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Introduction

The work in this thesis is an attempt to understand entanglement and entangled states
in quantum physics, with an emphasis on the underlying geometric structures. En-
tanglement is a strange feature contained within the quantum mechanical framework,
which was first observed by Erwin Schrédinger and Albert Einstein, and eventually led
to a seminal paper by Einstein, Podolsky and Rosen, published in Physical Review in
1935. The next important contributions to the theory of quantum entanglement was
given by Bell in 1960s, and an experimental demonstration of entanglement, i.e. a real-
ization of the gedanken experiment proposed by EPR in 1935, was finally performed by
Aspect et al. in 1982. A considerable growth of the interest in quantum entanglement
has occurred since the early 1990s, and much of the reason for this is that the tools
of quantum optics and modern instrumentation have made it possible to measure and
manipulate entangled quantum systems in a way which was not possible before.

Motivation

An inherent attribute of entanglement is non-locality, and in the continuation of this,
several non-reductionist features, which are conceptually challenging and philosophi-
cally interesting. There are however several other motivating factors for the study of
entanglement. At the very early stage, entanglement was considered to be merely a
puzzling feature of quantum mechanics, mostly confined to the philosophical realm.
Today, entanglement is considered a resource in quantum information theory, and it
has found several applications within this field. These include quantum computers and
several areas in quantum communications. A problem with entanglement is that it is a
fragile resource, in the sense that it has a tendency to decay. In any entangled system
which interacts with an environment, the entanglement generally will diminish as a
result of this interaction. In order to deal with this loss, methods such as entanglement
distillation have been invented in order to distill less entangled states into more entan-
gled ones. There exists two qualitatively different types of entanglement, called free
and bound entanglement. The type referred to as bound entanglement has been shown
to be impossible to distill in a complete fashion, and they are thus much less useful in
applications.

The separability problem

A fundamental problem related to entanglement, is the separability problem. This is
the problem of determining whether a given quantum state is separable or entangled,

3



4 INTRODUCTION

as it cannot be none or both. For pure quantum states (states of rank one) the problem
is completely solved by Schmidt decomposition, but for mixed quantum states this is
not the case, and the problem is complicated even for the low dimensional cases. Both
from a practical point of view and as part of the theoretical framework of quantum
mechanics, it is an important problem to address.

In 1996 the PPT criterion for determining whether or not a state is entangled,
was presented by Peres. This criterion is based on the partial transposition map.
It appeared to clearly distinguish separable and entangled states, in the sense that
it formulated an easily testable condition which separable states satisfies, but which
entangled states do not. The year after however, Pawel Horodecki provided an example
of an entangled state that also satisfies the condition. The PPT criterion essentially
separates all quantum states into PPT and non-PPT (NPT) states, and all quantum
states belong to exactly one of the two groups, with the separable states as PPT states
for all dimensions N4 X Ng. An important fact is that testing whether a state is PPT
or NPT is easily achieved using a computer.

It is known that for the 2 x 2 and 2 x 3 systems, the PPT states are identical to
the separable states, and that the NPT states are identical to the entangled states, so
the Peres criterion is always conclusive. But for larger dimensions, such as for instance
the 3 x 3 system, there always exist PPT states that are entangled, so for this case the
PPT criterion can only be used in a contrapositive way, i.e. to prove that a state is not
separable. Since entangled PPT states in this sense seem to have great significance,
their characteristics are worth studying. A natural choice is the 3 x 3 system, which is
the next logical step from the 2 x 2 and 2 X 3 systems.

As mentioned, the PPT criterion introduced by Peres relied on the use of the trans-
position map on one of the two subsystems of a composite quantum system, 7.e. partial
transposition. Transposition is an example of a positive map. A positive map essentially
maps all quantum states into quantum states, while a non-positive map will not do so,
.e. it will map at least one quantum state into a non-quantum state. It is possible
to use positive maps to formulate a much more general criterion for the separability
problem. The PPT criterion then becomes a special case of a larger and more general
formulation of the separability problem. This was done by Michal, Pawel and Ryszard
Horodecki in 1996, and is naturally referred to as the Horodecki criterion. There is a
one-to-one correspondence known as the Choi-Jamiolkowski isomorphism between pos-
itive maps and a subset of Hermitian operators called entanglement witnesses. The
Horodecki criterion states that a quantum state is separable if and only if the expecta-
tion value of all entanglement witnesses in the state are non-negative. If the expectation
value of one (or possibly several) entanglement witnesses in a given quantum state is
negative, then the state is always entangled. One might say that these entanglement
witnesses reveal or are “witnesses” to the entanglement of this state. This criterion is
both necessary and sufficient. The problem is that in order to implement this criterion
we potentially must check for all entanglement witnesses. In order to achieve this, it
is required that we must have knowledge and understanding of the structure of the
set of entanglement witnesses, and since this set is convex, the extremal entanglement
witnesses are particularly important.



Geometry and experimental mathematics

The approach in this thesis is through geometry. The geometrical aspects of entangle-
ment are interesting in themselves, and might lead to insights which is impossible or
very difficult to arrive at by other methods. Instead of developing explicit examples, it
is then possible to obtain a larger picture by studying the entire set of generic objects,
and also to gain an understanding of the various subsets with specific properties. Of
fundamental importance to our studies is the convex nature of the sets in question. We
study these objects as matrices in convex spaces, and thus knowledge and understand-
ing of the extremal points in these sets is very relevant. Also, since convex sets have
well defined faces, and since all extremal points of the total convex set always lie on
one of these faces, the study of the faces of these sets is essential.

Undertaking completely analytic studies of the geometry of entanglement is in gen-
eral very hard, especially as the dimension of the systems grow. It is therefore very
useful to develop and use numerical tools to aid in these studies. It becomes possible to
gain new information, and to test the feasibility of conjectures and ideas that arise. In
this sense we might call this activity experimental mathematics. It is however important
that analytical developments run alongside the numerical investigations, for example
by providing analytical starting points for further investigations.

Thesis structure

This thesis is organized into two parts. The first part consists of an introduction
into, and a summary of essential features and results from the four papers, which are
themselves presented in part two. Many of the details from the papers are left out,
but some examples and illustrations which are not contained in the papers are found
here. There is also a summary of some of the most important numerical methods used
during the work presented in the papers, a feature which is not included in the papers
themselves. The first part is organized as follows:

e In Chapter 1 we take an historical view of some important aspects of the develop-
ment of quantum mechanics, and the role played by entanglement. It showcases
some reasons why entanglement is interesting. The importance of the work of
John Bell is highlighted, and the experimental contribution of Aspect et al. is
described.

e Chapter 2 gives a short description of entanglement as a resource in several areas
of quantum information theory. We define the nuts and bolts of LOCC and quan-
tum operations, before illustrating quantum dense coding, quantum cryptography,
quantum teleportation and quantum computing.

e In Chapter 3 we develop the mechanics of mixed composite quantum systems.
We look at partial trace and decoherence, and use these considerations to exhibit
some non-reductionist aspects of entanglement. We define partial transposition
and the important sets of density matrices D, separable states S and the PPT
states P. We also look at product vectors in different subspaces of C%, and use
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INTRODUCTION

this to state the range criterion, which is a criterion that any separable state must
satisfy. Finally we discuss the important concept of product transformations, and
symmetries under these.

Chapter 4 contains a review of convex sets, and some of their important properties.
The use of barycentric coordinates, Carathéodorys theorem and dual cones are
some of the essential features. Some of the important concepts regarding faces on

convex sets are discussed, and a special type of convex sets called simplexes are
defined.

Chapter 5 then takes us into the geometry of quantum entanglement. We look at
the geometrical nature of the sets D, S and P, and use some of these features to
make two-dimensional plots through these multi-dimensional structures. We then
define some of the tools we need to investigate the structure of the set of PPT
states P, and use these to describe how we can perform perturbations in the set
of PPT states. We end with a description of the faces of the three convex sets D,
S and P.

In Chapter 6 we discuss the structure of the set of PPT states P for dimensions
3 x 3. We look at the generic states of rank four and five, and describe three
methods for tracing out surfaces of these states. While the extremal entangled
PPT states of rank four show a relatively simple structure, this is not the case for
such states of rank five. For the rank five PPT states there appears to exist a large
number of non-generic types. A generic PPT state of rank five is extremal and
has no product vectors in the kernel, but it is possible to construct non-generic
PPT states of rank five with a non-zero number of product vectors in the kernel.
This is the main theme of Paper 4, but here we discuss these matters quite briefly,
and highlight the perhaps most interesting case, where the kernel contains four
product vectors.

Chapter 7 contains a description of the strategy pertaining to the use of posi-
tive maps and entanglement witnesses to solve the separability problem. We first
define entanglement witnesses and then describe the one-to-one correspondence
with positive maps. Different types of positive maps are then defined, such as
completely positive maps and decomposable maps. Of profound importance to
our research are the zeros of entanglement witness, and the constraints related
to these zeros, which define two very important types of entanglement witnesses:
quadratic and quartic witnesses. We use these zeros and the facial structure of
the set of entanglement witnesses S° to understand extremality on this set, and
then to construct a method for producing such extremal witnesses. This method
is formalised as an algorithm in Section 8.6. Some results from the investigations
on entanglement witnesses are included. Since the set of separable states S and
the set of entanglement witnesses S° are dual to each other, it is possible to use
the faces of S°to say something about the faces of S. We finally end with a
brief review of the special set of entanglement witnesses called optimal witnesses,
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including a discussion of the so-called SPA separability conjecture. Finally, we
develop a method to transform an entanglement witness to a form which makes
the corresponding positive map both unital and trace-preserving, and details re-
garding the numerical procedures related to this is presented in Section 8.7.

e In Chapter 8 we summarize the essential details of the most important numerical
methods we have used in the four papers. A description of these methods is not
included in the papers themselves, with the exception of the algorithms for finding
extremal witnesses (Paper 2), and for transforming positive maps to unital and
trace-preserving form (Paper 3).

e Chapter 9 contains short summaries of the four publications, with some added
remarks on the outlook for further research.

Throughout the thesis attempts have been made to keep the notation as clear and
pedagogical as possible. Even though some of the notation may appear superfluous to
hardened and experienced quantum physicists, underlining and sometimes exaggerating
points or notation is useful to readers without detailed knowledge of this field. Many
of the theorems presented are given without formal proofs, though in some cases a line
of reasoning is given. The papers (particularly paper II) contain more formal proofs.
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Chapter 1

Historical background

An outline of the early developments of quantum mechanics and some of the epistemo-
logically problematic sides of the theory is given. We then discuss the EPR-argument,
and the insight given by John Bell, which effectively closed the possibility of including
quantum mechanics in a local realistic hidden variable theory. The important Aspect
experiment is then presented, and an important set of quantum states called Bell states
are defined.

1.1 The birth of quantum mechanics

Quantum mechanics as a physical theory dates back to the beginning of the 20th cen-
tury. Several theories existed that could describe the fundamental realms of nature
known at the time. These included Isaac Newton’s mechanics and theory of gravity,
the laws of thermodynamics, and James Clerk Maxwell’s elegant and successful sum-
mary of electromagnetism and optics. During the next 20 years the whole foundation
of physics and science was to be revolutionized.

At the start of the 20th century there were several big puzzles in physics. It was
widely believed, especially among the conservative part of the physics community, that
these puzzles could be understood and described within the realm of the established
models. Some of these puzzles were related to fundamental questions regarding the
nature of light, which eventually gave rise to the theory of special relativity, and further
down the line a completely new understanding of gravity. Two of the problems that
gave way to quantum theory was the observed spectral lines of atoms and the so-called
ultraviolet catastrophe. Spectral lines are among the many characteristics of atoms that
are impossible to understand using the classical theory of electromagnetism, because
they imply that the energy states of the atom is a discrete set rather than the continuous
spectrum which is to be expected from classical electromagnetism. The structure of the
atom was discovered by Ernest Rutherford in the early 20th century [1], and led Niels
Bohr to develop the so-called Bohr model of the atom. Also, if the classical theories of
thermodynamics and electromagnetism are used to calculate the amount of radiation
emitted by a black body of temperature T, we get the Rayleigh-Jeans law [2]. The
spectral radiance B, (T') summed over all frequencies v should of course be finite, and

9



10 HISTORICAL BACKGROUND

if we include the frequencies up to visible radiation the Rayleigh-Jeans law works quite
well, but if we include larger frequencies it is a catastrophe, and in fact it diverges to
infinity if we sum over all frequencies.

In 1900 Max Planck submitted two seminal papers [3, 4]. By quantizing oscillators
interacting with the radiation field, he calculated the spectral radiance B, (T") and ended
up with a new expression, today known as the Planck distribution. Planck himself
considered the quantization of the interaction with the radiation field to be nothing
more than a mathematical trick, that bore no specific physical significance. However,
in the following years many of the phenomena that were completely unexplainable,
could be understood by using the idea of quantization, including the divergence in the
Rayleigh-Jeans law. The photoelectric effect, which gave Albert Einstein the Nobel
prize, was another triumph for the idea of radiation quanta, i.e. photons [5]. In 1925,
Werner Heisenberg and others invented matrix mechanics [6], and building on Louis de
Broglie’s work [7], Erwin Schrodinger shortly after invented wave mechanics [8]. Though
the two were seemingly different descriptions, it was shown by Schrédinger that the two
approaches are equivalent [9]. The formalized framework established during this period
still defines the platform for how we use quantum mechanics today, but the number of
applications has grown enormously.

While there are no doubts about the successes of quantum mechanics in giving
predictions that are in amazing agreement with observations and experiments, it is
clear that the theory contains many problematic aspects. Many of these problems have
a philosophical origin, and challenge our intuitively based understanding of the nature
of reality.

1.1.1 Determinism and hidden variables

The trade-off that quantum mechanics makes is that it describes outcomes of measure-
ments by probabilities. This lack of certainty about an outcome is well known in many
situations, e.g. the tossing of a coin. The fundamental difference between coins and
electrons is that a coin is made up of a very large amount of subsystems for which
it is impossible (or at least extremely difficult) to have complete knowledge, and this
enforces a statistical description. We assume this is not the case for an electron, and
claim that the quantum mechanical description contained in the state |1}, is the most
complete description we can have. Since the state vector |¢) only contains information
that gives us probabilities, we end up with a non-deterministic description. Claims
that there is a more complete description containing parameters Aq,..., A, that are
hidden, so as to make a deterministic theory, are called hidden variable theories (HV).
The existence of such hidden variables would effectively mean that quantum mechanics
is an incomplete theory.

1.1.2 Measurement and realism

In most interpretations of quantum mechanics we are forced to reinterpret the meaning
of the term measurement. If we perform a measurement on a ball to find its colour, and
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find that the ball is red, then intuition tells us that the ball was red before we looked at
it, and that the act of measurement simply revealed an already existing characteristic
of the ball. Say we instead want to measure the spin of an electron, and we arrange
it so that we have the two possible outcomes —1 or +1, corresponding to states |1_)
or [14). A non-realistic interpretation of quantum mechanics would then be that the
state of the electron need not be |¢_) nor |14 ), but a superposition. In such a model
the very act of measurement puts the electron in a state that corresponds to the result.
This does not mean that the electron did not have a state before the measurement,
it was simply in a state that did not correspond to a possible outcome of the specific
measurement, and this is a highly non-classical feature.

1.1.3 Non-locality

Another feature of profound importance in quantum mechanics is entanglement. It
was originally Schrodinger and Einstein who first recognized what appeared to be a
“spooky” action at a distance present in the quantum mechanical description of certain
systems. In the paper where Schrodinger introduces his famous cat [10], he also uses
the word “Verschrankung” to describe a rather peculiar non-local feature, which he
later translates to entanglement. Schrodinger observed the existence of global states
[)ap € Ha ® Hp of composite systems H,4 and Hp, which cannot be written as a
product of states of the individual subsystems. The term entanglement underlines an
intrinsic order of what appears to be statistical relations between subsystems of the
compound quantum system. This introduces an inherent non-locality into the system.
Earlier the same year Einstein, working at Princeton, submitted a paper with the two
colleagues Boris Podolsky and Nathan Rosen, usually abbreviated the EPR-paper [11].
During a large part of the 1920s Einstein had intense debates with Bohr about the
foundations of quantum mechanics. A debate where Einstein could not find a clinching
argument to prove that quantum mechanics must be incomplete. After his emigration
to the USA he kept thinking about these questions, and finally ended up with what he
thought would settle the debate in his favour.

1.2 The EPR-argument

The EPR-argument is simply based on a thought experiment suggested by Einstein,
Podolsky and Rosen to prove by pure logic, not by actually performing the experi-
ment, that quantum mechanics is not a complete theory of nature. It is referred to
as a “gedanken” experiment because the means to actually conduct such experiments
were not available at the time. Today these experiments can be conducted by utilizing
the many tools that quantum optics provides. The heart of the argument proposed by
Einstein, Podolsky and Rosen was that entanglement is an effect that must exist for
quantum mechanics to be a complete theory of nature, and since the physical impli-
cations of such a “spooky” action at a distance are preposterous, entanglement as a
physical phenomenon cannot exist.
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Before progressing further we must make the following clarifications

Locality
Results of measurements obtained at one location are independent of, i.e. not
correlated to, any actions performed at the system at space-like separation.

Realism
Measurement results are determined by properties the system carries prior to, and
independent of measurements.

This sort of realism is often referred to as counterfactual definiteness. It is worth
noting that the demand for locality does not mean that results of measurements cannot
be correlated. Since we know today that entanglement exists, the argument provided by
Einstein, Podolsky and Rosen is often, and wrongfully, labelled as flawed. Their logic
and argumentation still stand, it is the presumption of local realism which is flawed.
The essential argument can be formulated as: if nature adheres to the principles of
locality and realism, then quantum mechanics is not a complete theory. Most physicists
at the time that were seeking to invalidate the argument never questioned locality as
the wrongful assumption, but rather the assumption of realism. Realism had been
questioned and dismissed by Bohr, Heisenberg and other supporters of the Copenhagen
interpretation. While locality can be quantified through correlation functions from
measurements, the case for realism is far more subtle and difficult, even though we are
dealing with a relatively precise definition here. Clever attempts have been made to
rule out realism as well [12]. The essential setup of the EPR experiment is shown below.

A
&
TAPA

X

B
@
BPB

Figure 1.1: The basic setup of the EPR experiment.

EPR used measurement of the positions x4 and xp along with momenta p4 and
pp of a pair of identical particles created from a source S. For the sake of the EPR
argument this is sufficient, but if we want to develop these things further we must
introduce spins (or polarizations). An important fact here is that the quantities « and
p are incompatible observables according to quantum mechanics or [z 4, pa] # 0, which
means that a particle cannot have definite values of the same components of position
and momentum at the same time.

It is clear from conservation that a measurement of x4 will also give the value for
g, and likewise a measurement of ps will give the value for pg. Since EPR assume
locality, a measurement on particle A cannot in any way influence the state of particle
B. Since we can choose between measuring x4 or ps and thus make this quantity
an element of reality, and since this choice cannot influence the state of particle B
in any way, we must assume that the quantities xp and pgp were clearly defined, or
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elements of reality, all along. This is in contradiction to quantum mechanics which
states that particle B cannot attain sharply defined values of both these quantities at
the same time. So, EPR claimed, this means that there exist elements of reality in
this system which quantum mechanics cannot fully describe, ergo, it is an incomplete
theory. So it follows with elegant inevitability that we cannot have nature to be local
and realistic, and make quantum mechanics a complete description of it. Einsteins
idea was that a fuller and better theory would be possible, and that this theory should
imclude quantum mechanics but contain additional and hidden variables that make the
theory deterministic, local and realistic. As we shall see this idea was demolished by
Bell a little less than ten years after Einstein’s death.

1.3 Bell inequalities

During the 1950s several attempts were made to construct hidden variable theories,
following the proposals that Einstein had made. The currently best known hidden vari-
able theory is due to the physicist and philosopher David Bohm. Originally published
in 1952 [13], it is a non-local hidden variable theory. Bohm unknowingly rediscovered
and extended the idea that de Broglie had proposed and abandoned in 1927 [14]. Hence
this theory is commonly called the de Broglie-Bohm theory. Bohm postulated that any
quantum particle, e.g. an electron, has a hidden “guiding wave” that governs its mo-
tion. Thus, in this theory electrons are quite clearly particles, so that when a double
slit experiment is performed, the trajectory goes through one slit rather than the other.
The trajectory is governed by the hidden guiding wave, and since this guiding wave is
non-local it can produce the wave pattern which is observed.

In 1964 Bell proposed studying correlations between measurements of the spin com-
ponents of two spin-Y/2 particles, where the measurement axes for the two particles were
independently oriented [15].

a b

Figure 1.2: Tllustration of the setup in a Bell experiment. Anti-correlated pairs of spin-Y/2 particles pass
through measurement devices in A and B. In A the spin along an axis represented by a is measured,
and likewise b along B.

Suppose we have a source that produces pairs of anti-correlated spin-Y/2 particles
that shoot off in opposite directions before they pass through detectors. Assume also
that the detector for particle A is oriented along an axis defined by the unit vector a,
and likewise b for particle B. We also introduce the locality principle when we assume
that the detectors are sufficiently separated so that any action (or measurement) in A,
cannot influence the outcome of an action (or measurement) in B.
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We first treat this system using standard quantum mechanics. The wave function
can be expressed as

1
) = [¥)as = %{IOD - [10)} (1.1)

with the states [01) = {|0)4®|1)5} € Hap and [10) = {|1)4®|0)5} € Hap as product
states made up of basis states from each subspace H 4 and Hp. The component of spin
along a is Sy = Saa, and using S = (7/2)o we find that a measurement of Sy gives
+7/2, with probabilities that depend on the orientation of a. Since we are interested
in correlations we must find the expectation value for the joint spin S4Sp. Using (1.1)
we get

E(a'a b) - <w‘SaSb|¢> (1 2)

= —ab= —cos ¢ '
where ¢ = £(a,b). When ¢ = 0 you get F(a,b) = —1 which indicates complete anti-
correlation. This type of correlation is easily reproduced classically, and an example
is given by Bell with reference to the socks of monsieur Bertlmann [16]. The function
E here, is nothing more mysterious than the quantum mechanical expression for the
average of joint measurements of the two spins S, and Sp.

We now turn to the local hidden variable (LHV) description given by Bell in [15].
We introduce a set of hidden variables Ay, ..., A, that completely describe the system
in a deterministic way. For our purposes these hidden variables can without loss of
generality be gathered into one parameter A, and we make no more assumptions about
this hidden variable A other than that it satisfies a probability distribution p(\)

/p()\)d)\ =1 p(A) >0 (1.3)
Measurements of the spin components are now defined by
Fui(a,)) = +1 Fp(b,\) =+1 (1.4)

Locality is ensured by the fact that F4 only depends on the setting of the measurement
apparatus a in A and )\, and likewise for Fz on b and A. Spin conservation, or total
anti-correlation for ¢ = 0 is ensured by

Fi(a,\) = —Fg(a,\) (1.5)
The average of joint measurements of the spins is then &(a, b) h?/4 where the £(a, b) is

factorized with respect to the A and B subsystems, and then weighted by the probability
distribution expressed by the hidden variable A

£ab) = [ OVFs(@ N Fa(b, ) (1.6)
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where as assumed, F(a,a) = ¢{(a,a) = —1.
Now we derive so-called Bell inequalities from this, which are bounds on absolute
values of the function &(a,b). We start with

£(a,b) — E(a, ) = / PN Fa(a, ) F5(b, A) — Fa(a, \)Fs(e, A)} d
(1.7)
__ / PV {Fal@ NFa(b,\) + Fa(b, \)Fs(c, \)} dA

where ¢ is another angle in subsystem B. Since the functions F4 and Fp only take
values +1 we get

€(a.b) - £(a.c)| < / POV{1+ Fa(b, \)F(e, \)} dA
= \f(a, b) - f(a"/ C)| <1 + €(b> C)

(1.8)

It should be emphasized that these Bell inequalities say nothing at all about quantum
mechanics, they are derived from very general demands that any LHV theory must
satisfy. If however quantum mechanics is to be included in such a LHV theory, then
the function E in (1.2) must also satisfy (1.8). We can choose the directions a, b and
c to satisfy

Lab)=n/3 4Llbec)=n/3 Llac)=2r/3 (1.9)

Using (1.2) we then get

|E(a,b) — E(a,c)| =1

(1.10)
1+ E(b,c)=1/2

so for the angles (1.9) clearly
|E(a,b) — E(a,c)| > 1+ E(b,c) (1.11)

which is in clear contradiction to (1.8). This shows that Einstein’s idea of incorporating
quantum mechanics in a larger theory, which should be deterministic and obey local
reality, is not possible. Hidden variable theories, i.e. deterministic descriptions, that
includes quantum mechanics is still possible, but the hidden variables A\, ..., A, will
necessarily have to contain non-local features.

