a number of other algorithms such as Bregman'’s
balancing method (cf. Lamond and Stewart 1981) as we will see later on.

When was interest sparked in the RAS method and diagonal equivalence? The
earliest claimed appearance of the model dates back to at least the 30s and Kruithof’s
use of the method in telephone forecasting (Kruithof 1937). At a similar time, according
to Bregman 1967, the Soviet architect Sheleikhovskii considered the method. Sinkhorn
1964 claims that when he started to evaluate the method, it had already been proposed
and in use. His example is the unpublished report Welch unknown. Bacharach 1970
acknowledges Deming and Stephan 1940 in transportation science, who popularised
the RAS method in the English speaking communities.

None of these approaches seem to have been thoroughly justified. Bacharach notes
that Deming and Stephan only propose an ad-hoc justification for using their method
to study their problem, which turned out to be wrong (cf. Stephan 1942). He further
claims that the first well-founded approach to use the RAS - this time in economics -
was given by Richard Stone, who also coined the name “RAS model” (Bacharach cites



Stone 1962, although the name RAS must have occurred earlier as it already occurs in
Thionet 1961 without attribution and explanation). However, one can argue that the
tirst justified approach occurred earlier: Schrodinger 1931 had already posed a question
regarding models of Brownian motion when given a priori estimates, which led to a
similar problem. His approach was justified, albeit the ultimate justification in terms
of large deviation theory needed to wait for the development of modern probability
theory (cf. Georgiou and Pavon 2015). The problem boils down to solving a continuous
analogue of Sinkhorn’s theorem, which leads to the matrix problem using discrete
distributions (essentially similar to Hobby and Pyke 1965) and was first attacked in
Fortet 1940 using a fixed point approach similar to Algorithm 3.13.

However, none of the original papers provided a convergence proof with the possible
exception of Fortet 1940%. As noted by Fienberg 1970, after Deming and Stephan
provided their account, their community started to develop the ideas, but a proof was
still lacking (Smith 1947; El-Badry and Stephan 1955; Friedlander 1961).

Summarising the last paragraphs, the RAS method was discovered independently
for different reasons in the 30s to 40s, although none of the authors provided a proof
(with the possible exception of Fortet). A more theoretical analysis developed in the
60s after Stone’s results in economics (e.g. Stone 1962) and Sinkhorn 1964 in statistics
and algebra. Since then, a large number of papers has been published analysing or
applying Theorem 3.1. Every decade since the sixties contains papers where proving
the theorem or an extension thereof is among the main results (examples are Sinkhorn
1964; Macgill 1977; Pretzel 1980; Borobia and Cant6 1998; Pukelsheim and Simeone
2009; Georgiou and Pavon 2015).

Many authors are aware of at least some other attempts, but only a few try to give an
overview.? The situation is further complicated by a the fact that the technical answer
to the question of scalability is tightly linked with the question of patterns, which has a
rich history in itself, probably starting with Fréchet (overview of a long line of work in
Fréchet 1960).

The last point is particularly interesting: In fact, one could summarise matrix scaling
matrix scaling as follows: Given a nonnegative matrix A it is scalable to a matrix B
tulfiling some constraints (mostly linear but some nonlinear constraints are allowed), a
matrix is scalable with diagonal matrices (in different ways, mostly D1 AD, where D,
and D; need not be independent) if and only if there exists a matrix C with the same
pattern as A fulfiling the constraints.

2The notation and writing is very difficult to read today, so I am not entirely sure whether the proof is
correct and captures the case we are interested in.

3This suggests once again that the problem had a very complicated history which also makes it difficult
to find out whether a problem has already been solved in the past. Several authors have attempted
more complete historical overviews such as Fienberg 1970; Macgill 1977; Schneider and Zenios 1990;
Brown, Chase, and Pittenger 1993; Kalantari and Khachiyan 1996; Kalantari et al. 2008; Pukelsheim
and Simeone 2009. In Rothblum and Schneider 1989, the authors claims that a colleague collected
more than 400 papers on the topic of matrix scaling.



Today, proofs and generalisations of Theorem 3.1 and similar questions about scaling
matrices in the form DAD or DAD ! form a knot of largely interconnected techniques.
We will now try to give an overview of these results and highlight their connections. A
graphical overview is presented in Figure 3.1.
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Figure 1: Connected approaches to prove Theorem 3.1 and their relationships. Red
arrows and text denote natural algorithms and their connections.

3.2. The logarithmic barrier function

Potentials and barrier functions have been important in the study of matrix scaling
since at least the unpublished results of Gorman 1963. Here, we largely follow Kalantari
and Khachiyan 1996, who give a very lucid account about the interconnections between



different barrier function formulations for g.
Let A € R™" be a matrix with nonnegative entries and r,c € R’}. Define the
logarithmic barrier function

gx,y) =yTAx =) cilnx;— Y rilny; )
; i1

i=1

If we take partial derivatives, we obtain

9y,8(x,y) = Ax —r1i/y;

3
0 8(x,y) =y"A—ci/x ©

which implies that for any stationary point we have

Y Agxyi=ri ) Auxiy; = ci
7 7

and setting D7 = diag(y) and D, = diag(x) solves the scaling problem. Conversely,
any scaling gives a stationary point of the logarithmic barrier function. In summary:

Lemma 3.3. Given A € R"*" nonnegative and two vectors r,c € R",, then the matrix can
be diagonally scaled to a matrix B with row sums r and column sums c if and only if the
corresponding logarithmic barrier function (2) has a stationary point.

According to Macgill 1977, this observation was first made by Gorman 1963 who
also gave the first complete and correct proof. However, the paper only circulated
privately. Gorman apparently did not consider this scaling function directly but used
an approach similar or identical to the ones considered in convex geometry described
in Section 3.5.

The potential barrier function can also be seen from the perspective of Lagrangian
multipliers:

Lemma 3.4 (Marshall and Olkin 1968). Given A € R"*" nonnegative and two vectors
r,c € R, then the matrix can be diagonally scaled to a matrix B with row sums r and column
sums c if and only if on the region

= {(x,y)

the function yT Ax is bounded away from zero and is unbounded whenever ||x||e + ||y||cc — 0.
The function yT Ax then attains a minimum defining D; and Dj.

m m
HX? :Hy? :11xi>01yi>0} (4)
i=1 i=1

This was used to prove our Theorem 3.1 in Marshall and Olkin 1968. We observe:

Observation 3.5. Lemma 3.4 and 3.3 are equivalent: The logarithmic barrier function
is the Lagrange function of the optimisation problem in Lemma 3.4.



Now consider g(x,y) for a fixed x. Since (—In) is a convex function and x! Ay
is linear in y, g is convex in y. The same holds for a fixed y, i.e. g is convex in
both direction. It is then natural to consider the coordinate descent algorithm (for an
introduction and overview see Wright 2015):

Algorithm 3.6. Given a nonnegative matrix A, take a starting point for g, e.g. xo =
Yo = e and iterate:

1. For fixed yy, find x,41 by searching for the minimum of g(x, y,).
2. For fixed x,,+1, find y,41 by searching for the minimum of g(x,+1,¥).
3. Repeat until convergence.

It is possible to solve min, g(x,y) or min, g(x,y) analytically:

X1 = p/ (Ayn), Yn+1 = q/ (Axy41).
This leads to the following observation:

Observation 3.7 (Kalantari and Khachiyan 1996). Algorithm 3.6 and 3.2 are the same.

Proof. Define DV = diag(y,) and D = diag(x,). Then we have DfllleADy(,z) e=r
and eTD,(ll)AD,(ZZ) = ¢!, which implies that we perform successive row- and column
normalisations as in the RAS method. O

Using the fact that the algorithm is a coordinate descend method, one can obtain a
convergence proof including a discussion of convergence speed of this algorithm and
a dual algorithm (Luo and Tseng 1992). See also Observation 3.17 for a discussion of
coordinate ascent methods.

However, g is not jointly convex. For a purely (jointly) convex reformulation, consider
the minimum for ¢ along any line g(tx, fy), where g is convex. If we define

k(x,y) := ming(tx, ty) (5)

minimising k(x, y) is still equivalent to minimising g(x,y). The corresponding k will be
homogeneous and the domain for minimisation will in fact be compact.

Observation 3.8 (Kalantari and Khachiyan 1996). We obtain:

n n
k(x,y) = r{1>1(1)1 <t2yTAx —2nlnt — Z cilnx; — 1221 ti lnyi> (6)

i=1

=1In - (yTCAxl);’ — | +n—nln(n) (7)
[To % Ty

hence minimising g is equivalent to minimising k.
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This proves the following lemma:

Lemma 3.9. Given a nonnegative matrix A € R" ™, it can be scaled to a matrix with row
sums r and column sums c if and only if the minimum of k(x,y) exists and is positive. The
corresponding minima (x,y) define the diagonal matrices to achieve the scaling.

The function k is also similar to Karmakar’s potential function for linear programming
and Algorithm 3.2 is the coordinate descent method for this function (Kalantari and
Khachiyan 1996; Kalantari 1996).

Setting y(x) = (Ax)~!, we arrive at another formulation of the problem. In the
doubly stochastic case, this formulation is due to Djokovié¢ 1970; London 1971 and was
later adapted to arbitrary column and row sums in Sinkhorn 1974%:

Lemma 3.10. Let A € R"™" be a nonnegative matrix. There exists a scaling to a matrix with
row sums r and column sums c iff the infimum

T
i=1 \j=1

Observation 3.11. Note that the infimum is attained iff the infimum

n n n
inf { Z riln (Z Al-jxj> Z ¢ilnx; = O}
i=1 j=1 i=1

[T« - } ®
i=1

is attained on x,y € R.

is attained. This is the formulation in Lemma 3.4.
Finally, let us sketch a proof using potential methods.

Sketch of proof of Theorem 3.1 (Potential version). We sketch a proof for arbitrary row and
column sums based on the short proof of Djokovi¢ 1970 for doubly stochastic scaling:
First assume that A € R"*" is a positive matrix. Starting with equation (8) we define
the function

) T, (z};l Aijx])n

n Ci
i=1%;

f(xl,...,xn) :

on the set of x; with x; > 0 and } ; x; = 1. Consider an arbitrary point b on the boundary
(i.e. b = 0 for at least one i € 1,...n). For x; — b;, since [[;x; = 0 and Zj Ajjixj # 0

“ater studied in Krupp 1979, who used an entropic approach for the generalised problem and in Berger
and Kelley 1979, who used a direct convergence approach reminiscent of Sinkhorn and others.

11



always, we have that f(x1,...,x,) — co. Hence the function takes its minimum in the
interior. At the minimum, the partial derivatives must vanish and we obtain:

Ti
n
0 1 3 B m <Zj:1 A1]x]> m xlcck
= 0uf = H X — nooa )
i=1 i k=1 Zp:l Ak]x]
" re—1 " Tk
Tk (Zp:1 Aijj> Ay« (szl Aijj>
Ck B c+1 ki
X xl’

m i X m n -1 m clxc"
() (£ (£0) 5
‘ ' k=1 p=1

k=1 %,

If we take all conditions for I =1, ...n, then this is equivalent to the condition
Al(r/(Ax)) =c/x

which boils down to equations (3).

The more technical part for nonnegative matrices is a more careful analysis of what
happens for nonnegative matrices that are not positive. For doubly stochastic matrices,
we can use the fact that fully indecomposable matrices have a positive diagonal, which
implies once again that []; ) ; A;b; # 0. A similar argument can be made for arbitrary
patterns, but we leave it out in this sketch. O

3.3. Nonlinear Perron-Frobenius theory

Another early approach uses nonlinear Perron-Frobenius theory which is essentially a
very general approach to tackle fixed point problems for (sub)homogeneous maps on
cones. A short overview is given in appendix B. The basic idea is given by:

Lemma 3.12 (Brualdi, Parter, and Schneider 1966). Given a nonnegative matrix A € R"*",
there exists a scaling of A to a matrix with row sums r and column sums c if and only if the
following map has a fixed point x > 0:

T:R" - R"

T(x) = ¢/ (AT(r/ (AX)) ©)

This also suggests another simple algorithm:

Algorithm 3.13. Given a nonnegative matrix A. Let xo = e. Iterate until convergence:

Xn41 = T(xn)- (10)

12



The development of this idea that started with Menon 1967 and was used to provide
a full proof of Theorem 3.1 in Brualdi, Parter, and Schneider 1966 for doubly stochastic
matrices. Menon and Schneider 1969 consider arbitrary row- and column sums and give
a complete study of the spectrum of the Menon-operator. Some contraction properties
were used to give a direct proof of convergence of the RAS algorithm in Berger and
Kelley 1979. The connection to Hilbert’s projective metric, and therefore to “Nonlinear
Perron-Frobenius theory” (cf. Lemmens and Nussbaum 2012), became clear later on
and allowed to give upper bounds on the covergence speed of the RAS (Franklin and
Lorenz 1989; Georgiou and Pavon 2015).

However, Menon was not the first to define the operator T: Looking closely at the
arguments given in Fortet 1940, one can see the continuous version of T, which lead to
an independent rediscovery of T and its connection to the Hilbert metric in Georgiou
and Pavon 2015. Probably, Menon was not even the first to define the discrete version
of the operator and to note that the existence of a fixed point can be seen by invoking
Brouwer’s fixed point theorem. This dates back to Thionet 1963; Thionet 1964, building
on work about matrix patterns (Thionet 1961). According to Caussinus 1965, Thionet
1964 was also the first paper to conjecture the necessary and sufficient conditions for
scalability®. The ideas where rediscovered another time in Balinski and Demange 1989b,
where the authors used the fixed point argument to prove that a scaling exists and
tulfils their axiomatic approach.

Let us connect the approach to Section 3.2. First note that the algorithm is nothing
else but a slight variation of the RAS method:

Observation 3.14. Setting y,, 11 := r/(Ax,) and x,41 := ¢/ (ATy,11) we can immedi-
ately see that one iteration of Algorithm 3.13 is one complete iteration of the RAS
method 3.2.

The connection with the logarithmic barrier method is also very close:

Observation 3.15. Any fixed point of the Menon operator defines a stationary point of
the logarithmic barrier function (2) and vice versa.

Proof. Let A be a nonnegative matrix. The derivative conditions for the stationary
points of (2) are given in equation (3), which are equivalent to:

Ax=r/y yTA=c/x (11)

This implies immediately that x = p/(AT(g/Ax)), hence x is a fixed point of T.
Similarly, any positive fixed point immediately gives a scaling as a minimum of the
logarithmic barrier function. O

This also proves Lemma 3.12.

5He also notes that the early history around Deming and Stephan 1940 is a little bit curious, since the
authors claim to have a convergence proof but never publish it.
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Sketch of proof of Theorem 3.1 (Nonlinear Perron-Frobenius theory version). Let us first as-
sume A has only positive entries. Then T sends all vectors x € R}, to R, hence using
Brouwer’s fixed point theorem T has a positive fixed point. Note that in order to apply
Brouwer’s fixed point theorem, we need to have a compact set. To achieve this, consider
the operator T(x) = T(x)/ Y1, T(x);.

For general nonnegative matrices A, one can extend T to be a map from x € R’
into itself (see also Appendix B) either by a general argument (see Theorem B.8) or by
defining co - 0 = 0 and oo - ¢ = oo for all positive c. One can easily see that T will not
send any entry to co.

However, it is not immediately clear when the fixed point is positive if A contains
zero-entries. This is the main technical difficulty for a complete proof. Brualdi, Parter,
and Schneider 1966 show that if A is fully indecomposable, T(x) has at least k + 1 entries
which are nonzero if x has exactly k entries which are nonzero, which immediately
proves that the fixed point must be positive.

Upon closer observation, the map is contractive under Hilbert’s metric and Banach’s
fixed point theorem immediately provides existence and uniqueness of the scaled
matrix. The fixed point itself provides the diagonal of D,. O

3.4. Entropy optimisation

Another approach, which underlies many justifications for applications, considers
entropy minimisations under linear constraints. An overview of entropy minimisation
and its relation to diagonal equivalence can be found in Brown, Chase, and Pittenger
1993, a broader overview about the relation of the RAS algorithm to entropy scaling
with a focus on economic settings can be found in McDougall 1999.

To formulate the problem, we define the Kullback-Leibler divergence, I-divergence or
relative entropy, which was first described in Kullback and Leibler 1951 (see also Kullback
1959) for two vectors x,y € R’ :

n x
D = In | =L 12
()= Lo n (y]_) 12)

where we use the convention that the summand is zero if x; = y; = 0 and infinity if

xj > 0,y; = 0. The relative entropy is nonnegative and zero if and only if x = y and it

is therefore similar to a distance measure. Given a set, what is the smallest “distance”

of a point to this set in relative entropy? This is known as [-projection (cf. Csiszar 1975).
Let A be a nonnegative matrix and define

ITy := {B|Be =}
IT, := {Ble'B = cT}.
We ask for the I-projection of A onto the set I} NIy, i.e. we want to find A* such that

D(A™4) = _inf D(B[A). (13)

14



The connection to scaling was probably first used in Brown 1959, where the RAS method
is used to improve an estimate for positive probability distributions of dimensions
2 X 2 x ... x 21in the relative entropy measure (Brown cites Lewis 1959 as a justification
for his approach, where the relative entropy is justified as a “closeness” measure).
According to Fienberg 1970, this approach was later generalised to all multidimensional
tables in Bishop 1967 based on some duality of optimisation by Good 1965°. Another
early use of relative entropy occurs in Uribe, Leeuw, and Theil 1966 (see also Theil
1967), where it was noted without proof that the results were the same as the RAS.
A very natural approach to obtain A* would be to try an iterative I-projection:

Algorithm 3.16. Let A be nonnegative.
o Let AU = A.

e If n is even, find A"tV such that

(1) A1) o
DAY AM) = inf D(B|A).

e If nis odd, find A"*Y such that
DA™MD AMY .— inf D(BIIA
( | ) Bler}‘flz (B||A)

e Repeat the steps until convergence.

Observation 3.17 (cf. Csiszar 1975; Csiszar 1989). The algorithms 3.16 and 3.2 are the
same.

Proof. This was first shown in Ireland and Kullback 1968. We give a short argument
based on Lagrangian multipliers restricted to column normalisation. Given A € R"*",
the Lagrangian for the problem is

L(B,A) := D(B||A) + A, (ZAu )

Partial derivatives dp,L = 0 and d),L = 0 lead to the system of equations:

B;
In +1+4A=0 ij=1,...,n
(1) ,

EAi]'—C]':O j:1,...,n.
i

A solution is easily seen to be

c .
Bj=Aij="l— ij=1,...,n
Y Ay J
The latter is the column renormalisation as in the RAS (Alg. 3.2). O

6Both references were not available to me.
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This implies that if the iterated I-projection converges to the I-projection of (13), then
matrix scalability solves equation (13). This was supposedly proved in Ireland and
Kullback 19687 and Kullback 1968, but the proofs contain an error as pointed out in
Csiszar 1975 (see also Brown, Chase, and Pittenger 1993). A corrected proof appeared
in Csiszdr 1975, however for some of the theorems it is not immediately clear whether
more assumptions are needed as noted in Borwein, Lewis, and Nussbaum 1994.

In addition, the proof in Aaronson 2005 for positive matrices proves that the RAS
converges using relative entropy as a “progress measure”. He shows that it decreases
under RAS steps to a unique stationary point. Another direct proof appeared in
Franklin and Lorenz 1989.

At this point, let us make the following observation:

Observation 3.18 (Cottle, Duvall, and Zikan 1986). The RAS method can also be seen
as the coordinate ascent method to the dual problem of entropy minimisation.

This is justified as follows: When deriving the I-projections of each step of the
algorithm, we set up the Lagrangian

L(B/A) _D BHA +A <2A1] >

and calculate its solution. This consists in explicitly solving the resulting equations
for the Lagrangian multipliers A;. In this sense, the algorithm is not really a primal
problem. This is also consistent with the nomenclature above: In Section 3.5 we see that
the dual problem of entropy minimisation is a convex program that is basically just the
(negative) logarithmic barrier function above. Since the RAS is the coordinate descent
algorithm of this problem, it is the coordinate ascent method of the dual problem of
entropy minimisation.
In other word, the justification of this observation is due to:

Observation 3.19 (Georgiou and Pavon 2015; Gurvits 2004). Given a matrix A € R"*"
with nonnegative entries. Suppose there exist positive diagonal matrices such that
D1AD; has row sums 7 and column sums ¢, then

—In (inf { (ﬁ ri i Aljx])
i=1 j=1

ﬁx?i = 1}) =inf{D(B||A)|Be =71,BTe =c}  (14)
i=1

and in particular, the minimum is the scaled matrix.

The proof of this observation will essentially follow from the results in Section 3.5.
Let us finish this section by giving another proof sketch of Sinkhorn’s theorem:

"In Fienberg 1970, it is pointed out that a simplified version of this proof appeared in Dempster 1969,
which however is unavailable to me.
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Sketch of proof of Theorem 3.1 (Entropic version). We sketch the proof given in Csiszar
1975 restricted to our scenario, which is similar to the proof in Darroch and Ratcliff
1972 (see also Csiszar 1989 for a comment on the connection). We prove convergence
of Algorithm 3.16, essentially by showing that the relative entropy of two successive
iterations decreases to zero.

Given a nonnegative matrix A, assume that there exists a matrix B < A with required
row- and column sums. Otherwise, the relative entropy will always be infinite and the
problem has no solution.

The crucial observation is that if A’ is the I-projection of A onto I1, then for any
B € IT we have

D(B||A) = D(B||A") + D(A"|| A). (15)

This “Pythagorean identity” usually only holds with >. The equality case is a special
case of the “minimum discrimination principle” (Kullback 1959; Kullback and Khairat
1966) and it is proven for constraints I1; in Csiszar 1975. This equality leads to a
very useful transitivity result (see also Ku and Kullback 1968) stating that if A has
I-projection B on IT; for some i and I-projection B’ on I, then B has I-projection B’ on
I1. This is not necessarily true in the general case.

Let A’ be the I-projection of A onto IT. Denoting by A(") the repeated I-projection as
defined in Algorithm 3.16, repeated application of equation (15) shows

D(A'[|A) = D(A'|A™) + }_ D(AM]AUY)
i=1

Therefore, the sequence A lies in a bounded set and hence contains a convergent
subsequence by compactness. However, we also have that D(A™| A1) — 0 for
n — oo, which implies || A" — A"=1||, — 0 for n — o, hence A converges to some
matrix A”. Clearly, A” € I, since A" e 11 and A@"D e 11, for every n € IN. Using
the transitivity of the I-projection, A” is the I-projection of A" for all n and equation
(15) holds in the form

D(A"||A™) = D(A"||A") + D(A"| A™)

Since the first and last term converge to zero, D(A”||A’) = 0 and the I-projection A’ is
indeed the limit of Algorithm 3.16. O

A similar proof can be found in Brown, Chase, and Pittenger 1993.

3.5. Convex programming and dual problems

Recall the logarithmic barrier function g in equation (2) and that it is not jointly convex.
However, it is very beneficial to make g convex for several reasons:

17



1. Convex programming is efficient in the complexity theoretic sense (Boyd and
Vandenberghe 2004).

2. The duality theory for convex programming is very well developed and can lead
to new algorithms (see littleO 2014 for a heuristic introduction and Rockafellar
1997; Boyd and Vandenberghe 2004 for a more careful analysis).

3. Uniqueness proofs can become simpler: A convex function has a unique minimum
iff it is strictly convex at the minimum.

To obtain a convex program, one simply needs to substitute x = (6‘51, €2, ..., e’vz") and
y = (eM, e, .. e') into g to obtain (Macgill 1977; Kalantari and Khachiyan 1996):

Lemma 3.20. Given a nonnegative matrix A € R™*", one can find diagonal matrices to scale
A to a matrix with row-sum r and column sum c if and only if the function

n n n

F(&n) =Y Aye"™e =Y rigi = Y ¢ (16)
ij=1 i=1 j=1

attains its minimum on ¢, € R" .

A proof based on this approach can be found in Bachem and Korte 1979.% We have
already seen:

Observation 3.21. The convex programming formulation in Lemma 3.20 is equivalent
to the logarithmic barrier function approach in Lemma 3.3.

Likewise, it can be shown:

Observation 3.22. The convex programming formulation 3.20 is the Wolfe dual (Macgill
1977; Krupp 1979) or Lagrangian dual (Balakrishnan, Hwang, and Tomlin 2004) of the
entropy minimisation approach.

Proof. The entropy minimisation problem was given as:

lllg‘lf Z Bl']‘ ln(Bij/Ai]‘)

ij 1]

s.t. ZBZ-]- = pj ZBij = qi
i j

This implies that the Wolfe dual is given by

sup ) BjjIn(B;;/ Ajj) + Y _u; (Z Bij — PJ') + Zvi (Z Bj — ‘7i>
1 1 ]

Bij ij j

8In Bacharach 1970 it is also noted that the function is used in the approach by Gorman 1963 later to be
simplified by Bingen 1965. Both papers are unavailable to me.
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st.In(A;j/Bij) +1+uj+v; =0 Vi,j
u,v>0
The constrained can be rewritten as
Bij = Ajjexp(—1—u; —v;)
and inserting this into the Wolfe dual function (see e.g. Bot and Grad 2010) we obtain:

sup ) ByjIn(Byj/ Ay) + ) 1 (2 Bij — Pj) +)_0i (2 Bij — %')
Bij ij j i i i
= sup — <Z Ajjexp(—1 —uj—v;) =Y _ujpj — ZW%’)
1o ij j i
which is (up to the constant } ;; A;;/e) the optimisation problem in 3.20. The calculation
for the Lagrangian dual is similar (see Balakrishnan, Hwang, and Tomlin 2004). O

Another connection to the barrier function is to use geometric programming:
Observation 3.23. Minimisation of the logarithmic barrier function g is equivalent to

min yT Ax
n n
Ci __ i
st T =1 ) =
i=1 i=1

This is in standard form of a geometric program, which implies that a substitution
¢ = In(x),n = In(y) gives a convex program (Boyd and Vandenberghe 2004, Section
4.5.3).

This observation was made in Rothblum and Schneider 1989, which also gives
necessary and sufficient conditions for a matrix to be scalable or approximately scalable.
As described in Kalantari and Khachiyan 1996, one can also reduce the problem to an
unconstrained optimisation problem for only a single variable by taking the formulation
of Lemma 3.10 and substituting x = exp({) as above to obtain the minimising function

Lemma 3.24. Given a nonnegative matrix A € R"*", one can find diagonal matrices to scale
A to a matrix with row sums r and column sums c if and only if the function

f(G) = f”j In (i Aijeéi> - iciéi- (17)
=1 i=1 1

i=
attains its minimum on ¢ € R" .

Finally, let us return to entropy minimisation: Relative entropy is jointly convex and
therefore a convex program. In fact, relative entropy is a special case of a broader class
of functions called Bregman divergences which we will sketch in Section 6.5.

A proof of Theorem 3.1 using convex programming is often similar to the approach
in Section 3.2. The advantage is that any critical point is automatically a minimum and
one does not need to consider the boundary.
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3.6. Topological (non-constructive) approaches

In the proof of Theorem 3.1 in Section 3.3, the result was achieved by Brouwer’s fixed
point theorem, but it is only one of many topological proofs.

For every nonnegative matrix A with a given pattern, we want to decide whether a
scaling with prespecified row- and column sums exists. Assume that we also know the
set of possible row- and column sums for a given pattern. In a sense, we therefore just
have to prove that the map ¢ : R" x R" — R"*" defined via (Dj, Dy) — D1 AD; hits
all row- and column sums, or else: we need to see that the map

¢ R} xR} — R} xR
(D1,D2) — (p,q): pi= Z(DlADZ)ij/ q; = Z(DIAD2)1']' (18)

] 1

is onto. This is somewhat problematic, because the spaces involved are not compact, but
by normalising both diagonal matrices and row- and column-sums, one can consider
the map as a map from a compact space into itself. This approach was taken in Bapat
1982 for positive matrices (based on his thesis) and the map was shown to be surjective
using a topological theorem, which Bapat claims is sometimes known as Kronecker’s
index theorem.” The case for general nonnegative matrices could only be covered by
combining the approach with Raghavan 1984 (see Bapat and Raghavan 1989).
Raghavan 1984 uses yet another fixed point theorem (Kakutani’s fixed point theorem
of set-valued maps). Defining the set K of all matrices in R"*™ with prescribed
marginals and zero (sub)pattern of the a priori matrix A, he considers the map

¢(H) = {Z|Z € K,max(C(H), Z') = (C(H), Z) (19)

where C(H);; = log(A;;/H;j) (if A;j > 0, and 0 else), we take all matrices as vectors
in R and the usual scalar product. The fixed point theorem then implies that there
exists H such that

max(C(H), Z) = (C(H), H)

and using the dual of this maximisation, one can show that it scales the matrix.

Observation 3.25. There is a simple connection to entropy minimalization, since
(C(H), H) = D(H[|A).

However, we can also take the converse road: Instead of exploring the possibilites for
every A, we can start with the set of matrices with prescribed row- and column sums

91 could not find any other instance of where the theorem is given that name. The theorem simply states
that for any map f : D"*1 — D"*1 if f maps 9D"*! into itself and is of nonzero degree, then it must
be surjective.
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and matrix pattern X" (call the set M(p,q, X')) and map it to the set of all nonnegative
matrices of pattern X" (call it M (X)) by diagonal equivalence, i.e. consider the map:

P :RY xR x M(p,q, &) = M(X)

20
(Dl, Dz, B) — DlBDz ( )

Again, it would be enough to show surjectivity. As such, it cannot be injective, because
we can obviously shift a scalar from D; to Dy, hence we would at least have to restrict
the first coordinate of D; to be 1. The resulting map ¢’ is indeed a homeomorphism as
shown in an overlooked paper of Tverberg 1976.

Another topological proof has recently been proposed in Friedland 2016. To describe
the approach, note that the following two statements are equivalent:

1. There exist Dy, D, such that D; AD, has row sums r and column sums c.
2. There exist D}, D) such that D] AD}, is a stochastic matrix with D] AD}c = r.

The proof is trivial, in fact D] = D; and Dj = D, diag(1/c). In Friedland 2016, the
author therefore restricts to stochastic matrices. To do this, he defines the following
map:

@, RY — R, ®y(x) = diag(x)A/ diag(ATx) (21)

A quick calculation shows that ®’ e = ¢, hence the matrix is always stochastic. Hence
given a nonnegative matrix A and row sums r and columns sums c, the question
of scalability is equivalent to the question whether there exists an x € IR” such that
Dy(x)c=r.

For positive matrices A and any c € R}, Friedland 2016 now proves scalability by
proving that the map ®4, : x — ®4(x)c is continuous as a set from R’ ;N {v| L, v; =
1} onto itself and a diffeomorphism from R". N {v| Y; v; = 1} onto itself. The result is
achieved using degree theory similar to Bapat and Raghavan 1989.

3.7. Other ideas

A very general approach to prove Theorem 3.1 was provided in Letac 1974, where
matrix theorems are derived as a consequence of the following theorem:

Theorem 3.26 (Letac 1974). Let X be a finite set, (u(x))xex strictly positive numbers and
H a fixed linear subspace of RX. Then there exists a unique (nonlinear) map from RX — H
denoted f — hy such that

Y [exp(f(x)) — exp(hs(x))]g(x)p(x) =0

xeX

forall gin H.
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Sinkhorn’s theorem follows as an easy corollary:

Sketch of proof of Theorem 3.1, Letac 1974. First, let X C {1,...,m} x {1,...n}, then we
first define the following maps:

a: (]RmIIRn) - 1Rm><n, (‘:/77) - (’gl +77j)ij
s (R™) = RY, (Ai)isy o = (Ag)Gjex

The second is just the natural projection from R"*" to RX.

Now let A € R™*" be a nonnegative matrix and let X := {(i,j)[A;; > 0} be its
pattern. We already know that the pattern is a necessary condition for scalability, hence
we know that there exists a B € R™*" with row sums r and column sums c. Given the
pattern, we define { = ran(7t o a) the range of the composition of 77 and a.

Now let F € RX be the matrix with entries F;j := log(B;;/A;j) and apply the theorem
to F, i.e. there exists a unique matrix H € H such that

Zexp(Fi]')Ai]'Gij = Zexp(Hlj)Al]Glj VG eH
ij ij

But since exp(F;j)A;j = B;; and H;j = ; +1; for some ¢ € R™, 7 € R" by definition of
‘H, we have

ZBijGij = Zexp(é’i)Alj exp(iyj)G,] VG e H
ij ij
which implies that exp(¢;) A;j exp(#;) has row sums r by taking G = 7o a(e;, 0) and
column sums c by taking G = o a(0, e]-) for the unit vectors ¢; € R™, ¢; € R".
Clearly, the choice of (¢, ) is unique up to ker(7t o a), which can be made explicit
and leads to the usual conditions. O

3.7.1. Geometric proofs

In principle, we have already two geometric interpretations of the RAS: First, the RAS
is akin to iterated I-projections and second, the RAS is the application of a contractive
mapping on a cone with a projective metric. Two other “geometric” proofs are known:
Fienberg 1970 shows that the RAS is a contractive mapping in the Euclidean metric
using that the RAS preserves cross-ratios of a matrix. Given a matrix, the products

i Ajj A
ikl 1=
! Aj A

(22)

remain invariant. This was first observed in Mosteller 1968, where it was used to justify
the use of the RAS in statistical settings (see Section 8). Fienberg then follows that if
one associates any positive matrix to a point of the simplex

Src - {(A11/~~'/Alc/---/Arlf"-/ATC)‘ZAij = 1}
ij
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by normalising the matrix, then any point reachable by diagonal equivalence scaling
lies on a certain type of manifold inside the simplex. Using some structural knowledge
of these manifolds he then shows that each full cycle of the RAS corresponds to a
contraction mapping with respect to the Euclidean metric. The result is general enough
to cover multidimensional tables, but in this simplicity handles only positive matrices.

There is an interesting connection: While the cross-ratios within the matrix remain
constant, Hilbert’s metric is also closely connected to cross-ratios. In fact, the contraction
ratio is connected to the largest cross-ratio within the matrix and it is not finite if the
matrix contains zeros. In that case, the matrix does not easily define a contraction in
Hilbert’s metric. The same holds true for Fienberg’s proof.

Borobia and Cant6 1998 consider the column space of scaled matrices AS and notes
that RAS is doubly stochastic if the columns are included in the convex hull of the
columns of R™! and the barycentre of the sets of the two columns coincide. The
observation of the barycentre then leads them to a proof involving Brouwer’s fixed
point theorem once again. By some continuity argument, the proof can be extended to
nonnegative matrices.

3.7.2. Other direct convergence proofs

Many papers contain direct convergence proofs, not least the original approach in
Sinkhorn 1964 and the proof of the full result Sinkhorn and Knopp 1967 (another
proof based on this approach is given in Pretzel 1980). The idea is to show that some
seemingly unrelated quantity always converges. Often, this quantity turns out to be
very much related to some potential barrier function or entropy and we already cited
the approach in the corresponding section.

One different proof is the short convergence proof of Macgill 1977 establishing that
Y Aff)/ Y Ag}q*l) — 1 and similarly }; Al(]ﬁ)/ Y Al(]ﬁ*l) — 1 for every i, j. This proof
is in some sense derived from Bacharach’s approach (Bacharach 1965; Bacharach 1970,
see also Seneta 2006) and is very straightforward.!? In parallel to Bacharach’s earlier
work Bacharach 1965 but not cited in his later Bacharach 1970, Caussinus 1965 proved
the convergence of the RAS method in the general case of multidimensional matrices
via the same idea which he attributes to Thionet 1964 (see the appendix of Caussinus
1965).

A second direct proof of convergence in Sinkhorn 1967, uses a norm difference as
convergence measure. More precisely, he considers the map

1

¢(x,y) = max (71'1 inAijyj> —min (71'1 inAijyf>
j ! j

1OMacgill also mentions yet another work that contains a proof of Theorem 3.1, namely Herrmann 1973,
however no details are given beyond the fact that it contains also approximate scaling.
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on the set of all (x,y) € R’} x R’ with some boundedness condition on their entries
and proves that ¢(x,y) = 0 is achieved by two positive vectors.

A third proof of direct and approximate scaling is given in Pukelsheim and Simeone
2009 by combining the approach of Bacharach with a simple L!-error function borrowed
from Balinski and Demange 1989b.

4. Equivalence scaling

Let us now collect maximal results. A similar but scarcely referenced collection of
results was provided in Krupp 1979. We follow the cleaner presentation style of
Rothblum and Schneider 1989. Starting with equivalence scaling, we have:

Theorem 4.1. Let A € R"™"™ be a nonnegative matrix and r € R’t,c € R. Then the
following are equivalent:

1. There exist positive diagonal matrices D1, D such that D1AD, has row sums r and
column sums c.

2. There exists a matrix B with row sums r and column sums c with the same pattern as A
(Menon 1968; Brualdi 1968).

3. There exists no pair of vectors (u,v) € R" x R™ such that (Rothblum and Schneider
1989)

ui+v; >0 V(i j) €supp(A)
Tu+cTv<0

either u; +v; > 0 for some (i,j) € supp(A) or rTu+cTv <0

4. Forevery I C {1,...,m},] C {1,...,n} such that Are; = 0 we have that

L= ).c

iel je]
and equality holds if and only if Ajje = 0 (Menon and Schneider 1969).

5. The RAS method converges and the product of the diagonal matrices of the iteration also
converges to positive diagonal matrices (Sinkhorn and Knopp 1967).

The equivalence of the first two items was essentially established in the proof sketches
in section (3). The equivalence to the fourth item follows from the characterisation of
matrix patterns (see appendix A) and the third follows from studying the geometric
program 3.23.

For doubly stochastic scaling, using the classification of doubly stochastic patterns,
we then know that scalability is equivalent to having total support (cf. Csima and Datta
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1972). The scaling matrices D1, D, are unique up to scalar multiplication if and only if
A is fully indecomposable.

For approximate equivalence scaling, the results are similar. The only difference is
that certain elements of A can become zero in the limit (which implies that elements of
D; must become zero and others infinite, hence the diagonal matrices cannot exist):

Theorem 4.2. Let A € R"™™ be a nonnegative matrix and r € R’t,c € R'}. Then the
following are equivalent:

1. For every € > O there exist diagonal matrices D1, D, such that B = D1 AD, satisfies

|Be —r| < ||Ble—c| <

2. There exists a matrix A’ < A such that A’ is scalable to a matrix B with row sums r and
column sums c.

3. There exists a matrix B < A with row sums r and column sums c¢ (Schneider and
Saunders 1980).

4. There exists no pair of vectors (u,v) € R"*™ such that (Rothblum and Schneider 1989)

ui+v; >0 V(i j) €supp(A)

rTu+cTo<0

5. Forevery I C {1,...,m},] C {1,...,n} such that Ay = 0 we have that

Y= ) C

i€l j€]
6. The RAS method converges (Sinkhorn and Knopp 1967 for the d.s. case).

For doubly stochastic scaling, using the classification of doubly stochastic patterns, we
have that approximate scalability is equivalent to A having support. Using Schneider
and Saunders 1980, this is a trivial consequence of the fact that a matrix has total
support if and only if it has doubly stochastic pattern and Proposition A.5'".

The uniqueness conditions are also simple enough to state:

Theorem 4.3. Let A € R"™"™ be a nonnegative matrix and r € R, c € R'.. Then, A has at
most one scaling.

Furthermore, if there exist no permutations P, Q such that PAQ is a direct sum of block
matrices, then Dy, Dy are unique up to scalar multiples. Otherwise, the scaled matrices D1, Dy
are only unique up to a scalar multiple in each block.

1One recent observation of this is in Bradley 2010. The observation has however already been made
before such as in Achilles 1993
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For doubly-stochastic scaling, this result already appears in Brualdi, Parter, and
Schneider 1966. For the case of general marginals, it occurs in Menon 1968 and for
general matrices and marginals in Hershkowitz, Rothblum, and Schneider 1988; Menon
and Schneider 1969. The tools can also be applied to prove that the approximately
scaled matrix is unique.

Let us now have a closer look at the difference between approximate scaling and
equivalence scaling. What can be said about the convergence of the RAS?

Theorem 4.4 (Pretzel 1980, Theorem 1). Let A € R™*" be a matrix that is approximately
scalable to a matrix with row sums r and column sums c. Let B be a matrix with row sums r
and column sums ¢ with maximal subpattern of A (i.e. the number of entries (i, ) such that
Bjj = 0and A;; > 0 is minimal).

Then A converges to a matrix C < B and the same result holds for A’ with Ag]- = Ay if
Bij > 0 and Afj = 0 else.

The continuity of the scaling can also be studied:

Theorem 4.5. Let A be nonnegative and r, c be prescribed row- and column sums. Then the
limit of the Sinkhorn iteration procedure is a continuous function of A on the space of matrices
with r, c-pattern.

When the scaling matrices are unique up to a scalar multiple, this also implies that the scaling
is continuous in Dy, D>.

The first proof of this result limited to the doubly-stochastic case was given in
Sinkhorn 1972. The full result follows directly from the homeomorphism properties
of the map (20) from Tverberg 1976. A discussion is also presented in Krupp 1979.
Furthermore, the continuity can be achieved using arguments of Section 9.3.

Finally, let us mention another characterisation of equivalence scaling using trans-
portation graphs.

Following Schneider and Zenios 1990, let A € R™*" be a nonnegative matrix. Let
M=/{1,...,m},N={1,...,n} and consider the bipartite graph with the bipartition
given by the vertices M and N and the edges defined via E = {(i,j) : A;; > 0}, directed
fromi € Mtoj € N. Now we define a source S; that connects to each vertex in M,
where the edges have capacity 7; (corresponding to the edge from S; to i € M) and
we define a sink S, that is connected from every vertex in N, where the edges have
capacities c; (see Fig. 2 for an example).

Then it is easy to see that the matrix is approximately scalable if and only if the
maximum flow of this network is equal to }_;7;. The flows along the edges E then
define a matrix with the wanted pattern. The matrix is exactly scalable if and only if
the maximum flow of this network is equal to }_; ; and every edge contains flow.
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0 3 41
A=121 00
2 0 01

Figure 2: An easy example of the transportation graph for row sums r and column
sums ¢ corresponding to the pattern of the matrix A. This example is similar
to an example in Schneider and Zenios 1990

5. Other scalings

The problem of equivalence scaling is closely connected to different forms of scalings,
the most prominent ones asking for a diagonal matrix D such that DAD is row-
stochastic or such that DAD~! has equal row and column-sums.