1.4 The Aspect experiments

The gradual transition from theoretical considerations to the laboratory began in the
1960s, but the actual realization of the EPR experiment as a convincing test of the
Bell inequalities was not done until 1982, when a set of experiments was conducted
by Aspect et al.[17], usually known as the Aspect experiments. They used entangled
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photon pairs from a two-photon decay in calcium atoms. The schematic is shown in
Figure 1.3.

A B
+1 +1
hvy hvp

-1 —1
a b

Figure 1.3: The setup for the Aspect experiments using entangled photon pairs which pass through
polarization filters. The polarization of the photons are then measured along directions defined by a
and b respectively.

Since these are entangled photons we use the Bell state

V) aB )+ 1100} (1.12)

1
= %{|01

and we define the quantum mechanical correlation function E(a, b) by

o Nl(a’7 b)
with the two coincidence rates
Nl(a’ab —N++(Cl7b)+N,,(CL7b) N*Jr(a’:b)_NJr*( P ) (1 14)

Ny(a,b) = Nyy(a.b) + N__(a,b) + N_,(a,b) + N._(a,b)

where for example N, | represents, for fixed values of @ and b, the number of incidents
where both measurements gave +1. If we calculate this using (1.12), we get in much
the same way as for the spin-Y/2 case used by Bell that

E(a,b) = cos2¢ (1.15)

with ¢ = £(a, b). The correlation function for the LHV theory £(a, b) is found in the
same way as for the fermion case

¢(a,b) = /p(/\)FA(a7)\)FB(b, A) dA (1.16)

Several Bell inequalities can be calculated from this. Aspect et al. chose one based on
S =¢(a,b) —&(a,b) +&(a’,b) +&(a’, b)) (1.17)

where a and a’ are two possible orientations of the same polarization analyzer in A,

and likewise b and b’ in B. Now, provided that F4(a, A) and Fg(b,\) both take values
£1 we observe that
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—2<5(¢) <2 (1.18)

The directions that were used in one of the Aspect experiments, and that goes into
(1.17) are defined by

ab=a'b=a'bt =cos¢

1.19
ab’ = cos3¢ (1.19)

The correlations for a large set of ¢ in the whole range from ¢ = 0° to ¢ = 180° were
then measured. An illustrative depiction of this data is shown in Figure 1.4. The real
set of data presented in [17] contained uncertainty bars which are not shown here. The
blue points are the observed data points and the red curve is the function S(¢) with
the quantum mechanical correlation function E(a,b) = cos 2¢ substituted for the LHV
correlation function £(a, b) in (1.17). So, the correlations predicted by the LHV theory
are limited to —2 < S(¢) < 2, while the correlations predicted by quantum mechanics
are given by the red curve. The Bell inequalities (1.18) are clearly not satisfied, while
the red curve and the observed data points are in very high agreement.

-3 i i i i i i i i
0 20 40 60 80 100 120 140 160 180

¢

Figure 1.4: Tllustrative depiction of data from one of the Aspect experiments. The blue points are
observed data points, while the red curve is the quantum mechanical prediction of the correlations for
different ¢. The Bell inequality —2 < S(¢) < 2 predicted by LHV theories is clearly broken.

It is also easy to see that for some values of ¢ the Bell inequalities are satisfied. This
means that for these values the measurements give correlations that can be described by
LHV models. This includes the special case for ¢ = 0° where the filters are completely
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aligned, and these correlations can be reproduced by observing the colors of the socks
of monsieur Bertlmann.

Following the Aspect experiments, many similar experiments producing non-local
correlations have been made by several groups [18, 19], and all these experiments have
confirmed the predictions made by quantum mechanics. There is also some evidence
that entanglement between photons can be maintained over long distances, at least
distances well exceeding 100 km [20]. The major problem using fiber optics at such
distances is that transferring single photons with sufficient reliability becomes difficult,
and therefore an effective strategy is to transfer these photons in straight laser beams
through the atmosphere.

1.5 Bell states and entanglement

If we have a composite system of two subspaces H4 and Hp of dimension Ny and
Np respectively, this is in quantum mechanics described by a tensor product of the
individual Hilbert spaces

Hap=Ha®@Hp (1.20)

The tensor product of Hilbert spaces is a way to extend the tensor product construction
from vectors to spaces, so that the result of taking a tensor product of two Hilbert spaces
of dimension N4 and Np is another Hilbert space of dimension N = N Npg. Since a
Hilbert space is an inner product space, the product space must also have a well defined
inner product.

Set a basis for Ha as [0)4,...,|Na— 1)4 and for Hp as |0)p,...,|Ng — 1)p. Then
a basis for Hap is |i)a ® |j)p with 0 <i < Ny —1and 0 < j < N — 1. So a general
state [)ap € Hap can be expressed as

) ap = Zcmm (1.21)

where |i7) is short notation for |i)4 ® |j)p, and of course ¢;; € C. A state |¢0) 4p that

can be written as

[)ap = 9)a® [X)B (1.22)

where [@)4 = >, aili)a € Ha and |x)5 = >, b;|j)p € Hp is called a product state, or
separable state. The interesting thing, which was originally pointed out by Schrédinger
[10], is that there are states in Hap that cannot be expressed in the form (1.22).
These are entangled states. It is then clear that a quantum state is either entangled or
separable, it cannot be both or neither.

The states (1.1) and (1.12) are called Bell states. They are examples of entangled
states for the case of lowest possible dimensions Ny = N = 2, which is often written
as the 2 x 2 system. There are two more Bell states in addition to the two we have
used so far. We define the four Bell states in the following way
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Definition 1.1 (Bell states).

o) = = {Jou)  [10))
(1.23)

|6+) = )£ 1)}

1
7 {]00
The product states |00), |01}, |10) and |11) form a basis for Hp, and so do the
four non-product Bell states |a+) and |S£). The product states |ij) are often called
the computational basis. To demonstrate how the product structure arises for states
in the 2 x 2 system we can observe that a general product state in this system can be
written as

) = {ao|0)a + a1|1)a} ® {bo|0) 5 + b1[1) 5}

(1.24)
= aob() |OO> + a0b1 |01> + a1b0 |10> + a1b1 |11>

We see that the Bell states (1.23) cannot be written on this form for any choice of a;, b;,
so they are entangled. Clearly, putting for example a; = 0 produces the separable state

1
V2

Due to the clear non-factorisable mathematical structure that is present in some quan-
tum states, and taking into consideration the non-local correlations which are clearly

) = —= {/00) +01)} (1.25)

seen in some measurements, there is a wide consensus that some systems in nature
do not adhere to the locality principle. The orthodox Copenhagen interpretation also
claims that nature violates realism. Hidden variable theories are by their very nature
deterministic, but the hidden variables must be able reproduce the correlations that
violate Bell inequalities, i.e. they must operate in a non-local manner.

Any quantum product state, e.g. a state of the form (1.22), can be described by a
LHYV theory. So a system described by such a state will only contain correlations of a
local nature, which means by definition that they will satisfy all Bell inequalities. As
long as we restrict ourselves to pure quantum states, by which we mean states that
are described by a single Hilbert state vector, all entangled states will describe systems
that contain non-local correlations, which means that there will be correlations which
break Bell inequalities. Mixed quantum states, which we shall introduce in detail later,
are states that are statistical ensembles of pure states. These states describe a more
general situation than the pure quantum states, and are therefore very useful. For
mixed states the picture is more complex. All separable mixed states are still local
states, in that they can be described by LHV models, and cannot produce correlations
that break Bell inequalities. But examples of entangled mixed states that do not violate
Bell inequalities have been given by Werner [21], these states admit LHV models and
do not contain non-local correlations. It appears that the link between entanglement
and non-local correlations is not straightforward, at least not for mixed states.
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Chapter 2

Entanglement as a resource

During the 1990s it had become clear that entanglement was not only the subject of
philosophical debates, but could be considered a new resource for tasks that cannot be
performed by classical means. The development of tools to exert finely tuned nanoscale
control on quantum systems have been developed, such as for instance to identify, image
and manipulate individual atoms. We here first discuss some basic definitions related
to local operations and classical communications, including some important examples.
We then describe three important applications in the area of quantum communication,
and end with some very brief notes on quantum computers.

2.1 LOCC

Entanglement theory today owes its form in great measure to the discovery and de-
velopment of entanglement manipulation. A natural class of operations suitable for
manipulating entanglement is that of local operations and classical communications or
LOCC [22].

|¢>A |¢>AB |¢>B
|
- O -
LOCC

Figure 2.1: Local quantum operations are performed on a subsystem, and information regarding these
operations are sent to other parts, where this information is used to decide further operations, often
according to a predetermined protocol.

The paradigm of LOCC means that local operations are performed on parts of the
system, and the results of these operations are communicated classically to another
part, where other local operations, based on the classical information received, are
performed. The information passed may be regarding what type of operations were
performed, or in the case that the operations were measurements, what results were

21
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obtained. Usually, complicated and lengthy operations that involve several actions and
reactions on each subsystem are done according to a predetermined protocol.

A central understanding called the monotonicity condition, is that the total amount
of entanglement in a state shared by system A and B cannot be increased by performing
LOCC operations. If for instance the state [¢)) 4p in Figure 2.1 is made from two locally
prepared states |¢) = |¢) 4 and |x) = |¢) g, it will always be separable. We have claimed
that a quantum state is either entangled or separable, and although this is true there
exist ways to quantify entanglement with the aid of so-called entanglement measures.
There are many types of such measures with different strengths and weaknesses, but
basically an entanglement measure could be described as a function f : [¢) — [0,1].
Clearly all separable states would then have f(|1))) = f(]¢) @ |x)) = 0, while the Bell
states (1.23) would have f(Jat)) = f(|f+£)) = 1, since they are known to be maximally
entangled.

2.2 Quantum operations

We will now define some quantum operations for the 2 x 2 system. The first two
examples are both local quantum operations, in the sense that they act only on qubits
locally. But first we define the term qubit.

Definition 2.1 (Qubit). In a two-dimensional Hilbert space we define the quantum
state

1) = aol0) + a1[1) (2.1)
with ag,ay € C, as a qubit or quantum bit.

We can use

as a matrix representation for the qubit.

The operations X,iY and Z

We first define the operation NOT or X. This operation works like

ao 01 Qo a1
X = = 2.
(@)= 0 E)=C) &
so that X|¢) = a1]0) + ap|1) and the X operation simply switches the coefficients for
the two states |0) and |1), which also means for example that X|0) = |1). Similarly
the Z operation is Z|Y) = ao|0) — a1|1). We can also use the operation iY defined by

iY|¢)) = a1]0) —ao|1). The observant reader will realize that the effects of the operations
X,iY and Z are defined by the Pauli matrices o,,0, and 0.
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Hadamard

We now also define the Hadamard operation H

() -mG) @) -5 ra() e

which effectively represents a split of the basis vectors

H|0) = %{IOH 1)} =|+)

HI1) = —={10) - )} = )

Since each of these are performed on a single qubit, which could represent one half of
an entangled state, they are local operations. If we use the X operation on the first
qubit belonging to subsystem A of the Bell state |5+) we get

(2.5)

X |54) = X (jé {100) + |11>}) — 5 {10) + o)} = o) (2.6)

which is another Bell state. So by performing a quantum operation on subsystem A
we have changed our part of the entangled state and thus transformed the global state
|5+) into another state |a+) that still carries maximum entanglement.

CNOT

We now move on to another very important tool in the arsenal of quantum operations,
namely the CNOT operation, which stands for controlled NOT operation. This is a non-
local operation, which means that it defines a protocol that operates on both qubits
in a state |[¢V) 4. The CNOT operation works on product states in such a way that if
the first qubit is |0), then it does nothing to the second qubit, but if the first qubit is
[1) then it changes the other qubit from |0) — |1) or alternatively from [1) — |0). We
realize the non-local character of this operation since we need to be able to read the
first qubit as a control qubit, and in addition we need to be able to change the second
qubit in accordance with this reading. In total for the CNOT operation

[00) — |00)  [01) — [01) |10} > [11)  |11) s |10) (2.7)

If we step back again to the matrix representations (2.2) we can use the tensor product
to calculate

|00) = |01) = [10) = [11) =

0
0
X (2.8)
0

O O O =
o O = O
—_ O O O

and a matrix representation for the CNOT operation is then
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1000
0100

C = 000 1 (2.9)
0010

which is a unitary matrix that cannot be written as a tensor product of local unitary
operations. This is proof that the CNOT operation is a non-local operation. We can
in fact see that the combined operations Hadamard and CNOT will transform a pure
product state into a Bell state. First, Hadamard on system A gives

1

HI00) = (5 10) + 1D} ) @ 10) = = (10) + 10) 2.10)

which is still a separable state since Hadamard is a local operation. Then CNOT gives

L
V2

It is worth observing that [H, C] # 0 since the reversed operation is HC|00) = H]|00),
which is separable.

c(l{mwmmﬂ— {100) + [11)} = 5+4) (2.11)

V2

The quantum operations above can be realized physically in many different ways.
Since the technology for manipulating photons is very well developed, most of the
realizations of entanglement utilize photonic systems [23, 24].

2.3 Applications of entanglement

We will here describe some applications of entanglement. First, in order to illustrate
some of the power of entanglement in communication tasks we will look at some ex-
amples of this. Then we try to give a (very) basic account of the ideas of quantum
computing and quantum computers. The three most prominent applications in the
area of quantum communication are quantum dense coding, quantum cryptography (or
quantum key distribution) and quantum teleportation. All these examples involve the
transmission of information in some quantum form. Quantum computing involves, as
we shall see, the use and manipulation of quantum bits as defined in (2.1) as the tool
for making computations, rather than the traditional bit which is either |0) or |1).

Quantum dense coding

In classical communication, if we want to send two bits of information, we can accom-
plish this by sending two physical bits to the receiver. By using entanglement we can
send the same amount of information by transmitting only one quantum bit of informa-
tion between the parties. This is known as quantum dense coding or superdense coding
[25], and has had several experimental realizations [26]. The two parties Alice and Bob
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must each control one component, or qubit, of a shared entangled state, say the Bell
state

8) = = {100) + 1)} (2.12)

Alice is in possession of the qubit at A and Bob of the qubit at B. Now Alice want to
communicate two pieces of information to Bob. She relays this information through her
choice of quantum operation U. She chooses one out of four alternative local operations
on her qubit in A. Firstly she can do nothing, which means that the entangled state is
unchanged U|f+) = |5+), or she can use the operations X, iY or Z that we defined
earlier. In these cases we get X|f+) = |a+), iY|S+) = |a—) and Z|5+) = |5—).

So the entangled state she shares with Bob will change according to what type of
operation she chooses to do. If she now sends her qubit to Bob, he will be in possession
of both qubits, and can perform measurements on both. If he does the measurement in
the Bell state basis he faces four possible outcomes, corresponding to |a=£) and |f=).
In this way he can determine which of the four operations Alice did on her qubit. The
one information bit Alice sends is either 0 or 1, but it turns into two information bits
which Bob can determine as either 00, 01, 10 or 11.

Quantum cryptography

Another use of entanglement is quantum cryptography, a form of communication where
information is encoded into a stream of qubits, is such a way that it is extremely difficult,
if not impossible, to eavesdrop. Entanglement contains a feature which is very useful
in this matter, namely the fact that if two subsystems A and B are in a pure entangled
state, then no other outside system can be made to share these correlations. The fact
that entanglement represents correlations that cannot be shared by third parties is
connected to entanglement monogamy, which expresses unshareability of entanglement,
as developed by Terhal [27].

There are several quantum key distribution (QKD) protocols that do not use en-
tanglement directly, such as the BB84 protocol [28]. A measurement on a quantum
state will usually irrevocably disturb the state in a non-deterministic and irreversible
manner. The BB84 protocol utilizes this, and the no-clone theorem. The short version
of the no-clone theorem is that it is impossible to make a copy of an unknown quantum
state [¢), while keeping the original unchanged. Cloning an unknown state would make
it possible to exactly measure all the properties of the unknown state simultaneously,
including non-commuting ones, which quantum mechanics expressly forbids.

Closely related to the no-clone theorem is the fact that it is impossible to distinguish
two non-orthogonal states in quantum mechanics. For example if we take the four states

[400) = [0) [v10) = |1)

[tho1) = )+ D} = +) 1) = (2.13)

1 1
—A10 —{]0) = 1)} = |-
\/5{| \/5{\ )= 1D}y =1-)
then it is impossible to distinguish between them with certainty by measurements, and
the BB84 protocol uses this fact.
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. If Alice wants to send a private key to Bob using the BB84 protocol she begins

with two strings of bits, a and b, each n bits long. She then encodes these two
strings as a string of n qubits

n

[9) = [Yar) @ - - @ [Yanp,) = Q) [an.) (2.14)

i=1

While the bit a; can be regarded as the information she wants to send, the bit b;
contains information about which basis a; is encoded in, either b; = 0 for |0), |1)
or b; =1 for [+), |=). So, the strings a;, b; are effectively translated, or encoded,
into a quantum state [1). Complete knowledge of the state [¢)) will then give the
strings a;, b;. In fact, together a;b; essentially give us an index into the four qubit
states (2.13).

. Alice sends |¢) over a public quantum channel to Bob. In the middle, Eve is

eavesdropping into the flow of qubits. After Bob receives the string of qubits, all
three parties, namely Alice, Bob and Eve, have their own states.

. However, since only Alice knows b;, it is virtually impossible for either Bob or Eve

to distinguish the states of the qubits. Also, after Bob has received the qubits,
we know by the no-clone theorem that Eve cannot be in possession of a perfect
copy of the qubits sent to Bob. If Eve makes measurements on qubit a; she risks
disturbing the qubit with a likelihood of 50%, since she do not know b;. So in
effect half of the qubits that Eve measures, and presumably sends on to Bob, will
be wrong.

. Bob proceeds to generate a string of random bits &’ of the same length as b. Using

U, he then measures the string he has received from Alice, with the results as d’
Bob then announces publicly that he has received Alice’s transmission. Alice then
knows she can safely announce b. Bob then communicates over a public channel
with Alice which b; and b} are not equal. Both Alice and Bob now discard the
qubits a; and a} where b; and b} do not match.

. From the remaining k bits where both Alice and Bob measured in the same

basis, Alice randomly chooses k/2 bits and discloses her choices over the public
channel. Both Alice and Bob announce these bits publicly and run a check to see
if more than a certain number of them agree. If this check passes, Alice and Bob
proceed to use privacy amplification and information reconciliation techniques to
create some number of shared secret keys. Otherwise, they realize with a certain
probability that they have been eavesdropped, so they cancel and start the process
all over.

Today a large number of protocols to conduct QKD exist. A major problem in the

construction of such protocols is the closing of loopholes that allow eavesdroppers to
interfere. Hacking strategies target vulnerabilities in the operation of a QKD protocol
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or deficiencies in the components of the physical devices used in construction of the
QKD system, and the volume of possible attack strategies is massive.

The first public use of QKD happened in Vienna in 2004, when Bank Austria Cred-
itanstalt on behalf of the city of Vienna, transferred €3000 to research groups at Uni-
versitit Wien. Today there are several companies offering commercial QKD systems.

Quantum teleportation

We will now discuss the basic theory underlying quantum teleportation, which could
be argued is the most amazing application of entanglement. We assume that Alice
and Bob share a Bell state |5+), where as before Alice controls the A qubit and Bob
controls the B qubit of the state

|6+) = |00) + [11)} (2.15)

21
In addition to her half of the entangled state |5+), Alice also controls another qubit
|b) = ag|0) +aq|1) which she hopes to send or “teleport” to Bob by using only classical
communication, e.g. a telephone. If she in any way tries to measure the state [¢) she
will ruin or change it, so she wants to avoid that. We must remember that the complex
factors ag and a; can take on any value.

Alice starts by letting her qubit [¢) interact with her half of |5+) so that the
entangled state that Alice and Bob shares becomes

1
o) = 75 (cl0)(100) + 1)} + aal1) {J00) +11)}) (2.16)

where we use the convention that the first two qubits (from the left) belong to Alice
and the third to Bob. Alice then sends her qubits through a CNOT gate (2.7), and we
have

) = =5 (@l (100) + 111} + a1 {[10) + 01)}) (2.17)

She then uses a Hadamard gate on the first qubit

) = 5 (aof10) + [1)3(100) + 1)} + a1 {10) ~ [V}0) +]o1)})  (218)
This state is now rewritten

) = 5 (100){aol0) + a1} +101) {aol1) + o)}

(2.19)
+ 110} {a0l0) — ax|1)} + [11){ao]1) — a1 0)})

Please note that the |00) in (2.18) and (2.19) is not the same. The expression above
naturally breaks down into four terms. The first term for instance, has Alice’s qubits
as ]00) and Bob’s qubit as ag|0) + a1|1) which is the original state [¢).
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Alice now performs a measurement on her two qubits in the state |y;) in the product
basis |i7). If her result is for instance |00) she reports this to Bob. He then knows that
his qubit is a perfect copy of the initial qubit |1}, since |1} is perfectly correlated to
[00). If Alice measures, say |10), then he knows his qubit is ag|0) — a1|1). He can
perform an appropriate local quantum operation U on his qubit to reproduce the state
[¢). So in total, for |00) he does nothing (U = I), for |01) he uses U = X, |10) means
he uses U = Z and finally if Alice reports |11) from her measurement, he uses the
operation U = ZX.

What effectively happens when Alice performs her measurement is that all informa-
tion about the state |¢) is irreversibly destroyed in A but reappears in B. Hence the
name quantum teleportation. The reason this works is due to the initial point where
Alice interacts the qubit [¢0) with her qubit of the entangled state |5+), by doing this
she “imprints” information about [¢) into the entangled state |5+). It is worth noting
that there is no instant transport of energy going on, which one could be led to believe
from the term “teleportation’, and also since Bob cannot know the state |¢)) before he
receives classical information from Alice about the result of her measurement, there is
no instant information transport.

The quantum copier is a bit like a copy machine that makes a perfect copy of an
unopened letter, but changes or ruins the original in an unpredictable way.

Quantum computing

The idea behind quantum computers is the distinction between bits and qubits. A
classical bit in a classical computer is somewhat like a light switch, it is either on or
off. We have looked at qubits before, and we refresh from (2.1)

V) = aol0) + a1[1) (2.20)

A switch in the state |¢) is neither in state |0) nor [1), but in a superposition with
weights |ag|? and |a;|% Since a classical bit is either 0 or 1, a simulation of N two-level
systems requires 2V bits, while a quantum computer requires only N bits. For large N
the difference can be quite substantial.