Many modern approaches to matrix equivalence scaling are general enough to cover
most of those different scalings (see Section 6).

5.1. Matrix balancing

Given a matrix A, does there exist a matrix D such that DAD ! has equal column-
and row sums? Clearly, this is a special case of D1 AD; scaling with a different set of
constraints. We have the following characterisation:

Theorem 5.1. Let A € R"*" be a nonnegative matrix. Then the following are equivalent:
1. There exists a diagonal matrix D such that B= DAD™ fulfills Y | Bjj = Y/ Bjs.

2. A is completely reducible or equivalently, a direct sum of irreducible matrices (Hartfiel
1971).

3. There exists B with the same pattern as A and Y_i_; Bij = Y"1 Bj; (Letac 1974).
The scaling of A is unique and D is unique up to scalars for each irreducible block of A.

The problem was first considered in Osborne 1960 in the context of preconditioning
matrices (see Section 8) by proposing an algorithm and proving its convergence (and
uniqueness). Grad 1971, building on Osborne’s results, considers the matrix balancing
method and provides an algorithm and convergence proof for completely reducible
matrices. Unaware of the effort of Osborne and Grad, but considering “the analogue
of [Sinkhorn’s] result in terms of irreducible matrices” Hartfiel 1971 proves essentially
the same result. His approach is based on a progress measure which is basically
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the maximum difference of the row- and column sums. Letac 1974 provided an
interpretation in terms of patterns. The same was later proved in Schneider and
Saunders 1980; Golitschek, Rothblum, and Schneider 1983; Eaves et al. 1985 by yet
different means.

Similar to the RAS method, one can propose a simple iterative approximation
algorithm:

Algorithm 5.2 (Schneider and Zenios 1990). Let A € R"*" be nonnegative. Let A? := A.
For k = 0,1, ... we define the steps

1. Fori=1,...,n,letu; = Z};l Aifj be the row sum and similarly v; be the column
sum. Then define p as the minimum index such that |u, — v, | is maximal among
|u; — v;l.

2. Define &y such that agu, = 1/a;0y,.

3. Let D = diag(1,...,1,ax,1,...,1) with a; at the p-th position. Then define
A1 = DATD1 and iterate.

According to Schneider and Zenios 1990, this algorithm is also similar to the proposed
scheme in Osborne 1960. At any step, the p-th row is already correctly scaled, while all
other rows change their scaling a bit. Note that unlike in the RAS method, the selection
of the row and column to be scaled are done using norm differences. Given the results
of Brown, Chase, and Pittenger 1993 that the RAS converges regardless of the order of
column and row sum normalisations, a similar condition might also accelerate RAS
convergence.

We have the following observation:

Proposition 5.3 (e.g. Schneider and Zenios 1990). The algorithm converges to a balanced
matrix B. This matrix is also the unique minimiser of the function

£ (o (2) )

ij=1
subject to the balancing conditions.

Sketch of proof. The fact that the balanced matrix minimises the entropy functional can
be seen by direct calculation (the minimiser must be a scaling of the original matrix
and the balancing conditions ensure that the scaling is of the form DAD™1).

A proof is similar to observation 3.17: Each step of the algorithm is an I-projection
onto the set of matrices with only one row/column balancing constraint. Since the
conditions are linear, the repeated projection will converge.

It remains to see that the order of the projections does not matter as long as all
directions are chosen arbitrarily often. O
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As with equivalence scaling, a graph version of this problem exists, this time using
transshipment graphs. A nice description can be found in Schneider and Zenios 1990 (see
also Figure 3): Given a nonnegative matrix A € R"*",let V = {1,...,n} and define the
set of edges of the transshipment graph (V,E) by E = {(i,j)|A;; > 0,i # j}. We can
then add weights A;; to any edge (7,j). A matrix is then balanced, if and only if the
incoming flow at each vertex equals the outgoing flow.

—_ NN o
_, oo W
B o o W
o o

Figure 3: An easy example of the transshipment graph corresponding to the pattern of
the matrix A similar to the example in Schneider and Zenios 1990.

5.2. DAD scaling

Another closely related problem is the question, whether given a nonnegative matrix A,
there exists a single diagonal matrix D such that DAD has prespecified row- or column
sums. A short but quite good overview is given in Johnson and Reams 2009.

Symmetric nonnegative matrices Let us first focus on the case where A is symmetric.
It seems natural that this follows directly from Sinkhorn’s theorem: If D; AD; has equal
row-sums and A is symmetric, so does D> AD;. By uniqueness of D; up to scaling, this
implies that one can choose D; = D,. This was noted for example in Sinkhorn 1964.

The first discussion of the case of symmetric A can be traced back to the announce-
ments Marcus and Newman 1961; Maxfield and Minc 19622, A first proof for the case
of positive matrices and doubly stochastic scaling was given in Sinkhorn 1964. Shortly
later, Brualdi, Parter, and Schneider 1966 consider the case of doubly stochastic scaling
for nonnegative matrices with positive main diagonal, while Csima and Datta 1972
shows that a doubly stochastic scaling exists if and only if there exists a symmetric
doubly stochastic matrix with the same zero pattern if and only if the matrix has total
support. This was extended in Brualdi 1974 to cover the case of arbitrary row sums
giving the following theorem:

Theorem 5.4 (Brualdi 1974). Let A € R"*" be a symmetric nonnegative matrix. Then the
following are equivalent:

12This is covered in many papers, for instance Marshall and Olkin 1968.
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1. There exists a diagonal matrix D with positive entries such that DAD has row sums
given by r € R

2. There exists a symmetric nonnegative matrix B with the same pattern as A and row sums
r.

3. For all partitions {I,],K} of {1,...,n} such that A(JUK,K) =0, Yie1ti > Yicx i
with equality if and only if A(I,1U]) = 0.
Furthermore, the scaling is unique.
The equivalence of 2. and 3. is given in Brualdi 1968. 1. follows from 2. using
Sinkhorn’s theorem and the reverse direction is proved via contradiction. Using the

uniqueness in Sinkhorn’s theorem then provides uniqueness for the scaling.
Note that the following observation gives a very simple proof of Theorem 3.1:

Observation 5.5. Let A € R"*" be a matrix and r € R”,c € R"} be two prescribed
vectors. Then A has an equivalence scaling if and only if the following symmetric

matrix A’
, (0 A
A= (AT 0 (24)

has a row-sum symmetric scaling to ()T = (+T,c7).
Proof. First assume that there exist Dy, D positive diagonal such that D; AD; fulfills
D1ADye =, D,ATDqe = c.

Then setting D’ := diag(D1, D») we have
IAlY 0 D,AD,
DAD = (DZATDl 0

and clearly D’A’D’e = (rT,cT)T.
Conversely, if A" has a row-sum symmetric scaling D’, by an analogous argument A
will have an equivalence scaling with row sums r and column sums c. O

This was already known in the 70s, maybe even earlier; explicit formulations include
Rothblum, Schneider, and Schneider 1994; Knight 2008; Knight and Ruiz 2012. Note
that the observation can easily be extended to not just row- and column sums, but
all p-norms for 0 < p < oo as considered in Section 6.7. It can also be extended to
approximate scalings with the same proof. This implies:

Observation 5.6. Results from symmetric scaling for symmetric nonnegative matrices
A can always be translated to cover equivalence scaling for arbitrary nonnegative
matrices.

The other direction is not true, since clearly not all symmetric matrices are of the
special form (24). However, it can still be beneficial to study equivalence scaling on its
own, as many algorithms (e.g. the RAS) do not preserve symmetry.

30



Arbitrary symmetric matrices Theorem 5.4 can be generalised to cover matrices that
are not necessarily nonnegative:

Theorem 5.7. Let A € R"*" be symmetric and A € R’} prescribed column sums. Then:

1. If A is positive semidefinite, then A is scalable if and only if A is strictly copositive
(Kalantari 1990; Kalantari 1996).

2. Any principal submatrix of A (including A) is scalable if and only if A is strictly
copositive (Johnson and Reams 2009).

In general, at least one of the following two propositions is true (Kalantari 1996):

1. The following set is not empty:

{x e R"|xTAx =0,x > 0,x # 0} (25)

2. For all A € R with A > 0 there exists a positive diagonal matrix D such that
DADe = A. In other words, for any set of prescribed row sums, there exists a scaling.

More general conditions for scalability of arbitrary symmetric A can be found in
Johnson and Reams 2009. We make a number of remarks concerning the results:

1. Another necessary condition for scalability (the matrix must be diluted) is provided
in Livne and Golub 2004.

2. The question of equivalent conditions for the scalability of matrices remains
open. However, these conditions might not have a very useful description, since
scalability of arbitrary symmetric matrices is NP-hard (Khachiyan 1996'2).

3. The second result implies in particular that if a matrix is strictly copositive, it is
scalable, which was first proved in Marshall and Olkin 1968. Note that positive
definite matrices are in particular strictly copositive, which means that this result
encompasses the claimed proofs of scalability of completely positive matrices in
Maxfield and Minc 1962. An elementary proof for matrices with strictly positive
entries has recently appeared in Johnson and Reams 2009 based on an iterative
procedure.

4. For doubly stochastic scaling, the alternative conditions of Kalantari 1996 can also
be derived using linear programming duality and/or the hyperplane separation
theorem using extremely general methods of duality in self-concordant cones
(Kalantari 1998; Kalantari 1999; Kalantari 2005).

13This was conjectured also in Johnson and Reams 2009, who noted that deciding whether a matrix
is (strictly) copositive is NP-complete according to Murty and Kabadi 1987. The authors seemed
to have been unaware of the paper by Khachiyan. The alternative in Theorem 5.7 is also not very
useful computationally, because deciding the emptiness of the set (25) is also NP-hard (Kalantari 1990,
according to Kalantari 1996).
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5. Scaling of the special class of Euclidean predistance matrices has been considered
in Johnson, Masson, and Trosset 2005. It turns out that all such matrices are
scalable.

6. Note that the equivalence conditions for positive semidefinite matrices can be
strengthened. If a matrix is scalable and positive semidefinite,

= min{xT Ax|x >0, x| = 1}

can be bounded in terms of the matrix dimension (cf. Khachiyan and Kalan-
tari 1992, where it is also noted that the scaling problem is related to linear
programming).

Uniqueness of matrix scaling has also been studied:
Proposition 5.8. Let A € R"*" be symmetric and A € R, prescribed row sums. Then

1. If A has two or more distinct scalings, then there exists a matrix D such that DAD has
eigenvalues +1 and —1 (Johnson and Reams 2009).

2. For scalable positive definite matrices A there exist 2" diagonal matrices D such that
DADe = A, one for each sign pattern of D (O’Leary 2003). In particular, scaling by
positive diagonal matrices is unique.

3. If A is positive semidefinite, then if A is scalable to row sums r, the positive diagonal
matrix is unique (Marshall and Olkin 1968).

For the scaling of positive semidefinite matrices, upper and lower bounds on || D|| were derived
in Khachiyan and Kalantari 1992; O’Leary 2003.

Johnson and Reams 2009 also note that for nonnegative matrices uniqueness holds in
particular if A is primitive (including the case of positive matrices already covered in
Sinkhorn 1964) or if A is irreducible and there does not exist a permutation P such that

0 B
T _
PAP _<BT 0).

It is also very simple to give an algorithm of RAS type for this problem, using the
observation that a DAD scaling to row sums A exists if and only if ADe = r/ (De).
This implies that any scaling is a fixed point of the map Tsym : R" — R" with
Tsym(x) = r/(Ax).

Algorithm 5.9 (Knight 2008). Let A € R"*" be nonnegative and symmetric. For the
algorithm, set xo = e and iterate

X1 = Tsym(xn) (26)
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Nonsymmetric matrices If we do not restrict to symmetric matrices we can only hope
to scale A to a matrix with given row-sums. The only notable result seems to be:

Proposition 5.10. (Sinkhorn 1966) Let A € R"*" be a positive matrix. Then there exists D
such that DAD is stochastic.

The theorem can be extended to cover arbitrary row sums. The first proof occurred in
Sinkhorn 1966. Likewise, the proof in Johnson and Reams 2009 does not need symmetry
of A.

5.3. Matrix Apportionment

Another scaling problem which is interesting particularly for its applications, is asking
for an equivalence scaling, but with the added constraint that the resulting matrix
have integer entries. This is important for instance when attributing votes to seats in
a parliament and has been applied as early as 1997 (Balinski and Gonzélez 1997, see
also Pukelsheim and Schuhmacher 2004 for one of many explicit accounts for actual
changes).

This problem, which is often called matrix apportionment has first been studied in
Balinski and Demange 1989a; Balinski and Demange 1989b. Algorithms akin to the
RAS method exist and others based on network flows can be obtained from Rote and
Zachariasen 2007; an overview and many references can be found in Pukelsheim and
Simeone 2009.

5.4. More general matrix scalings

This review has so far largely been concerned with nonnegative matrix scaling, with
the exception of symmetric DAD scaling. This is understandable, as most of the
applications concern nonnegative matrices. However, in view of completeness, let us
mention a few of the (mostly quite recent) other cases of matrix scaling.

Arbitrary equivalence scaling While arbitrary D AD; scaling is interesting for real
symmetric matrices, scalings of general real matrices have never sparked a similar
amount of interest. It is merely known that the question whether or not a matrix
is scalable is NP-hard (Khachiyan 1996) - a question that has also been considered
for matrices over the algebraic numbers in Kalantari and Emamy-K 1997. Since the
problem of nonnegative matrix scaling turns out to be equivalent to the existence
of matrices with given pattern, it seems natural to ask whether the (+, —,0)-pattern
of matrices with prescribed row- and column sums play a similar role. For positive
diagonal scaling the sign pattern of the matrix cannot change and it is a necessary
condition for scalability, which is not sufficient as shown in Johnson, Lewis, and Yau
2001. Nevertheless, the authors achieve a characterisation of general matrix patterns
(generalising Brualdi 1968, see also Johnson and Stanford 2000; Eischen et al. 2002).
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Complex matrices Let us first start with the definition

Definition 5.11. Let A € C"*™ be a complex matrix, then A is doubly quasistochastic if
all sums and columns sum to one.

Note that in case all entries are nonnegative the matrix is doubly stochastic. For the
rest of this section, let us restrict to square matrices. Quasistochasticity is interesting,
because if A is quasistochastic, then F;AF,e; = e;, where e; = (1,0,... ,O)T and F,
is the n x n discrete Fourier transformation. This is true since F,e; = e and e is an
eigenvector of A by quasistochasticity. A doubly quasistochastic matrix A therefore
satisfies that F;; AF, has e; as its first row and column. Repeating diagonal scalings and
Fourier transform can then lead to new matrix decompositions.

The natural generalisation of DAD scaling would be D*AD-scalings for positive
semidefinite matrices. These were first studied in Pereira 2003 and later in Pereira and
Boneng 2014. Observing that the proof of Marshall and Olkin 1968 extends to complex
entries, the authors obtain already part of the following partial results:

Theorem 5.12 (Pereira and Boneng 2014). Let A € C"*" be positive definite. Then there
exist diagonal matrices D1, Dy such that D1 AD; is doubly quasistochastic.

Neither Dy, Dy nor the scaled matrices are necessarily unique. However, there exists at most
one scaling with positive matrices D1, Ds.

The authors suggested that such scalings can be applied to generate highly entangled
symmetric states. They furthermore conjectured that the number of such scalings
would be upper-bounded, but this was disproved recently in Hutchinson 2016 by
giving counterexamples for n > 4, which have infinitely many scalings. For n = 3,
there exist at most four scalings. An RAS type algorithm can be obtained from the fact
that an equivalent version of Observation 3.14 also holds in the complex case.

Unitary matrices For the subclass of unitaries, we proved the following theorem:

Theorem 5.13 (Idel and Wolf 2015). For every unitary matrix U € U(n) there exist diagonal
unitary matrices D1, Dy such that D1UD; is doubly quasistochastic. Neither D1, Dy nor
D1UD; are generally unique, in fact in some cases there may even be a continuous group of
scalings.

An algorithm how to obtain D, D, similar to the RAS method is given and studied
in De Vos and De Baerdemacker 2014a, however its convergence is unknown.

The theorem was conjectured in De Vos and De Baerdemacker 2014a and used
later (De Vos and De Baerdemacker 2014b; Idel and Wolf 2015) to prove that any
unitary matrix can be considered as a product of diagonal unitary matrices and Fourier
transforms on principal submatrices. Recently, it has also been applied to prove an
analogue of the famous Birkhoff theorem for doubly-stochastic matrices (De Vos and
De Baerdemacker 2016).
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The proof of Theorem (5.13) boils down to noticing that a scaling exists if and only
if there exists a vector x with Ux = y and |x;| = |y;| = 1 foralli =1,...,n. This is
a problem of symplectic topology in disguise and can be solved using a theorem in
Biran, Entov, and Polterovich 2004. When we published the theorem in Idel and Wolf
2015 we were unaware of the fact that this proof had in principle already been found,
since the equation Ux = y with |x;| = |y;| = 1, which defines so called biunimodular
vectors (see for instance Fiihr and Rzeszotnik 2015), also pops up in several other places.
In this context, essentially the same proof was described in Lisi 2011. A first formal
publication containing this proof was probably Korzekwa, Jennings, and Rudolph 2014
applying it to error-disturbance relations in quantum mechanics.

6. Generalised approaches

All of the approaches above can be generalised to some extend. Many can then
incorporate also different scalings. With an eye towards matrix equivalence, we will
attempt to see the different ways of generalisations and what can be gained. A quick
summary can be found in Table 6.2.

6.1. Direct multidimensional scaling

Especially in transportation planning, equivalence scaling of arrays with three indices
has been important from the beginning. Except for nonlinear Perron-Frobenius theory,
the approaches can be readily generalised to this case. As already pointed out, Brown
1959 was the first to consider multidimensional scaling. According to Evans and Kirby
1974 (see also Evans 1970), Furness pointed out iterative scaling as a possible solution
to certain transportation planning problems in the unpublished paper Furness 1962.
Evans and Kirby themselves proved convergence in a limited scenario by extending
the convex programming approach of equation (16) and proofs have been provided
or pointed out in several other papers such as Fienberg 1970; Krupp 1979. The case
of approximate multidimensional scaling is discussed in Brown, Chase, and Pittenger
1993.

For multidimensional exact or approximate scaling, the convergence results of Pretzel
1980 reflected in Theorem 4.4 still hold. In addition, the order in which we normalise
any of the indices of the multidimensional array is irrelevant:

Theorem 6.1 (Brown, Chase, and Pittenger 1993 and comment in Brown 1959). Let A be
an array with m indices (or dimensions) and let iy be the dimension of the array that is scaled in
the k-th step. If each element of {1, ..., m} appears in the sequence {iy,1iy,...} infinitely often,
then the scaling converges to the limit of the cyclic RAS method, the I-projection of A.
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Type Base case D1AD, DAD DAD ! multi- conti- additional generalisation
dim. nuous
Algorithmic RAS-type algorithms  with row or column v v - - -
approaches norm constraints
(also max-sum)
Axiomatic = D;AD; scaling with v - - - - -
approach inequality constraints
Convex op- D;AD,, DAD scaling v v - - - also copositive matrices,
timisation complex scaling
Entropies minimising relative en- v/ ) ) v v special case of Bregman di-
tropy minimisation + vergences; Cross entropies;
(non)linear constraints justifications
Letac’s ap- no scaling: existence v’ v v - - completely different appli-
proach of some function cations
Log linear scaling of prob. distri- v v v v - Different scalings defined
models butions w; = X; H] d;:if via C
given C,x with con-
straints Cw = b
N-L Perron- fixed points of ho- Vv v - - v Maps in different vector
Frobenius  mogeneous maps on spaces (such as positive
Theory cones maps); infinite matrices
Truncated X = ADAD! balanc- also inequalities v v - - -
matrix ingwith L < X < U
scaling entrywise

scalings discussed in Section 6 and additional possible applications.

Table 1: This table gives an overview about possible approaches to matrix scaling, their application to various different



6.2. Log-linear models and matrices as vectors

Most of the ideas above use matrices as matrices, as sets of numbers with two indices.
One can likewise consider just vectors of numbers and define columns and rows by
defining partitions of the vectors. This approach has the advantage that the generalisa-
tion to multidimensional matrices is immediate. It was probably pioneered by Darroch
and Ratcliff 1972, although Lamond and Stewart 1981 credit Murchland, who circulated
his results later (Murchland 1977; Murchland 1978'%). The approach was then taken
on in Bapat and Raghavan 1989 (see also Bapat and Raghavan 1997, Chapter 6 for an
overview and a more lucid presentation of their ideas). While Darroch and Ratcliff
1972 used an entropic approach, Bapat and Raghavan 1989 is based on a combination
of optimisation and topological approaches as discussed in Section 3.6. The same
theorem is also proved in Franklin and Lorenz 1989 in a very elementary fashion and
in Rothblum 1989 using optimisation techniques.

The original goal of Darroch and Ratcliff 1972 was not to study matrix scaling but
rather obtaining probability distributions using so called log-linear models. Given a
positive (sub)probability distribution 71 over some finite index set I, a log-linear model
is a probability distribution p such that

d
pi = D] D& (27)
s=1
which satisfies some constraints ) ;; Csjp; = ks. Here, D and D; have to be determined
while C is given from the problem. The name derives from the fact that the solution is
an exponential family of probability distributions.
Depending on the choice of C, one can write matrix balancing, equivalence scaling
or DAD scaling as finding a log-linear model.
To achieve equivalence scaling with row-sums r and column sums s, consider for
simplicity the case of a 2 x 3 matrix. Then C and b are given by

111000 r
000111 2
c=|l100100|, ©bv=]|s
010010 5
001001 53

and we define 11 = A11,y2 = A1n,..., Y5 = An,Ys = Az (example from Bapat and
Raghavan 1989; Rothblum 1989).

To achieve matrix balancing with row-sums equaling column sums, consider for
simplicity the case 3 x 3, then C is given by

01 1 -10 0 -1 0 0
c=(0 -1 0 1 0 1 0 -10 (28)
00 -1 0 0 -1 1 1 0

14The papers were not available to me
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and b = 0 and we order x,y again as before (example from Rothblum 1989).
We have the following theorem:

Theorem 6.2 (Bapat and Raghavan 1989). Let C € R"™*" and b € R . Let K = {v|Cv =
b,v > 0} be bounded. Let x € R} ;. Then there exists a w € K such that for some D € R we
have

if and only if there exists a vector y € R', j with y € K and the same zero pattern as x.

Note that this is a major generalisation of scaling as the matrix C can contain any
real numbers.

The limiting factor of the theorem is the boundedness of K. While the constraints in
the case of matrix equivalence are bounded, the constraint set defined by (28) is not
necessarily bounded. Rothblum 1989 applies a completely different proof which only
works for positive matrices. However we can still apply Theorem 6.2: K is unbounded,
because the matrix entries can become unbounded since we only want equal row and
column sums but do not specify them further. We fix that by using

o1 1 -10 O -1 0 O
C— o -1 0 1 0 1 0 -10
o 0 -1 0 0 -1 1 1 O
11 1 1 1 1 1 1 1

and by = 1. The last row just implies that the sum of all matrix entries should be one
which makes K a bounded set. A simple calculation then shows that this is equivalent
to searching for a diagonal matrix D and a scalar d such that dDAD~! has equal row-
and column sums and the sum of all matrix entries is one. Clearly, this is equivalent to
matrix balancing and we can apply Theorem 6.2.

The connection to entropy minimisation is simple:

Lemma 6.3 (Darroch and Ratcliff 1972, Lemma 2). Given a positive (sub)probability
distribution 71, if a positive probability distribution p satisfying (27) and the linear constraints
exists, then it minimises relative entropy Y_; p;log(pi/ 7t;) subject to the linear constraints.

Proof. The proof in Darroch and Ratcliff 1972 is a straightforward calculation and
follows directly from Kullback and Khairat 1966. If g is a probability distribution
satisfying the linear constraints, then

pHTC sz 10g§+ZC5110ng

iel

=log¢ (Zn) + Zlogés (ZCszP)

iel s= iel
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v (£0) s ()

i€l i€l
=) qilog(pi/m)
i€l
= D(qllm) = D(qllp)
which implies the lemma by the nonnegativity of relative entropy. ]

6.3. Continuous Approaches

Nonnegative matrices were always tied to joint probability distributions. Obviously,
there is no reason to only study discrete probability distributions. The first such
generalisation was obtained in Hobby and Pyke 1965. Also the basic theorems of
Kullback 1968 and Csiszar 1975 are more general than counting measures (although
both have problems with parts of their arguments, see Borwein, Lewis, and Nussbaum
1994).

As pointed out in Borwein, Lewis, and Nussbaum 1994, there are essentially two
approaches to continuous versions, the entropy maximisation approach studied by
Kullback and later Csiszér, and the approach via fixed point theorems or contractive
ratios (one can see this as a precursor to nonlinear Perron-Frobenius theory) studied
in, for instance, Fortet 1940; Nussbaum 1987; Nussbaum 1993. The natural continuous
extension of the DAD theorem for symmetric matrices was studied in Nowosad 1966;
Karlin and Nirenberg 1967 (via fixed points or iterative contractions). The most general
results in Borwein, Lewis, and Nussbaum 1994 combine these two approaches. To give
a flavour of their results, we cite

Theorem 6.4 (Borwein, Lewis, and Nussbaum 1994 Theorem 3.1). Given a finite measure
spaces 1(s,t) = k(s,t) ds dt and marginal distributions a(s), B(t) € L(dt/ds), consider the
following minimisation problem:

min /5 ) og(u(x, ) — u(, ) k(s ) ds i
s.t./Tu(s,t)k(s,t) dt = ua(s) ae. (29)

/Su(s,t)k(s,t)ds = B(t) ae.

where u € L(dt,ds). Furthermore, we require [ a(s)ds = [} B(t) dt. Then the minimisation
problem has a unique optimal solution. If there exists a uy which fulfils the constraints and
there exist xo € L and yo € L™ such that log uo(s,t) = x(s) + y(t) almost everywhere, then
ug is the unique solution. Conversely, if there exists a feasible solution u with u > 0 almost
everywhere, then the unique optimal solution satisfies ug > 0 almost everywhere and there exist
sequences x, € L and y, € L* such that

)}grgo(xn (s) +yn(t)) =logug(s,t) a.e.
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This in fact also covers the approximate scaling case. Note that the results also extend
to more than two marginals.

6.4. Infinite matrices

Instead of continuous functions, we can also consider infinite matrices. Results usually
posit that row and column sums should be finite in some norm.

The first such result was obtained in Netanyahu and Reichaw 1969, which proves
Theorem 3.1 in the case where the column and row sums are uniformly bounded in
the I'-norm and the matrix entries are uniformly bounded. The proof is reminiscent of
Brualdi, Parter, and Schneider 1966 and Nonlinear Perron-Frobenius theory, using a
fixed point argument involving Schauder’s fixed point theorem.

Another approach was presented in Berger and Kelley 1979, where matrices that
are infinite in one direction are studied (rows or columns are finite in a [’-norm).
Once again, the matrix entries must be bounded uniformly (in this case, in a [’-norm)
and convergence of the iterative algorithm to a unique solution is proved in certain
topologies.

6.5. Generalised entropy approaches

As we saw in Section 3.4, we can write matrix scaling as the problem

mPinD(PHQ) st.Pell

where I1 is an intersection of linear constraints. This approach can be generalised in
two ways: First, one could consider other functions than relative entropy but related to
it or second, one can consider more general sets I1.

Telative entropy is a special case of Bregman divergences. These were originally
introduced in Bregman 1967 and later named in Censor and Lent 1981. The idea is to
study distance measures derived from functions ¢ : S € R" — R, which are defined on
a closed convex set S, continuously differentiable and strictly convex. Then

Do(x,y) = ¢(x) = p(y) = (Vo (y), x —y)

behaves similarly to a metric, although it is not necessarily symmetric and obeys no
triangle inequality. If one takes ¢(x) = };(x;log(x;) — x;) (negative entropy modulo
the linear term), then Ay (x,y) = ¥;(x;In(x;/y;) — x; + y;). This example was already
studied in Bregman 1967 giving in addition an iterative algorithm to find the projections
onto the minimum Bregman distance given linear constraints, which is a variant of the
RAS method (see also Lamond and Stewart 1981).

Another way to generalise D is the basic observation underlying McDougall 1999:
Relative entropy for matrices is equivalent to the sum of cross-entropies between
matrix columns, where a cross-entropy of the column j of the matrices A, B is just
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D;(A||B) := Y Bijlog(B;;/ Ajj). Instead of taking the sum of all cross-entropies, it
might be justified to take weighted sums of cross-entropies. This is relevant in economic
settings and, aside from McDougall 1999, was studied in e.g. Golan and Judge 1996;
Golan, Judge, and Miller 1997%°.

On the other hand, we can work with relaxed constraints. This was covered in Brown,
Chase, and Pittenger 1993: The extension of linear families of probability distributions
is still covered by Csiszar 1975, while finding the I-projection for closed, convex but
nonlinear constraints requires different means such as Dykstra’s iterative fitting procedure
(cf. Dykstra 1985).

6.6. Row and column sum inequalities scaling

Instead of wishing for matrices to have prespecified row and column sums, it might
be interesting to consider cases where only lower and upper bounds on the row and
column sums and the matrix entries are considered.

If we denote the set of all nonnegative matrices with row sums between r~ € R’} and
r* € R and column sums between ¢~ € R’ and ¢t € R’ and total sum of its entries
hby R(r~,r*,c”,c",h), then we can ask the question, whether for a given nonnegative
A € R™7", there exists 6 > 0 and D;, D, diagonal matrices such that

B:=0D1AD; € R(r—,r",c,c",h)

such that if (D1);; > 1, then YjBij=r"and (Dq)ii < 1, then Y Bij = rT and the same
conditions for D; and c. This problem was studied in Balinski and Demange 1989a;
Balinski and Demange 1989b, where they call such a matrix a fair share matrix. The
main purpose of the approach is described in Section 8.2. Using the arguments from
nonlinear Perron-Frobenius theory (Section 3.3), they prove

Theorem 6.5 (Balinski and Demange 1989a). Let A be a nonnegative matrix. There exists a
unique fair share matrix for A if and only if there exists a matrix B € R(r~,r*,c™, ¢, h) with
the same pattern as A.

A different generalisation is called truncated matrix scaling. It is studied in Schneider
1989; Schneider 1990 and can also account for equivalence scaling. While the proofsuse
a combination of optimisation techniques for an optimisation problem defined via
entropy functionals, the motivation and interpretation uses graphs and transportation
problems for graphs.

The problem considers matrix balancing and not equivalence scaling as its basic
problem and then explains the connection. A problem consists of an ordered triple
(A,L,U) of nonnegative matrices in R"*" satisfying

1. 0<L<UC<oy,

15References corrected but taken from McDougall 1999 as they were unavailable to me
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2. There is a matrix X whose pattern is a subpattern of A such that X is balanced
and L < X < U,

3. U;; > 0 whenever A;; > 0.

and asks for a diagonal matrix D and a nonnegative matrix A such that

1. X = ADAD lisbalanced and L < X < U,
2. X and A satisfy

Al']'>1 = Xij:Lij
Al‘]'<1 = Xi]‘:ui]'

The conditions above are consistency conditions which are trivially necessary for the
existence of D, A. One can easily see that for L = 0 and U = oo the problem is
equivalent to matrix scaling, because A = 1. Note the similarity of the treatment of
inequalities to the ideas of Balinski and Demange.

The connection to equivalence scaling is simple (cf. Schneider 1989): Given a
nonnegative matrix A and row and column sums r, ¢, we start with the graph of Figure
2: we join the two vertices S; and S, into one vertex (call it S), keeping everything else
fixed. We label the edges between the nodes with the corresponding matrix entries A;;.
A’ is now the matrix corresponding to the graph.

Now we copy the graph twice and erase the weights of the edges and instead label
the first graph by /(; ;y and the second by u; ;) where

0 ifAl‘j>0 oo ifAij>0
l(i,j) =7 1f] =0 Ugjy = Ti lf] =0
¢j ifi=0 cj ifi=0

Now L’ (U') is the matrix corresponding to the graph with labels /(; ) (u(;;)). Finally,
(A, L', U) is the triple for truncated matrix scaling.
The main result of the paper then includes:

Theorem 6.6 (Schneider 1989 Theorem 14 (part of it)). Let (A, L, U) be a triple in R™*"
fulfilling the consistency conditions 1.-3. above. Then the truncated matrix scaling has a
solution satisfying the conditions 1. and 2. above if and only if there exists a balanced matrix X
such that

o [ <X < U,
° Xij >0 if]CAij >0 always.

Once again, the answer is dominated by the pattern of the matrix and the conditions
boil down to the usual conditions for similarity scaling. In a sense, this gives another
explanation as to why both problems, equivalence scaling and matrix similarity, need
pattern conditions for feasibility: They are both similar graph-related problems.
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6.7. Row and column norm scaling

Instead of asking the question whether one can scale a matrix to prescribed row- and
column sums, one can ask for a scaling to prescribed row- and column norms.

For the co-norm, this is discussed in Rothblum, Schneider, and Schneider 1994. Their
proof relies on an algorithm for symmetric DAD scaling using Observation 5.5. In fact,
an algorithm for the problem had already been studied for the symmetric case in Bunch
19717,

Theorem 6.7 (Rothblum, Schneider, and Schneider 1994). Let A € R™*" be a nonnegative
matrix and r € R, ¢ € R" be prescribed row and column maxima. Then the following are
equivalent:

1. There exist diagonal matrices D1 and D; such that D1 AD, has prescribed row and
column maxima r and c.

2. There exists a matrix B with row and column maxima r and c¢ with the same pattern as A.
3. There exists a matrix B with row and column maxima r and ¢ with some subpattern of A.

4. The vectors r and c fulfil

max r; = max ¢j (30)
i=1,..m j=1,.n
max7; < maxc; (31)
iel jeJe
maxc; < maxr; (32)
jeJ ieJ¢

for every subsets I C {1,...,m}and ] C {1,...,n} such that A;; = 0.

There are two further technical conditions given in Rothblum, Schneider, and Schnei-
der 1994 as well as an algorithm that converges to the solution.

The usual equivalence scaling now corresponds to 1-norm scaling. For p-norms of
row and columns with 0 < p < oo, it is shown that this problem reduces to 1-norm
scaling in Rothblum, Schneider, and Schneider 1994. If A() denotes the entrywise
power, we have:

Theorem 6.8 (Rothblum, Schneider, and Schneider 1994). Let A € R™*" be a nonnegative
matrix and r € R"™, c € R". Then the following are equivalent:

1. There exist matrices D1 and Dy such that D1 ADy = B has prescribed row and column
p-norms r and c.

2. There exist matrices Dy and D such that Dgp)A(p)Dép) has prescribed row and column
sums ) and c(P).

16Reference from Knight 2008 among others. I could not obtain the reference.
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3. There exists a matrix B with the same pattern as A and row and column sums given by
r(P) and cP).

Hence the answer again reduces to a question of patterns. Likewise, the e-scalability
can immediately be transferred. Much weaker results were obtained in Livne and Golub
2004, where the problem of 2-norm scaling was studied for arbitrary (not necessarily
nonnegative) matrices. A (fast) algorithm is also derived in Knight and Ruiz 2012.

6.8. Row and column product scaling

At this point, one might wonder what happens when replacing the row- and column
sums by row- and column products. This has been treated in Rothblum and Zenios
1992, however it is not connected to entropy or maximum likelihood estimation, but
instead to least square estimations, which is why we will not discuss the techniques
here. However, this is interesting in light of the original justification of the RAS method
in transportation planning by Deming and Stephan 1940. The results are simple:

Theorem 6.9 (Rothblum and Zenios 1992). Let A be a nonnegative matrix. Then the
following are equivalent:

1. There exist positive diagonal matrices Dy and D; such that D1 AD, has row and column
products ry, and c.

2. There exists a matrix B with the same zero pattern as A and row and column products r)
and cy.
P

The scalded matrix D1 AD; is unique.
Furthermore, if A has no zero rows or columns, there always exists a matrix D such that
DAD™! has equal row and column products.

Note that in the case of matrix balancing to equal row and column products, the
result is also the same: This is possible if and only if a balanced matrix with the same
pattern exists which is always the case (cf. Rothblum and Zenios 1992, Theorem 5.2).

7. Algorithms and Convergence complexity

After the basic existence problems of matrix scaling were solved in the 60s to 80s, the
focus shifted to algorithms and complexity theory in the 90s. The story is equally
convoluted, not least because algorithmic complexity is difficult and not always well-
defined in itself: One can decide to study worst case or average convergence speed,
count algorithm steps or computational operations. Given the RAS method and the
fact that it is a coordinate descent method for an intrinsically convex optimisation
problem, which is amenable to a host of other techniques, the choice of a relevant class
of algorithms is already not unique.
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Since this review is geared more towards the mathematical aspects of the problem,
our focus will lie on exact complexity results instead of proofs by example. Papers
focussed on numerical aspects appeared as early as the late 70s, early 80s with Robillard
and Stewart 1974 average convergence considerations, Bachem and Korte 1979 and
Parlett and Landis 1982. A small overview about many of the recent developments can
be found in Knight and Ruiz 2012.

7.1. Scalability tests

Most algorithms explicitly require that the matrix A be scalable (or positive). This
means that we first need to check for scalability.

Proposition 7.1. Let r € R, c € R". be two positive vectors with ) ; r; = Y.icj. Let A be a
nonnegative matrix, then one can check whether A is approximately scalable in polynomial time
O(pqlog(q*/p)) with ¢ = min{m,n} and p the number of nonzero elements in A.

If r € Q%,c € Q' then one can check for exact scalability in polynomial time of the same
order.

The fact that approximate scalability can be efficiently checked was probably first
seen in Linial, Samorodnitsky, and Wigderson 2000. A complete and well-readable
proof giving explicit bounds appeared in Balakrishnan, Hwang, and Tomlin 2004, exact
scalability can be found in Kalantari et al. 2008.

Sketch of Proof. We first follow the proof in Balakrishnan, Hwang, and Tomlin 2004,
which uses the transportation graph described in Figure 2.

The matrix is approximately scalable iff the maximum flow of this network is equal to
Y. ri. The flows along the edges E then define a matrix with the wanted pattern. Such a
network flow problem can be solved in time O(pglog(q?/p)) with g = min{m, n} and
p the number of nonzero elements in A (Ahuja et al. 1994).

In order to check for exact scalability, one has to check whether there exists a solution
where each edge has a positive amount of flow (otherwise the entry would have to
be reduced to zero). We can check for a solution to the maximum flow problem with
minimum flow through each edge bigger than a prespecified value ¢ with the same
costs as solving a maximum flow problem twice. Clearly, this does not help as, we
would have to check scalability for any & > 0.

However (following Kalantari et al. 2008) if 7, ¢ have only rational entries, we can
tfind a number / such that hr, hc have only integer values. In this case, the flow problem
has a solution iff there exists a matrix B with column sum hc and row sum hr where
each positive entry fulfils B > 1/|E|, where |E| denotes the number of edges in E.

This implies that it suffices to check for a solution with capacities hr, hc and minimum
flow through each edge having prespecified value 1/ (2|E|). O

For positive semidefinite matrices, scalability can also be checked easily:
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Proposition 7.2 (Khachiyan 1996). Let A € R"*" be positive semidefinite. Then A is scalable
if and only if Ax = 0 and e"x = 1 has no solution x > 0. This can be tested by a linear
program.

Proof. The formulation is already nearly in canonical form. We maximize e’ x subject to

the equality constraints Ax = 0 and x > 0. O

For arbitrary matrices scalability is mostly NP-hard (see Section 5.4).

7.2. The RAS algorithm

The RAS algorithm, being the natural algorithm to compute approximate scaling, is
also the most studied algorithm. For the case of doubly stochastic matrices, it has
long been known (cf. Sinkhorn 1967) that for positive matrices, the RAS converges
linearly (sometimes called geometrically) in the I norm. Krupp 1979 gave a simple
argument that the iteration will get better at any step. This can also be inferred from the
fact that the RAS method is iterated I-projection onto a convex set using Csiszar 1975.
Later, Franklin and Lorenz 1989 showed that the convergence is also linear in Hilbert’s
projective metric, while Soules 1991 showed linear convergence for all exactly scalable
matrices basically in arbitrary vector norms, albeit without explicit bounds. Conversely,
it was shown that only scalable matrices can have linear convergence meaning that the
RAS converges sublinear for matrices with support that is not total (Achilles 1993). We
have the following best bounds:

Theorem 7.3 (Knight 2008, Theorem 4.5). Let A € R"*" be a fully indecomposable matrix
and denote by D, Dy the diagonal matrices such that D1 AD, is doubly stochastic. Let Dg and
Dj be the diagonal matrices after the k-th step of the Sinkhorn iteration, there exists a K € N
such that for all k > K, in an appropriate matrix norm

D! & Dy — Dy & Da| < 03| Dy & Dj — Dy & Dy (33)
where oy is the second largest singular value of D1 AD,.

The proof of this theorem crucially relies on the fact that matrices with a doubly
stochastic pattern are direct sums of primitive matrices (modulo row and column
permutations). Hence it cannot easily be extended to matrices with arbitrary row and
column sums if those matrix patterns allow for non-primitive matrices. The approach
in Franklin and Lorenz 1989 for positive matrices can also be extended to arbitrary row
and column sums.

We observe that the occurrence of the second singular value should not come as
a big surprise: Given a stochastic matrix A, Ak converges to a fixed matrix and the
convergence is dominated also by the gap between the largest singular value 1 and the
second largest singular value of A.

For practical purposes, one then needs to work out how many operations are needed
to obtain a given accuracy of the solution. The first such bounds can be derived from
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the bounds in Franklin and Lorenz 1989. The main study of these questions was
conducted in the early 90s and 2000s, starting with Kalantari and Khachiyan 1993. Let
A € R > with d copies of R" be a positive multidimensional matrix which can
be scaled to doubly stochastic form, then they proved that the RAS takes at most

O <<1+m\>’;> d3/2\/ﬁln‘;> (34)

steps, where all matrix entries are in the interval (v, V] and the maximal error is upper-
bounded by e. (Kalantari and Khachiyan 1993, Theorem 1). They also derive a bound
for a randomised version of the RAS, where at each step, the direction of descent is
selected randomly and once in a while, the whole error function is computed randomly.
The expected runtime is then slightly lower.