In general, a quantum computer that maintains a sequence of N qubits can be in
an arbitrary superposition of up to 2V different states simultancously. This compares
to a normal computer that can only be in one of these 2V states at any one time.
A quantum computer operates by setting the qubits in a controlled initial state that
represents the problem at hand and by manipulating those qubits with a fixed sequence
of quantum logic operations. The sequence of gates to be applied is called a quantum
algorithm. The calculation ends with a measurement, collapsing the system of qubits
into one of the 2V pure states, where each qubit is purely zero or one. The outcome
can therefore be at most N classical bits of information. Quantum algorithms are often
non-deterministic, in that they provide the correct solution only with a certain known
probability. However, by repeatedly initializing, running and measuring the quantum
computer, the probability of getting the correct answer can (and must) be increased.
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An example of a realized quantum computer is the NMR quantum computer, based
on nuclear magnetic resonance [29]. The qubits in such a computer are the spin states
of molecules. These can be manipulated by varying a magnetic field which interacts
with the spins. Using a setup with seven qubits, such a system has been used to factor
the number 15 = 3 - 5, an experimental demonstration of the principle of the quantum
algorithm known as Shor’s algorithm.

The big problem with quantum computers is the loss and degradation of entan-
glement. It is a result of the quantum state interacting with the environment, and is
sometimes referred to as decoherence. In most applications in quantum computation,
the states used are pure entangled states, but as they interact with the environment
they will become more and more mixed. This puts limits not only on the operation
of quantum computers, but also on most forms of quantum communications involving
entanglement.
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Chapter 3

Quantum mechanics of composite
systems

We will first define the basic principles of quantum mechanics, and then move on the
description of composite quantum systems, which involves the use of tensor products.
For those who have suffered at least one course in quantum mechanics this should
mostly be well known material. We also define the operations partial trace and partial
transposition, and give some examples to underline their importance. The concept
of product vectors in various subspaces is discussed, and also related concepts such
as entangled subspaces and the range criterion. We end by showing the usefulness of
product transformations in the description of these quantum systems.

3.1 Fundamental principles of quantum mechanics

We define the basic postulates of quantum mechanics, first for pure quantum states,
and we then develop the formalism for mixed states and density matrices.

Pure quantum states

A pure state in quantum mechanics is usually represented by a vector in a complex
inner product space, usually referred to as a Hilbert space H. Since H is a vector space
the superposition principle applies, which means that if |¢1), [1)e) € H then the sum
[th1) +|1be) € H. A vector space must also be closed under multiplication, which means
that also c|¢n) € H for ¢ € C. The vectors c|¢) and |¢1) represent the same physical
state, so the space of physical states is a projective space of lines in H. The only vector
that cannot be projected onto a physical state is thus the zero vector.

Since the Hilbert space is an inner product space we also need an inner product.
In the conventional Dirac notation [¢0;)T = (11|, and we put the inner product (1;,)
of 1) and |¢2) as (YP1]ihe) = (¢a|tr)* It is possible, and often practical to write
the Hilbert space vector |¢) simply as an N x 1 matrix ¢ € CV. In this notation
(| = 9" and the inner product becomes (11, 1) = ﬂ%: while the outer product
1) (| = ¢1¢;. Occasionally we use 1, to mean the kth basis vector in a basis
1, ..., %, and occasionally we take 9 to be the kth component of a vector ¢ € C¥,
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i.e. a scalar. In short, context often dictates the meaning. In some cases, as illustrated
in Chapters 1 and 2, we prefer to use the Dirac notation because it is more convenient
and illustrates more clearly the main points.

To every observable there is associated an Hermitian operator F, where Hermitian
implies that Ft = F. For the case of an N-dimensional Hilbert space, a representation
of F could be an N x N complex matrix. The matrix F will have a set of eigenvectors
e, with corresponding real eigenvalues A\, for 1 <n < N

Fe, = \en (3.1)

where the set A\, may or may not be degenerate. For any matrix F' that represents F,
the rank of F'is equal to the number of eigenvalues A, # 0. For an eigenvector basis e,
we will find the elements of F' = F; = ¢/ Fe;. If the system is in the state v, the results
of a measurement of the observable F in the eigenvector basis e,, will always be one
of the eigenvalues ), with probability el, and a measurement will always leave the
system in the state e, corresponding to the result. The average value of measurements
in the state v is given by the expectation value

(F) = iFy (32)

Any matrix F for which FF' = F'F is a normal matrix. It is easy to see that any
Hermitian matrix is normal. A well known and important result for normal matrices is
the spectral theorem, which states that any normal matrix F' can be written in terms
of its eigenvalues and eigenvectors

F =Y M\ (enel) (3.3)
where the eigenvectors form a complete set Y eqel = 1.

Mixed quantum states

For a system represented by a pure vector state 1» € H the entropy is zero, but from
statistical mechanics we know that any irreversible change that occurs in a system will
increase entropy or create disorder. For a pure vector state the uncertainty about the
outcome of any measurement is not due to the lack of information about the system. In
standard interpretations of quantum mechanics a pure state v = \je; + \yes represents
the maximum amount of information we can have. Any uncertainties are purely non-
classical, and related to the statistical interpretation of the state vector 1. If we perform
a measurement on this system in a e, basis we would get a result that corresponded
either to e; or ey, with probabilities |A;|* and |\a|*
state, which is a neither nor state that is impossible for golf balls, but possible for
electrons.

The system is in a pure quantum

On the other hand, if we have a system which is described by an ensemble vy, with
pr as the probability associated with the state 1y, we could regard this as a probability



3.1. FUNDAMENTAL PRINCIPLES OF QUANTUM MECHANICS 33

distribution or statistical ensemble of several quantum mechanical states. This state is
either or, a type of distribution which is possible for both golf balls and electrons. The
average value of a measurement on an observable F is then

(F) = Zpk (VIFpy) = Zpk<F>k (3.4)

which is a sum of the average values from (3.2) weighted by the p. On this note we
can introduce the concept of a density operator.

Definition 3.1 (Deunsity operator). We define the probability distribution of projections
zZJkQZJ}; onto the state vectors vy, € H

p=Y me(Wt))  p>0 > p=1 (3.5)
k k

as a density operator or density matriz on H.

The two conditions that p, > 0 and ), pp = 1 can be inferred from the fact that
the matrix p is considered to represent a probability distribution. The latter implies
that tr(p) = 1. We take the expectation value of a density operator in any vector ¢

Yot = pelfvl? >0 (3.6)
k

The fact that iy > 0 for any state 1) means that p has all non-negative eigenvalues
Ap > 0, d.e. it is a positive operator and this is usually written p > 0. It follows from
this and the spectral representation of p that 1ipe) > 0 if and only if py» > 0.

So, based on this we define an Hermitian positive semidefinite N x N matrix of
unit trace which can be expressed in the form (3.5), to be a density matrix on the
N-dimensional Hilbert space H.

Definition 3.2 (The set D). The set of matrices formed by the density malrices is
usually written
D=Dy={p€Hn|[p=0,tr(p) =1} (3.7)

The natural structure of the set Hy of Hermitian N x N matrices is that of a real
Hilbert space of dimension N? where for X,Y € Hy

(X,Y) = tr(XTY) = tr(XY) (3.8)

is a well defined inner product, called the Hilbert-Schmidt inner product. This gives
us access in the matrix space to concepts such as distances | X — Y|* = tr[(X — Y)?|
and angles cos 6 = tr(XY), and from the latter orthogonality as tr(XY) = 0. Note
that if the Hilbert-Schmidt norm of a matrix X is one, this means that tr(X?) = 1,
which if rank(X) > 1 in turn implies that tr(X) < 1. Since we insist that tr(p) = 1,
the Hilbert-Schmidt norm has its main use in geometrical aspects, such as distances.
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The average value of an operator F in terms of the density matrix is

(F) = tr(Fp) = > pi (V[Fey) (3.9)
k

If the number of terms in the decomposition (3.5) is equal to one, we have only one state
11 with probability one. The density matrix then represents a pure state p; = 1/11@/1]{, a
state of rank one. For the cases where k& > 1 in (3.5) we have a genuinely mixed state,
and since p is Hermitian (normal), we can utilize (3.3) to show that tr(p?) = >, pi < 1.
So only for a pure state do we have p?> = p, which is then an idempotent projection
operator onto a single pure state. So, the trace of the square of p is a measure of how
mixed p is, where tr(p?) = tr(p) = 1 means no mixing at all. The maximum amount of
mixing for a state p on an N-dimensional Hilbert space is the maximally mixed state

p=1I/N (3.10)

with I as the N x N identity matrix. We realize that this state is the one which gives
minimal knowledge about the system, since all the states in the ensemble v, are equally
weighted with pp = 1/N.

It is a tempting and common fallacy to suppose that the ensemble of states 1, along
with probability factors py, which is used to compose a density matrix has a special
physical significance. This is however not the case. To illustrate this we look at the
2 x 2 density matrix

p =2 10y0] + 3 (1) (3.11)

with |0) and |1) as for instance (2.2). Suppose we defined the two states

la) = @m + \/i1> (3.12)
) = \/i|0>— \/z1>

then we see that

1 1 3 1
p = 5la)al+ 5101 = 5 0)0] + 7 1)1 (313)

So the construction of mixed density matrices is not bijective, in the sense that there
is no unique decomposition of p into an ensemble. For most cases there are infinitely
many such decompositions, and the spectral decomposition (3.3) is always one of them.
It therefore does not make any sense to ask out of which states a mixed state was
originally constructed. For pure states, i.e. states of rank one, the decomposition will
however always be unique.
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3.2 Tensor product states

It is important to describe several subsystems (usually particles) with a single quantum
state. These states are elements of a tensor product space. If we assume a bipartite
quantum states with system A described by an N4-dimensional Hilbert space H 4, and
likewise for B by the Ng-dimensional Hilbert space H g, then this Hilbert space will be
H = H,®@Hp, with the complex tensor product CV = CN4 @ CV5. The tensor product
is a way of putting vector spaces together to form larger vector spaces. The construction
is crucial to understanding the quantum mechanics of multiparticle systems.

Pure tensor product states

Consider two quantum systems A and B. As above, |H4| = N4 and |Hp| = Ng. We
start with the construction of a state of the composite system AB of the form ¢ = ¢p®x
with ¢ € H4 and x € Hp, and call this a product state. A very important observation
is that states of this product form, do not make up a vector space, because we realize
that a combination of two product vectors

Y =c1 (1@ x1) + c2 (P2 ® x2) (3.14)

with ¢, ¢ € C, is not generally a product vector. The total set of product vectors is
therefore called the Cartesian product of H, and Hp, i.e. the set of all ordered pairs
consisting of a vector from H 4 and a vector from Hp.

Since a general principle of quantum mechanics is that systems are described by
complex vector spaces, we must insist that the superposition principle also holds for
composite quantum systems. This means that the appropriate state space for the
composite system is not just the Cartesian product, but rather the entire vector space
spanned by product vectors ¢ = ¢ ® x. The states that are not of product form
1) = ¢ ® x are then the entangled quantum states for the system. The vector space
H =Hap = Ha ® Hp spanned by the product vectors, is called the tensor product of
Ha and Hp. The inner product of H is defined by

(61 ® x1)' (62 ® X2) = (62) (x| x2) (3.15)

Any vector ¢ € H can be written as a linear combination of product vectors. All the
vectors in the products can be expanded in orthonormal bases ¢; with ¢ = 1,..., Ny
for A, and x; with 1,..., Ng for B. For the product vectors ¢; ® x; we can write in
increasing order of omitting redundancies

o) @ |x;5) = |90 |x5) = i, x5) = 14, 5) = lig) (3.16)

For ease of notation we here use Dirac notation, so that the expansion of an arbitrary
vector in H is then

) = Z lig)(ij] ) = Zcijlm (3.17)
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which indeed makes the dimension of |H| = N = NsNpg. The coefficients ¢;; = (ij|v)
can be written as an N4Npg X 1 column vector, so we can effectively think of a vector
in’H=H,® Hp as an N -dimensional vector whose components are Ng-dimensional
vectors.

Cqy Cr1
[¢ c
wy=1 - with o= | = (3.18)
CN, CkNp

If the coefficients ¢;; = (ij|¢) factor as ¢;; = a;b; then

[0) = aib;lij) = (Z aii>> ® (Z bj|j>> =¢) ®x) (3.19)

]

which is a product state in Hy. Contrasted with the general form (3.17), the demand
that ¢;; = a;b; is not generally satisfied. It is for example easy to see that for the 2 x 2
system, where |¢) would be a 4 x 1 vector with coefficients 1;, we would need to have
Y11hy = Porp3 for this to be the case, or equivalently ci1c99 = c12¢21. We see here the
correspondence between the double index system ij and the indices for the NyNp x 1
vector [¢), in that we write the components of |i) as ¢ = 1);; where

I=1,2...,Ng,Ng+1,Ng+2,....N
0 (3.20)
ij=11,12,...,1Np,21,22,...,NoNp

Schmidt decomposition

For pure states the problem of determining whether a state is separable or entangled, is
completely solved due to Schmidt decomposition [30], which is essentially a restatement
of the singular value decomposition scheme. When formulated for our purposes this
decomposition essentially means that for any vector ¢y € CY = CN4 @ CV5 there
exists an integer r such that 1 < r < min(Na, Ng), a set of real numbers ¢; > 0, and
orthonormal sets of vectors ¢; € C¥4 and x; € CVB such that

= ci(éi®xi) (3.21)

with Y7, ¢7 = 1. This scheme is possible because the orthonormal vectors ¢; and y;
are chosen differently for each vector v, and are not fixed like a complete orthonormal
basis would be. The minimum integer r = rp,;, allowed for the form (3.21) is called the
Schmidt rank of v, and ry;, = 1 if and only if ¢ is separable.

The important thing is that the task of finding the Schmidt decomposition of a

general state 1 is numerically easy.
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Tensor products of operators

We now move to operators acting on the tensor product space H = H,4 ® Hg. We have
seen that we can use for instance (¢; ® x1)(¢2 @ )(2)T = ¢1¢; ® Xlxg, and this arranges
the outer product for states in H, as a tensor product of outer product operators for
the individual systems A and B. We now let F = A ® B be a product operator on H.
Recalling (3.16) and (3.20) we then write Fix = Fjjjq with I <> ij and K « kl as

F= <Z Aik|i><k|> ® <Z Bj,|j>(z|> (3.22)

so effectively we get

F =" AuBuli)(k| @ )l = AuwBalij)(kl| (3.23)

i3kl ij;kl

The matrix F' above is thus an N4 x N4 matrix, where each component is an Ng X Ng
matrix. To observe of this works we write an operator A ® I with A acting on H 4 and
the identity I acting on Hp

AT =" Agli)(k| @ |3)(i] = Auwliz) (ki (3.24)

ikl ikl

where the [ component becomes superfluous since the j component is sufficient to carry
the identity operation. Also, a useful expression for the expectation value of an operator
F, which need not necessarily be a product operator of the form (3.22), in a product
state ¢ = ¢ ® x is then

(0@ X)F(o@x) =Y oix;Fimdrxi (3.25)
ij;kl
This is a bilinear form in the coordinates ¢;, ¢, x;, x; of ¢ and x, with i,k =1,..., Ny
and 7,0 = 1,..., Ng. Its significance will become very clear in Chapter 7. A product
operator F = A ® B makes operations on each subsystem individually, and we can
easily calculate (A ® B) in a product state

(0@ x)(A®B)(¢®x) = (¢'A¢) ® (x'By) = (A)(B) (3.26)

so as expected, the expectation values factorize. Of course for an entangled state
1 # ¢ ® x this may very well not be the case.

Mixed tensor product states

We can now define density matrices p = pap on a tensor product space H = H4 ® Hp,
and these will respect the real tensor product Hy = Hy, ® Hy,. If we consider the
ensemble vy, € H with the probability distribution py, this gives rise to a density matrix
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p=Y o (Wkt)) = prow (3.27)
k k

where >, pr, = 1 and all p, > 0. So the mixed tensor product state p is a convex
sum of outer products on H. Since the density matrix p = >, prpy is a convex sum
of individual density matrices py of lesser rank, it could be viewed as an ensemble of
ensembles, but we usually prefer to write pp = wkwl, so that rank(p,) = 1 for all k.
Further, we follow Werner [21], and make the definition

Definition 3.3 (Separable states). A density matriz p is separable if it can be expressed
i the form

p=> pr(Sr0f @ xexh) = D bk (1 ® ) (3.28)
k k
with p, € Dy, and 7, € Dy,,. The complete set of separable states is S.

If this is not possible, the mixed state p is entangled. So for p to be separable there
must exist an ensemble 1., where all ¥, = ¢ ® x1, along with a probability distribution
Pk, such that the form (3.28) is possible.

As we have seen, a density matrix may be constructed from a whole range of different
ensembles, so the defining property for a separable density matrix is that the form (3.28)
is one of the possible. We saw a very simple example of this in (3.13), but purely to
illustrate the complexity involved even for low dimensional cases such as the 2 x 2
system, we consider another example. In the |ij) basis we consider the state defined by

3 V2 V2
= 25 1+~ 11
p 24\00>(00|+ 241\00>(0 | + 121|00>( |

gi 101)(00] + i 01)(01] — gi 01)(10|

(3.29)
V2 5 V2
—ill 1| + = [10)(10] — —i|10)(11
+ 310§ 01+ - [10)(10] — 2= [10) (11
V2 V2 5
— —1|11)(00| + —1|11)(10] + — |11)(11
i) 00] + L2i[11)(10] + 2 1) a1]
If we employ the representation (2.8) we can write
% 2—421 0 1—221
V3 NoP
p= B R (3.30)
0 ¥2; 5 _¥2
12 24 2
V3 NP
—1—221 0 2—421 1—52

To unveil that this matrix represents a separable state, i.e. it can be written in the
form (3.28), is not trivial. Still, one possibility is

1
p=5mem)+ 3 (p©) (3.31)

DN |
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where
p= g MU+ n= o
: 1 (3.32)
He =5 /4 + 5 [+)(H == {v—|

where |£) are defined by (2.5), |[y+) =
maximally mixed state.

For the pure separable state ¢ = ¢ ® x we saw that (A @ B) = (A)(B) so that
no quantum correlations could exist. Mixed separable states will in general contain

% |0) + \/gi |1) and we recognize I/4 as the

correlations, but these correlations are purely classical. For example the state
1 1
p= §|OO><OO|+§|11)<11| (3.33)

is correlated, in the sense that any measurement in the basis |0), |1) in either subsystem
will always yield the same result. It can be compared to the correlations that exist in the
Bell state (1.12) when the angle between the axes of measurements of the polarizations
is ¢ =0°

3.3 Partial trace

For composite systems the partial trace is a trace operation with respect to a subset
of the systems. In many ways this is the opposite operation to combining two Hilbert
spaces.

Definition 3.4 (Partial trace). For a general p = pijr on Ha ® Hp, we can define the
partial trace with respect to system B by

piskt = pik = 3 piskj = tru(p) (3.34)
i

where the indices ik represent system A and jl system B.

What actually happens is that we trace out, or average over all correlations that may
or may not be present in the state. One may of course equivalently do the partial trace
operation with respect to system A. The ranks r4 and rp of the states pa = trg(p) and
pp = tra(p) are called the local ranks of p. The physical interpretation of pa = trp(p)
is that it provides the correct measurement statistics for measurements that could be
made on system A. For the case of the product state p = pu ® 7, we have

trp(p®71)=ptr(r) = p (3.35)

which could be expected. A less trivial example is the Bell state | 3+) = (]00)+[11))/v/2.
This state has a density operator
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p=|B+){B+]

1 1
— (5 tlo0y+ 10y ) (5 ttool+ a1 (3.36)
= 2 (100){00] + 11400 + [00){11] +[11)11])

or in the standard matrix representation
|

p=5|a-riom o (3.37)
|
|

Tracing out the second qubit can be done in different ways. Observing that the partial
trace trg(|ig)(kl]) is the matrix (I|5) (]¢)(k|) and that the basis |ij) is orthonormal we
can appeal to (3.36) to get

pa =5 100 + 5 111 = 172 (3.39)

The same answer could have been achieved by replacing the four 2 x 2 submatrices in
(3.37) with their trace.

Since the state I/2 is a mixed state, this is a remarkable result. The state of the joint
system of qubits is a pure state, that is a state of which we have complete knowledge or
certainty. But the state of the first qubit (and by symmetry also the second) is a mixed
state, of which we have less knowledge, and in this case even minimal knowledge since
the state 7/2 is the maximally mixed state. The strange property that we have more
knowledge about the whole system than the parts of it, is a highly non-reductionist
effect, which is entirely due to entanglement.

3.4 Decoherence

It is an easy mistake to assume that a convex mix of two density matrices for two
entangled states, is again an entangled state. Let us again use the Bell states (1.23) to
illustrate an important concept. The Bell states are known to be maximally entangled.
We take an even mix of the two states |f+) and |5—)

1 1
p =5 IBH) B+ + 5 [8-) (B~ (3.39)
Again using the basis |ij) and drawing from (3.36) and (3.37) we observe that the

density matrix for the state |5=£) is (|00)(00| & |[11){00| £ |00) (11| + |11)(11]) /4, so the
two middle terms cancel when we make the sum (3.39), and we get the separable state

p:%|00><00|+%|11><11| (3.40)
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In general if a state evolves from p; — py in such a way that it becomes increasingly
mixed, i.e. tr(p?) > tr(p3) this is known as decoherence or quantum noise. As a general
rule any type of mixing will destroy some entanglement in the total state. In many cases
the state may stay entangled, but as a rule it will be less entangled. To understand
this further we would need to develop a theory of how to quantify the amount of
entanglement for a state p. As was mentioned in Section 2.1 we can employ the use
of entanglement measures, but as the theory of entanglement measures is a formidable
subject we will not dwell into it further.

The most common way of looking at decoherence is to imagine that we control
two systems A and B described by H = Hs ® Hp, and that we wish to perform
quantum operations on these. We now introduce a third system E, which represents the
environment, and over which we have none or very limited control. We then effectively
have a tripartite system

H=Hs@Hp® Hp (3.41)
——

Control

of which we can control only A and B. The interactions between the AB system and
the environment E will in general involve adding terms to the density matrix pap.
This will lead to a more mixed state, and inevitably to loss of entanglement, and an
accompanied loss of non-local correlations between parts A and B of the system.

In many applications in quantum information this is a formidable problem, and
since the desired working states for the AB system are pure states, any mixing with
the environment is highly undesirable. The ability of an entangled state p to withstand
mixing with the environment, which leads to loss of entanglement, is called robustness
of entanglement, and is an area of considerable research activity. The biggest challenge
today if one is hoping to build and operate quantum computers of a sufficient size and
complexity, is decoherence.

Finally, a skill which is very practical for any quantum physicist in social situations,
is to be able to answer questions about the before mentioned Schrodingers cat. The
seemingly paradoxical situation is easily resolved by appealing to decoherence. One
assumes that the cat should be in a superposition between dead and alive, or rather in
an entangled state with the poison trap. Any such superposition would be immediately
ruined by decoherence, so putting the cat into the wanted superposition is altogether
impossible. One may argue that the cat is quite rightly in a quantum state, but in a
mixed and incredibly complex one.

3.5 PPT states

We have defined and investigated two important sets of matrices on the Hilbert space
H = Hs ® Hp, namely the set of density matrices D, and the set of separable density
matrices S C D. We will now define a third set which will also be a subset of D, and
to start us up we will define an operation called partial transposition.
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3.5.1 Partial transposition

This is an operation where the part of a density matrix p on H = H, ® Hp that
corresponds to system B, is transposed. The transpose map T : M,; — Mj; is a positive
map in the sense that if a matrix M = M;; is positive, meaning that all eigenvalues
A; > 0, then so will the transpose M7 = Mj;. Since transposition also preserves trace,
this means that a density matrix is mapped into a density matrix by transposition. For
any matrix p acting on H = Ha ® Hp partial transposition is defined by the product

operator I® T
P’ =1@T)p (3.42)

which may or may not be a positive matrix. The identity operator I and transposition
operator T works on system A and B respectively. In matrix notation a more compact
and more useful way of doing this is to simply interchange the indices referring to
subsystem B.

Definition 3.5 (Partial transposition). If p;j.u is on the Hilbert space Ha ® Hp, and
the indices i, k represent system A and j,l system B, then the operation

Pf;;kz = Pilkj (3.43)
1s called partial transposition with respect to system B.

The affix P expresses that this is partial transposition, and we shall choose P to
symbolize partial transposition as defined above, i.e. with respect to system B. This
can also formally be expressed as p” = p’E. It is obvious that (p?')f" = p, and also that
the eigenvalues of p?” will not necessarily be positive, so that we may have p?’ ¢ D. It
is also useful to observe that since tr(X?Y?) = tr(XY), partial transposition is also
an orthogonal transformation.

The partial transposition operation, or rather a good approximation of it, has in
fact been realized experimentally [31].

3.5.2 PPT states and the Peres set

In general p” will have different eigenvalues than p, but for some states they remain
positive, so that p € D < pI” € D. The states with this property are called positive
partial transpose states, or PPT states.

Definition 3.6 (PPT states and the Peres set). Any density matriz p such that p* is
a density matriz, we call a PPT state, and the set of PPT states P C D is called the
Peres set.

The Peres set and PPT states was first introduced by Peres [32]. The PPT property
is independent of whether we define partial transposition with respect to subsystem
A or B. Since (pT4)Te = pI' > 0 always holds, it follows that p’ > 0 if and only if
pT® > 0. If p € P with rank(p) = m and rank(p?) = n, we usually say that p is a PPT
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state of rank (m,n). It is quite easy to realize that any separable state p will always
be a PPT state since

IT)p=p"=1T) (Zpk(ﬂk ® Tk)) = Zpk (1 ® T(71)) (3.44)
k k

and since T(7) is a density matrix, so will pf. In fact p¥’ € S.

Theorem 3.1 (Peres-Horodecki criterion). Let p € D and p* be the partially transposed
matriz of p. Then if p©' # 0, the state p is entangled.

For the 2 x 2 and 2 x 3 systems the PPT property is exclusive to separable states, but
for systems of dimension N = NyNp > 8 there exist PPT states that are entangled [33].
Thus for systems with N > 8 the PPT property can only be used in a contrapositive
way: i.e., if a state is NPT we know for any N that it is not separable. The first example
of an entangled PPT state was given by Michal and Pawel Horodecki [34]. The general
problem of distinguishing separable states from entangled states is a fundamental and
unsolved problem in quantum information theory. For bipartite systems the problem
is solved for the 2 x 2 and 2 x 3 systems, since checking the PPT property of a density
matrix is a quick task numerically.

Since a PPT state is defined to be a state p for which the partial transpose p* is a
density matrix, we can also define the set of PPT states as

P={plpeDND"} (3.45)

where DF is the set of transposed density matrices. An attempt to visualize this is
made in Figure 3.1

Figure 3.1: We see a visualization of the Peres set P as the intersection of the sets D and D

The Werner states for the 2 x 2 system, initially published by Werner [21], which
are a convex combination of the maximally entangled state |S+) and the maximally
mixed state I/4, provide a magnificent example

p(x) =x|ﬁ+><5+|+(1—x)£ r €0,1] (3.46)

This gives the density matrix and its partial transpose as
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plEy== | -2- -2 o (3.47)

l+z 0 . 0 0
1] 0 1-z, 20 0
P I
p)y= oot T T 4
e R (3.48)
0 0 ' 0 1l+4uz

The partial transpose of p with respect to system B is found by transposing each
2 x 2 submatrix of p. It is easy to verify that all the eigenvalues of p are positive for
x € [0,1]. The eigenvalues of pf’ are \; = (1 — 3z)/4 and the remaining three are
degenerate and equal to Ag34 = (1 + )/4. This means that p(z) for the 2 x 2 system
is positive definite for < 1/3. So p(x) is in fact entangled for x > 1/3 and separable
for x < 1/3. Tt seems reasonable to think that the amount of entanglement in p(z) will
gradually approach zero as x — (1/3)".

3.5.3 Bound and free entanglement

Entanglement distillation is the transformation of N copies of an arbitrary entangled
state p into some number n < N of approximately pure Bell pairs, using only LOCC
operations. The main motivation behind these operations is decoherence, or loss of
entanglement. Let us assume that we have an entanglement measure £ which is scaled
in such a way that E(psp) = 0 and E(ppen) = 1. Let us further assume that we have
a system of N = 100 identical states po for which we have E(py) = 1/10, so that the
total amount of entanglement Ey = S°1°, F(po) = 10. Assume that during a process
each of these 100 states evolved such that p; = UpoU' where E(p,) = 1/100 = E, =
Z}\?il E(p1) = 1. If one could transform all the p; states by LOCC operations into
one Bell state without significant loss of entanglement, then the entanglement in the
system would be considerably more concentrated. If the state p; allows such a scheme,
the entanglement it contains is said to be free entanglement, in the opposite case it is
called bound entanglement. The first attempt at describing this idea was by Bennett
et al. [35]. Since this first work, many others have published on this matter, providing
several different protocols for distilling entangled states.

There is a link between the PPT property of a state p and the type of entanglement
it contains. It is known that any entangled PPT state has bound entanglement, and
in the 3 x 3 system they form a small subset of D [36]. The entangled states with
the PPT property have some characteristics that would appear to make them more
“separable” than the NPT (non-PPT) entangled states. A legitimate question would
then be whether an NPT state always contains free entanglement. This question has
not been finally answered yet, but there is some evidence which suggests that NPT
states with bound entanglement do exist [37, 38].
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Figure 3.2: The set D with the subset S in light green, the set of entangled PPT states in dark
green and the set of NPT states is in light blue. The left half are the separable states and the right
half the entangled states. The small white circle represents the hypothetical NPT states with bound
entanglement.

In Figure 3.2 the subset S is in light green, the set of entangled PPT states in dark
green and the set of NPT states in light blue. The left half are the separable states and
the right half the entangled states. The small white circle represents the hypothetical
NPT states with bound entanglement.

3.6 Product vectors in subspaces

Img p, or the range of p, is defined as the set R(p) = {¢p € CN |3y € CN: py = ¥},
while Ker p, or the null space of p, is the set N(p) = {¢p € CV | pyp = 0}.

An important characteristic in the classification of the properties of a density matrix
p is the number of product vectors in the range Img p and in the kernel Ker p. Let the
number of product vectors in Img p be nyy,, and likewise for Ker p be nye,. For purposes
of studying PPT states we are also interested in the number of product vectors in
Img p” which we put 7. From the identity

(a@b)plc@d) = (a®d)p"(c®bY) (3.49)

we can, by taking ¢ = ¢ ® y and {/; = ¢ ® 7, infer the general relation
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Yoy = ¢p"y (3.50)
Now, since p and by assumption p’ are positive matrices, we know that i > 0 <
p > 0. That ¢ € Ker p is then equivalent to the condition that ¢ € Ker pf. So in effect,
we always have that nge, = Nker. In summary {Nimg, Mimg; Nker ; 1S & characterization of

a state p with regards to the number of product vectors in both the range and kernel
of p and p”.

3.6.1 Generic cases

We have seen earlier that a vector [1) = 37, c;; |ij) € C¥4 @ CV# can be written as a
N4Np x 1 matrix ¢ with components 1y = 1;;, where

I=1,2... ,Ng,Ng+1,Ng+2,...,N

I (3.51)
ij =11,12,...,1N5, 21,22, ..., NoNg

A product vector ¥ = ¢ ® x has components v¥;; = ¢;X;, with ¢;, x; being the compo-
nents of the vectors ¢ and y. We observe that v is a product vector if and only if its
components satisfy the quadratic equations

Vijr = Yute; (3.52)

These equations are not all independent, and the number of independent complex equa-
tions is

m=(Ng—1)(Ng—1)=N - Ny — Ny +1 (3.53)

For example, if 9; # 0 we get a complete set of independent equations by taking
t=7=1,k=2....Nyand [l =2,...,Np.

Since the equations are homogeneous, any solution ¢ # 0 gives rise to a one pa-
rameter family of solutions ¢y where ¢ € C. A vector ¥ in a subspace of dimension
n has n independent complex components. Since the most general non-zero solution
must contain at least one free complex parameter, we conclude that a generic subspace
of dimension n will contain product vectors if and only if

n>m+1. (3.54)
The limiting dimension

n=m+1=N—-Ny— Np+2 (3.55)

is particularly interesting. In this special case, a non-zero solution will contain exactly
one free parameter, which has to be a complex normalization constant. Thus up to
proportionality there will exist a finite set of product vectors in a generic subspace of
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this dimension, in fact it was shown by Hartshorne [39] that the number of product
vectors is

Ni—1 ) (Ni—DI(Ng— 1) (3:56)

p_(NA+NB—2) (Ngs+ Np —2)!
A generic subspace of lower dimension will contain no product vector, whereas any
subspace of higher dimension will contain a continuous infinity of different product
vectors (different in the sense that they are not proportional).
It is important to emphasize that these results hold only for generic subspaces. It
is trivially clear that there exist non-generic subspaces with dimension n < m + 1 that
contain product vectors.

3.6.2 Entangled subspaces

If the number of product vectors p in a given subspace U C CV = CN4 @ CV5 is
such that 0 < p < |U|, it is called an entangled subspace. If p = 0 it is called a
completely entangled subspace. A theorem proved by Parthasarathy [40], that holds
generally (and not only for generic subspaces), says that the maximal dimension of
a completely entangled subspace for a bipartite system of dimensions N = N4Np, is
given by (3.53). So it is possible to construct a subspace V C CV = CN4 @ CM& with
[V| <m =N — Ny — N+ 1 that contains no product vectors, but if [V| > m + 1 it
would have to contain at least one product vector.

3.6.3 Product vectors in orthogonal subspaces

If we want product vectors ¢ = ¢ ® x in two orthogonal subspaces, for instance in both
the range and the kernel of some state p, then they must satisfy a set of orthogonality
conditions. We put the product vectors in the range as

W; = U @ V; 1= 1-,~~~animg (357)
And likewise for Ker p:
Zj :xj®yj .7 = 17“'7nk0r (358)

Since the two subspaces are orthogonal, it is necessary that wj z; = 0 for all ¢, j, hence
for every pair i, j we must have either ulxj =0or vjyj =0, or both.

3.6.4 The range criterion

An important result connected to product vectors and partial transposition is the range
criterion developed by Horodecki [34]. Tt states

Theorem 3.2 (Range criterion). A density matriz p is separable only if there is a
set of product vectors w; = u; ® v; that span the range of p, and the product vectors
W; = u; ® v} obtained by partial conjugation of the w;, span the range of pt.



48 QUANTUM MECHANICS OF COMPOSITE SYSTEMS

In order to convince ourselves of the validity of the range criterion we start with the
density operator

= pr(xt) (3.59)

and then study the vectors ¢ € Kerp. These satisfy p¢ = 0 < £fpé = 0, and from
(3.6) we have &lpé = >, pk|7,/),1£|2., from which we deduce that ¢ = 0 for all k. Since
¢ € Kerp by assumption, it follows that ¥ L & = ¢ € Imgp for all k. Since from
(3.59) we have that k£ must be at least equal to rank(p), the set ¢ span Img p. We now
assume that p is a separable state, so we may choose all ¥, = ¢ ® x4, and further put
le = ¢ ® Xx;. We make use of the identity

((a @) (a® bV = (a®b)(a®b)! (3.60)
from which it emerges that (Jmﬁ)f’ = ¢l We then have

pl = ZPk(W%)P = Zm(%@) (3.61)
K K

and using the same argument as for p, we find that the zzk span Img p”.

Since there are entangled states that satisfy the range criterion, this can only be
used in a contrapositive way to prove that the state p is not separable. Please note that
the range criterion demands that there should exist such a set of product vectors, not
that all product vectors in the range should satisfy this. This is for instance relevant
in the cases where there are an infinite number of product vectors in the range of p.
On the same note we define the term edge state. These are states that break the range
criterion in a strong way. That is to say that there exist no product vectors satisfying
w; € Img p < w; € Img p”. Obviously, by the range criterion, all edge states must be
entangled.

In addition to the PPT criterion and the range criterion there exist several alterna-
tive separability criteria. The reduction criterion [41, 42] and majorization criterion [43]
both use the partial traces tra(p) and trp(p) to establish criteria for separability. We
can also mention the entropy criterion [44] and the realignment criterion [45]. All these
criteria are, like the PPT criterion, not conclusive in the sense that they can decide
with certainty whether a state is separable. Most of them work only in a contrapositive
way. There exist criteria based on positive maps, and thereof so-called entanglement
witnesses, that work with complete certainty. We shall return to positive maps and
entanglement witnesses in Chapter 7.

3.7 Product transformations
Using the properties of linear transformations and their actions on state vectors and

density matrices greatly simplifies the efforts to characterize these quantum systems.
Focusing on properties that are invariant under certain transformations can make the
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study of these systems much easier. This is a desirable property because we can regard
the two states as indistinguishable, or equivalent, up to a certain type of transforma-
tions. These transformations make an immediate appeal to the notion of equivalence
classes.

Definition 3.7 (Equivalence under transformations). The state p' is said to be equiv-
alent to the state p under the matrix transformation U if

o = UpUT (3.62)
for some matriz U.

To ensure the symmetric property of this equivalence, an inverse U ! must exist, so
we insist that all transformations U have full rank. Several properties of our states will
be invariant under U if the transformation carries a product structure, i.e. we insist
that U = U4 ® Up, where Uy is on H 4 and Up is on Hp. If we want to ensure complete
LOCC equivalence the operators Uy and U must be unitary, so that Us € U(N4) and
Ug € U(Np).

3.7.1 SLOCC

We may however extend the equivalence classes by allowing transformations that suc-
ceed with a non-zero probability. These are called stochastic LOCC' transformations,
or SLOCC. A linear product transformation, or SLOCC transformation has the form

pr—p =aVpVT V=VioVp (3.63)

where ¢ > 0 is a normalization factor and V4 € SL(Ny4,C), Vg € SL(Np,C). In total,
we no longer require that the local operations are unitary, only that they are members
of the groups of non-singular linear operators. There is some abuse of language here,
as we refer to transformations such as (3.63) as SL x SL-transformations. Even though
det(V4) = det(Vp) = 1, the total transformation p — p’ in fact belongs to the more
general group GL(Ny4, C) ® GL(Ng,C). Also, we call states that can be transformed
into each other by transformations like (3.63), by the shorter term SL-equivalent, so the
product structure of the transformations is often assumed. The SL x SL-transformation
V =V, ® Vg will also transform Hilbert space vectors as

s =V (3.64)

where ¢ € C is a normalization constant. The study of equivalence under deterministic
transformations (LOCC) between pure states, was initiated by Lo and Popescu [46],
and the extension towards SLOCC equivalence was proposed by Diir et al. [47].

Due to the linearity of SLOCC transformations the convexity of structures are pre-
served. Other important invariants for a state p under SL x SL-transformations are
rank and positivity of both p and pf. If we insist on using only local (or product)
operations, we also conserve separability and in addition also the number of product
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vectors in the range and kernel of p and p”. The rank and nullity are always preserved
as long as we use invertible transformations. To see that SL x SL-transformations pre-
serve separability, observe that if we transform a product vector ¥ = ¢ ® x we get
Vi =cVi=c(Va@Vp)(o®x) =c(Vad @ Vex) = ¢(¢ ® x') which is also a
product vector. To show that positivity is preserved we accept that p can be expanded
in a suitable ensemble 1y,

p= Zpk () (3.65)
p

and then take the expectation value of p’ in any vector v

Vi =i (aVpV iy

=ay_ p(@ V) (Ve
zk: i ( DICAZY) (3.66)
= GZP/@WTVWF >0
k
because both a, py > 0. It is possible to show that
o =aVpV! = pF =aVpPvt (3.67)

fV=V,®Vgand V= V4 ®@V}. Since we showed above that SL x SL-transformations
preserve positivity, it follows from (3.67) that if p is a PPT state, then so is p. The
range and kernel of p and p” transform in the following ways

Imgp = VImgp Kerp' = (V) ' Kerp

Img p'” = V Img p” Ker p'" = (V1) ' Ker p© (3.68)
with V = V,®Vp and V= Va®@ V5. All these transformations are of product form, and
together with the fact that a product vector ¥ = ¢ ® x is transformed by V =V, ® Vp
into a product vector ¢ = ¢(¢' ® x') with ¢ € C, we see that the number of product
vectors in a given subspace will remain the same.

Since SL-transformations of product type V' = V4 ® Vg preserve the number of
product vectors in a subspace, we see that in the case that there exists a product
transformation p — p” = a VpV7, this transformation must transform the set of niyg
product vectors in the range of p to the set of Mg = Nimg product vectors in the range
of p¥. If the product vectors in Imgp is w; = u; ® v; with @ = 1,..., nyy,e and if in
Img p” we have w; = 4; ® 0; with i = 1,..., Timg, then Vi u; = 4; and Vg v; = 0

Note that we need SL-transformations V4 and Vg on each subsystem that transform
all vectors u; and v; respectively. Since the understanding of the relation between w
and w is quite limited for entangled states, it is difficult to say much in general about
what makes some states SL-symmetric and others not. But it is clear that the vectors
w; = u; @ v; which are fixed for a given range of p, and the vectors w; = u; ® v; which
depend on the specific state p (or p”’) must have a structure that allows the existence
of V4 and Vp to satisfy V4 u; = u; and Vg v; = v;. For a generic state p there will exist
no such V4 and Vp.
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3.7.2 SL-symmetric states

We can now introduce two further, and stronger, conditions on the SL-equivalence
relations related to a state p.

Definition 3.8 (SL-symmetry). If a state p is SL-equivalent with p*, i.e. there erists
a product transformation V=V, ® Vg such that

p—p =aVpVi=pf (3.69)
we say that the state p is SL-symmetric.

In these special cases p and p” belong to the same equivalence class with respect to
SL x SL-transformations. We also introduce an even more stringent property, namely
genuine SL-equivalence:

Definition 3.9 (Genuine SL-symmetry). A state p is genuinely SL-symmetric if there
exists a transformation such that

p o =UpU" p=p" (3.70)
with U = Uy ® Ug.
The transformation of p implies that
pf =aUp"U! (3.71)

when we define U = U 4 ® Uj. Then assuming genuine SL-symmetry we get that

UptUt = vput (3.72)

and hence
pF=VpVl  with V=U'U=I®V (3.73)

and with Vg = (U})"*Ugp. This shows that genuine SL-symmetry implies SL-symmetry.

Note that the relation Vp = (Ug)~'Up implies that V3 = V5, so that Vj is unitary
if and only if it is symmetric. Since in general Tr p¥ = Tr p, by (3.73) we require that
V' preserves the trace of p,

Tr (VpVT) = Tr (pViV) = Trp (3.74)

A sufficient, but perhaps not necessary condition is that Vz is unitary.

We conclude that for the state p to be genuinely SL-symmetric it must be SL-
symmetric with a transformation of the form given in (3.73). For the 3 x 3 system V
would have the form

Vs 0 0
v=_[0 Vs 0 (3.75)
0 0 Vg
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with Vi € SL(3,C) and V5 = VL

Since the transformation has the form V = I ® Vg in the case of genuine SL-
symmetry, the product vectors in Img p and Img p” will be related by the transforma-
tions w; = u; and v; = Vgv;. This is a necessary condition for genuine SL-symmetry
which may be tested as soon as we know the product vectors in Img p and Img p.

Assume that for a given PPT state p we find that p and p” are related by a trans-
formation of the form given in (3.73). Then a further problem to be solved is to find
a transformation U = Uy ® Up that demonstrates explicitly the genuine SL-symmetry
of p. Thus we have to solve the equation Vp = (Ug)_lUB for Ug. Assume that )\ is an
eigenvalue of Up, then = A/A\* is an eigenvalue of Vi. Hence || = 1, and we may
assume that A = ¢!® where « is real. Then A must be a solution of the equation p = A\?
suggesting that we may try to take Up as the matrix square root of Vz. We find in
practice that it is possible to choose simply

U=1%+Vs (3.76)



Chapter 4

Convex sets

Since the set of density matrices D, and the subsets S and P, are convex sets, it
is important to develop the tools for describing such sets. Especially the geometric
features of convex sets is important to us, such as extremal points, dual sets and faces.

4.1 Convex combinations

From a geometrical viewpoint a mixture of two points p; and ps in a convex set X, is
a point on the line segment between the points. For the set to be convex we insist that
all points on all line segments also belong to the set. We often describe a convex set
as an affine space, which means that there is no choice of origin, or absolute reference
point.

Definition 4.1 (Convex combination). The straight line through the points py and ps

defined by
p = T1p1 + Topo T+ x=1 x1,22 >0 (4.1)

s a convexr combination of py and ps.

The case (4.1) extends recursively to convex combinations of more than two points,
so more generally we may write a point p in X as a

k
P = Z Lipi (4.2)
i=1

where p; are points in X. If we relax the demand that x; > 0, the real numbers z;
in (4.2) are called barycentric coordinates. The demands x; > 0 and > x; = 1 are
strongly related to the fact that we use convexity to describe probability distributions.
The expectation value of a random variable Y relates to convexity. If we assume that Y
is a discrete variable taking values in some finite set of real numbers y;, with probabilities
p; of the event Y = y;, the expectation value of Y is EY = ). p;y;. So EY is a convex
combination of the set y;. In Figure 4.1 we see the difference between a convex and a
non-convex (or concave) set. Intuitively a convex set is a set such that one can always
see the entire set from any inside vantage point.

93
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Convex Concave

Figure 4.1: For a set X to be convex, we insist that all points on any line segment between points in
X, also belong to the set.

Compact convex sets

A set X with a norm |z| is bounded if there is a number ¢ € R such that [p; — ps| < ¢
for any two points p; and py. Another important property is closure. In a topological
space, a closed set can be defined as a set which contains all its limit points. But one
may also use a norm again, and first define a boundary point of X as a point b where
the set {y||b —y| < €} always contains an y ¢ X for all € > 0. The boundary of X is
then the set of all such points b, and a closed set X will always contain its boundary,
which is sometimes denoted by 0X. All these notions demand that there is a space
of similar objects outside the convex set, this space is sometimes referred to as the
container space of the compact set X. For almost all our purposes this container space
will be the space of Hermitian matrices, which is unbounded.

4.2 Extremal points

Any given set of points .S can define a convex set. The convex hull of a set S is the set of
all convex combinations of points in S. Thus if S = {py, p2}, then the convex hull of S
is the line segment (4.1). The convex hull of any set S is therefore always a convex set.
Another, but equivalent way, is to define the convex hull of S as the smallest convex
set that contains S. The convex set of a finite set of points is called a polytope. A very
important concept here is extremal points:

Definition 4.2 (Extremal point). An extremal point of a convex set X is a point p
that cannot be written as a convex combination of any other two points in the set.

The hypercube C, = {& € R”||x;| < 1} has 2" extremal points, namely the “cor-
ners” (£1,=£1,...,41). The hyperball B, = {# € R”||z| < 1} has the entire spherical
shell |z| = 1 as extremal points, which is an infinite set. We define the convex rank
of a point p in a convex set as the minimal number of extremal points required in the
convex combination (4.2). An extremal point of a convex set X thus always has convex
rank one. The rank of a matrix, should not immediately be confused with the convex
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rank in a set X. We shall see that in the set of density matrices D, the convex rank is
always equal to the matrix rank, but we shall also encounter matrices of higher matrix
rank than one, which are extremal on the convex set P.

A very essential and practical feature of convex sets is that any point in the set can
be written as a convex combination of a number of extremal points. This is known as
Carathéodorys theorem [48]. It can be formulated as

Theorem 4.1 (Carathéodory). If X is a convex set of dimension n, then any point
p € X can be expressed as a conver combination of at most n+ 1 extremal points in X .

The original theorem by Carathéodory do not use extremal points explicitly, but
because of a theorem by Minkowski which states that any convex body is the convex
hull of its extremal points, Theorem 4.1 can be formulated as above. Therefore, if we
can identify the extremal points of a convex set, we essentially know the entire set.
Further, a convex sum of k& points all of convex rank one, can of course be made into a
sum of points of higher rank, containing a smaller number of terms. The fact that we
generally need n + 1 extremal points for an n-dimensional set, is a consequence of our
reluctance to define an origin. It should be noted that the extremal points of a convex
set do not in any way form a convex basis, in the sense that the same set of n+ 1 points
can be used to generate any point p.