In the case of positive matrix scaling, Kalantari et al. 2008 give better bounds covering
also the case of inequality constraints as in Balinski and Demange 1989%a. In particular,
let A € R"™ be a positive matrix with v < A;; < V, let N = max{n,m}, let p =
max{r;, cj} and h = }; A;. Then the number of iterations needed to scale A to
accuracy ¢ is of order

O <(1 +1n(hN)> pVN (ln(p) +1In (‘;))) :

The two results (specific bounds and asymptotic linear behaviour for convergence
speed) imply that the RAS method has generally good convergence properties if the
matrix is positive.

A fully polynomial time algorithm (i.e. without a factor involving the size of the ma-
trix entries) for general marginals was given in Linial, Samorodnitsky, and Wigderson
2000 based on the RAS method with preprocessing. However, the algorithm scales with
O(n”log(1/¢)) for the general (r,c)-scaling and (using a different algorithm closer to
the RAS) with O((n/¢€)?) for doubly-stochastic scaling.

In summary, the RAS method, while not fully polynomial by itself, can be tweaked in
various ways to allow for fully polynomial algorithms. In addition, it has the advantage
of being parallelisable as demonstrated in Zenios and Iu 1990; Zenios 1990. However,
the scaling behaviour is not particularly fast in specific examples (see for instance
Balakrishnan, Hwang, and Tomlin 2004; Knight and Ruiz 2012), in particular it doesn’t
seem to be very good at handling sparse matrices.

7.3. Newton methods

One of the first alternative algorithms to the RAS methods was provided in Marshall and
Olkin 1968 as a minimisation of x Ay using a modified Newton method as described in
Goldstein and Price 1967 (it is not related how the equality constraints are introduced
into the problem. This can be done using a C2-penalty function).
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Newton methods were also developed to solve the scaling problem for positive
semidefinite matrices. They can either be seen as Newton’s method applied to xT Ax
for symmetric A (cf. Khachiyan and Kalantari 1992) or as Newton’s method applied
to the Sinkhorn iteration equation xj,1 := e/(Axy) (cf. Knight and Ruiz 2012). Yet a
different method was considered in Fiirer 2004.

Kalantari 2005 shows that their algorithm converges in O(y/nIn(n/(ue))) Newton
iteration steps, where p := inf{xT Ax|x > 0}, if the matrix is scalable.

7.4. Convex programming

As noted in section 3.5, the convex programming formulation of the problem makes it
amenable to a host of (polynomial time) techniques such as the ellipsoid method or
interior point algorithms.

In the case of nonnegative matrices A € R"*" with doubly stochastic marginals, a
good bound was found in Kalantari and Khachiyan 1996, with operations of order

O(n*In(n/e)In(1/v)).

The bound uses ellipsoid methods. Later, the bounds were extended to cover gener-
alised marginals in Nemirovski and Rothblum 1999 (also including the generalisation
discussed in Rothblum 1989) specifically using ellipsoid methods for the convex opti-
misation formulation of equation (16). The first instance of an interior point algorithm
was probably formulated in Balakrishnan, Hwang, and Tomlin 2004 applied to the
entropy formulation. The authors find a strongly polynomial algorithm which scales
better than Linial, Samorodnitsky, and Wigderson 2000 with O(n®log(n/¢))".

A different ansatz for an algorithm was used in Schneider 1990, where the author
uses the duality in convex programming and a coordinate ascent algorithm for the
dual problem of his truncated matrix scaling. This algorithm will then be some form of
generalisation of the RAS method.

7.5. Other ideas

We give a short primer of other algorithms considered in the literature:

1. The first paper to develop new algorithms with a focus on speed and not only
concepts was Parlett and Landis 1982, where a bunch of slightly different and
optimised algorithms is derived.

2. An algorithm which is somewhat related to convex algorithms is considered in
Kalantari 1996. It is a total gradient based, steepest descent algorithm for the
homogeneous log-barrier potential.

171t seems that the authors were unaware of Kalantari et al. and Nemirovski and Rothblum 1999.
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3. In Rote and Zachariasen 2007, using an algorithm for the matrix apportionment
problem involving network flows and using ideas of Karzanov and McCormick
1997, they provide an algorithm where the number of iterations scales with

O(n*logn(log(1/¢) + log(n) + loglog(V /v))). (35)
Once again, A;; € [v, V] for all 7, .

4. With ever larger matrices, it is sometimes infeasible to access each element of
the matrix on its own, because the matrix is not stored in that form or processed
somewhere else. This makes it interesting to consider algorithms that do not
need access to all elements, such as the RAS method for nonnegative matrices.
Algorithms that are “matrix free” in this sense were developed in Bradley 2010;
Bradley and Murray 2011 for doubly stochastic scaling of positive semidefinte
matrices.

5. Finally, let us mention that algorithms were also developed for infinity norm
scaling (cf. Bunch 1971; Ruiz 2001; Knight, Ruiz, and Ugar 2014) and other norm
scaling (cf. Ruiz 2001).

7.6. Comparison of the algorithms

A first comparison of several algorithms was performed in Schneider and Zenios 1990,
however, the comparison is not really in terms of speed (for instance, all algorithms
were implemented on different programming platforms), but in terms of useability.

While there have been many papers claiming superior convergence speed for their
algorithm, the most comprehensive analysis has probably been achieved in Knight and
Ruiz 2012, which is limited to doubly-stochastic scalings. In the paper, the authors
compare the RAS method, a Gauss-Seidel implementation of the ideas of Livne and
Golub 2004, and the fastest algorithm in Parlett and Landis 1982 with their own
Newton-method algorithm. The test matrices are mostly large sparse matrices and
the new algorithm is usually the fastest and most robust algorithm. The authors also
claim that their Newton-based implementation is superior to Khachiyan and Kalantari
1992 and Fiirer 2004. They also suggest that the algorithm should outperform the
convex optimisation based algorithms, albeit a direct comparison to the most recent
algorithm in Balakrishnan, Hwang, and Tomlin 2004 is missing, who only showed that
their algorithm clearly outperforms the RAS method. Bradley and Murray 2011 also
mention that their purely matrix free algorithm will outperform explicit methods such
as those in Knight and Ruiz 2012 if accessing single elements in the matrix is actually
slow.

In general, matrix scaling can today be done on a routine basis even for very large
matrices.
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8. Applications of Sinkhorn’s theorem

The following problem can be encountered in many areas of applied mathematics (see
also Schneider and Zenios 1990):

Problem 1. Let A € R"™*" be a nonnegative matrix. Find a matrix B which is close to
A and which fulfills a set of linear inequalities, for instance

n

m
i=r Y Aj=¢
=1 i=1

We could also ask for balanced marginals or any other type of marginals. The problem
is certainly not well-posed. What does “close” mean? This part of the review will try
to give an overview why “close” means equivalence scaling in many applications. We
will limit our attention mostly to the mathematical justification of matrix scalings, but I
will try to give pointers to other literature.

This implies that we only consider “nearness” leading to equivalence scaling or
matrix balancing as the result. In the literature, other nearest matrices have also been
considered such as addition of small matrices (e.g. Bachem and Korte 1980). Schneider
and Zenios 1990 describe network flow algorithms that allow for a wider variety of
applications.

Matrix scaling has many different real world applications, which implies that it also
needs different justifications. While statistical justifications exist, many applications
argue with the simplicity of the method and the fact that it performs well in practice.
These are valid arguments, but they are unsatisfactory from a mathematical point of
view. In the two following subsections we collect mathematically rigorous (or partly
rigorous) justifications and their history.

8.1. Statistical justifications

As seen, matrix scaling solves entropy minimisation with marginal constraints. This is
one of the most powerful entries for justifications of equivalence scaling as the right
model, since relative entropy has strong statistical justifications, mostly in the form of
maximum entropy or minimum discrimination information - see Jaynes 1957 or later in
Kullback and Khairat 1966 for a justification in physics, or Kullback 1959 and Gokhale
and Kullback 1978 for a justification in statistics.

Another justification closely connected to entropy minimisation is maximum likelihood
models. For instance, if given a set of distributions Q and an empirical i.i.d. sample
P, then the maximum likelihood for P being a sample of Q is given by the minimal
relative entropy (Csiszar 1989; Darroch and Ratcliff 1972). Max-Likelihood justifications
for applications in contingency tables are given in Fienberg 1970; Good 1963.

A different class of justifications for the validity of the matrix scaling approach are
arguments showing that matrix scaling conserves certain form of interactions within
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the matrix. For instance, matrix scaling conserves cross products (Mosteller 1968) and
so-called k-cycles (Berger and Kelley 1979, k-cycles are certain products of matrix and
inverse matrix entries). Both can be desirable for modeling reasons.

Finally, let us mention that the original justification (matrix scaling is a least-square
type optimisation) made in Deming and Stephan 1940 turned out to be wrong very
quickly and was superseded by real least-square methods in Stephan 1942 and later in
Friedlander 1961 or Carey, Hendrickson, and Siddharthan 1981. Those however are not
the same as equivalence scaling (see Section 6.8).

8.2. Axiomatic justification

Another justification for matrix scaling, which is particularly useful for application
in elections is given in Balinski and Demange 1989b. Instead of considering just any
matrix “close” to the original estimate, we want this matrix to fulfil a set of axioms.

Let A be a nonnegative matrix, 74, c4 (r—, c—) be upper (lower) bounds to the row
and column sums and & > 0 be a scalar. As in Section 6.6, we denote the set of all
matrices B fulfiling the bounds q := (r_,r,c—,cy, h) with h = };; B;; by R(q). For any
matrix A and any set of bounds ¢, we search for a method F(A, g) to allocate one out
of potentially many matrices A’ fulfiling g4 and the following axioms:

Axiom 1 Excactness: If r— =c_ =0and r. =cy = co then A" = (h/ }L;; Ajj) A

Axiom 2 Relevance: If ¢’ is another set of bounds such that R(q") C R(g) and there exists
a possible A’ € R(q’), then F(A,q') C F(A,q) N"R(q').

Axiom 3 Uniformity: For any matrix A’ with bounds g, if we construct a new matrix A"’
by exchanging any submatrix A}, ; by another submatrix Bjx; which fulfils
the same row and column sums minus the part of these bound allocated in

Alp ) then A" € F(A, q).

Axiom 4 Monotonicity: If we have two matrices A, B with A;; < B;; for all (1,7), then it
also holds that Agj < Bl’-]. for all possible allocations.

Axiom 5 Homogeneity: Suppose r— = ry and c— = c4. Then, if two rows of A are
proportional and are constrained to the same row sum, then the corresponding
rows in A’ are always equal.

Then Balinski and Demange 1989b show that equivalence scaling (the fair share
matrix of Section 6.6) is the unique allocation method F(A,q) for all nonnegative
matrices A where R(g) contains a matrix with the same pattern as A.

8.3. A primer on applications

We will only sketch applications here since a complete list and discussion is probably
infeasible.
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Transportation planning A natural problem in geography is connected to predicting
flows in a traffic network. If one considers for example a network of streets in a city at
rush hour and a number of workers that want to get home, it is important to know how
the traffic will be routed through the network. This is to a large degree a problem of
physical modeling and a number of methods have been developed in the last century
(for a recent introduction and overview see Orttizar and Willumsen 2011'8).

For our purposes, the most interesting question results from estimating trip distribu-
tion patterns from prior or incomplete data. In a simplified model, one could consider
only origin and destination nodes (e.g. home quarters and work areas), given by a
nonnegative matrix A. While the matrix is known for one year, it might be necessary to
predict the changes given that the amount of trips to and from one destination change.

Several papers have treated a justification of the RAS method in this case. For
instance, Evans 1970 argues that the method provides a unique outcome and it is
easier to handle and to compute than other methods (Detroit method, growth factor
method,...). A discussion of trip distribution with respect to Problem 1 can be found in
Schneider and Zenios 1990.

Contingency table analysis In many situations ranging from biology to economics,
contingency tables need to be estimated from sample data. Contingency tables list the
frequency distributions of events in surveys, experiments, etc. They are highly useful
to map several variables and study their relations.

As a specific example, suppose a small census in Germany tries to estimate migration
between the states. While the number of citizens is recorded, which means that the
total net migration is known, it is not known where each individual migrant came from.
From a small survey among migrants, how can one estimate the true table with correct
marginals in the best possible way? If one does a maximum likelihood estimation, the
result is once again matrix scaling (cf. Fienberg 1970; Plane 1982).

Social accounting matrices Social accounting matrices, or SAMs, are an old tool
developed in Stone 1962 and later popularised in Pyatt and Thorbecke 1976 to represent
the national account of a country. To date, it is an important aspect of national and
international accounting (as a random example see Klose, Opitz, and Schwarz 2004
from the German national institute of statistics. An introduction to social accounting
can also be found in Pyatt and Round 1985 and, from a short mathematical perspective,
in Schneider and Zenios 1990).

The idea is to represent income and outcome of a national economy in a matrix.
Often, good growth estimates are known for the row and column sums and certain
estimates are known for individual cells. The account estimates are then often not

18The authors also discuss the RAS method in chapter 5. T am however not convinced by their claim that
Bregman provided the best analysis of the mathematics of the problem.
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balanced, which can be achieved using matrix balancing or matrix scaling. Justifications
can be imported from statistics, most notably maximum likelihood.

Schrédinger bridges In Schrodinger 1931, the author considered the following setup:
Suppose we have a Brownian motion and a model which we are very confident about.
In an experiment we observe its density at two times ty, t. Now suppose they differ
significantly from the model predictions. How can we reconcile these observations by
updating our model without discarding it completely?

This problem has been studied in a whole line of papers since then from Fortet 1940
to Georgiou and Pavon 2015. The minimum relative entropy approach can be justified
using large deviations (see Ruschendorf 1995).

Decreasing condition numbers Given a system of linear equations Ax = b with
nonsingular A, solving it relies on the Gaussian elimination procedure, which is
known to be numerically unstable for matrices with bad condition number «(A) :=
|Alleo]]| A7} ||oo- In order to increase the stability, we have to modify A, for example
by multiplying with diagonal matrices D1, D, and considering D;AD;. Given that
linear systems are ubiquitous in numerical analysis, it is of paramount importance
to know how best to precondition a matrix in order to minimise calculation errors
(see for instance the survey Benzi 2002). The answer to this question is problem
dependent. Particular problems, where equivalence scaling is helpful to go include
integral controllability tests based on steady-state information and the selection of
sensors and actuators using dynamic information (see Braatz and Morari 1994).

One of the first papers to consider minimisation of x using diagonal scaling was
Osborne 1960, who focused on matrix balancing instead of equivalence scaling (see
also Livne and Golub 2004 and Chen and Demmel 2000 for sparse matrices). Since the
condition number contains the maximum norm, it might be best to require balanced
maximum rows and columns instead of balanced row sums as observed in Bauer 1963;
Curtis and Reid 1972. This works particularly well for sparse matrices. Equivalence
scaling has been studied as early as Householder 2006' and later in Olschowka and
Neumaier 1996. If we use other p-norms in the definition of x, a convex programming
solution for minimising x using equivalence scaling is provided in Braatz and Morari
1994.

Note that unlike in all applications studied so far, preconditioning a matrix is useful
not only for nonnegative matrices. This is one reason why matrix balancing was
studied for copositive and not simply nonnegative matrices. A very different measure
of the “goodness” of scaling which might also be of numerical relevance was studied
in Rothblum and Schneider 1980, where the authors solved the problem of matrix
balancing of a matrix such that the ratio between the biggest and smallest element of
the scaled matrix becomes minimial.

19Reference from Braatz and Morari 1994
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Elections A very important application of equivalence scaling can be found in Voting:
Given election results in a federal election, how can one best distribute the seats among
the parties within the states such that each party and each state is represented according
to the outcome of the election? Note that here, we need to adjust for natural numbers,
which requires rounding (cf. Maier, Zachariassen, and Zachariasen 2010).

Early methods based on a discretised RAS method were developed in Balinski and
Demange 1989a. The problem is very intricate in itself, because the justifications rely
on what is perceived as “fair” and any method that is fair in some instances is unfair
in others (see for instance the discussions in Balinski and Gonzélez 1997; Pukelsheim
and Schuhmacher 2004; for an overview, see Niemeyer and Niemeyer 2008).

Other applications Various other applications of equivalence scaling and matrix
balancing exist such as:

1. A Sudoku Solver based on a stochastic algorithm based on the RAS was developed
in Moon, Gunther, and Kupin 2009.

2. An algorithm to rank web-pages was developed in Knight 2008. The RAS allows
to derive an algorithm similar in scope to the HITS algorithm (Kleinberg 1999).

3. The RAS method is analysed as a relaxed clustering algorithm in data mining
(Wang, Li, and Konig 2010). However, it turns out that methods based on other
Bregman-divergences are more favourable.

4. Given a (discretised) quantum mechanical time evolution, can we construct a local
hidden variable model of its evolution corresponding to a deterministic stochastic
transition matrix (Aaronson 2005)?

5. Given a Markov chain with a doubly stochastic transition matrix and given an
estimate of the transition matrix, the best estimate of the real transition matrix is
given by a scaled matrix (Sinkhorn 1964).

6. Regularising optimal transportation by an entropy penalty term such that it can
be computed using the RAS, which is already much faster than optimal transport
algorithms Cuturi 2013.

9. Scalings for positive maps

We have already seen that Sinkhorn scaling is interesting for classical Schrodinger
bridges as well as for scaling transition maps of Markov processes, etc. From a physics
perspective, all these applications are classical physics, transforming classical states
(probability distributions) to classical states.

In quantum mechanics, the basic objects are quantum states. For finite dimensional
systems (such as spin systems), these quantum states are positive semidefinite matrices
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with unit trace. A quantum operation then maps states to states, i.e. it needs to be
positive: If A > 0, then 7 (A) > 0. In fact, this is not all that is required for quantum
operations, but one actually needs 7 to be completely positive (for an overview about
quantum operations and quantum channels, see Nielsen and Chuang 2000; Wolf 2012).
(Completely) Positive trace-preserving maps are then the natural generalisation of
stochastic matrices. This raises the question whether concepts as irreducibility and
a Perron-Frobenius theorem exist also for quantum channels and indeed they do. A
Perron-Frobenius analogue was probably first described in Schrader 2000, while the
analogue for full indecomposability was first used in Gurvits 2004.
Let us define the concepts:

Definition 9.1. A positive map & : My — M, with M, = C¥*? is called irreducible
(as in Evans and Heegh-Krohn 1978; Farenick 1996) if for any nonzero orthogonal
projection P such that

£(PMyP) C PM,P (36)

we have P = 1.
Likewise, it is called fully indecomposable if for any two nonzero orthogonal projections
P, Q with the same rank such that

E(PMyP) € QM;Q (37)

we have P = Q = 1.
Finally, a map is called positivity improving (the analogue to positive matrices) if for
allA>0,&(A) > 0.

A lot of different characterisations have been found (see Appendix C).
Furthermore, let us define:

Definition 9.2. Let £ : M; — M, be a positive map. Then & is called rank non-
decreasing if for all A > 0

rank(E(A)) > rank(A). (38)
It is called rank increasing, if the > sign in equation (38) is replaced by a >.

The connections of Definitions 9.1 and 9.2 are explained in Appendix C.
Let us now define what we mean by scaling a positive map:

Definition 9.3. Let £ : M, — M, be a positive, linear map. We say that £ is scalable
to a doubly stochastic map, if there exist X, Y € M, such that

E')=Yre(x-xHy (39)
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is doubly stochastic (i.e. £'(1) = £™*(1) = 1).
We call a positive map e-doubly stochastic, if

DS(E) :=tr((E(1) — 1)?) + tr((E*(1) — 1)) < & (40)

We call £ e-scalable if there exists a scaling as in equation (39) to an e-doubly-stochastic
map &’

The error function DS, which is similar to an L2-error function for matrices, will serve
twofold: first, it defines approximate scalability (which can alternatively be defined by
convergence of the RAS) and second, it defines a progress measure for convergence
similar to error functions as considered in Balinski and Demange 1989b.

We can now state the full analogue of equivalence scaling to doubly stochastic form:

Theorem 9.4. Given a positive map £ : My — My, it is scalable to a doubly stochastic
map iff there exist some matrices X and Y such that YE(X - X1)YT is a direct sum of fully
indecomposable maps.

The scaling matrices are unique iff £ is fully indecomposable.

The fact that fully indecomposable matrices are uniquely scalable was first proved
in Gurvits 2003. His work built on earlier work in Gurvits and Samorodnitsky 2002;
Gurvits 2002 (see also Gurvits 2004), based on a generalisation of the convex approach
in equation (16) and the London-Djokovic approach in equation (8).

Recently, the problem was considered with the hope to apply it for unital quantum
channels in Idel 2013 (which has never been formally published) and shortly afterwards
in Georgiou and Pavon 2015 while trying to define and study “quantum” Schrodinger
bridges. Both approaches use nonlinear Perron-Frobenius theory and thereby a gener-
alisation of equation (11) to get a result. The approaches derived from classical results
are discussed in Section 9.1.