There is an alternative way of defining convex sets rather than using extremal points.
This is by using inequalities to define the interior points of the set, with equality on
the boundary. This is especially useful for polytopes. For instance, it turns out to be
rather easy to define both extremal points and inequalities for the full set of density
matrices D, while for the set of separable states S the extremal points are well known,
while inequalities are difficult to obtain.

[ o
1 M1
Figure 4.2: A convex set X, where extremal points are represented in red. All three blue points on the
boundary 0X and the green inner point have rank two. All points on the curved boundary segment
A between po and py are extremal. The only points of rank three are those in the shaded areas, with
the exception of those on the line from p; to ps.

In Figure 4.2 we see a convex set, where the points in red are extremal points. In fact
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all points along the curved boundary segment A, are extremal points. All the extremal
points have convex rank one. Obviously all extremal points of a convex set X lies on
the boundary 0X, but not all points on X are extremal points. All the blue points
represent points that are convex combinations of two extremal points. If we observe
the green point, it clearly can be constructed in several ways, by points of different
ranks. We see, by the dashed lines, that it can be constructed by two extremal points
(p2, ps5), or three (ps, u3) and four (py,u2). But since we define the convex rank of a
point p as the minimal number of extremal points required in the convex combination,
the green point actually also has rank two, the same as the blue points. We observe that
another possibility is (p4, ps), which also are two extremal points, showing that even if
we restrict ourselves to the minimum number of extremal points, there are ambiguities
in the construction of points.

It is clear that points in the (elliptic) arc like region defined by A and pg can be
written as a convex combination of pg and any point on A. The same applies for the
arc regions defined by A and p;, and by A and ps. Another such area is the one defined
by A and the line segment from psy to py, where any point may be constructed from two
points on A. On closer inspection, we see that the points in the grey triangles, with
the exception of the ones on the line from p; to ps, are the only ones of rank three.

The main point of this, is that we realize that even for a simple two-dimensional fig-
ure, the convex geometrical structure can be somewhat involved. For systems of higher
dimensions, the complexity of the convex geometrical structures increases rapidly.

4.3 Convex and dual cones

If the demand >, z; = 1 that the convex coefficients z; in (4.2) be summed to one is
relaxed, we are able to define another construction, namely that of a convez cone.

Definition 4.3 (Convex cone). A set C is called a conver cone if x1p1 + x2py € C
whenever pi, ps € C and x1,z9 > 0.

The zero point O is also contained in this set since z; = x5 = 0 is a possibility.
In addition to convex combinations, a convex cone is closed under multiplication by a
non-negative real scalar, i.e. if p € C' and a € Ry, then ap € C, and the set ap is
called a ray in the convex cone C', and is merely the real and positive multiples of the
state p. We may denote the slice, or segment, of the cone corresponding to Zle T =«
as C,. Since « is arbitrarily high, the convex cone is unbounded upwards, but limited
downwards by the zero point that corresponds to Cy. We find the entire structure in
the convex set for which Zle x; = aq repeated for other values of «, so to study the
structures of a convex set it is usually ample to restrict to the C; case.

The study of convex cones is nevertheless very useful, since many operations that
do not preserve the norm take us into other areas of the cone, where o = 1. Another
important reason why we extend to the convex cone structure, is the very useful concept
of dual cones. The concept of duality is equally valid for other sets, but it is easier to
visualize if we define it for cones.
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Definition 4.4 (Dual cone). The dual cone to the convex cone X is

X°={y|{z,y) >0 Vz e X} (4.3)

We observe that (X°)° = X, and that § = 7/2 & X = X° If X = X° the convex
cone is self dual. Since the inner product (z, y) can be given a geometrical interpretation
by (x,y) = cos#, this can be visualized as in Figure 4.3.

X

(@7

Figure 4.3: The cone angle for X is «, and
likewise for X° is 5. The angle represents the
width or size of the convex cones.

Figure 4.4: The cones from Figure 4.3 seen
from above through a cut or section. It ap-
pears quite clear that X C X°.

It must be remembered that the cones representing the density matrices of actual
quantum systems are hypercones with a large number of dimensions, and a very complex
structure. For instance, the set of density matrices D for the 3 x 3 system is an 80-
dimensional space, and any two-dimensional cut or segment through this set will in
general be different from the two concentric circles in Figure 4.4.

4.4 Faces of convex sets

We will here introduce a very important concept in connection with convex sets, namely
that of a face. Further on, we will look at a special class of faces, known as exposed
faces.

Definition 4.5 (Face). A face of a convex set X is a subset F C X such that if

p = T1p1 + Tapo Ty +axe=1 21,29 >0 (4.4)

then p € F if and only if p1, p2 € F.

One might say that a face F is a convex subset of X which is convexly closed, or
stable under convex mixing and purification. Since the set X is also formally a face on
X, we say that any face F that is strictly smaller than X is a proper face. In Figure
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4.5 we see this visualized. The convex set X consists of the points inside and on the
square and the semicircle S. Since the only way of constructing points on the edges
p1p2, p1pa and pops can be done by using points on these edges, they are faces of X.
But the line pips is not a face on X, because any point on pips can also be written
by using the two points p; and pe, which are not on p;p3. The dotted line pspy is also
obviously not a face on X, for the same reason as pyps, but it is a face if S is omitted,
i.e. of the square. If | X | = n then any face of dimension n — 1 is called a facet, while a
one-dimensional face is an edge. All the points along the semicircle S in Figure 4.5 are
faces of dimension zero, or 0-faces, and this is also the case for all the points p;. In fact
an extremal point for a convex set is by definition a face of dimension zero.
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Figure 4.5: The convex set X consists of the points inside the square and the red semicircle S. The
extremal points or O-faces of X are the p; and all points on S, and the additional faces are the edges
p1p2, p1pa and p2ps.

The hypercube C, has 3” —1 faces, namely 2 extremal points, #2"~! edges, (3)2”’2
facial planes, all the way to 2(”;1) facets of dimension v — 1. The only faces on the
hyperball B, are its extremal points.

A face F of a convex set X always lies on the topological boundary of X, and also
any point on this boundary will always lie in at least one face F C X. Also, if we
assume that a face F € X, and let another set Y C F, then Y is a face of F if and
only if it is a face of X. In this way we realize that the faces of a convex set X form
hierarchies, in the sense that if F,,_; is a face on F,, and F,,_» is a face on F,,_1, then
Fn_ois a face on F,,. Since a face F is a convex set in its own right, it will have extremal
points. The extremal points in a hierarchy of faces are hereditary, so that the extremal
points of a face F are extremal points in all subfaces of F. Since the largest face on
any convex set is the set itself, we understand that the extremal points on any proper
face F C X are extremal points on X. So for any convex set we are able to descend a

sequence of faces
XDOF,DF1D...0FiDF (4.5)

where |Fo| = 0, so we end up in an extremal point of X. Theorem 4.1 by Carathéodory
can be justified and understood by appealing to the structure of faces (4.5).
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Exposed faces

Consider the sphere B; = {x € R*||z| < 1}. Through a boundary point of Bs, i.e.
a point with |z| = 1, we can place a tangent plane H. It consists of the points x
satisfying (a,z) = 1, where a is the boundary point. We say that H supports Bz at
r = a, meaning that all of B3 lie on the same side of the plane, as all points in the
sphere satisfy (a,z) < 1.

It is sometimes easier to use the Euclidean vector space R™ rather than an affine
description. We here utilize this to define supporting hyperplanes. We define the
set H = {& € R"|(a,2) = ¢}, where ¢ € R” and ¢ € R, to be a hyperplane in
R"™ of dimension n — 1. We get parallel hyperplanes for various values of ¢. Each
hyperplane divides the space into two halfspaces H* = {x € R"|(a,z) > ¢} and
H™ ={z eR"|{a,z) <c}. If now X C R" is a convex set and is completely contained
in one of the two half-spaces, and in addition H N X is non-empty, we say that H is

a supporting hyperplane of X, and that it supports X at x € H N X. So a supporting
hyperplane of X intersects the set only at the boundary 0X. One can prove that there
is a supporting hyperplane passing through every point on the boundary of a convex
set, and that only convex sets has this property. So in fact supporting hyperplanes can
be used to define convex sets.

We now use hyperplanes to introduce another distinction, that of an ezposed face
of a convex set. This is related to the notion of hierarchies of faces.

Definition 4.6 (Exposed face). Let H be a supporting hyperplane of the convex set X,
then any intersection H N X s an exposed face of X.

Another way of formulating this is to say that a face F is an exposed face if there
exists a supporting hyperplane H such that F N H = F. So the hyperplane cannot
contain any points in X that is not in the face F.

In Figure 4.6 the convex set X has essentially the same structure as in Figure 4.5,
but with the addition of an alternative dotted elliptic boundary segment E.

Figure 4.6: Three hyperplanes supporting three exposed faces: The edge paps, the extremal point
p1 and another extremal point on S. The points p3 and py are extremal points, i.e. 0-faces. If the
curved part of the boundary of X is defined by S, they are not exposed faces. If however E defines
the boundary, then p3 and ps become exposed faces.
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We see three hyperplanes Hy, Hy and Hj supporting three faces. In all three cases
the faces are exposed, since the hyperplanes only intersect points in X that is contained
in the faces. The point p3 is an extremal point, i.e. a O-face, but with S defining the
boundary of X it is not an exposed face, because any supporting hyperplane in p3 will
also contain points in the edge face paps or interior points of X. With E defining 0.X,
the boundary is non-smooth in p3, so that a supporting hyperplane which contains only
ps3 can be constructed, i.e. p3 is an exposed face of X.

It appears that unexposed faces are related to transitions, in one of several possible
directions, where a line segment (of zero curvature) passes into and a curved segment,
and where this transition is smooth.

4.5 Simplexes

A simplex A™ can be defined as the convex hull of a set of n + 1 affinely independent
points (or vectors) in R”. By Theorem 4.1 A™ will then be an n-dimensional set, and
a polytope. More formally, suppose that we have n + 1 affinely independent points
pi € R" where i =1,...,n+ 1. Then the simplex defined by them is the set of points

n+1 n+1
=1 i=1

In this way a O-simplex is a point p1, a 1-simplex is the line segment between two points
p1 and py, and a 2-simplex is the triangle of convex combinations of three points p1, ps
and p3. The coefficients x; are then convex coordinates defining a point in the simplex.

Geometrically a simplex A" is the generalization of the triangle from two dimensions
to n. In Figure 4.7 we see a 3-simplex with four affinely independent points. The 3-
simplex A3 has four facets (faces of dimension two) which are triangles, six edges (faces
of dimension one) and four extremal points (faces of dimension zero).

P4

P2
P3

P1

Figure 4.7: A 3-simplex A3 with four facets, six edges and four extremal points. The 3-simplex is an
extension of the triangle (or 2-simplex) by one dimension.

The triangle A? is a convex set which has no surplus extremal points, by way of
affine independence. Since it is two-dimensional it can have maximally three affinely
independent extremal points. All simplexes A™ have this property. Two examples of
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convex sets that do not exhibit this property is the square and the circle, with four
and infinitely many extremal points, but both two-dimensional. Another remarkable
property of a simplex is that the lattice of faces is self dual, meaning that the set of
(n — k — 1)-dimensional faces is in one-to-one correspondence with set of k-dimensional

faces. Specifically the extremal points k = 0 correspond to the set of facets, or (n — 1)-
dimensional faces.
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Chapter 5

Geometry of density matrices

Building on Chapters 3 and 4, we now discuss the geometric properties of the set of
density matrices D, and some of the subsets, primarily S and P. We illustrate the
geometric properties and relations between these sets by constructing two-dimensional
cross sections. A method for investigating the geometrical structure of P is to make
restricted perturbations within the set. These perturbations can be used to construct
an extremality test for P, and to investigate substructures in P. We also discuss the
faces of the sets D, P and S, and to some extent the properties of the dual sets

5.1 Density matrices as simplexes

A density matrix acting on a Hilbert space H of dimension N, is characterized by N?—1
free parameters. Since all Hermitian matrices are unitary diagonalizable, a general state
p can be described by an N x N diagonal matrix D and a unitary transformation of
determinant one. The maximum number of free parameters in a normalized form of D is
N —1, and the dimension of SU(N) is N?—1, but the dimension of the subset in SU(N)
that commutes with diagonal matrices, and therefore do not change the diagonal form
of D, is N — 1. Using the eigenvectors e, and eigenvalues )\ of a density matrix p we
can, according to Theorem 3.3, write

p=D=> X\ l(exe}) (5.1)

k=1

where 7 = |Imgp| is the rank of p. The ¢, that correspond to eigenvalues A, > 0
span the range of p, and the e, for which Ay, = 0 span the kernel of p. We have
H = TImgp @ Ker p, Img p L Ker p and thereby N = r + |Ker p|.

Any density matrix p which is diagonal in ej can be written as (5.1), but of course
with different A, for different p. We clearly see that since all A, > 0 and >, A, = 1, the
set eke,t are vertices in a simplex, and the )\, are convex coefficients that define density
matrices lying in the simplex. All matrices defined as in (5.1), i.e. with the same set
e, will then have the same range Img p and kernel Ker p. The simplex defined above is
the eigenensemble or the eigenvalue simplex of p, which also means that the set e, will
be an orthogonal set.

63
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Any state p with rank r will then be found within an eigenensemble (r — 1)-simplex,
which is a special (r — 1)-dimensional subset of D. There are also simplexes with r
non-orthogonal, but linearly independent vertices that can build the same state, but
the projections will then mix the different dimensions contained in the range, so the
values Ay in the convex sum will not be the eigenvalues of p.

Such a simplex is a collection of many states built from the vertices. For example
a rank five state will be found in the interior of a four-dimensional simplex A% States
on the different faces of A* will then be states of lesser ranks. The vertices, which are
the extremal points of the simplex will have rank one, the edges will contain rank two
states and the facets will be made up of rank four states.

In Section 4.2 we defined the rank of a point in a convex set as the minimum number
of extremal points needed in the convex combination (3.5). We observe that a Hermitian
matrix of matrix rank r can be written as a convex sum of no less than r orthogonal
projections onto the basis of H, with the » < NN projections being onto Img p. Hence
the convex rank r of a density matrix in the convex set D, is equal to the matrix rank
of p € Hy. The maximal convex rank of a mixed state in Dy is thus N, which is much
less than the upper bound N? from Carathéodorys theorem. This is due to the fact
that any density matrix p can be reached by unitary transformations from a diagonal
density matrix D.

It is possible to construct the entire set of density matrices Dy by using (N — 1)-
simplexes. For example any density matrix p € Dy can be obtained by special unitary
transformations

P = p=UpU" (5.2)

where U € SU(9) and p/ € A% Since the dimensions taken by A® is eight, there still
remains 72 dimensions that we can perform unitary rotations in. So, any density matrix
p of any rank will be found in at least one unitarily rotated simplex with extremal points
U (ekez)U T with e, as a linearly independent ensemble in H.

5.2 The convex sets D, § and P

The set of density matrices D, the set of separable density matrices S and the Peres set
‘P of density matrices with positive partial transpose, all manifest a convex structure.
This is of fundamental importance to the study of the geometric properties of these
sets.

The set of density matrices D

That the set of density matrices D is a convex set follows more or less from Definition
3.1, as well as from (5.1). With ¢y, € H we repeat (3.5)

p= W) >0 D p=1 (5.3)
k k
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Since the sum above always can be constructed as a convex sum over pure states, it also
follows that the extreme points of D are the pure states 110", These pure states include
both the product states 1) = ¢ ® x and the non-product states ¥ # ¢ ® x. The pure
states are the only ones for which tr(p) = tr(p?), and these states have the maximum
distance within D, from the maximally mixed state I/N. Using the Hilbert-Schmidt
metric (3.8) we get [T — I/N| = /N —1/N.

We should expect that the dimension N? — 1 of the full set D is larger than the
dimension of the pure states. A pure state is a one-dimensional projection onto a
normalized vector v, € CV with N complex components, which again gives 2N free
real parameters. The normalization demand w,iwk = 1 removes one real factor, and the
fact that we can multiply ¢ with a phase factor v — €4}y, such that 1/1,11/};c remains
unchanged, removes another. So in total the dimension of the pure states is 2N — 2 <
N2 —1 for all N > 1. The boundary 9Dy is always by definition (N2 — 2)-dimensional.
This means that for N = 2 the dimension of the boundary is equal to the dimension
of the pure states, so the entire boundary is then pure states. To illustrate this, we
observe that a density matrix in Dy has the form

1/1+2z x—1y

p_2(.r+iy 1—z> (54)
with 2,9, 2 € R and 22 +y% + 22 < 1. Thus D, is a three-dimensional sphere, the Block
sphere. The boundary states, with 22 +y? + 22 = 1, are the pure states. For N > 2 the
boundary of D is no longer a sphere, but has a more complex structure. For instance
for N = 3 we have |Ds| = 8, and its boundary D5 consists of a seven-dimensional set
of rank two matrices and a four-dimensional set of pure states. Every state of rank two
in D5 then lies in the interior of some Bloch sphere, which again has a boundary of
pure states. This Bloch sphere is a three-dimensional face on D3, where the boundary
points, or pure states, are extremal points for both this Bloch sphere and Dj.

The traditional way of determining the boundary of Dy is by appealing to inequali-
ties for the eigenvalues. For a density matrix p € Dy we have effectively /N inequalities
Ar > 0 for the eigenvalues A\ of p. The boundary of Dy can then be defined as all
the states p that satisfy all the N inequalities Ay > 0, but for which at least one is
satisfied with equality. So in effect, all the states p € 9D have det(p) = 0, and for all
the interior points we have det(p) > 0. The description of 9D by the set of inequalities
Ar > 0 relies on obtaining solutions of a complex Nth degree polynomial, but this can
generally be done in a fast and effective way numerically.

The set of separable states S

Just as for the set of density matrices D we can see from (3.28) that the set of separable
states S is a convex set, where the pure extremal states are replaced by a subset, namely
the pure product states. Thus the only extremal states for the set of separable states
are the pure product states, i.e. one-dimensional projections onto a normalized product
vector ¢ = ¢ ® y € CNV = CN4 @ CN5,

For a general product vector ¢ = ¢ ® x, the vector ¢ has 2N, real elements, and
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likewise 2Np for x, in total 2(N4 + Np). If we take both the vectors ¢ and y to be
normalized and in addition remove a phase from each, we are left with 2N, + 2N — 4
free parameters. It is a fact that 2N — 2 = 2NyNp — 2 > 2(N4 + Np) — 4 for all
choices of Ny, Ng > 2. This indicates that the set of pure product states have a smaller
dimension than the total set of pure states, which is compatible with the fact that a
general Hilbert space vector ¢ € CV = C¥4 @ CV2 will not be a product vector, and
thus the pure state p = ¢! will not be a pure product state. In order for 1 to be a
product vector its components must satisfy (3.52), and generically this is not the case.

It is however a fact that the dimension of the set of separable states S is the same as
the set of density matrices D. The easiest way to understand this is by looking at the
ball of separable states around the maximally mixed state I/N, as defined by Gurvits
and Barnum [49]. It is known that in the space of density matrices Dy there exists a
hyperball Byz_; centered in I/N, such that all states within a certain distance 7y,
i.e. states that satisfies |p — I /N| < rmax, are separable. In the Hilbert-Schmidt metric
we have 7. = 1/4/N(N — 1). Since the dimension of the ball is N? — 1, which equals
the dimension of D, we see that |S| = |D|.

In our attempts to investigate the separable states, and thereby also the entangled
states, we are almost entirely dependent on the extremal points of S, i.e. the pure
product states. The main reason is that it is not possible, or at least extremely difficult,
to characterize the separable states according to the eigenvalues of the states.

It should be noted that even though the set of separable states is a convex set, this
is not the case for the set of entangled states. A convex combination of two (or more)
separable states always returns another separable state, since the product structure
is preserved in the convex sum. But convex combinations of entangled states do not
necessarily produce an entangled state. This is illustrated for the 2 x 2 system in
(3.39), where two Bell states are mixed to produce a separable state, as an example of
decoherence.

The Peres set P

The set of partially transposed matrices D is obtained by taking the partial transpose
of every point in D. Since the partial transpose operator is a linear map, and by using
(5.3), we see that the partial transpose of a state p = Y, pepr = D4 Dk (1/%1/}};) €D is
a convex combination of partially transposed pure states

p7=> ook =Y ok (s)” (5.5)
k=1 )

where r = rank(p). The pure states p; are extremal in D, but in general pf ¢ D. The
state pf will in any case lie in the set DF, and since any convex combination of these
pF also lie in DF, we see that the set DP of partially transposed density matrices is a
convex set. For pure product states p, = qﬁk(ﬁ}; ® kaL we have pf = (ﬁkgbz ® (kalt)T,
which is again a pure product state, and thus extremal in S and D.

We have seen in Section 3.5.2 that the Peres set, or the set of density matrices

that remain positive under partial transposition, can be understood as the intersection



5.3. THE POSITIVE CONVEX CONE 67

P = DNDF. Since the intersection of two convex sets is always again a convex set, we
realize that the Peres set P is also a convex set.

We know the extremal points of the set D to be the set of pure states 1, and
the extremal points of S to be the set of pure product states 1! with v = ¢ @ x.
Since § C P with equality for the 2 x 2 and 2 x 3 systems, all the extremal points
of § must also be extremal points of P. But we also know that for higher dimensions
N > 8 entangled PPT states exist, so in order to construct convex combinations that
represent these entangled PPT states, there must be a further set of extremal points
for P. Since convex combinations of product states only return separable states, these
additional extremal points of P must be entangled.

5.3 The positive convex cone

The concept of convex cones is given in Definition 4.3 in Section 4.3. The set of
normalized N x N Hermitian matrices Hy has the same dimension as the set of density
matrices D, namely N2 — 1. The difference is that the set D is a compact set, as
defined in Section 4.1. The compactness is entirely due to the demands that p > 0
and tr(p) = 1. If the latter demand is cancelled, we get a convex cone of rays zp,
where p € D. The set of all true density matrices with tr(p) = 1 is the intersection
in the container space of Hermitian matrices Hy, of the positive convex cone with a
hyperplane parallel to the subspace of traceless Hermitian operators. We see this in
Figure 5.1.

Figure 5.1: The set of all true density matrices with tr(p) = 1 is the intersection in the space of
Hermitian matrices Hy, of the positive convex cone with a hyperplane parallel to the subspace of
traceless Hermitian operators. The cone consists of rays zp where p € D. Any density matrix p can be
projected onto the plane of traceless Hermitian operators, and uniquely represented by a Hermitian
matrix o with tr(o) = 0.
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The inside of the cone consists of all Hermitian matrices with det(p) > 0 and all
eigenvalues A\, > 0, while the edge of the cone is all Hermitian matrices with det(p) = 0
and all eigenvalues Ay, > 0. In the center of the cone lies multipla of the identity
(z/N)I, with the maximally mixed state /N as the center point in the set of true
density matrices D.

The set of normalized separable states S and normalized PPT states P also define
convex cones, which are then nested inside the full convex cone of density matrices D.
It is also possible to define the dual cones of the sets D, § and P, along the lines in
Definition 4.4 and presented in Figures 4.3 and 4.4. This will be treated in some detail
in Chapter 7.

5.4 Two-dimensional cross sections

Because of the rapid increase in the dimension N2 —1 of Dy, as the dimension |H| = N
of the underlying Hilbert space grows, the set of density matrices is in general difficult
to visualize. For any set of points, once we have three points in the set, we can define
a two-dimensional cut through the set. If we choose three density matrices py, p1 and
p2, where usually pg = I /N, then the convex sum

1
P =77 T P1p1+ P2p2 (5.6)
N
is not a density matrix, since unless p; = —py we have tr(p) > 1. A way of mastering

this is to write density matrices as convex combinations of I/N and a set of traceless
Hermitian matrices. This set of traceless Hermitian matrices is the hyperplane depicted
in Figure 5.1 as the grey plane (floor) in the convex cone. Since the set of Hermitian
matrices has dimension N? we can write an arbitrary matrix C' € Hy as

N2
C = ZCkMk (5.7)
k=1

where ¢, € R, and the matrices M € Hy are linearly independent. We can think of
cx as elements of an N2-dimensional real vector in RY 2, so the Hermitian matrices of
dimension N x N define a real N?-dimensional vector space. We then perform additions,
multiplications and inner products of the Hermitian matrices A and B by performing
operations on their real representations in RY ’ Using this strategy, we now represent

a density matrix p by
I N2-1

1
= — dpDy = — +o(x 5.8
p N + ; Wk =5 +o(z) (5.8)
where the Dj are a basis for the set of traceless Hermitian matrices, and the real
coefficients dj, are chosen so that p > 0. This set of traceless N x N matrices form a
real vector space of dimension N2 —1, i.e. it is closed under addition and multiplication.
Since all information sits in the matrix o, this procedure entirely defines the set Dy .
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We usually choose py = I/N to be the origin, and let the two states p; and py define
two directions in the two-dimensional section by the traceless matrices

or=alpr—po)  2=">b(p2— po) (5.9)

where a,b € R are scaling parameters. A matrix
p = po+ xoy + Yoy (5.10)

where z,y € R, will then lie in the two-dimensional section of Hy that contains pg, p1
and ps. A compact subset of this zy-plane will then give p > 0, so to make p € D. The
boundary of D is defined to be the points where at least one of the eigenvalues of p is
zero, and the rest are positive. The distance r = y/x2 + y? from the origin to 9D will
then depend on the direction 6, and can be calculated. This is seen in Figure 5.2.
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Figure 5.2: A two-dimensional section through the set of density matrices D. The curve represents
the boundary 9D which contains the states of less than full rank. For each 6 the distance r can be
calculated. The state represented by “+ 7 is the origin pg, usually chosen as I /N, and the state p is
here a state on the boundary 0D.

In general tr(oy09) # 0, so for these directions oy [ 9. To avoid skew coordinate
axes we must rotate one of them, for instance oy so that oy — 09 — tr(o102)07, which
ensures that o; L 0o. This is a matter of convenience, since o; and the new oy still
define the same plane. Since we use the Hilbert-Schmidt metric, we have to make
sure that the axes o, and oy are scaled accordingly, so that distances and angles are
correctly represented. The constants a and b in (5.9) must then be chosen such that
tr(o}) = tr(o3) = 1. We now call these two traceless, normalized and orthogonal
directions o, and o,, and write any density matrix p in the cross section as
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p= % + r[(cosB)o, + (sinb)o,) (5.11)

Now, the partial transpose of the plane through D defined by pg, p1 and py is

o =pf +aol +yok = % + 20t +yol (5.12)
The points I/N, of and o now define a new two-dimensional section in the space of
Hermitian matrices Hy, passing through D”. We can calculate the border D7 for this
section in the same way we found the border of D for the plane defined by I/N, oy
and oy. The border of 9D is then found by appealing to the inequality p” > 0, and
consists of states for which det(p”) = 0. Since P consists of the states for which p > 0
and p® > 0, the boundary of P can be found in the cross section between D and DY,
The borders of D and DF can be visualized in different plots, but it is more infor-
mative to gather them in the same figure. We here choose the two-dimensional section
defined by I/N, of and ¢. Again, to ensure orthogonality we must rotate ol — o,
and to make the system consistent we must also rotate the original oy — 05 , SO as to
ensure that it is indeed the partial transpose of o,.

-1 -0.5 0 0.5 1
i

Figure 5.3: The blue curve is 0D, defined by a two-dimensional section that contains the two Bell
states p; = |a+){a+| and py = |S+)(S+], and the maximally mixed state I/4, which is marked with
a “+ 7. The red curve is the boundary of the partial transposes of states in the blue triangle. The
points inside the blue/red parallelogram for which p > 0 and p” > 0, make up the set S = P. The Bell
states lie outside P = S, and since they are maximally entangled they both have maximum distance
from I/4. Also observe that the sets D and S = P are convex, while the set of entangled states is not.
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In Figure 5.3 the blue curve is the boundary of D defined by the plane that consists
of I/4 and the Bell states p; = |a+){a+| and ps = |f+)(8+|. The red triangle is the
boundary of the partial transposes of states in the blue triangle, or more compactly
ODF. The points inside the blue and red parallelogram in the middle, are states for
which p > 0 and p” > 0, or in other words the set of PPT states. Since we are looking
at the 2 x 2 system all these states are separable, since we have § = P. The Bell states
p1 and py are both entangled pure states, so they lie outside 9P, and since they are
maximally entangled they both represent states with the maximum distance from /4.

We also observe that since the Bell states commute, the curves that define 9D are
straight lines. For any convex combination p = I/N + zo, + yo,, the o-matrices can
then be diagonalized simultaneously, and so det (p) can be factored into a product of
linear terms, which results in linear boundaries for D. For non-commuting o-matrices
det (p) will in general be a polynomial of degree equal to the rank of the matrix.

In addition it is easy to see that the set of density matrices D and the set of separable
states § = P are convex sets, while the set of entangled states is clearly not.

In Figures 5.4 and 5.5 we see the same as in Figure 5.3, but with sections defined
by I/4, the Bell state p; = |f+)(6+]| and where p, is a random pure product state.
In Figure 5.4 the pure product state ps is chosen so that it commutes with the Bell
state p;. The boundary of D are then straight lines, but since [p!’, p¥'] # 0, parts of the
boundary of D” will be curved. In Figure 5.5 we choose ps so that it does not commute
with the Bell state p;, and so neither D nor DF will be entirely straight lines. In both
cases we observe that the pure product state ps is extremal in both D and P = S.

1 n
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Figure 5.4: Sections are defined by I/4, the
Bell state p; = |#4)(6+| and a random pure
product state ps, such that [p1, pa] = 0. Ob-
serve that the pure product state ps is the only
state to be extremal in both D and P = S.

Figure 5.5: Sections are defined by I/4, the
Bell state p; = |8+){8+| and a pure product
state pa, such that [p1, p2] # 0. Observe that
the pure product state ps is extremal in both
D and the drop shaped set P = S.

In Figures 5.6 and 5.7 we are looking at states in 3 x 3 system. First in Figure 5.6
we have used a two-dimensional section consisting of /9 and two extremal PPT states
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of rank (5,5). Since there exists entangled PPT states for these dimensions, we can no
longer easily identify the set of separable states. All that can be said with certainty is
that the set S is constrained to the points that lie inside both 9D and dDF, i.e. the
Peres set. The entangled NPT states are exclusively the points that are outside 9D
but inside 0D, which on Figure 5.6 are areas that are relatively small compared to the
corresponding area covered by the same class of states for the 2 x 2 system in Figure 5.3.
In Figure 5.7 we use a two-dimensional section consisting of /9 and two random NPT
states of rank (9,9). Both partial transposes have only one relatively small negative
eigenvalue, so both states are only marginally NPT. The area of the entangled NPT
states is considerably larger than for the case of the extremal rank (5,5) PPT states.
We can clearly see the convex shape of the sets D and P, while at least the entangled
NPT states have a concave (non-convex) shape.
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Figure 5.6: Section defined by I/9 and two ex- Figure 5.7: Section defined by I/9 and two en-
tremal PPT states of rank (5,5). The entan- tangled NPT states of rank (9,9). The entan-
gled NPT states are the points outside 9D” gled NPT states are the points that are out-
but inside 9D, which are rather small areas. side 9D? but inside D, which is a larger area
The Peres set is now the entangled PPT states than in Figure 5.6. The Peres set is now the
in addition to S. entangled PPT states in addition to S.

5.5 Perturbations in D and P

Because it is Hermitian, a density matrix p has a spectral representation (3.3) in terms
of a complete set of orthonormal eigenvectors e, € CV with real eigenvalues \,. We
now define the Hermitian matrices

P = exel Q=I1-P= erel 5.13
k k

ke Ap#£0 kAR=0

which project orthogonally onto the two complementary and orthogonal subspaces
Imgp € CV and Kerp C CV respectively. These matrices commute with any den-
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sity matrix [P, p] = [@, p] = 0, which also means that PpP = p and QpQ = 0. In the
following we consider a perturbation of the density matrix p

p—=p =p+teo (5.14)

where o # 0 is a traceless Hermitian matrix. The parameter ¢ € R may be finite or
infinitesimal.

5.5.1 Finite perturbations

We observe that if Imgo C Img p, which is equivalent to PoP = o, then there will be
a finite range of values Ae = {e|e; < € < ez} with 1 < 0 < €3, such that p’ € D and
Img p/ = Img p. This is so because for the entire Ae, the eigenvectors e of p for which
A = 0, will remain eigenvectors ej of p/ with A; = 0, and the positive eigenvalues of
p will change continuously with € into positive eigenvalues of p’. We know that the
extremal points on the set D are the pure states, but it is useful to formulate conditions
for extremality in the form of perturbations as well. The above shows that p is extremal
in D if and only if there exists no traceless Hermitian matrix o such that PoP = o,
where P and @ are defined by Imgp and Kerp as in (5.13). This is equivalent to
the condition that the equation PoP = ¢ has only the trivial solution ¢ = p, up to
proportionality. Another formulation is that p is extremal in D if and only if no state
p # p has the same range as p. An attempt to visualize this is made in Figure 5.8

th=p+lels
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Figure 5.8: Finite perturbations of the density matrix p using the Hermitian traceless matrix o. All
states along the line are convex combinations of p| = p — |e1]|o and py = p + |e2|o for every € in the
interval €, < € < €9, where €; < 0 < €. The range Img p’ is independent of € in the interval, which
means that Imgo C Imgp or PoP = 0.

5.5.2 Infinitesimal perturbations

We now assume more generally that Imgo & Imgp in the perturbation (5.14). The
zero eigenvalues of p are then perturbed into eigenvalues of Qo(@. Similarly the positive
eigenvalues of p are perturbed into positive eigenvalues of p’ determined by PoP. Since
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the eigenvalues are given by the characteristic polynomial of the matrix, these will carry
an e-dependency that includes higher powers. If we restrict to first order in € we get

rank(p’) = rank(p) + rank(QoQ) (5.15)

So to ensure that rank(p) = rank(p’) and that p/ > 0 for e-perturbations in both
directions, we thus put Qo@ = 0. It is then evident that if we want to increase the
rank of p by one, we choose o such that

QoQ = a(zz") (5.16)

where z € Ker p. Since Q0@ is Hermitian we must have a € R.

5.6 Projection operators on Hy

Using the projections P and @ defined in (5.13) we can define projection operators P,
Q and R on Hy, the real Hilbert space of Hermitian N x N matrices, as follows,

PX = PXP

QX = QXQ (5.17)
RX = (I-P-QX

Here T is the identity operator on Hy. It is straightforward to verify that these are
complementary projections, i.e. [P, Q] =0, with P2 =P, Q* = Q.

It is possible to see the effects of these operators in a very nice and clear way by
using a representation that results in a block form for the matrices. Relative to an
orthonormal basis for CV with the first basis vectors in Img p and the last basis vectors
in Ker p, an Hermitian matrix X € Hy with rank m and nullity N —m takes the block

form
A, C
X = (CT BN—m) (5.18)

where A, = Al is an m x m matrix, By_,, = By _,, is an (N —m) x (N —m) matrix
and the matrix C has dimensions m x (N — m). In this basis we also have

b <Ién 8) 0= (8 ]N0m> (5.19)

with I, and Iy_,, as the m x m and (N —m) x (N —m) identity matrices respectively.
The operations PX, QX and RX then becomes

A, 0 (0 0 (0 C
PX—<0 0) QX<0 BNm) RX(OT o) (5.20)
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In order to make investigations into the set of PPT states we would like to conduct
perturbations that change the ranks of p and p in a controlled manner. In a way which
is completely similar to the case for Img p and Ker p in (5.17), we introduce projection
operators P Q and R onto Img p¥ and Ker p¥. We first define the matrices P and
Q =I—Pas orthogonal projections onto Img p?” and Ker p” similar to (5.13), and
then define

PX

QX = (Qx"Q)" (5.21)

RX = (I-P-Q)X

Il
ash
o
v
~
v

5.7 Restricted perturbations in P

We have seen that for the perturbation p' = p + eo the condition PoP = o ensures
that ITmg p = Img p’ for a finite range of values for e. Also to very good approximation
the weaker condition that Qo) = 0 will ensure that the the rank is unchanged for
infinitesimal perturbations. We may now use the projection operators (5.17) and (5.21)
to impose various restrictions on the perturbation matrix o.

5.7.1 Extremality in P

The extremality condition for P is derived in a similar way as the extremality condition
for D. We see that p is extremal in P if and only if there exists no p’ € P, other than
p itself, with both Img p = Img p' and Img p?” = Img p'. A more useful formulation is
again to say that p is extremal in P if and only if the only solution of the equations
PoP = o and PoPP = oF or equivalently Po = ¢ and Po = 0, is the trivial solution
o = p. These two equations are equivalent to the single eigenvalue equation

(P+P)o =20 (5.22)
or alternatively ~ o
PPPo=0 PPPo=o (5.23)

Even though (5.22) does not immediately appear to be a genuine eigenvalue equation, it
can be solved by representing ¢ as a vector in RY ’ and P and P by N? x N? matrices.
This is outlined in more detail in Section 8.1. The operator P + P will always have an
eigenvector o = p with A = 2 as eigenvalue. If it is the only solution of (5.22) then p is
an extremal state of P.

We recall from Section 3.6.4 that for p to be an edge state there cannot exist any
product vector w = u ® v € Imgp such that W = v ® v* € Imgp”. All entangled
extremal PPT states are edge states, although the opposite is not necessarily true. To
see this, we observe that an extremality criterion for the state p on the set of PPT
states P is that there can exist no product vector ¥ = ¢ ® x, such that

p=p— eyl (5.24)
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is a PPT state for all € in an interval ¢; < € < €5 where ¢; < 0 < €5. If we take p to be
a non-edge state, then there exists a w = u ® v € Img p such that @ = v ® v* € Img p’,
and an arbitrarily small e-fraction of ww! may then be subtracted from p, so that
0 = p—e(ww') € D. For the partially transposed state we then have from (3.60)

o = pf —e(ww)” = p¥ — e(wa') (5.25)
Since, by assumption @ = u ® v* € Img p, we have that p’” € D for the mentioned
e-interval. The state p’ in (5.24) is then a PPT state, and we deduce that p cannot
be extremal on P. So the non-edge property implies non-extremality, and in effect
extremality entails the edge property.

5.7.2 Perturbations preserving PPT property and ranks

The rank and positivity of p is preserved by the perturbation (5.14) to first order in €
in both directions, if and only if Qo) = Qo = 0. Similarly, the rank and positivity of
pF is preserved if and only if (Qo”Q)F = Qo = 0. These two equations together can
be written as

(Q+ Q) =0 (5.26)

So the perturbations that preserve the PPT property and the ranks of both p and p”
to first order in e, are the non-trivial solutions of (5.26). We may want to perturb
in different ways, for example such that Imgp = Img p’, but not necessarily Img p” =
Img p'", i.e. we only require rank(p?) = rank(p'"’). The conditions on ¢ are then

Po=o Qo =0 = I-P+Qo=0 (5.27)

5.7.3 Surfaces of PPT states with specified ranks

It is reasonable to assume that the surfaces of density matrices with specific rank (m, n),
are curved in the embedding space. What we do is study the tangent space of a surface
at given points. This will in particular allow us to calculate the local dimension of the
surface. If the point on the surface is sufficiently generic, the local dimension should
correspond with the dimension of the whole surface.

We have seen that perturbation matrices o that preserve the rank of both p and
pP, are the non-trivial solutions of (5.26). This means that in the block representation
(5.18) the matrix o can expressed on the form

X = (‘é’; g) (5.28)

The number of independent columns in this matrix is the same as for p, which means
that the rank of p and p’ are equal for small perturbations. If s is the number of linearly
independent solutions of (Q + Q)U = 0, then the dimension of the local tangent space
at p, i.e. the dimension of the surface of density matrices with rank (m,n) at p is s — 1.
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By themselves Qo = 0 and Qo = 0 define the tangent space to the surface of rank m
density matrices at p and rank n density matrices at p” respectively. The solutions of
(Q+ Q)J = 0 represent the local intersection of these two spaces at p, which is the
tangent space to the surface of PPT states with rank (m,n) at p.

To compute a lower bound on the dimension of this surface we assume that con-
straints on o from Qo = 0 and QU = 0 are independent. Since ) is the orthogonal
projection onto the (N — m)-dimensional subspace Ker p, the equation Qo = 0 repre-
sents (N —m)? real constraints. Likewise since |Ker p”’| = N — n, the equation Qo =0
represents (N — n)? real constraints. The lower bound is then

d>N?—(N-m)>—(N-n)?-1 (5.29)

5.8 Faces and dual sets of D, P and S

We can understand extremality and several other geometrical properties of the sets D,
P and S by looking at the faces of these sets, and of the dual sets D°, P° and S°.

Faces of D

Given any density matrix p, we define a face Fp(p) on D as the set of density matrices
with a range contained in Imgp. The face Fp(p) will in particular contain p as an
interior point. Note that the boundary of D consists of both flat and curved segments,
where curved entails that the segments are entirely made up of zero-dimensional faces,
1.e. extremal points, and flat means that the interior of the faces are not extremal
points. The projection operator P in (5.17) thus projects states onto the face Fp(p).
If for any perturbation p’ = p + €0 the traceless Hermitean matrix o is chosen such
that Img p = Img p’, or equivalently so that Po = o, we have p,p’ € Fp(p). If p has
rank m, then the rank of the projection operator P is m? and the equation Po = o
has m? linearly independent solutions . The face Fp(p) together with the positivity
conditions on density matrices, form a vector space which is spanned by these oy.
The boundary of the face Fp(p) is found by using the block representation (5.18)

for a state p € Fp(p)
An c
p= < s BN_m> (5.30)

Since the matrix A,, defines the m-dimensional range of p, the boundary of Fp(p) is
defined by det(A,,) = 0. These states will then have lesser rank than the states in
the interior of Fp(p). A normalized density matrix on 0D with rank m defines a face
of dimension m? — 1. So for most IV, the largest faces on Dy, will have a dimension
considerably smaller than N? — 2, which would be the dimension of a facet and of the
boundary of a (N? — 1)-dimensional convex set. In fact, any face of D with interior
states of rank m will be a complete representation of the set D,, of density matrices on
an m-dimensional Hilbert space.

We can perform unitary U(N)-transformations on all the density matrices in the
face to rotate the face in the full space Hy. However, the subgroups of rotations
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U(m) that act purely on the image, and U(N — m) that act purely on the kernel, do
not change the orientation of the face, but merely rotate it locally. So the remaining
elements of the group U(N) that transform the faces in the full space, are the elements
of U(N)/U(m) x U(N — m), which has dimension

N? —m? — (N —m)?® = 2Nm — 2m? (5.31)

Combining the dimension of the face with the number of such unitary transformations
that change the orientation of the face, we get in total

(m? —1) + (2Nm — 2m?) = 2Nm —m? — 1 (5.32)

which is then the dimension of the surface of density matrices of rank m, or equivalently
to the dimension of the surface of density matrices of rank N —m. If we put m = N —1
into (5.32), we obtain the dimension of the set of faces with rank N — 1, i.e. of rank
one less than the interior states

2N(N —1) = (N -1 -1=N*-2 (5.33)

which is exactly the dimension of dD. We also notice that for m = 1, which are the
pure states, we get a surface of dimension 2N — 2, which is in agreement with results
in Section 5.2.

Self duality of D

An essential characteristic of D is that it is self dual, or D° = D. By Definition 4.4,
the dual set of D will contain all Hermitian matrices A such that tr(Ap) > 0 for all
p € D. Now, if p € Hy is a density matrix we will have ¥fpy» > 0 for all ¢» € H. This
is equivalent to tr[(¢)p] > 0 for all 1» € H. The set of states ¥ is the set of pure
states in D, and since these states constitute the set of extremal points for D, we see
that the only set dual to D, is D itself.

Another important feature is that any face Fp, is an exposed face. This is related
to the fact that any face Fp is defined by an m-dimensional subspace U = Imgp of a
state p € int(Fp). Let us choose a density matrix 7

N—m
= A (5.34)
i=1
where all ¥; € U+, The face Fp can then be defined as

FpU) = {p € Dy | tr(7p) = 0} (5.35)

Since tr(rp) = Zf\:m i (wjpwi) we see that wjpl/)i = 0. Since p is a positive matrix,
this means that pi; = 0 for all p € Fp(U), and only those p. So the hyperplane



5.8. FACES AND DUAL SETS OF D, P AND § 79

tr(rp) = 0 that defines the face Fp(U), intersects 9D only in Fp(U), i.e. the face is
exposed.

We know that any point  in a convex set X may be written as a convex combina-
tion of the extremal points of the set. To establish the minimum number of extremal
points which is sufficient, the facial structure of the set is relevant. Theorem 4.1 by
Carathéodory, gives the sufficient number of extremal points as n + 1, where n is the
dimension of the set. However, the set D is an example where we can do better. The
dimension of the normalized set is n = N? — 1, where N is the dimension of the Hilbert
space. But as can be seen in (3.3), the spectral representation of a density matrix
in terms of its eigenvalues and eigenvectors is a decomposition using only N extremal
points.

Any point x in a compact convex set X is either extremal or an interior point of a
unique face Fi, which might be the whole set X. If x is not extremal it may be written
as a convex combination

= (1-p)s1+pts (5.36)

where sy is an extremal point of F; and ¢; is another boundary point of Fy. If ¢
is also extremal on F; we simply define sy = ¢;, and we have x as a convex sum
x = (1 —p1)s1 + p1s2 of points s; which are extremal on X. Otherwise ¢; is an interior
point of another proper face F, of Fi, and we write

ty = (1 = p2)sa + pata (5.37)

where sy is an extremal point of F, and ¢y is a boundary point of F,. Continuing
this process we obtain a decomposition of x as a convex combination of extremal points
81,89,...,8: € X, and a sequence F; D Fy D ... D JF}, of faces of decreasing dimensions
n>mny >ng > ...>n, =0. The length of the sequence is k, and the obvious inequality
k < n+ 1 is Carathéodory’s theorem. For the set of normalized density matrices the
longest possible sequence of face dimensions has length N, it is

N —1>(N-1)?*-1>...>(N—j)P?-1>...>8>3>0 (5.38)

So in conclusion, we will always be able to decompose an arbitrary density matrix p
of rank r as a convex combination of r pure states. These may be built from the
eigenvectors of p, i.e. the spectral decomposition. But as we have seen, there is a
considerable ambiguity in the construction of density matrices, so generally there are
other possibilities.

Faces of P and S

A given state p in D defines a face Fp(p), but if p is a PPT state then its partial
transpose p? also defines (a different) face Fp(p?) on the set of density matrices. An
attempt to illustrate this is done in Figure 5.9.
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Figure 5.9: Faces Fp(p) and Fp(p”) on D containing the PPT state p and its partial transpose p’.
The faces are defined by the set of density matrices with a range completely contained in Img p and
Img p?” respectively.

The set obtained by taking the partial transpose of all the points in the face Fp(pF)
is itself a face Fpr(p) on the set DF. We know that p” € int[Fp(p”)], and then it

follows that p € int[Fpr(p)]. We then realize that Fp(p) and Fpr(p) must share at
least one point, namely p. The intersection of the two faces defines a new face on P

Fr(p) = Fplp) N Fpr(p) (5.39)

containing p. An attempt to illustrate this is made in Figure 5.10.

P

p

Figure 5.10: A PPT state p and its partial transpose p” define faces Fp(p) and Fp(p”) on D. Taking
the partial transpose of all points in Fp(p”), we get a face Fpr(p) on D that intersects Fp(p). The
intersection defines a face Fp(p) = Fp(p) N Fpr(p) on P, that contains p. Likewise, the intersection
of Fp(pf’) and Fpr (p”) define a face on P containing pf’.