Even earlier than Gurvits, a very limited version of the theorem was proven in Kent,
Linden, and Massar 1999 (with subsequent generalisations) using an approach that does
not derive from any of the classical approaches but instead uses the Choi-Jamiolkowski
isomorphism. This is described in Section 9.2.

The extension of the theorem to necessary and sufficient conditions has as far as I
know not been formally published?’.

Furthermore, we can state an analogue of approximate scaling, which to date has
only been considered in Gurvits 2004:

Theorem 9.5. Let £ : M,, — M, be a positive, linear map. Then & is approximately scalable
(i.e. e-scalable for any € > 0) if and only if £ is rank non-increasing.

An overview about different approaches and how they derive from existing ap-
proaches can be found in Figure 9.

0Gurvits actually claims a proof for the fact that a positive map is uniquely scalable iff it is fully
indecomposable, but I did not understand how the only if part follows.
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Capacity

Nonlinear Perron-Frobenius Theory

Which Entropy?

(convex optimisation of tuple)

Figure 4: Approaches to positive map scalings and their connections. The classical
approaches of Figure 3.1 are depicted in grey, while positive map approaches
derived from classical approaches are overlayed in black.
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9.1. Operator Sinkhorn theorem from classical approaches

We will now study how the theorems above were derived extending classical approaches
to positive maps starting with an analogue of the RAS method for positive maps:

Algorithm 9.6. Let £ : M,, — M, be a positive, linear map.
1. Start with & := €£.

2. Foreachi =0,...,n define:

Eai1(+) i= Eai(1)V 20 () Eai(1) V2 (41)
Eaiva(+) = Eai1(E5 ()VZ - &5, (1)) (42)

3. Iterate till convergence

By construction, we iterate between trace-preserving (even) and unital (odd) maps.

9.1.1. Potential Theory and Convex programming

As stated, an approach along the lines of the London-Djokovic approach of equation
(8) is found in Gurvits 2003; Gurvits 2004 (with methods of Gurvits 2002; Gurvits and
Samorodnitsky 2000; Gurvits and Samorodnitsky 2002). Since the complete proofs are
lengthy and scattered over several papers, we provide full proofs in Appendix D for
the benefit of the reader. In this section, we only sketch the path of the proofs.

Recall that a matrix scaling exists iff the following is positive and the minimum is
attained:

n n

C(A) = ll’lf{ AZ]X]

n
i=1j=1 '

[Ix= 1} (43)
1

1=

Exchanging products with determinants and sums with traces, we obtain the following
definition:

Definition 9.7. Let £ : M,, — M, be a positive, linear map. Then define the capacity
via

Cap(€) :=inf{det(£(X))|X > 0,det(X) = 1} (44)
We will start with covering approximate scaling:

Approximate scalability The capacity is the right functional to study scaling:

Lemma 9.8 (Gurvits 2004). Let £ : My — My be a positive map. If Cap(E) > 0 then the
RAS method of Algorithm 9.6 converges and & is e-scalable for any e > 0.
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The proof of this lemma uses the following observation: For any C;, C; > 0 we have
Cap(C1E(CS - C)C) = det(C1CY) det(C,CY) Cap(€).

Then, a quick calculation shows that Algorithm 9.6 only decreases Cap using this
equality. If Cap(€) # 0, one can then show that DS(&;) — 0 for i — co.

Next, we need to see when the capacity is actually positive. To do this, for every
unitary U we need to define the tuple

Ag = (E(wuld), ..., E(uul)), (45)

where u; is the i-th column of U. This is done to connect the capacity with so called
mixed discriminants (see also C), which are needed for the proof. In fact, we have:

Lemma 9.9. Let £ : M,, — M, be a positive, linear map and U € U(n) a fixed unitary.
Then defining

Cap(Ag ) := inf {det (Zé’(uiu}‘)%> lvi>0,][7i= 1}
g i=1

where u; are once again the rows of U, we have the following properties:

1. Using the mixed discriminant M defined in Appendix C, we have

n

n
M(Agu) < Cap(Agu) < WM(Ae,u)

2. uér&f(n)Cap(Ag,U) = Cap(€)

Most of the proof is very technical and found in Gurvits and Samorodnitsky 2002.
Some parts are explained in Appendix D.

Finally, this proves most of Theorem 9.5: We know that £ is rank non-decreasing
if and only if Cap(€) is positive. In that case, the RAS algorithm converges in which
case the map is approximately scalable. For the other direction, one can use a simple
contradiction argument: Any map close to a doubly stochastic map must be rank non-
decreasing and as scaling does not change this property of a map, any approximately
scalable map must be rank non-decreasing.

Exact scalability The capacity is also the correct generalisation for exact scaling:

Lemma 9.10 (Gurvits 2004). Let £ : My — M be a positive map. Then & is scalable to a
doubly-stochastic map if and only if Cap(E) > 0 and the capacity can be achieved.
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The proof of this Lemma following Gurvits 2004 is given in Appendix D. The direction
“Capacity is achieved = the map is scalable”, is proved by taking the Lagrangian and
showing that at the minimum we have that

Vin(det(£(X))) = £(E(C)1)

which implies scalability by Lemma 9.14. The converse direction is given by a direct
calculation.

In order to prove that a map can be scaled to doubly stochastic form, one then needs
to connect this lemma to full indecomposability of matrices. The proof is done using
an argument involving strict convexity. Like the original London-Djokovic potential
(8), the capacity is not a convex function, but one can make a substitution similar to
Formulation (16) by considering the following function for any tuple (A;); of positive
definite matrices:

fa(E,..., &) :=Indet(e" A; + ... + e An). (46)
Then we have:

Lemma 9.11. Let £ : M, — M, be a positive, linear map and given U € U(n), let
A = Agy. Then

1. fa is convex on R".

2. If € is fully indecomposable, then f, is strictly convex on {{ = (&1,...,8n) €
R"[ ¥ ¢ = 0}

The proof is technical and uses mixed discriminants as well as results about them
from Bapat 1989, which is why we only discuss it in the appendices. This is then used
to prove

Lemma 9.12. Let £ : M,, — M, be a positive, linear map. If £ is fully indecomposable, there
exists a unique scaling of £ to a doubly stochastic map.

The idea is somewhat similar to the approximate Sinkhorn theorem: Since fully
indecomposable maps are in particular rank non-decreasing, we know that the capacity
is positive. For any X > 0, which is diagonalised by U, using the tuple A¢ ;, one
can then see that det(£(X)) = fa(logA) with the eigenvalues A of X. Showing that
the infimum must lie inside a compact set then finishes the proof, since Lemma 9.11
implies existence and uniqueness of the minimum as f4 is strictly convex.

Using Lemma C.7, we can see then see that up to a unitary, every doubly stochastic
map is a direct sum of fully indecomposable maps (much like doubly stochastic matrices
are up to permutations a direct sum of fully indecomposable matrices, see Proposition
A.5). Hence, any map which is a direct sum of fully indecomposable maps up to some
scaling is clearly scalable to doubly stochastic maps. Sadly, the condition seems not
very useful and the question remains open, whether one can simplify this condition.
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However, that does in fact answer the question of unique scaling: Since the scaling for
direct sums is not unique (we can always interchange summands), a map is uniquely
scalable if and only if it is fully indecomposable.

9.1.2. Nonlinear Perron-Frobenius theory

The main idea of the alternative proofs in my Master’s Thesis (Idel 2013) and the paper
Georgiou and Pavon 2015 is to extend the Menon operator to positive semidefinite
matrices:

Definition 9.13. Let £ : M,, — M, be a positive map, such that £(A),E*(A) > 0 for
all A > 0. Let D denote matrix inversion, then we define the following nonlinear map:
Tpos : {A € My|A >0} — {A e My|A >0}

Tpos() :=DoE oDo&(:)

This map is well-defined and after normalisation, it sends positive definite matrices of
trace one onto itself.

We can then reformulate the existence problem into a fixed point problem:

Lemma 9.14. Let £ : M,, — M, be a positive map such that E(A),E*(A) > 0 for all
A > 0. Then there exist invertible X,Y € M, such that Y71E(X()XN)Y~1 is a doubly
stochastic map if and only if Tpos has an eigenvector (a fixed point after normalisation) in the
set of positive definite trace one matrices. Furthermore, X,Y can be chosen such that X,Y > 0.

Proof. Let p > 0 be the positive definite eigenvector of G. Then define 0 < ¢ :=
E(p). Since p is an eigenvector, one immediately sees that £*(¢c™!) = Ap~! with
A =tr(€%(0-1))"". Now define X := \/p and Y := /0 (i.e. XX' = p and YY' = 0),
then X, Y are positive definite and if we define the map:

M, = M,
E')=yteX()xHy T

then a quick calculation shows £'(1) = 1 and £%(1) = 1:

M) =ytlexXmxHy t=v1g()y "'
=Y loy t=vlyyly T=1

On the other hand, a similar calculation shows
E*(1) =Xxe (y iy Hx =21

but since £’ was shown to be unital, £* is trace-preserving and A = 1 to begin with.
Conversely, given X, Y as in the lemma, XX' would be a fixed point of the Menon-
operator. ]

61



Note that this completes the proof of Lemma 9.10. We only have to see that the
conditions at the minimum are met if and only if the Menon operator has a fixed point.
This also provides the connection between the Menon operator and Gurvits” approach:
As in the classical case, the conditions for a fixed point of the Menon operator are given
by the Lagrange conditions of the London-Djokovic potential.

We observe that the Menon-operator, if it is defined, is a continuous, homogeneous
positive map. This lets us give a proof of a weak form of the Operator Sinkhorn
Theorem:

Proposition 9.15 (Idel 2013). Given a positive trace-preserving map &€ : M,, — M, such
that there exists an ¢ > 0 such that for all matrices p > €l with unit trace it holds that
E(p) > ﬁl, then we can find X,Y > 0 such that Y7 1E(X()XN)Y~T is a doubly
stochastic map.

Proof. Let Trormpos(-) := Tpos(-)/ tr(Tpos(-)) is the normalised operator. Now assume
that for all p > €1 with tr(p) = 1, it holds £(p) > ¢1. In particular, if we call A,y the
maximal eigenvalue of £(p), then Ay < 1— (1 —1)6. Hence we have:

S1<E(p) < (1—(n—1)8)1

- %11 > D(E(p)) > 1_(,11_1)51
N %1 > EX(D(&(p))) > 1_(711_1)5]1

= 51 < D(E(D(E(P)))) < (1— (n—1)6)1
where we used the unitality of £* in the third step. This implies

0
Tnormpos <P) > ml/n
Now we want % > en, in which case the compact set of matrices {p > 0| tr(p) =
1,0 > €l/n} is mapped into itself, hence by Brouwer’s fixed point theorem, we
obtain a positive definite fixed point of G. A quick calculation shows that this implies
6 >ne/(1+ (n—1)ne). O

Since a positive map £ : M,, = M,, can always be converted into a trace-preserving
map &’ by setting p := £*(1) and £'(+) := E(1/p~1- /p~1), the assumption that £ be
trace-preserving is not really necessary. As a direct corollary, we obtain a similar result,
which might be easier to use:

Corollary 9.16 (Idel 2013; Georgiou and Pavon 2015). Let £ : M, — M, be a
trace-preserving and positivity improving map, then there exist maps X,Y > 0 such that
Y L1E(X ()XY~ is a doubly stochastic map.
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As in the classical matrix case in Brualdi, Parter, and Schneider 1966, one idea
to obtain necessary and sufficient criteria is to extend the map Thormpos to positive
semidefinite matrices for all cases and then prove that there is a fixed point of the map
inside the cone of positive definite matrices. However, we run into additional problems,
since the cone of positive semidefinite matrices is not polyhedral (cf. Lemmens and
Nussbaum 2012: there is no and cannot exist an equivalent version of theorem B.8;
this does not preclude that an extension exists, but such a result must depend on the
operator in question). Moreover, even if a continuous extension may be possible by
using perturbation theory (for instance), the hardest part is to prove the existence of a
fixed point inside the cone.

9.1.3. Other approaches and generalised scaling

We have seen that at least two classical approaches for proving that a matrix can be
scaled to a doubly stochastic matrix can be extended to the quantum case without
too much trouble (the proofs however might be more difficult): nonlinear Perron-
Frobenius theory and the barrier function approach. In a sense, we have also seen
convex programming approaches. An immediate question is whether one can extend
the entropy approach. This was also asked in Gurvits 2004 and it is a major open
question in Georgiou and Pavon 2015, since the motivation of Schrodinger bridges
heavily relies on relative entropy minimisation. The answer is not clear since something
like a quantum relative entropy is only used only on the level of matrices and a
justification via the Choi-Jamiolkowski isomorphism is not immediate (see Section 9.2):

D(plle) = tr(plogp — plog o). (47)

Another question is how to extend the theorems from the doubly-stochastic map to
cover arbitrary marginals, i.e. we want to scale a positive map £ such that

Ep)=0o,  E(1)=1 (48)

with some prespecified p,c. For Gurvits” approach based on equation (8) this is not
really straightforward, since it is unclear how to take appropriate powers of P, Q. For
the approach via nonlinear Perron-Frobenius theory, this can be done to some degree:

Theorem 9.17 (Georgiou and Pavon 2015). Given a positivity improving map € : My —
M and two matrices V, W > 0 with tr(V) = tr(W), there exist matrices X,Y € My and a
constant A > 0 such that £'(+) := YE(X - XN YT fulfills

EWV)=wW
EM(1)=1

Sketch of proof. The proof is a variation of the methods for the case V =W = 1. We
consider the following Menon-type operator, which was essentially defined in Georgiou
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and Pavon 2015:
Teyw:=D10& 0oDyo&
where

Di(p) =p V2V 1!/
D;(p) = (Wl/z(W—1/2p—1w—1/2)1/2wl/z)2

Step 1: Let & be positivity improving, then Tgyw : C¢ — C? is a well-defined,
continuous, and homogeneous map. It is well-defined, since £ maps C¢ — C? and
D; and D, send C? — C4if V,W € C%. Tt is homogeneous, because £ is linear and
D;(Ap) = A7'D;(p) for i = 1,2. Finally, D; is continuous as taking the square root
of a positive definite matrix is continuous and matrix multiplication and inversion of
positive definite matrices is continuous. Likewise, D, is continuous and thus T¢ y v as
composition of continuous maps.

Step 2: We now claim that a scaling of £ with as in the theorem with X,Y > 0 exists
iff T¢ v w has an eigenvector. This was observed in Georgiou and Pavon 2015 and is a
straightforward but lengthy calculation.

Step 3: Finally, we can prove the existence of X,Y > 0 such that a scaling exists by
invoking Brouwer’s fixed point theorem. The map

T():Cf = CIT() = Teyw(-)/ tr(Teyw(-))

is a continuous, well-defined map, hence it has a fixed point. This is necessarily an
eigenvector of T¢ v w, hence defines a scaling. O

The problem with this proof is that this Menon operator is no longer clearly a
contraction mapping, hence uniqueness and convergence speed of the algorithm are
not clear. Also, the obvious algorithm derived from this proof differs from the usual
RAS algorithm. It is not clear how to remedy this or extend one of the other approaches.
Also, this map has even worse prospect of being generalised to positive and not
necessarily positivity improving maps. In any case, it is not immediately clear what
the right necessary and sufficient conditions are. In the case of matrices, patterns were
the important concept, but what is a pattern supposed to be for positive maps? One
can always choose a basis and represent the map as matrix, but this is very much
map-dependent and it is not clear what the correct interpretation will be.

Nevertheless, partial results for uniqueness have been achieved in Friedland 2016: The
author proves that for positivity preserving maps &, there exists a ball around 1 such
that if V, W lie inside this ball, there exists a unique scaling of £ to a trace-preserving
positive map with £(V) = W.
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9.2. Operator Sinkhorn theorem via state-channel duality

Another formulation of the operator Sinkhorn theorem is given by the Choi-Jamiolkow-
ski isomorphism. It states that given any positive map £ : M, — M,, we have
that

e == (id ®E)(w) (49)

is a block-positive matrix (i.e. (¢1](¢2|Tc|p1)|p2) > O for all |¢1),|¢2) € M,). Here
w = 1/d ;1 [ii){jj| € M,y is the so-called maximally entangled state. If £ is completely
positive, i.e. £ ® id, is a positive map, then ¢ is a positive semi-definite matrix. Now
consider X;, X, > 0and & := X;S(Xl XI)Xz We have

Ter = (X1 ® X3)Te (X1 @ X3)" (50)
where we use (1 ® X1) Y, |ii) = (XI' ® 1) Y; |ii) and therefore

T = (1 X3)(d®&E)((1® X))w(l® X)) (1 ® X,) (51)
= (X{" ® X3)(id ®€) (w) (X{" ® Xa) (52)

Therefore, the task can be reformulated: Given a block positive matrix 7, find X;, X, €
M, such that

= (X1 ® Xo)T(X1 ® Xo)'

fulfils tro(7) = tr1(7) = 1/d, where tr; denotes the partial trace over the i-th system in

Mi;® My = M. For T > 0 these operations are called (local) filtering operations. Often

(c.f. Gittsovich et al. 2008; Wolf 2012), one asks for X;, X, € SL(d) and the resulting

trace being merely proportional to the identity, but this is of course just a normalisation.
We can then state an equivalent version of Sinkhorn scaling for positive map:

Proposition 9.18 (Kent, Linden, and Massar 1999; Leinaas, Myrheim, and Ovrum 2006;
Verstraete, Dehaene, and De Moor 2001). Let p € My ® M be a positive definite density
matrix. Then there exist matrices X1, Xo € M such that

1 K—1
(X1 ®X)p(X1®X2)" = 1+ ) Gy @ fF (53)
k=1

where {J1}x € My and {J2}x C M form a basis of the traceless complex matrices and & € C
for the first and second tensor factor in My ® M respectively.

Proof. Note that a positive definite p corresponds to a completely positive map, which
maps positive semidefinite matrices to positive definite ones. In particular, the corre-
sponding map is fully indecomposable. Hence by Theorem 9.4, there exists a scaling to
a doubly stochastic map, which again corresponds to a positive definite p € M; ® M
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such that try(§) = tro(f) = 1/d. By construction, {1/d, Jl}; and {1/d,J?} form an
orthonormal basis of M, hence we can express g as

1 =l 1o 72 k! T R |
p= ﬁﬂ‘F Z Skl @i + ZXkE@)]k +Xk]k®g
k=1 k=1

with ¢, x}, x2 € C for all k. Then

1 ! 1 2 ! 1 1 1, 2,012y o 1
() = 31+ X aeOD e+ ¥ (adee () @t +duf e )
k=1 k=1

QU

K2—1 1! 1
=21 =21
3 +k:21?fk]k ¥

But then, since the J} are linearly independent, x; = 0 for all k. Likewise, x7 = 0 for all
k and we have the required normal form. O

The proposition has direct proofs and extensions to more than two parties (see for
instance Verstraete, Dehaene, and De Moor 2002; Verstraete, Dehaene, and De Moor
2003; Wolf 2012). Here, it only uses the sufficient part of the criterion for scalability of
positive maps, hence we can strengthen it to include parts of all block-positive matrices.
Since, however, not all completely positive maps are fully indecomposable (e.g. the
map &€ : p — ) (¥| for some vector ) € C? is not), it certainly does not extend to all
states.

9.3. Convergence speed and stability results

Gurvits” proof already gives an estimate for the convergence speed of the scheme
(see Theorem 4.7.3. in Gurvits 2004). Let us give an alternative proof using Hilbert’s
metric which is equivalent to the classical proof in Franklin and Lorenz 1989 and
reminiscent of the convergence proof in Georgiou and Pavon 2015. Throughout the
proof, we use several results from Appendix B, in particular the definition of Hilbert’s
projective metric dy on the cone of positive semidefinite matrices and the definition of
the contraction ratio -y in equation (68). To proceed, we define a metric on the space of
positive maps that are scalable:

Definition 9.19. Let £, T : M,, — M, be two positive maps such that 7(-) = YE(X -
XN Y* for some positive matrices X, Y. Then

A(g,T) ZdH(X,ﬂ)—i-dH(Y,ﬂ) (54)

defines a metric on the space of positive maps (two maps that cannot be scaled to each
other have infinite distance).
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A proof that this constitutes a metric may be found in Lemmens and Nussbaum
2012, Chapter 2. Recall the Sinkhorn iteration as defined in equations (41)-(42). For
convenience we use a slightly different notation:

g(z) =& i>0

S(i)/ = 521'4_1 i Z 0

W :=¢i=(1) i>0
U(z’) — S(i)'+(11)

g0 .= ¢

Then:

Proposition 9.20. Let £ : M, — M, be a positivity improving, trace preserving map. Let
T =Y YE(X - X1)Y be the unique doubly stochastic scaling limit.

k

2

AE®, T < (du(eW,e) +du(cW,e)) (55)

—_

k
AEW,T) < T (du(pW, e) +du(oV), e)) (56)

2

—_
)

where /2 = y1/2(&) is the contraction ratio of equation (68). In particular, this implies via
proposition B.6 (implying that here, oy < 1) that the convergence is geometric.

Proof. The proof is similar to the classical one in Franklin and Lorenz 1989. First recall
the definition of A from Appendix B:

A(€) := sup{du(&(p), E(0))lp,o > 0}

Then A > 0 but finite, since £ is a positivity improving map and the maximum is
attained. This is true, because it suffices to consider dy(€(p), £(c)) on the compact set
{A > 0|||A||cc = 1} using Proposition B.6 (iii).

We first make the following observations:

di(p,0) = du(0™?p072,1) Vp,0 >0 (57)

du(E(p), E(0)) < YV2(E)du(E(p), E(7)) Yo,0>0,E: M, — M, (58)
Equation (58) follows from the definition of Y172, Equation (57) follows from the
definition of M and m in the definition of the Hilbert metric and the fact that taking
noncommutative inverses does not change positivity.

Let us now focus on (). Let X, Y € M, be invertible, then

A = sup{dg(Y'E(XpXN)Y,YTE(XoX)Y)|p, 0 > 0}
= sup{dy(E(XpX"), E(XaeX"))|o,c > 0}
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= sup{du(£(p),£(7))|p,0 = 0}

using observation (58) and then X being invertible. In particular, this implies that for
every 7!/2(£() we have a universal upper bound

Y/2(£W) < tanh(A/4). (59)

Since A > 0 but finite, this implies that we can upper bound each (£()) and (&'®)
by some 7 < 1. The rest is basically an iteration.

Consider dy (0, 1). By definition, p® = £ (1) = £W'((¢(M)—-1), and since all
£ are unital:

dn(p®, 1) = d (€ (¢ D)), €V (1) < y/AEW)du(1,eV)  (60)

where we used (58) and then (57). Similarly, since ¢(1) = €0 (1) = £O*((p(1))~1)
and £ (1) = 1 by construction, we obtain:

di(L,0) = du (€07 (1), €0 (o)1) < 4V2(E0)du (oY, 1) (61)
Combining (60) and (61) we obtain:
di(p®,1) < ydu(p'V, 1) (62)
Similarly,
dy(e®,1) < ydu(e), 1) (63)
These are the key observations. Now using the definition of A(-, -) we obtain:

AEW, e V) = dp((p®) ™ 1) +du((¢®) 7, 1)
< Y dy(pW, 1) + dp(cW, 1))

Hence we have by the triangle inequality
k-1
AED,eM D) <3 o (du(pW, 1) +du (e, 1))
=0

and therefore, if 7 denotes the limit of the Sinkhorn iteration, using the geometric
series

1

AED,T) < ﬁ(dH(P(l)r]l) +du(c™, 1)) (64)
k
AEY,T) < 71 (@n(p, 1) +du(o™, 1) (65)
The other inequality for the maps £’ follows from symmetric arguments. O
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Note that in contrast to the classical case in Franklin and Lorenz 1989, because of
the noncommutativity in equation (57), a simple extension to the general scaling of
positivity improving maps seems not possible.

Next, we wish to generalise also the stability results. It seems natural that this should
follow from the contraction results above:

Corollary 9.21. Let £ : M,, — M, be positivity improving, then the scaling is continuous
iné&.

Proof. Let & be a positivity improving map and £’ = £ + §7 be a perturbation which
is again positivity preserving, where 7T is a positive map with || 7|| = 1 (for instance in
the operator norm).

Then let X, Y be such that they scale £ to a doubly stochastic map. This implies that

YE(XXNYT =14 6yT(XxxH)Y!
X (YY) X =1+ 6XTTH(YTY)X
and the marginals are also close to 1. In fact, for any € > 0 we can find § > 0 such that
dg(YE'(XXN)YY, 1) +duy(XTE*(YTYV)X, 1), < ¢

But then, by equation (64), we have that if £/ is the scaling of YE'(XX')Y" to a doubly
stochastic map, then

AYE'(XXT)Y EV) < 1_17(dH(p<1>, D) +du(e, 1)) < =

s

Using the triangle inequality and the fact that A(€,£’) < Ce for some constant C
finishes the proof. O

As noted, both theorems can be extended to cover all exactly scalable positive maps
using Gurvits” Theorem 4.7.3. of Gurvits 2004. Given the result for classical matrices,
it seems natural that the convergence speed for rank non-decreasing but not exactly
scalable matrices should not be geometric.

9.4. Applications of the Operator Sinkhorn Theorem

Let us finally mention applications of the operator version of Sinkhorn’s theorem. The
state-version of the theorem, since it can be seen as a normal form for states under local
operations, has been applied in the study of states under LOCC operations (see for
instance Kent, Linden, and Massar 1999; Leinaas, Myrheim, and Ovrum 2006).

The approximate operator version was developed to obtain polynomial-time algo-
rithms (Sinkhorn scaling) for a problem known as “Edmond’s problem”. It asks the
following question (Gurvits 2004): Given a linear subspace A of M,, does there exist a
nonsingular matrix in V? The question can be asked also over different number fields
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and in different contexts. It is particularly interesting, because it is related to rational
identity testing over non-commutative variables as studied in Garg et al. 2015; Ivanyos,
Qiao, and Subrahmanyam 2015. For further input we refer the reader to the extended
and well-written review of the applications in Garg et al. 2015.

Finally, the exact scalability of fully indecomposable positive maps provided bounds
on the mixed discriminant of matrix tuples, which is interesting to provide permanent
bounds (Gurvits and Samorodnitsky 2000).
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A. Preliminaries on matrices

Sinkhorn’s theorem is closely related to irreducibility and notions connected to it.
Therefore, we first recall the following charactersation of irreducible matrices.

Proposition A.1. Let A € R"*" be nonnegative. The following are equivalent:
1. A is irreducible.
2. The digraph associated to A is strongly connected.
3. For each i and j there exists a k such that (A¥); > 0.
4. For any partition IU J of {1,...,n}, there existsa j € ] and an i € I such that A;; # 0.

An overview about these and similar properties can be found in Schneider 1977.
Graph related properties are proven in Brualdi 1968.

Let us now describe a graph for any matrix: Given a nonnegative matrix A € R"*"
and any partition [U ] = {1,...,2n},let IU] =V and E = {(i,j)|A;; > 0} C I x ] be
the vertices and edges of the (bipartite) Graph G4 := (V,E).
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Definition A.2. A bipartite graph G = (V,E) has a perfect matching, if it contains a
subgraph where the degree of any vertex is exactly one, i.e. any vertex is matched with
exactly one other vertex.

Note that this definition is not dependent on the size of the entries of A, it only
depends on whether an entry is positive or zero.

Proposition A.3 (Brualdi, Parter, and Schneider 1966 Lemma 2.3). Let A € R™*" be
nonnegative. The following are equivalent:

1. Ais fully indecomposable,
2. PAQ is fully indecomposable for all permutations P, Q,

3. There exist permutations P, Q such that PAQ is irreducible and has a positive main
diagonal.

4. For any (i,j) € E the edge set of the bipartite graph G, for A, there exists a perfect
matching in G4 containing this edge.

Sketch of proof. The equivalence (1) < (2) is obvious and (1) < (3) is done in Brualdi,
Parter, and Schneider 1966. The direction = follows from the Frobenius-Kénig theorem
(cf. Bhatia 1996, Chapter 2). The converse direction follows from a short contradiction
proof.

Finally, (1) < (4) follows essentially from Theorem 4.1.1 in Lovész and Plummer
2009, which was first observed in Hetyei 196421, O

Since multiplication of positive diagonal matrices from the right and from the left
does not change the pattern of a matrix, having a matrix that has the required row and
column sums is an easy necessary condition for scalability.

Let us now consider the special case of doubly stochastic matrices in more detail. We
define:

Definition A.4. Let A € R"*" be a nonnegative matrix. Then A has total support if it
is nonzero and for every A;; > 0 there exists a permutation ¢ such that ¢(i) = j and
[Tx=1 Ack)x # 0. In other words, A has total support if any nonzero element lies on a
positive diagonal (Sinkhorn 1967).

Furthermore, A has support, if there exists a positive diagonal, i.e. there exists an A;;
such that for some permutation o with (i) = j we have [T{_; As (i # 0.

Proposition A.5. Let A € R"*" be a nonnegative matrix. The following are equivalent:

1. After independent permutations of rows and columns, A is a direct sum of fully indecom-
posable matrices.

2lp Hungarian. Reference taken from Lovédsz and Plummer 2009
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2. A has a doubly-stochastic pattern.
3. A has total support

Furthermore, A has support if and only if there exists a matrix B with a subpattern of A with
total support.

Sketch of Proof. For 1 < 2 we follow the proof in Brualdi, Parter, and Schneider 1966.
Let A be doubly stochastic. Since we can permute rows and columns independently,
we can assume that A is of the form

A1 0 ... 0

Ay Ay ... 0
A= . .

Ay Ap ... A

for some k € IN. All A; are either 1 x 1 zero-matrices or fully indecomposable (otherwise
iterate). Since A is doubly stochastic one can quickly see that A;; = 0 for all i < j.
Furthermore, no A; can be zero, because this would then result in a zero-row. Hence,
A can be decomposed as a direct sum of fully indecomposable maps.

For 2 < 3 see Sinkhorn 1967.

Finally, consider a matrix B with total support. Clearly, if it is a submatrix of some
other matrix A, then A will have support, since any element A;; > 0 which is contained
in B will lie on a nonzero diagonal. Conversely, if A has support, setting any element
Ajj which does not lie on a positive diagonal to zero produces a matrix that has total
support. O

B. Introduction to Nonlinear Perron-Frobenius theory

The basic result underlying Perron-Frobenius theory is an old theorem from Perron
1907 and Frobenius 1912 stating:

Theorem B.1. Let A € R"*" be a nonnegative, irreducible matrix with spectral radius p(A).
Then p(A) > 0 is a nondegenerate positive eigenvalue of A with a one-dimensional eigenspace
consisting of a vector x with only positive components.

The theorem was later interpreted geometrically in Birkhoff 1957; Samelson 1957,
where the authors noted that it follows using Hilbert’s projective metric and contraction
principles. From then on, it was slowly extended to (not necessarily linear) operators,
which lies at the heart of nonlinear Perron-Frobenius theory. The connection to matrix
scaling became clear int the 60s to 80s and parts of each theory have developed
alongside each other since. Probably the best current reference on the topic is Lemmens
and Nussbaum 2012. In the following, we sketch some of the most important ideas
surrounding the theory:
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Recall that given a topological vector space V, a cone is a set C C V such that for
allv € C, av € C for all « > 0. A convex cone is a cone that contains all convex
combinations. By definition, it is equivalent to say that C is a convex cone if and only
if av 4 Ppw € C for all v, w € C and all a4, > 0. A cone is called solid, if it contains
an interior point in the topology of the vector space and closed if it is closed in the
given topology. It is called polyhedral, if it is the intersection of finitely many closed
half-spaces (cf. Rockafellar 1997).

An easy way to construct a convex, solid cone is by using a partial order >. Then
the set C defined viav € C < v > 0 is a closed convex cone (see Rockafellar 1997 for
the connection between ordered vector spaces and convex cones). Given two cones
C, K which are defined by a partial order, we call a map T : C — K order-preserving
or monotonic, if for v > w we have T(v) > T(w). We call it strongly order-preserving,
if for every v > w € V we have T(v) — T(w) € V' > 0. Last but not least, we call T
homogeneous, if T(av) = aT(v) for all « € R.

As is the case with classical Perron-Frobenius theory, the spectral radius is the crucial
notion. For general maps between cones, there are several definitions, which turn out
to be the same for most purposes, hence we restrict to one such notion:

Definition B.2 (Lemmens and Nussbaum 2012, Chapter 5.2). Let K be a solid closed
cone in a finite dimensional vector space with a fixed norm || - || and f : K — K a
continuous homogeneous map. Define the cone spectral radius as

ric(f) := sup{lim sup £ () IM™]0 # x € K}

The first crucial observation is that the spectral radius is actually attained for homo-
geneous order-preserving maps (which is not the case for general maps):

Theorem B.3 (Lemmens and Nussbaum 2012, Cor. 5.4.2). Let K be a solid closed cone in a
finite dimensional vector space V. If f : KK — K is a continuous, homogeneous, order-preserving
map, then there exists x € IC\ {0} with f(x) = ri(f)x

Note that the theorem does not tell us whether the eigenvector lies inside the cone or
on its boundary. The next and very powerful theorem does also not settle existence,
but if existence is known, then it assures uniqueness and convergence:

Theorem B.4 (Lemmens and Nussbaum 2012, Thm. 6.5.1). Let K be a solid closed cone in
a finite dimensional vector space V and let ¢ € KC* the dual cone. If f : int(KC) — int(C) is a
homogeneous strongly order-preserving map and there exists a u € int(KC) with ¢(u) = 1 such
that f(u) = ru, then

S, (66)

for all x € int(K).
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This theorem is essentially due to the fact that the map is contractive in what is
known as Hilbert’s projective metric of the cones. Once the attractiveness is established,
uniqueness follows immediately, since if we had another fixed point v € int(K), then
f¥(v) = v would imply a contradiction to equation 66. Since the attractiveness can be
used to estimate convergence speeds (see Franklin and Lorenz 1989), we include the
relevant proposition due to Birkhoff (Birkhoff 1957).

Definition B.5 (Lemmens and Nussbaum 2012, Chapter 2.1). Let L C V be a closed,
convex, solid cone in some vector space, then for any x,y € K such that x < ay and
y < Bx for some a, B > 0, define

M(x/y; K) := inf{B > 0|x < By}
m(x/y; K) := sup{a > 0lay < x}

Then we can define Hilbert’s projective metric as

dy(x,y,K) := In (ff((;“// 3;) (67)

We will leave out IC, when it is clear from the context. Furthermore, we set dy;(0,0) =0
and dy(x,y) = oo if dy is otherwise not well-defined.

We have the following properties:

Proposition B.6 (Lemmens and Nussbaum 2012 Proposition 2.1.1). Let K C V be a
closed, convex, solid cone in some vector space V. Then dy satisfies:

(i) dy(x,y) > 0and dy(x,y) = du(y, x) forall x,y € K.

(ii) dy(x,z) < dy(x,y) +du(y,z) for all x,y,z € K such that the quantities are well-
defined.

(iii) du(ax, By) = du(x,y) forall x,y € K and a, p > 0.

Note that the first two properties show that dy is indeed a metric and the third
property shows why it is called a projective metric.

Proposition B.7 (Birkhoff 1957). Let KC C V be a bounded, closed, convex and solid cone in
some vector space V. Let £ : I — K be a linear map, then

du(€(x),E(y))
du(x,y)

72(8) = sup {

X,y € /C} < tanh(A/4) (68)

where A := max {dy(E(x),E(y))|x,y € K}.
Furthermore, y1/2(€ o F) < y?(E)Y*(F) and y1/2(E*) = *(&).
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A proof can be found in Birkhoff 1957; Bauer 1965. The result can be extended to
much more general scenarios, see also Eveson and Nussbaum 1995 and references
therein. One can actually show that equality holds, i.e. tanh(A/4) is also attained, but
this is not important here.

With all this machinery, we still need to prove existence of a fixed point in the interior
of P. The general theory for proving that a fixed point lies in the interior is weak and
we generally have to prove it “by hand”.

For, the Menon operator we have an additional problem: It is at first only well-defined
on the interior of the cone of positive semidefinite matrices. A natural question is
whether it can be extended to cover the closed cone as well. For matrices, this is covered
by the following theorem:

Theorem B.8 (Lemmens and Nussbaum 2012, theorem 5.1.5). Let C, KC be cones and
S : C — K be an order-preserving, homogeneous map. If C is solid and polyhedral, then there
exists a continuous, order-preserving, homogeneous extension S : C — K.

C. Preliminaries on Positive Maps

In this section, let C" C M, be the cone of positive definite matrices (elements will
also be written as A > 0) with its closure C", the cone of positive semidefinite matrices
(elements will also be written as A > 0). Likewise, a subscript ; at any of the cones
denotes the bounded subset of unit trace matrices. Positive maps on cones are elements
form a cone themselves, the dual cone, which will be denoted by (C")* and (W)*

Let us start with irreducible maps. Many different characterizations exist, which we
recall for the reader’s convenience:

Proposition C.1. For a positive, linear map T : My — My the following properties are
equivalent:

1. T is irreducible,

2. if P € M is a Hermitian projector such that T(PMyP) C PMP then P € {0,1},
3. for every nonzero A > 0 we have (id + T)4~1(A) > 0,

4. for every nonzero A > 0 and every strictly positive t € R we have exp(tT)(A) > 0,

5. There does not exist a nontrivial orthogonal projection P s.th. tr(T(P)(1 — P)) = 0.

Most of these properties are well-known. A proof can be found in Wolf 2012.

As with matrices in the original Sinkhorn theorem, irreducibility is not the right
characterization to work with, since given an irreducible map £ and two X,Y > 0,
YE(X.X')Y' is not necessarily irreducible. Before giving a characterization of fully
indecomposable maps, we will study rank non-decreasing maps.
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Definition C.2 (Gurvits 2004). To every positive map £ : M,, — M, and any unitary
U € U(n), we associate the decoherence operator &y via:

Eu(X) = ZS(uiu:r)tr(Xuiu:-r) (69)

where u; is the i-th row of U. Furthermore, we associate to every decoherence operator
the tuple

Agy = (E(wud), ..., E(uqul)) (70)

This will be important during the proof of the Sinkhorn scaling, because every map
& will be associated to the mixed discriminants of its decoherence operators:

Definition C.3. Let (A;); be an n-tuple with A; € M,,, then

an
M(Al,...,An) = mth(XlA] +...+ann)‘xl ..... Xn:0 (71)

is called the mixed discriminant.

Then we have the following characterization of rank non-decreasing maps, which is
essentially due to Gurvits 2004:

Proposition C.4. Let £ : M,, — M, be a positive, linear map. Then the following expressions
are equivalent:

(i) & is rank non-decreasing.
(ii) &y is rank non-decreasing for any unitary U € U(n).
(iii) Forany U € U(n), if (A;); := Ag y, then
rank <2Ai) > |S] VS C{1,...,n}
ieS
(iv) Forany U € U(n), M(Agu) > 0.
(v) E'(-) :=Y'E(X - X")Y is rank non-decreasing for any X, Y of full rank.

The proofs that (i), (ii), (iii) and (v) are equivalent are essentially the same as for the
fully indecomposable case in C.6. It remains to show the equivalence of (v) with (i).
This was done in Panov 1985.

We can define what will turn out as a measure of being indecomposable for a tuple
of matrices:
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Definition C.5. Let A := (A;); be an n-tuple of matrices A; € M, and denote by A%
the tuple where A; is substituted by A;. Then define:

M(4) := min M(AT) (72)
7]

the minimal mixed discriminant.

For fully decomposable maps, we have the following characterization (part of which
is already present in Gurvits 2004):

Proposition C.6. Let £ : M,, — M, be a positive, linear map. Then the following expressions
are equivalent:

(i) & is fully indecomposable

(i) E* is fully indecomposable
(iii) For all singular, but nonzero A > 0, rank(E(A)) > rank A.
(iv) Property (iii) holds for YE(X - XT)YT for every X,Y > 0.

(v) There do not exist nontrivial orthogonal projections P, Q of the same rank such that

t(£(P)(1—Q)) =0.
(vi) &y is fully indecomposable for all U € U(n).
(vii) Forany U € U(n), if (A;); := Agy, then
rank(ZAi> > |S] VS c{l,...,n},0<|S| <n
€S
(viii) M(Agy) > 0 forall U € U(n).

Furthermore, when this is satisfied, £ and via (v) also £* map the open cone C" into itself.
Note also that the properties (vi) to (viii) are also equivalent for any fixed unitary.

Proof. (i) — (iii): let £ be fully indecomposable and assume there was a nonzero A > 0,
with rank(£(A)) < rank A. Since the kernels are vector spaces, this implies we can
find a unitary matrix U transforming the basis such that ker(€(A)) 2 U - ker A. Thus:
ker(£(A)) D U -ker A
& ker(£(A)) D kerUAUT
& ker(UTE(A)U) D ker A

The latter implies supp(UTE(A)U) C supp A. Let P be the projection onto the support
of A. By assumption, P # {0,1} since A is nonzero and singular. For any positive
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matrix B with BP = B, we have supp B C supp A. Hence, there exists a constant
r > 0 such that A > rB. Then £(A) > r&(B) and supp(E(B)) C supp(E(A)). But
this implies via linearity supp(Q&(M,)Q) C supp(PM,,P), where Q := UPU" is an
orthogonal projection.

(iii) <> (iv): Given (iii), the claim follows immediately from the fact that since X,Y > 0,
the matrix ranks are not changed. For any nonzero and singular A we have rank(A) =
rank(XAX"). By assumption, for any nonzero, singular A > 0 we have rank(€(A)) >
rank(A), rank(€(XAX")) > rank(XAX") and hence

rank(YE(XAXT)Y') > rank(A)

(iii) — (i): Note that given P, Q of the same rank such that £(PM,P) C QM,Q, we
have in particular £(P) = QAQ for some A € M,,. Since Q is of the same rank as P,
rank(&(P)) = rank(QAQ) < rank P, which is a contradiction.

(v) — (i): Note that if £(PM,P) € QM,Q, then in particular tr(E(P)(1 - Q)) =0
since (1 — Q) is the orthogonal complement of Q.