The dimension of the face Fp(p) can then be found by counting the number d of

linearly independent solutions of _
(P+P)o=20 (5.40)
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Obviously, if and only if d = 1 which corresponds to the trivial solution o = p itself,
we have an extremal point, or a zero-dimensional face. These linearly independent
solutions then represent possible directions that preserve both the range of p and p in
the perturbation p’' = p + eo.

It is perhaps not easy to see directly that all the faces Fp of P are exposed, as is
the case with D. But it follows immediately from the hyperplane construction (5.39),
and formal proofs have been given, for instance by Ha and Kye [50]. As for the case
of the separable states S, it is not yet known if every face Fg is exposed. This is
perhaps surprising since the extremal states of S, and therefore of any face on Fg, is
well known by definition. Several works have however been published on the matter
including [51, 52], but a clear understanding of the structure of faces on S has yet to
be reached. This has consequences to which we shall return briefly in Section 7.5.4.

A nested sequence of convex sets

We have already observed in Section 3.5.2; that for the set of density matrices D, the
set of PPT states P and the set of separable states S we have the inclusions

SCPcD (5.41)

with equality S = P for the 2 x 2 and 2 x 3 systems only. To illustrate this, let us for
a convex body X C RY define the dual X° by

X*={yeRY|1+(z,y) >0 Vz e X} (5.42)

which differs slightly from Definition 4.4 since we are no longer using convex coordinates.
If we take the convex body to be a three-dimensional sphere

B, ={x e R*||z| <1} (5.43)

we can use the above description to define By. We quickly realize that the dual is
also a sphere By = By, = {z € R*||z| < 1/r}. Clearly the sphere Bj is self dual,
while for » > 1 the dual is a smaller sphere and for » < 1 it is a larger sphere. It is
a general feature that if we enlarge a convex body the conditions on the dual becomes
more stringent, and hence the dual shrinks. Clearly for the spheres B4, B/, and B;
we will have

Bijy C Bijs C By = By C By)y C By, (5.44)

We now use this understanding, along with the self dual property of D and (5.41) to
claim that for a system of dimensions N4 X Ng with N = N4Ng > 8 we have

SCPCD=D°CP°CS8° (5.45)

The two sets P° and §° are well defined and important convex sets, with which we will
make a closer acquaintance later.
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Chapter 6

PPT states in the 3 X 3 system

Presented here is a review of low rank PPT states in the 3 x 3 system. As first pointed
out by Horodecki et al. [53], the entangled PPT states of lowest rank in the Ny x Np
system are states of rank N4+ Ng —2. The only PPT states of lower rank are the pure
product states, which are not entangled. For the 3 x 3 system an entangled state must
have a minimum rank of four in order to be extremal on P. While the entangled PPT
states of rank (4,4) can be completely described in a relatively simple way by making
use of the UPB construction, this is not the case for the entangled PPT states of rank
(5,5), which show a considerably more complicated structure. We describe PPT states
of rank (4,4) and rank (5,5), both extremal and separable, and use the results from
Chapter 5 to describe methods for tracing surfaces of PPT states of rank (5,5) in P.
We finally make enquiries into certain classes of non-generic PPT states of rank (5,5).

6.1 PPT states of rank (4,4)

A very important feature in the understanding and construction of the entangled PPT
states of rank (4, 4), initially developed by Bennett et al. [54], is that of an unextendable
product basis (UPB). We first make a formal definition of an UPB for the Ny x Np
system, and then specialize to the 3 x 3 system.

Definition 6.1 (UPB). An unextendible product basis in the Na X Ng system is a set of
r orthogonal product vectors w; = u;@v; € CN4 @ CNE with the property that there exists
no product vector in CN = CNaNe orthogonal to all of them, and such that any number
Ny of the vectors u; and any number N of the vectors v; are linearly independent.

The r orthogonal product vectors w; = u; ® v; then span an r-dimensional subspace
U C CV, and the orthogonal supplement V = /* will then contain no product vectors.
There may be more product vectors in U, but they will be linear combinations of
w; = u; ® v;. It is thus clear that for any density matrix p where we can construct an
UPB in the kernel of p, it follows from the range criterion in Section 3.6.4 that the state
p will be entangled.

For the 3 x 3 system we know that the entangled states of lowest rank that are
extremal on P, have rank (4,4), and for such states |Ker p| = 5. According to (3.55)

83
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this is exactly the dimension at which a generic subspace in C° will contain a finite
number of product vectors. Assuming that w € C° is a product vector

fi g1
w=fog=|fo] ®|g (6.1)
I3 g3

where we have f, g € C> We observe that the factors f; and g; appear in several of the
components of w, and then express the following requirements on these components so
that w is a product vector, essentially a restatement of (3.52) for dimension 3 x 3

W1Ws = Wally W1Wy = W3wz W4Wg = WsW7
WiWe = W3Wy Wolllg = W3Ws WyWe = Wy (6.2)
wW1wWg = W7 W9 = W3Wsg WsW9 = WelWS

The factors wy appear in a non-linear and mixed way in this set of equations, which
makes it difficult to analyze in general detail. For the 4 x 4 system the limit dimension
from (3.55) is ten, so here it will be possible to construct an UPB in the kernel of a
generic (6,6) PPT state.

Although a generic five-dimensional subspace for the 3 x 3 system will contain six
product vectors, it is not a generic property that five of them are orthogonal. For the
case of the 3 x 3 system we have r = 5 and the orthogonality relations for the u; and
v; can be visualized as in Figure 6.1.

uy U1

Us Uy Vs @ ® Vg

Uy us Vy V3
UlLUQLU3LU4LU5lU1 ’U1LU3L’U5L’UQL’U4LU1

Figure 6.1: UPB construction for a five-dimensional subspace in the 3 x 3 system. In order to ensure
the orthogonality relations w;-r w; = 0 for the five product vectors w; = u; ® v;, the orthogonality
relations above must be satisfied.

The five-dimensional subspace spanned by the product vectors w; = u; ® v; in a
UPB is the kernel of the density matrix

p= i ([ - Z umwj) (6.3)
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which is proportional to a projection operator. The partial transpose of p is

5
1
P "ol
r= <I — ;:1 wzwl> (6.4)

with @; = u; @ v}. Thus both p, pf” > 0 by construction. We also see that if the vectors
v; are real we have p = pf. We can transform the above orthogonal UPB by a product
transformation V' = V4 ® Vg into the unnormalized standard form

with a, b, ¢, d as positive real parameters [55]. Since the UPB vectors w; in any state of
the form (6.3) can be transformed by SL x SL-transformations into the real standard
form (6.5), we realize that all such states are SL-symmetric. The parameters a, b, ¢, d
are determined by the quantities

det(uyuguy) det(uqugus) 9
S1 — = a
det(ujugus) det(ujuguy) (6.6)
. _ det(uyugug) det(ugugus) E ’
* 7 det(uyusuy) det(usuzus) a2
and
det(viv9v3) det(vyv4v5) 5
S3 — = C
det(v1vovs) det(vivgvy) 67)
. det(viv3vs) det(vavsvy) dj ’
Y7 det(vyvavs) det(vsvgus) 2

These ratios of determinants are invariant under SL x SL-transformations of the form
(3.63). There exist both numerical [55] and analytical evidence [56], that every entan-
gled PPT state of rank (4,4) is SL-equivalent to a state of the form (6.3), with product
vectors given by (6.5). The parameters a, b, ¢, d then define the equivalence classes.

Since the set of SL(3,C) x SL(3, C)-transformations has 16 + 16 = 32 degrees of
freedom, and the four real invariants a,b,c,d add another four, we deduce that the
surface of entangled PPT states of rank (4, 4) has dimension 36. In (5.31) we obtained
the dimension of the elements of the group U(N) that perform effective rotations of
faces (or subspaces) in the full space Hy. The same argument applies of course to
general subspaces of dimension r and s such that N = r 4 s. The real dimension of the
set of r-dimensional subspaces of an N-dimensional Hilbert space is then

d=N?—7r®>—s%=2rs (6.8)

Thus the set of four-dimensional subspaces of C? has dimension 40, and since the surface
of entangled PPT states of rank (4,4) has dimension 36, there cannot exist PPT states
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of rank (4,4) in every four-dimensional subspace. The four additional constraints can
be seen as the conditions that the parameters a, b, ¢, d are real and positive.

Separable PPT states of rank (4,4)
A separable state of rank (4,4) has the form

4

p=>_ Ai(wuw) (6.9)

i=1

with A\; > 0, Z,‘;l A= 1, w:rwl =1 and w; = u; ® v;. In general any three vectors u;
and any three vectors v; are linearly independent, and we may perform an SL x SL-
transformation and obtain the standard form

1001 1001
u=101 0 1 v=1|(0 1 0 1 (6.10)
0011 0011

In this standard form the v; are real, so p = p”. The kernel of a state p with this
range are all the vectors z; = z; ® y; that are orthogonal to all four product vectors w;
n (6.9). Since Ker p will contain six product vectors, there will be subsets among the
x; and y; of three linearly dependent vectors. So a generic five-dimensional subspace
will not be Ker p for a separable state p of rank (4,4). The dimension of the group
SL(3,C) x SL(3,C) is 32, and with three independent coefficients \; we see that the
surface of separable states of rank (4,4) has dimension 35, one less than the set of
entangled PPT states of rank (4,4). So a typical PPT state of rank (4,4) will be
entangled (and extremal).

6.2 PPT states of rank (5,5)

We have seen that the entangled PPT states of rank (4,4) have a range which is non-
generic on the set of four-dimensional subspaces in C° and that all such states are
SL-equivalent to the standard form (6.3). For the case of the entangled PPT states
of rank (5,5), any generic five-dimensional subspace of C? will be the range of such a
state, but in addition to the generic cases there also exist a whole range of non-generic
cases, which also includes non-extremal states. An attempt to describe how some of
these non-generic cases may be understood, is made in Section 6.5.

To describe the generic cases we observe that any given set of five product vectors
w; = u; ® v; in a generic five-dimensional space may be transformed by an SL x SL
transformation to the standard unnormalized form [57],

10011 10011
u=|(0 101 p v=10101r (6.11)
001 1¢q 0011 s
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with p,q,r, s generically as complex parameters. By generic we here mean that any
three vectors w; and v; are linearly independent. There will also be a sixth product
vector which is a linear combination of the above five. The parameters p,q,r, s are
again determined by ratios of determinants (6.6) and (6.7)

P r—s r
81:_6 sSo=q—1 S3 = Sy =

S = (6.12)

All the parameters s;, and therefore also p, ¢, 7, s are invariants in the sense that they
cannot be changed by SL x SL transformations.

Separable rank (5,5) states

In a generic five dimensional subspace of C? containing six normalized product vectors
w; = u; @ v;, we may construct a five dimensional set of separable states as convex
combinations

p= Z ¢; (ww)) (6.13)

i=1

with ¢; > 0 and ), ¢; = 1. Hence all the separable states in the subspace are contained
in a simplex with the six pure product states as vertices. The partial transpose of p is

6
P’ =" (wia)) (6.14)
i=1

where w; = w; ® v} is the partial conjugate of w;. The six partially conjugated product
vectors will be linearly independent in the generic case, hence the separable states in
the interior of the simplex will have rank (5,6).

On the facets of the simplex where one coefficient ¢; vanishes, p will be a rank (5, 5)
PPT state. In this case five of the product vectors in Img p and in Img p” are partial
conjugates of each other, whereas the sixth product vectors in the two spaces are related
in a more complicated way, unless all the vectors v; are real.

6.3 The surface of generic PPT states of rank (5,5)

A generic five-dimensional subspace of CY contains exactly six product vectors w; =
u; ® v;, which can be transformed by SL x SL-transformations into the standard form
(6.11). Thus each such subspace belongs to an equivalence class under SL x SL-
transformations, and each equivalence class corresponds to unique values of the complex
invariants p, ¢, 7, s. In total eight real parameters.
We choose two generic five-dimensional subspaces U ,Zj{ C C? and then we choose
U = Imgp and U = Img p. Then from (5.13) this defines the Hermitian matrices P
and P, and further the operators P and P from (5.17) and (5.21). If we then finally
seek solutions for o of
(P+P)o =20 (6.15)
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where o is the traceless representation of p, then there is typically no solution. Solutions
for p with Img p = U and Img p” = U exist only for special pairs of subspaces U and u.
If these subspaces admit solutions of (6.15) for p then it will generically be one unique
(trivial) solution, i.e. p will be extremal on P. We may instead fix & = Img p and let
only || = rank(p”) be fixed. There is then always a set of solutions for p described
by eight real degrees of freedom. The likely role of these eight parameters is to specify
the SL-equivalence class to which the five-dimensional subspace U= Img p” belongs.
The six product vectors in U are discrete, so they cannot be continuously transformed
within this subspace, while it remains fixed. So the only way to vary the subspace
U = Img p” without changing & = Img p is inevitably to vary the equivalence class of
the subspace U = Img p”.

We may want to fix both rank(p) = || and rank(p”) = |U| to five, but let the
subspaces themselves vary. The relevant equation is then (5.26)

(Q+Q)o =0 (6.16)

In this case the number of linearly independent solutions for ¢ is 48, and this is then the
dimension of the surface of all generic PPT states of rank (5,5). There are 8 + 8 = 16
real parameters for SL-equivalence classes of the subspaces Imgp and Img p”, and in
addition 32 parameters for the SL(3,C) x SL(3, C) transformations that determine the
specific subspace in each equivalence class.

By (6.8) the set of five-dimensional subspaces has dimension 40, hence one would
expect to find an eight-dimensional surface of PPT states of rank (5,5) in every generic
five-dimensional subspace, and this is what we find numerically [57].

In a generic five-dimensional subspace a set of separable states of rank (5,5) can be
constructed. This is a simplex A® of convex combinations of pure product states wiwj
made up by the six product vectors. The dimension of the surface of PPT states of
rank (5,5) with a fixed range, has however dimension eight. This discrepancy is due to
the existence of entangled PPT states of rank (5,5).

6.4 Tracing the surface

There are several ways of producing walks or tracks on the surface of generic PPT states
of rank (5,5). One possibility is to start at an entangled PPT state p of rank (4,4),
produced by using the UPB construction outlined in Section 6.1, and then choose proper
directions ¢ in the perturbation p' = p + €o, so that p’ becomes a PPT state of rank
(5,5). Another possibility is to formulate a perturbation p’ = p + €0 as an expansion
p(t+€) = p(t)+eo for p = p(t), and solve the differential equation numerically applying
conditions for o. The starting point p(0) is usually chosen as a PPT state of rank (5, 5).
A third method is to calculate the eight dimensional tangent space of the surface at
p, and then make a perturbation p’ = p + €0, where o is in that tangent space. Then
Img p = Img p/, but since in general Img p” # Img p'" we have to project p’ back onto
the surface to regain a new PPT state of rank (5,5).
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6.4.1 Perturbing from a rank (4,4) to a rank (5,5) state

We consider the perturbation p’ = p + €0, with p as an entangled PPT state of rank
(4,4). To perturb these rank (4,4) states is interesting since these states are on the
boundary of the surface of PPT states with rank (5,5). If we use the standard form
(6.3) with the real product vectors (6.5) we have p = p. We again use the projections
P and @ defined in (5.13), and the corresponding projections P and Q from (5.21). For
the special case p = pf’ we have P = P and Q= @ From (5.16) the condition for p’
and p'" to have rank five is

QoQ = a(zzh)  Qo'Q = B3 (6.17)

where a, 5 # 0 are real numbers and
5 5
i=1 i=1

with w; € Ker p such that 2tz = 327 |¢;]> = 1 and 272 = 327 |d;|> = 1. Note that if
either « or 3 is allowed to be zero, then p’ may have rank (4, 5) or rank (5,4).
Generically there is one extra sixth product vector wg = Zle a;w; € Ker p, where

a; € R. Since the product vectors w; = u; ® v; with u;,v; € R? for all i = 1,...,6, we
have for any Hermitian o that wgawi = wjapwi. Using this and (6.17) we get

ale;|* = pldif? (6.19)
fori =1,...,5, and for the sixth equation

2 2

! =7 (6.20)

5
E a;d;
i=1

5
E a;C;
i=1

From (6.19) and (6.20) it follows that

5

5
a= Za|ci|2 = Zﬁ|di|2 =4 (6.21)
i=1

i=1

so in total we have o = § and |¢;| = |d;| for i = 1,...,5. So the coefficients ¢; and d; can
differ only by a phase factor for each i = 1,...,5. In total we will have four independent
phase factors, since from (6.20) it now follows that | S aici| = | S ad;|.

The vector z which determines the direction zz! is an arbitrary vector in the five-
dimensional subspace Ker p, hence after normalization it contains four complex param-
eters, or eight real parameters. Once z is fixed we can choose from a four parameter
family of vectors z, determined by the relative phases between ¢; and d;. Together this
gives 8+4 = 12 degrees of freedom. We know that the dimension of the surface of PPT
states of rank (4,4) is 36, and this would mean that the subspace of directions that
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leads from this surface onto the 48-dimensional surface of PPT states of rank (5,5),
indeed has dimension 12.

For infinitesimal values of €, both p" and p’* will have four eigenvalues infinitesimally
close to 1/4 and one eigenvalue eaw = € very close to zero. With o > 0 this means
that p/, p' > 0 for € > 0, but not for € < 0. So in this way we never get a PPT state of
rank (4,5) or rank (5,4), but always rank (5,5), or for 36 directions a new PPT state
of rank (4,4). This is in complete harmony with numerical investigations [57]. For the
more general PPT state of rank (4,4) obtained by SL x SL-transformations from the
standard form (6.3), the smallest positive eigenvalues of p’ and p'f’ are no longer equal,
but still tied together so that they approach zero simultaneously.

As described in Section 5.7 we may also restrict the class of perturbations, so that
we fix the five-dimensional subspace Img p’ to be the direct sum of the four-dimensional
subspace Img p and the one-dimensional subspace of the vector z. Apart from the trivial
solution ¢ = p, we then find five linearly independent possibilities, out of which four
give p' as a rank (4,4) PPT state. The fifth is then a unique solution giving p’ as a
rank (5,5) PPT state. So the dimension of the surface of (4,4) PPT states with range
within the fixed five-dimensional subspace Img p, is four. When we fix Img p’ and look
for PPT states of rank (4,4) with range within this space, we eliminate all degrees of
freedom corresponding to SL x SL-transformations. But we still allow variations of the
four real invariant parameters a, b, ¢, d needed to define a rank (4,4) PPT state.

It is still intriguing that the rank (5,5) PPT states with a fixed range Img p, which
is an eight-dimensional set, has a set of boundary states that is four-dimensional.

6.4.2 Curves on the surface by integration

We will here look at a method for tracing curves on a surface of PPT states of fixed
rank (m,n). The idea is to formulate the perturbation p/ = p + €0 as an expansion
p(t+€) = p(t) + eo for p = p(t), and solve the differential equation that follows from
this. The perturbation expansion p(t + €) = p(t) + eo for p = p(t) is equivalent to the
differential equation

Lop=0 (6.22)

Since a matrix p = >, oA (1] of less than full rank has no well defined inverse
p~Lit is useful to introduce the pseudoinverse of p as

pt= 0 A (6.23)
i,0i70
If p is of full rank then p™ = p~% The projection P onto Img p is P = p*p = pp*. There
are similar relations for the projection P onto Img p” and the pseudoinverse of p.
If we have X € Hy with Img X C Imgp then X = PX = XP and QX = X@Q = 0.
We assume that this holds for all ¢ so that

X=PX+PX=XP+XP (6.24)
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or more useful
QX =PX XQ=XP (6.25)
which gives

X=(P+Q)X(P+Q)=PXP+XP+PX (6.26)

Now setting X = pin (6.25) and multiplying from right and left by the pseudoinverse
gives Qopt = PP and pto@Q = PP. Since differentiation of P = P? gives P = PP+PP

we get .
P =Qopt + p'oQ (6.27)

and likewise we use differentiation of p* = pTpp™ to get
pT=p"P +plopt + Ppt (6.28)

which when multiplied with P on both sides gives PptP = —pfop™. If we use X = p*
in (6.26) together with (6.27) we get

pt=Qao(p*)’ + (p")?0Q — plop* (6.29)

The differential equation p = o may be integrated together with (6.27) and (6.29) as
long as we accompany this with proper specifications for how to calculate the direction
o for each p. For the partial transpose p” there are completely similar equations relating
the projections P and @ with pf and (p)* that must be satisfied.

We can now generate a curve p(t) on the 48-dimensional surface of PPT states of
rank (5,5). Since this essentially is a differential equation we will find a curve containing
the state p(0) as a starting point. The constraints are then again (5.26)

(Q+Q)r=0 (6.30)

We may also want to generate a curve that lies on the eight-dimensional surface of PPT
states of rank (5,5), but with Img p fixed, while Img p” is allowed to change. We then
have the condition

I-P+Q)o=0 (6.31)

again. In this case P is constant, but @ = @(t) would then change.

We have done numerical integrations to generate such curves. The eigenvalues of
p and p” stay remarkably similar along the curve, yet they are not identical. The
condition that at least one eigenvalue of p (and p”) goes to zero, defines the boundary
of the surface. When p (and p’) get one dominant eigenvalue, we interpret this as an
indication that p (and p’) approach a pure product state.

6.4.3 Tracing the surface by repeated projections

If we choose any generic rank (5,5) PPT state p, which then fixes the subspace Img p, we
can calculate the eight linearly independent directions for the perturbation p’ = p + eo
that solve (6.31). Equation (6.31) guarantees that Img p’ = Img p for small finite values
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of €, and that rank(p'") = rank(p”) for infinitesimal e. Thus the eight solutions of
(6.31) define (at p) a tangent plane to the eight-dimensional surface of PPT states we
want to track. We choose o to lie in this plane, and then a finite value of ¢ and compute
p = p+eo. Then p’ will have the same range as p, but p’" will only have approximately
the same rank as p?, in fact p’¥” will in general have full rank.

To project p’ back onto the surface of rank (5,5) PPT states, whilst keeping the
range of p, we use an iterative procedure. When we compute the nine eigenvalues

M. .., A of p’¥ we use the eigenvectors ey, ..., es corresponding to the five dominant
eigenvalues Ay, ..., A5 to construct a projection operator onto the subspace spanned by
these e, 5
Ps = Z enel (6.32)
n=1

For sufficiently small steps € the corresponding change A\, (¢) in the eigenvalues will
also be small, so that the eigenvectors e, in (6.32) are still the dominant eigenvalues.
The projection P is onto Img p throughout the whole procedure, thus ensuring that

the ranges of p,p and the new state p”

are the same. Projecting p'* onto the range
defined by its five dominant eigenvalues with the operator P5 insures that rank(p'?)
becomes five again. Unfortunately these operations do not work at the same time since

adjusting p' changes p’ and vice versa. Repeating the procedure

~ ~ P
Prs1 = VP [pil+{P5p’fP5} }P (6.33)

a sufficient number of times, projects the state p’ with good precision to a new state p”
on the surface of rank (5,5) PPT states. The projection P is thus kept throughout the
iterative procedure, but Pj is updated for every iteration. What effectively happens is
that since {ﬁsp;f ]35}P = pl., an average of these two states is projected by P so that
Img pf, = Img pl, ., for each iteration. The factor v is a normalization factor, since the
projections generally do not preserve the norm. This method to track the surface is in
some ways preferable to ordinary perturbation methods, where the step size in general
is much smaller, and progress therefore much slower.

For many generic five-dimensional subspaces, we have numerically constructed a
large number of extremal PPT states py, ..., pi of all ranks < 5 in the same subspace.
We have then utilized the above scheme to walk from a state p; to all the other states
P2, .- ., pr- 1t is reasonable to assume that this tracking between states is transitive, i.e.
if p; is connected to py and ps connected to ps, then p; is connected to ps3. Based on
this we conclude that for generic cases all the states in the same subspace lie on one
connected surface.