(i) = (v): Let A > 0. By positivity of £, we have

0 < tr(£(PAP)(1 - Q)) = tr(APE* (1 — Q)P)
< [ Alleo tr(PIPE™(1 = Q)) = [|Afleo tr(E(P)(1 - Q)) =0

Hence in particular supp(E(PAP)) C supp(Q) and £(PM,,P) C QM,,Q.

(i) <= (ii): This equivalence follows directly from (iv) by expressing Q and P in terms
of the projections onto the orthogonal complements.

The remaining equivalences (i) <+ (vi),(vii),(viii) can be found in Gurvits 2004 (with
proofs scattered throughout the earlier papers by the same author). We just repeat them
here using our notation for the reader’s convenience.

(iii) — (vi): By definition, £y = € oU where U(X) = ¥; tr(Xu;ul). Obviously, U is
doubly stochastic, hence rank non-decreasing. Therefore, if (iii) holds for &, it must
also hold for £ o U.

(vi) — (iii): Let &y be fully indecomposable for all unitaries U and assume that
rank(£(X)) < rank(X) for some X > 0 with 0 < rank(X) < n. Let U be the unitary
that diagonalizes X, then £ (X) = £(X), hence &y is not fully indecomposable. This is
a contradiction.

(vi) & (vii): Let Ty be fully indecomposable. Then

rank(X) < rank(&y (X))

= rank (Z E(uul) tr(Xuiu:r))
i=1

= rank ) E(uul)
1<i<n
tr(Xu;ul)7#0
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Note that if S := {i| tr(Xu;u)}, then rank(X) < |S| and hence follows the claim. For
the other direction, we can use the same idea.

(vii) <> (viii): Let A := Agy for all unitary U fulfill (vii). Define A" as the tuple
where the i-th element is replaced by the j-th. Note that

keS keS\{j}

rank (2 A}j) > rank ( y Ak) > |S]|

for any S C {1,...,n}, where the last inequality follows from the fact that £ is fully
indecomposable by assumption. Hence, from the proposition C.4 we know that the
mixed discriminant of A” cannot vanish, i.e. M(A) > 0. Minimizing over i # j and
the compact U(n) gives M(Ag 1) > 0.

Conversely, let A := Ag; not fulfill (vii) for some unitary U, i.e. for some S C
{1,...,n} with 0 < S < n we have rank (Y cs Ax) < |S|. Leti € S,j ¢ S, then for the
tuple A7) as before, we have:

rank( Z AZ) :rank(ZAk) <|S|+1=|SU{j}|

keSU{j} keS

But then, by proposition C.4, M(A%) = 0 and hence also M = 0. O

This proposition shows in particular that any fully indecomposable map is primitive:
For any unit trace p > 0, £%(p) > 0. Note that the converse might not be true. By the
characterization of primitive maps (Sanz et al. 2010, Theorem 6.7), this implies that
each fully indecomposable map has only one fixed point.

Lemma C.7. If T is a doubly-stochastic positive linear map, then there exists a unitary matrix
U such that UT (-)U" admits a set of orthogonal projections {P;}; such that Y ; P; = 1,
P;P; = ¢;;iP; and UT (PMgP)UT C PMyP;. Furthermore, the restriction of UT (-)U' to
P; M 4P; is fully indecomposable for every i.

Proof. Note that for an arbitrary unitary U > 0 the maps 7 (U(-)U") and UT (-)U" are
still doubly-stochastic. Let P, Q be a nontrivial Hermitian projector decomposing 7T,
ie. tr(7(P)(1—Q)) = 0by proposition C.6 (if no such projector exists, we are finished).
Then we have:

0= u(T(P)(1- Q) = r(PT*(1 - Q))
— &(P) - r(PT*(Q)) = tr(Q) — tr(QT(P))
— &(QT(1 - P))

where we used that 7 is doubly-stochastic in the second and last equality and in
between we only used the cyclicity and linearity of the trace as well as the fact that P
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and Q have equal rank and thus their traces equal. This means that if P reduces 7,
then also 1 — Q reduces T, i.e.
T(PM,P) C QM,Q
= T((1=P)My(1-P)) C (1 -Q)Mu(1-Q)
Since the two projections P, Q are of the same rank, there exists a unitary matrix U such
that Q = UPU'. This implies that 7'(-) = UT(-)U' is reducible by P and (1 — P),
which implies that 7" is a direct sum of maps defined on PM,,P and (1 — P) M, (1 — P).
We obtain these maps by setting
T :=T'(P-P)lpm,p
T, =T((1-P) (1- P))|a-pym,(1—p)-
By construction, P, (1 — P) are the identities on the respective subspaces and the maps
are therefore doubly stochastic, i.e. 7{/(1ppm,p) = T(P) = P = 1ppy,p (and for 7,
equivalently).
If the restricted maps are not fully indecomposable, we can iterate the procedure,
thereby going over to 7"(-) = (Uy & WU)7T'(-)(Us @ Up) and so forth, which will
terminate after finitely many steps, since the ranks of the projections involved have to

decrease, thus giving a map 7 (-) = UT (-)U", which admits the stated decomposition.
0

D. Gurvits’' proof of scaling and approximate scaling

This appendix provides the details of Gurvits” approach, hence it does not contain
original material. For easier readability, we repeat all Lemmata.

D.1. Approximate scalability

We need a way to study scalability:

Definition D.1. Let C;,C; € M, and € : M,, =+ M, a positive, linear map. Then we
define a locally scalable functional to be a map ¢ € C?" such that

@(C1E(CY - C2)CY) = det(C1CT) det(CCF) 9 (€) (73)

A locally scalable functional will be called bounded, if |p(E)| < f(tr(E(1))) for some
function f.

Locally bounded functionals are the right tools to study scalability:

Proposition D.2. Let £ : M,, — M, be a positive, linear map. Given a bounded locally
scalable functional ¢ such that ¢(E) # 0, the Sinkhorn-iteration procedure converges:

DS(E,) =0 n— o0 (74)
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Proof. We follow Gurvits 2004. Recall the definitions of the Sinkhorn iteration in
equations (41)-(42). Because of property (73), we have

¢(Eir1) = a(i)p(&)
(i) = det(€7(1))~! ifiodd
= det(&;(1))~! ifieven

Let i be even. Note that &; is trace-preserving for i even, hence tr(&;(1)) = n. Let s](i) be
the singular values of £;(1) and observe:

| det(&; y_]:[s giil —tr (1)) =1 (75)

j=1
using the arithmetic-geometric mean inequality (AGM). Similarly, for i odd, &; is unital,

hence tr(€7(1)) = n and we can use the AGM inequality again to obtain that a(i) > 0
for all i > 0 and therefore

l9(Eiv1)] > [@(&)]

and thus, as ¢ was assumed to be bounded, |¢(&;)| converges to some value ¢ <
Flir(E(D)).

It remains to prove that for |p(€)| # 0, DS(&;) converges to zero for i — co. The idea
is of course that if [¢(&)| # 0, then |a(i)| converges to one and thus &;(1) and £/(1)
converge to 1.

To make this more formal, since |¢(€)| converges, for all € > 0 there exists N € N
such that for all d > N:

e(Ea)| — l@(Ear1)] <€

< |lo(&)] - w(li)||¢(5d)| <e
1

1
< 4| = >
5 2 T @ 2 T ee@

where we used that |@(&;)| increases monotonically in the last inequality.
Let us now only consider i even. Then we have just seen that

1
1+¢lo(&)!

hence, for i > N even, we have:

< det(Ty(1)) < 1

93



where the s](-i) are the singular values of &;(1). If we can upper bound the last quantity
by &(e), we are done. This is an exercise in using logarithms:

Since &; is trace-preserving as i is even, s](i) < d for all i. If we set a := %,
then by strict concavity of the logarithm,

In(x) < (x—1)—a(x—1)> x<d

since In(d) = (x — 1) — a(x — 1)? and In(1) = 0. But then:

where we used that } s](-i) = tr(&(1)) = n. But £ — 0 for i — oo.
Exchanging &; with & gives the same reasoning for odd i. In total, we get that for
any € > 0 exists an N € IN such that for all d > n

0 < DS(&) <

Q| m

hence DS(&;) — 0 for i — oo. O
Lemma D.3. Cap is a bounded locally scalable functional.
Proof. Note that for
inf{det(C3£(C;XCHC,)|X > 0,det(X) = 1}
= inf{det(CJ) det(C,) det(£(C; XCI))|X > 0,det(X) = 1}
= det(C3Cy) inf{det(£(C1XC]))|X > 0,det(X) = 1}
= det(CICy) inf{det(£(X))|X > 0,det(X) = det(Cy) det(Cl) det(X), det(X) = 1}
= det(C}C;) det(C{Cy) inf{det(£(X))|X > 0,det(X) =1}

hence Cap is a locally scalable functional. Via the AGM inequality, we have

0 < Cap(€) < det(£(1)) < <tr(5n(ﬂ))) !

hence Cap is bounded. O
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This gives a proof of Lemma 9.8.

Lemma D.4 (Lemma 9.9 of the main text). Let £ : M,, = M, be a positive, linear map
and U € U(n) a fixed unitary. Then defining

n
Cap(Ag,y) := inf {det <25(”i”?)7i> lyi > O,H’h’ = 1}

i=1
where u; are once again the rows of U, we have the following properties:

1. Using the mixed discriminant M, we have

n

n
M(Agu) < Cap(Agu) < — - M(Agu)
2. inf Cap(Agy) = Cap(&
yinf  Cap(Asu) = Cap(£)

Proof. The first part of the lemma is one of the main results of Gurvits and Samorodnit-
sky 2002. Since the proof is long due to many technicalities, we leave it out here.
The second part gives the relation between the two capacities. Let {X;}; with

det(X;) = 1 and X; > 0 be such that det(£(X;)) — Cap(€), d — co. Then there

exist unitaries Uy € U(n) such that U;X, U} is diagonal with diagonal entries /\Z(d) . By

construction,

det( Y. E((ua)i(ua)H)A") = det(€(Xy))

1<i<n
where (1) are again the columns of U;. Hence

inf Cap(Ag ) < Cap(E
ynf ap(Agu) < Cap(€)

Likewise, we can construct a sequence of Uy such that Cap(Ag¢ i;,) converges to the

infimum and we can construct a sequence (’YEZ)) )k with ('YEZ)) )i > 0 for each Uy such that

det (i 5((”:1)1’(“01)3)(7&;)))1‘) — Cap(Agy,)  fork — oo

i=1

Taking the diagonal sequence ’yEZ? we obtain a sequence converging to inf Cap(Ag ).

Finally, define X; = U diag(’yélg)ug, then X; > 0 and

det(£(Xy)) = det (2 5<<ud>i<ud>?><7§,f§>i>

i=1
and hence

Cap(€) < inf Cap(A
ap( )_Uelg(n) ap(Asu)

after taking the limit k — co. O
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Finally, we can write down the Operator Sinkhorn theorem (Theorem 9.5 in the main
text):

Theorem D.5 (Approximate Operator Sinkhorn Theorem, Gurvits 2004 Theorem 4.6).
Let £ : M, — M, be a positive, linear map. Then & is e-scalable for all € > 0 iff £ is rank
non-decreasing.

Proof. We mostly need to combine the lemmas. By lemma D.3, the capacity is a
bounded, locally scalable functional, which implies by proposition D.2 that DS(&;)
converges, if Cap(€) > 0. Now, by lemma 9.9,

Cap(&) = inf{Cap(A¢,u)|U € U(n)}

Since U(n) is compact, it suffices to show that for every U, Cap(Ag ;) > 0. Again, by
lemma 9.9,

Cap(Aguy) > M(Ag )

but M(Ag ) > 0 for every U if and only if £ is rank non-decreasing by proposition
C.4. Hence, DS(&;) converges for rank non-decreasing maps.

Now suppose that £ is a positive map such that in the Sinkhorn iteration, DS(&;)
converges. Then, for some i € IN, DS(&;) < % We claim that then &; is rank non-
decreasing and by consequence, also £ is rank non-decreasing via proposition C.4.

To see this, assume £(1) = 1 and £*(1) = 1+ E, where E is Hermitian and
tr(E%) < 1/n. We can do this, because this is exactly what &; looks like for i big enough
such that DS(&;) < 1 and i is odd. Given a matrix U € U(n) and the corresponding
A = Ag y, we have that

n
Ai=E(1)=1
i=1
Likewise, for every i:
tr(A;) = tr(A;1) = tr(uul T* (1)) = 1 + tr(w;ulE) =: 1+ 6 (76)

But by assumption,

n n
.Z |6i|* < Z | tr(uulE)J?
i=1 i,j=1
- t
= Y (ui| EJuj) (uj| ET |u;)

ij=1

= tr(E?) < (77)

S|
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Now, suppose that £ is not rank non-decreasing. Then, by proposition A.5 (vii), there
is a U such that Ag iy fulfills

k
rank (Z Ai> <k
i=1

for some 0 < k < n. Note that, since £ is positive, A; > 0, hence H := Z?:l A; fulfills
0 < H < 1. Asrank(H) < k—1, we have tr(H) < k — 1. From equation (76), we obtain

k
tI‘(H) = ZAZ' =k+ Zkél
i=1 i=1
Using equation (77), by the Cauchy Schwarz inequality,
k
2’51| <+Vk/n<1
i=1
which contradicts tr(H) < k — 1, hence £ must be rank non-decreasing. O

D.2. Exact scalability

Lemma D.6 (Lemma 9.10 of the main text). Let £ : My — M be a positive map. Then
& is scalable to a doubly-stochastic map if and only if Cap(E) > 0 and the capacity can be
achieved.

Proof. Suppose there exists C > 0 with det(€(C)) = Cap(€). The Lagrangian of the
capacity is

L(X) :=In(det(£(X))) + Aln(det(X))
with the Lagrangian multiplier A € R. Therefore, the minimum fulfills
Vin(det(£(X)))[x=c = (—A)VIn(det(X))|x=c (78)
We claim that the conditions are equivalent to
ey Ht=c (79)
Let E;; be the usual matrix unit, then

(VIn(det(&£(X)))[x=c)jx = aEa]-kln < XS; sgn(o) ﬁg(c)iv(i)>
a n
= det(’c}(C)) ) Sgn(U)a?jk HS(C)ia(i)-

oEeSsy,
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Noting that

IEE(C)ig(iy = tr(Eg(i)i T ) = tr(E"(Epiyi) Eik) = €™ (Eaii)jk
j
we have

(VIn(det(£()) [x=c)j = gog 5 )ngn 0) Y- Ex) i [ TE (it

gES,y, I=1 i#l
1 n
=& sgn E &
<det(5(c))g§n Bnle) L Ee ’Q >Jk
1 n
=& — sgn (o 1 E(C
(det(ﬁ(C)) mgl (U(m)gnes i 117:"[1 > >]k

=E(EC) Np

where in the last step we use Cramer’s rule. For £ = id we obtain the right hand side of
equation (79) from equation (78), hence follows the claim. It now follows from Lemma
9.14 that any C fulfilling Equation (79) defines a scaling.

Conversely, suppose £(-) = C1£(CIC,)CT is a doubly stochastic map. Since & is
unital, the eigenvalues of £(X) are majorized by the eigenvalues of X (cf. Wolf 2012
Theorem 8.8). Majorization stays invariant under strictly increasing functions (cf. Bhatia
1996, Chapter 1), hence we have (A; being the eigenvalues of X and A¢ the eigenvalues
of £(X)):

Y —In(Af) < Y —In(A))

i

which is equivalent to det(£(X)) > det(X). Hence, a doubly stochastic map is in
particular determinant increasing. Obviously, equality is attained at X = 1. But then:

det(£(X)) = | det(Cy)| 2| det(Cy)| > det(E(X)) (80)
> | det(Cy)|?| det(Cp)| 2 det(X). (81)

A quick calculation shows that X = C§Cy/ det(CIC,)!/" attains equality in Equation
(81). This then necessarily minimises the capacity. O

Lemma D.7 (Lemma 9.11 of the main text). Let £ : M,, — M, be a positive, linear map
and given U € U(n), let A = Ag 1. Then

1. fa is convex on R".

2. If € is fully indecomposable, then f, is strictly convex on {{ = (&1,...,8n) €
R"[ ¥ ¢ = 0}
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Proof. We follow the proof of Gurvits and Samorodnitsky 2002. Given a tuple A of
positive definite matrices, one can show (Bapat 1989):

det(ef1Ar + ...+ e Ay) = Y teler) (82)

reb,
where (-, -) denotes the general inner product, P, is the set of n-tuples of integers r; > 0
such that ), 7; = n and

1 I'n

tr = ﬁM(Al,...,Al,...,An,...,An) (83)
...yt

This implies that we can rewrite f4:

fal€1,...,E) =Indet(e®" A; 4 ... + ) = In (Z tre(m)

rebP,
It is well known that for positive matrices this is a convex function, but let us follow
the proof of Gurvits and Samorodnitsky 2002 here.

Let f =: Ing. We need to prove that V2, the Hessian, is positive (semi)definite.
By definition, V2f = —( (V2g) — (Vg)(Vg)"), hence it is sufficient that g(V?g) >

(Ve)(Ve)".
Note that for any v € R” we have Ve(&?) = ¢(&?) . v and V2e(?) = ¢(€?)pv!, where
vo' is positive definite. Therefore:

g(V?8) = (V@)(V)" = Y 1687 3 1el)ss — 3 titoel&r st

rEPn sepPy, r,s€P,
Z tte© ) (r —5) (r —s)" >0
rsEP,,

hence the Hessian of f is positive semi-definite and therefore f is convex.

Now, assume that £ is fully indecomposable, hence the tuple A := Ag; fulfills
proposition A.5 (vii) and (viii) for all U € U(n). In particular, if AY is the tuple A with
the j-th entry being replaced by the i-th. entry. Then M(A") > 0 in particular. Note
that M(A7) = 2t,, by equation (83), where

2 k=1
0 k=

(rz‘j)k 11 J
else

Then,

Vi > lz Yo ttse® T (r —s) (r —s)"

7,5€P,
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1

> 23 L M(AT)M(A)Cri5) (ryy — 1) (rij = ria) "
8" i£jkAl
cM?
= 802 Y. (rij—ra)(rij — )"
8" ijktl

where ¢ := min;zj x| e&i=74) and M := min;4; M(A¥) > 0 by proposition A.5 (viii).

We only need to consider Y ;. (rij — i) (rij — ria)"" =: S and show that this is a
positive definite matrix on the hyperplane H. Using the usual matrix units E,;,, we can
write:

S:= Y. (Ei+Ej+Eu+Ey+2(E;+Ejx— Ex—Ej—Eq))
i1 7k

We find that S;; = (n —1)(n —2)(n — 3), since only the first four summands contribute to
the diagonal terms. For the off-diagonal terms, note that in 2(E;; + E ik — Eix —Eji — Ex),
all unordererd combinations of i, j, k, | occur, twice with a positive sign and four times
with a negative. Hence we obtain (n —2) - (n — 3) terms with either E;; or Ej; that are
not cancelled by other terms and therefore S;; = —(n —2)(n — 3). In short:

1 1

L T P

R

S=n-1)n-2)n-3) " o
o

m m P 1

Note that the image of S is just the hyperplane H and it is easy to see that S is a
multiple of the projection onto the hyperplane S. Therefore, V2f is strictly convex on
H. O

Finally, we obtain the theorem:

Lemma D.8 (Lemma 9.12 of the main text). Let £ : M, — M, be a positive, linear map.
If € is fully indecomposable, there exists a unique scaling of € to a doubly stochastic map.

Proof. Recall that one can show (Bapat 1989):

det(e®' A1 +...+ e A,) = ) t,el%r) (84)

repP,

where (-, -) denotes the general inner product, P, is the set of n-tuples of integers r; > 0

5! I'n
such that Y} ;7; = nand t, := ﬁM(Al,...,Al,...,An,...,An).
Suppose X > 0, det(X) = 1 and & is fully indecomposable. Let U € U(n) diagonalize
X with eigenvalues 7; = e%. Assume the eigenvalues are ordered y; > ... > 7,.
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Observe that then det(£(X)) < det(£(1)) is equivalent to say that f4(&) < fa(0),
where A = Ag ;. We know:

det(A; +...+ A,) > det(y1A1 + ... + 71 An)

1
=) tel®r) > 5 ZMZ.].E(@M)
1P, iZ]

where we use that certainly for all i # j € {1,...,n}, rij = with rp = 1 for all k # i,j
and r; =2, r; = 0 is a valid n-tuple where the coefficient ¢, = %Mif . Since all the terms
in the sum of equation 84 are positive, we can just leave out all other r. By definition,
M(E) < M for every A, hence:

—_

det(A1+...+ Ay) > EM(E) Ee(é,rij)
i7]

M(é’)emaxi#i(gi—gj)

where we used that (¢, 7ij) = Y x4 ¢k + §i = i — §j since }; ¢; = 0. Since det(A; +... +
...) =det(£(1)), we have
Mo 2det(T(1)) < 2det(£(1))

— <

Tn M(A) - M

from the lemma above. But then, the infimum must be attained on the compact subset
{det(X) = 1|11 < W} Therefore, also for the capacity Cap(€) the infimum can
be considered on a compact subset of {det(X) = 1} and is then attained. Uniqueness
is ensured by the strict convexity of f4. O
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