We have also used this method to track the curvature of the eight-dimensional
surface of rank (5,5) PPT states with a fixed range. As seen in Figure 6.2, each step
generated along the curve by our tracking scheme is inherently two-dimensional.

For each step we know the state p, p’ and p”, so the distance between each state can
be calculated using the Hilbert-Schmidt metric

lpi = p;l* = tr [(pi — p)’] (6.34)
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The curvature is given by x = |df/ds|. Since all sides of the triangle are known we can

calculate the angle df for each step, and if the curvature is sufficiently small we can
//|.

assume to a very good approximation that ds = |[p — p

Figure 6.2: The eight-dimensional surface of rank (5,5) PPT states with a fixed range, as a two-
dimensional projection. A finite perturbation p — p’ is made along the tangent plane to the surface at
p. The projection scheme (6.33) is then made so that p” is a rank (5,5) PPT state with the same range
as p. The changes dfl and ds are then used to calculate the local curvature. The curvature portrayed
here is extensively exaggerated.

In general, for sufficiently small steps € we have |p—p'| =~ [p—p”| > |p' — p”|, so the
triangle is to very good approximation a skinny triangle. This method will not return
good values when the curvature becomes to large because then ds % |p — p”|, or when
the steps become too small because then the calculation of the angle df is compromised.

We can use this method to calculate the curvature along a curve between a pure
product state and an extremal rank (5,5) PPT state on the surface, and this is pictured
in Figure 6.3.

1.5 T 0.45
Curvature
Maximal eigenvalue of p

— — —Maximal eigenvalue of p”

I
o
w

I
o
o

Maximal eigenvalue of states p and p”
Curvature (deg/distance)

n . . . . . 0
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Hilbert-Schmidt distance

Figure 6.3: We see the curvature k = |df/ds| for the curve generated by tracking the surface of rank
(5,5) PPT states within a fixed range. The tracking is between one of the six pure product states in
the subspace and an extremal rank (5,5) PPT state on the interior of the surface. Also plotted are
the maximum eigenvalues of p and p*.
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We note that the curvature is quite small along the entire length, and this appears
to be a general feature for these cases. The estimates of the curvature very close to the
pure product state are very uncertain, and it is quite possible that the derivative df/ds
has a discontinuity at the product state.

We can also walk from an extremal rank (5,5) PPT state towards an extremal rank
(4,4) PPT state on the boundary of the eight-dimensional surface. This is seen in
Figure 6.4. In this case, the curvature of the surface increases towards the boundary.
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Figure 6.4: The curvature k = |df/ds| for the curve generated by tracking the surface of rank (5,5)
PPT states within a fixed range space is shown. The tracking connects an extremal rank (5,5) PPT
state on the interior of the surface, and an extremal rank (4,4) PPT state on the boundary of the
surface. Also plotted are the minimal positive eigenvalues of p and p”.

6.5 Non-generic PPT states of rank (5,5)

A very important characteristic of PPT states is the number of product vectors in
the range and the kernel of the state. We have seen that the dimension of the set of
separable states of rank (5, 5) is smaller than the dimension of PPT states of same rank,
so a generic PPT state of rank (5,5) will be entangled. It is also a fact that the range
of such states contains six product vectors, while the kernel contains none.

6.5.1 Non-generic orthogonal subspaces

From Section 3.6 we recollect the use of the notation {nimg, Nimg; Nker} for a density
matrix p. Here niyg is the number of product vectors in Img p, Niye is the number
of product vectors in Img p” and nye is number of product vectors in Ker p. Like in
Section 3.6.3, for a density matrix p we let the product vectors in Img p be
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W; = U @ V; 1= 1, <oy Nimg (635)
and likewise for Ker p:

Zi=x;Qy; =1, Ner (6.36)

We know that z; = 7; ®y; € Ker p if and only if Z; = 2;®y; € Ker p%, so the number
of product vectors in Ker p is always equal to the number in Ker p”, or more formally
Nier = Tker-

By definition, for a generic set of vectors in C® any subset of three vectors will be
linearly independent. A mnon-zero vector # € C? can at most be orthogonal to two
vectors u;, and a non-zero vector y € C® can at most be orthogonal to two v;, hence the
product vector z = 2 ® y can at most be orthogonal to four w;. Since Ker p = (Img p)*
and since the range of a generic rank (5,5) PPT state p contains six product vectors
w; = u; ® v;, it is clear that it is not possible to have a product vector in Ker p in this
case. Thus generic states must have ny,, = 0.

In order to construct pairs of orthogonal subspaces i C C? and V = U+ C C° with
[U] =5 and |V| = 4, such that V contains one or more product vectors, we must alter
the generic linear dependencies of the vectors u; and v;. Instead of the generic condition
that any subset with three vectors u; € C3? and v; € C? must be linearly independent, we
introduce the conditions that any subset with four vectors must be linearly independent.
Only by appealing to these non-generic characteristics is it possible to construct the
necessary orthogonality relations, as described in Section 3.6.3.

In the above sense it is to a certain degree the subspaces U and V that are relevant
here, and to a lesser degree the states themselves. A general characterization of two
orthogonal subspaces U and V with regard to the number of product vectors they
contain, can be written as {n,;n,}.

Since z; = x; ® y; € Kerp if and only if 2; = 2; ® y; € Ker pP it is clear that the
kernels of p and p” are related when they contain product vectors. In particular, if y;
is real then z; = z;. As long as nie < 4 we can always choose a standard form where
all the vectors x; and y; are real.

By making use of the non-generic structures discussed here, it is possible to define
standard forms for several combinations of orthogonal non-generic subspaces U and V,
i.e. with various {n,;n,}. In Paper 4 we have constructed a number of such standard
forms, and then produced PPT states of rank (5,5) with Imgp = U and Kerp =V for
0 < Nper < 4.

6.5.2 The case ny, =4

As one example, we take the case for ny, = 4. Given a PPT state p and four product
vectors z; = x; ®y; in the kernel of p, in some definite but arbitrary order. We assume
that any three vectors z; € C* and any three vectors y; € C? are linearly independent.
Then we may perform a product transformation, and subsequent normalizations, so
that the vectors take the form
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1001
r=y=|10101 (6.37)
0011
and for the product vectors z;
(6.38)

I
\
O OO O O oo o
O O OO OO oo
_ o O O O oo o o o
I = T = T = S =G SRS

The transformation is unique. In the space spanned by the z; there exist no other
product vectors. The real form of the z; € Ker p implies that z; € Ker p”.

It is equally easy to see that there exist exactly six product vectors w; = u; ® v; in
the orthogonal subspace. In fact, in order to have (v;®v;) L (z;®y;) foralli =1,...,6
and j = 1,...,4, we must have for each pair 7, j that either w; L z; or v; L y;. Since
any three vectors z; and any three vectors y; are linearly independent, a vector u; can
be orthogonal to at most two vectors z;, and a vector v; can be orthogonal to at most
two vectors 7;. This gives the six possibilities for orthogonality listed in the table.

U QU Uy L, vy L Y, Yn

i k.l m,n
1 2,3 1,4
2 1,3 2,4
3 1,2 3,4
4 1,4 2,3
5 2,4 1,3
6 3,4 1,2

Table 6.1: Possibilities for a product vector u; ® v; to be orthogonal to all four product vectors z; ®y;.

The unique solution is the following list of vectors,

1 0 0 0 1 1 0 1 1 1 0 0
u=|0 1 0 1 0 -1 v=|[1 0-1 0 1 o0 (6.39)
0 0 1 -1-1 0 ~1 -1 0 0 0 1
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and for the product vectors w;

0 0 0 0 0 0
1 0 0 0 1 0
-1 0 0 0 0 1
0O 1 0 1 0 0
w=|0 0 0 0 0 0 (6.40)
0 -1 0 0 0 -1
0 0 1 -1 0 0
0 0 -1 0 -1 0
0O 0 0 0 0 0

The five-dimensional subspace Img p spanned by the w; given by (6.40) defines a face
F C D of dimension 5% — 1 = 24. Recall that

pzi=pz; =0 j=1,...,4 (6.41)

In terms of the face F, the above means that p € F and p” € F, or equivalently, that
p € FNFP Effectively (6.41) restricts p to have the form (6.43), with ¢; € R.

Note that p = pP. Since F is a face on D, we understand that F¥ is a face on DF,
and the intersection G = F N F¥ is a face on P = DN DF. Equation (6.43) shows that
the face G has dimension five.

The state p defined in (6.43) is a linear combination, but not necessarily a convex
combination, of the six pure product states,

6
1
P=3 ; ¢; (ww)) (6.42)
0 0 0 0 0 0 0 0 0
0 ca+e —¢ 0 0 0 0 —c5 0
0 —C] €+ 0 0 —Cy4 0 0 0
1 0 0 0 Co + Cg 0 —C2 —Cg 0 0
P=3 0 0 0 0 0 0 0 0 0 (6.43)
0 0 —Cy —Co 0 Co + ¢y 0 0 0
0 0 0 —Cg 0 0 cs+cg —cC3 0
0 —Cs 0 0 0 0 —C3 C3+¢C5 0
0 0 0 0 0 0 0 0 0
From (6.43) we observe that the normalization condition for p becomes
6
Trp=>Y ¢=1 (6.44)
i=1

T

Since the matrices w;w, are linearly independent, and there are no other pure product

states in Img p, the state p is separable if and only if all the ¢; are non-negative. However,
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we will now see that it is possible for p to be an entangled PPT state even if one of the
coeflicients is negative, and this observation will lead us to a scheme for constructing the
extremal PPT states of rank (4,4), a scheme which does not rely on the UPB method
discussed briefly in Section 6.1.

An eigenvalue of p, and of p”’ = p, is a root of the characteristic polynomial

det(p — M) = =A* f()) (6.45)
with

FO) = (N = dA* + d3\? — doX? + dy ) — dy) (6.46)
The constant term in f(\) is

[§

do_izncj_i(jnlcj)zé (6.47)

i=1 j#i i=1

If we start with ¢; > 0 fori = 1,...,6, then p is a rank (5,5) separable state. If we then
change the coefficients continuously, p will continue to have five positive eigenvalues
until we get dy = 0. Hence dy = 0 defines the boundary of the set of density matrices,
and also of the set of PPT states since p = p’.

We know that the boundary is not reached before at least one coefficient becomes
zero or negative. If two coefficients become zero simultaneously, then dy = 0 and we
have reached a boundary state which is separable. To get negative coefficients while p
is a rank (5,5) PPT state we have to make one coefficient negative before the others.
Let us say, for example, that ¢; < 0, and that we want to make also ¢y negative,
while ¢; > 0 for ¢« = 3,...,6. Then we first have to make ¢, = 0, in which case
dy = 3 ¢1c3¢40506/16 < 0 and we have already crossed the boundary dy = 0.

In conclusion, the entangled boundary states have ¢; # 0 for i = 1,...,6, and they
have one negative and five positive coefficients ¢; satisfying
~ 1 =0 6.48
S i- (6.8)

i=1 "

Thus the boundary dy = 0 consists of two types of states.

1. Separable states that are convex combinations of up to four of the pure product
states wiwj .

2. Rank (4,4) entangled PPT states that are linear combinations of all the six pure

I with one negative coefficient.

[

product states w;w

Figure 6.5 shows a two dimensional section through the five dimensional face of P
defined by (6.42) and (6.44).
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Figure 6.5: A two dimensional cut through the five dimensional face on P of states given by (6.43).
The outer curve is the common boundary of D and P, which consists of rank (4,4) PPT states. The
cut through the simplex in S is the hexagon with corners A to F'. The region between the two curves
consists of non-extremal entangled PPT states of rank (5,5). The coordinates z,y are dimensionless.

The section through the separable states S, is seen as the hexagon with corners A to
F'. On the boundary of the hexagon (dashed), exactly one of the coefficients ¢; is zero.
The region between the two curves consists of non-extremal entangled PPT states of
rank (5,5) with exactly one coefficient negative. The hexagon is reflection symmetric
about two axes. In Table 6.2 are listed the coefficients ¢; that define the states A to F'
by (6.42), multiplied by 12.

D U W N
O WO~ Ol
— o w o ol
o~ oo w
N WO O~ 3T
— O O w o ol
O O~ O N W

Table 6.2: The coefficients ¢;, multiplied by 12, for the states A to F' in Figure 6.5.

The most general rank (4,4) entangled PPT states

Consider a general rank (4,4) entangled PPT state p in 3 x 3 dimensions. It is known
that any such state is extremal, and has exactly six product vectors in its kernel. We
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can now see that it is SL-equivalent, in no less than 360 different ways, to such states
on the boundary of the five dimensional face of P that we have described here. The
360 transformations are found in the following way.

Pick any four of the six product vectors in Ker p, this can be done in 15 different
ways. Order them next in one of the 24 possible ways. Altogether there are 24-15 = 360
possibilities. There is then a unique product transformation that transforms the four
product vectors to the form given in (6.37). We know that it must transform the state
p into one of the rank (4,4) states described by Equations (6.42), (6.44), and (6.48),
since these are the only rank (4,4) entangled PPT states of this form.

In conclusion, the scheme derived in this section represents an alternative method
for producing the extremal PPT states of rank (4,4). Tt is alternative in the sense that
it does not rely on the UPB construction.

6.5.3 Other values of nyer

While we have seen that PPT states constructed from (6.37) and (6.39) are exclusively
non-extremal, there are standard forms that generically produces extremal states.

We can for example construct a standard form for which ny,, = 1. This standard
form also has nime = 6, and generically produces extremal {6,6;1} PPT states. For
z1=21 1y € Kerp and w; = u; ® v; € Imgp with i = 1,...,6, we now have a more
limited set of orthogonality relations

o Ly i=1,23 (6.49)
y Lo, i=4,56 (6.50)

Now z; = z1 ® y; is the only product vector allowed in Kerp. It is also possible to
produce standard forms which allow an infinite number of product vectors in the range.
This is possible if there for a subset of the w; € Img p exist linear combinations ) . ¢;w;
which are again product vectors, and where these linear combinations represent an
underdetermined set of equations. In Paper 4 we have constructed two standard forms
with nge, = 2, which generically produce {6, 6; 2} and {00, c0; 2} states. The former are
exclusively extremal states, while the latter states are both extremal and non-extremal.
Also, the form presented in Paper 4 which has ny., = 3 produces only non-extremal
states.

There is however no reason to limit the possible values of ny,e to six or infinity. In
our random searches for SL-symmetric PPT states of rank (5, 5) we have found, by com-
plete accident, several non-extremal {2, 2; 1}-states. It is unclear why this combination
has appeared several times. Using the subspaces from these states we have produced
extremal states with the same range, and these are {2, 6; 1}-states.

It appears that for any five dimensional subspace of C? to contain less than six
product vectors, the set of equations (3.52) must have degenerate solutions. In this
sense the only possibilities are 1 < njye < 6 and ny,g = 00. An analysis regarding these
matters is given in [56].



Chapter 7

Positive maps and entanglement
witnesses

We start by defining entanglement witnesses, some of their properties and why they
are useful and important. We then move on to a different type of mathematical ob-
jects, namely maps and more specifically positive maps. The one-to-one correspondence
between witnesses and positive maps, the Choi-Jamiolkowski isomorphism, is then de-
scribed. Completely positive maps is defined, and the important distinction between
decomposable and non-decomposable maps, or equivalently decomposable and non-
decomposable witnesses, is made. The zeros of a witness W are defined as the product
vectors ¢ ® y satisfying (¢ ®@x) W (¢®x) = 0. These zeros are used to define boundary
witnesses and extremality for witnesses. An important characteristic here is whether a
zero is quadratic or quartic. A method to search for generic extremal witnesses with
quadratic zeros is outlined, and some of the results are discussed. Positive maps with
the unital and trace preserving property is discussed, and a method for transforming a
positive map to this form is constructed. Visualizations of how extremal positive maps
act on various two-dimensional cross sections in D3, are performed and discussed. The
facial structure of the set of separable states S is closely related to the facial structure of
the set of entanglement witnesses S°. This relation is used to develop an understanding
of the faces of both these sets. Optimal entanglement witnesses is then defined and
discussed, and an attempt to understand the link between extremality and optimality
for entanglement witnesses is then made. Finally, a description of the so-called SPA
separability conjecture is included.

7.1 Entanglement witnesses

We know that a density matrix p € Hy = Hy, ® Hy, on a Hilbert space Hap =
Ha ® Hp is separable if and only if it is of the form

p=> k(e ®7) (7.1)

k

where py, € Dy,, T € Dy, with pp > 0 and Y, pr = 1. The partial transpose

101
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pT=> (@7 (7.2)

is then always positive, i.e. S C P. This gives rise to the Peres-Hordecki separability
criterion discussed in Section 3.5.2. Since for N > 8 there exist entangled PPT states,
an alternative criterion involving entanglement witnesses is more useful.

We start by defining the dual set of the separable states S

S°={W e Hy|tr(Wp) >0 Vpe S} (7.3)

The dual of §° is S, or §°° = &, and thus a state p € D is separable if and only if
tr(Wp) > 0 for all W € §° Thus, if any W € S° exists such that tr(Wp) < 0, we
can deduce that the state p must be entangled. The Hermitian operator W is then
an entanglement witness for p. We state the Horodecki criterion, originally given by
Michal, Pawel and Ryszard Horodecki [33], in the form

Theorem 7.1 (Horodecki criterion). For any entangled state p € Hy on the Hilbert
space Hap = Ha @ Hp there exists an Hermitian operator W such that

tr(Wp) <0 and tr(Wr) >0 (7.4)
for all states T € S.

This two-way implication makes entanglement witnesses powerful tools for detecting
entanglement experimentally, and such schemes have been performed [58, 59]. Note
that this testimony of an entanglement witness is of a statistical nature, in that it is
the expectation value tr(Wp) which is used. It should also be emphasized that there is
no universal entanglement witness. Each entangled state is revealed by its own subset
of §° and this fact leads to the notion of optimal entanglement witnesses, to which we
shall return briefly in Section 7.6.

Note that since the set of entanglement witnesses S° is here defined as the dual
cone of &, this implies that it is a closed and convex set. It is therefore completely
characterized by its extremal points, and the objective must be to understand the
structure of these extremal points.

The extremal points of S are known to be the pure product states p = Y =
oot @ yx' with ¢f¢p = xTxy = 1 for normalization. A matrix M € Hy can then be an
entanglement witness W € S° if and only if its expectation value in every such pure
product state

tr(Wp) = oW = (6@ X)W (6@ x) = Y 67 Wi bt (7.5)
ikl
is non-negative. Here ¢,, x, are the components of ¢ € H, and xy € Hp respectively.
Thus the condition that W € S§° is that the biquadratic form (7.5) is non-negative for
all p € Ha and x € Hp

fwr(6:%) =D 61X Wi dxe > 0 (7.6)

ij;kl
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It should be added that since fyr (¢, x) = fw (¢, x*) we have that W’ € S° if and only
it W e S
Non-negative polynomials

The problem (7.6) is related to a set of larger fundamental problems in mathematics.
On Hilbert’s list of 23 unsolved problems published in 1900 [60], the 17th problem is

whether every non-negative real polynomial f(z1, ..., z,) is a sum of squares of rational
functions
f(xla--wl'n) - Z [gk(xlw‘wxn)]Q (77)
k

In 1888 Hilbert had himself disproved a weaker version of the 17th problem, namely
that there are non-negative polynomials that are not sums of squares of polynomials.
Artin finally proved in 1927 that the answer to the 17th problem is yes [61], but it took
another 39 years before Motzkin [62] gave the first explicit example of such a polynomial
in 1966

M (1,29, x3) = § + 23 + 225 — 3wizrie’ (7.8)

Such a function as a biquadratic form was discussed by Choi in 1975 [63], and an
example of such a function as a biquadratic form, i.e. of the type (7.6), was given in
1977 by Choi and Lam [64]

fla,y) = (2] + 25+ 23)( + 95 + v3) — 2ys — a3yt — 2393

(7.9)
— 2(z122y1Y2 + T2T3Y2Ys + T3T1Y3Y1)

which we shall encounter in some detail later.

7.2 Positive maps

It is possible to regard a Hermitian matrix M € Hy = Hy, ® Hy, as a linear trans-
formation Ly, from Hy, to Hy,. We define the real linear map Ly, : Hy, — Hy,
written as Y = Ly, X with

Vi =Y MyjuX (7.10)
i,k

where X € Hy, and Y € Hy,. The correspondence M <+ L, is a vector space
isomorphism between the set of Hermitian matrices Hy and the space of real linear maps
L: Hy, — Hy,. A slightly different version of this isomorphism is the Jamiolkowski
isomorphism M <+ Jj; by which Jp, X = Ly (X7T) [65]. The correspondences M <+ Ly,
and M < Jy; can be linked by using the Hermitean matrix M € Hy to define the
alternative map Ly : Hy, — Hy,

Y= Z Mirie Xk (7.11)
ik

The relation M;j = Mji; then defines the link between these two equivalent descrip-
tions, which means that Y = L;; X = Ly (X7T), so that effectively Ly, = Jy.
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The transposed real linear map LY, : Hy, — Hy, is defined such that X = LT,V
when
X, = Z MY (7.12)
jil
The transpose of Ly, is with respect to the natural scalar product (3.8) with (X,Y) =
tr(XY) for Hermitian matrices. In fact, for any X € Hy, and Y € Hy,,, we have

ikl

We now define the essential type of linear maps connected to the description of
entanglement, namely the positive maps

Definition 7.1 (Positive map). A linear map Ly : Hy, — Hy,, is a positive map if it
maps any positive matriz € Hy, into a positive matriz 7 € Hy,,.

A short way of writing that L,; is a positive map is Ly, > 0. It is also evidently
clear from the convex cone structure of positive operators described in Figure 5.1, that
positive here means positive semidefinite. We see from

Ly (X") = [La (X)) (7.14)

that positivity and Hermitian preserving are equivalent characteristics of linear maps.

7.2.1 Choi-Jamiolkowski isomorphism

The maps Ly, and LT, act on rank one projection operators ¢¢' € Hy, and xx' € Hy,
according to ; ;
Ly (¢¢") = (¢ @ 1)'M(¢® 1)

LT (o) = (T @ x)TMI @) (7.15)

This means that ¢ ® I is an N X Np matrix such that (¢ @ Iy = ¢ ® x, and likewise
I® yxisan N x Ny matrix such that (I ® x)¢ = ¢ ® x. It then follows that

X [Lar(90)]x = o' LT, (xNe = (¢ @ x) M (¢ @ x) (7.16)

The condition f(¢,x) = (¢ ® x)TM (¢ ® x) > 0 for all p € CN4 and y € CV2 means
that Ly (¢¢!) is a positive matrix for every ¢ € CN4. So, if M is an entanglement
witness W then (7.16) implies that Ly, is a positive linear map Ly : Hy, — Hny,
mapping positive semidefinite matrices ), pi(@d) € Hy, to positive semidefinite ma-
trices ). p;L wm(d:i¢)) € Hy,,. In a completely similar way LT, must be a positive linear
map LT, : Hy, +— Hy,.

So the condition defining M to belong to the subclass of Hermitian operators known
as entanglement witnesses or M € S§° C Hy, is precisely the condition defining Ly,
and L%, as positive maps. The correspondence W <« Ly, is a vector space isomorphism
between the set of entanglement witnesses and the set of positive maps. The slightly
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alternative correspondence W <+ Jyy is the celebrated Choi-Jamiolkowski isomorphism.
Sometimes the Hermitian matrix W related to the positive map Jyy is called the Choi-
matriz Cy of Jy. These considerations relate the theory of entanglement to the theory
of positive maps, developed originally to a large part by Stgrmer [66].

7.2.2 Completely positive maps

An obvious condition for a map to be a physical map Ly : Hy, — Hy, transforming
physical states into physical states, is that it should be positive. A less obvious condition
is that it should be completely positive

Definition 7.2 (Completely positive). A positive map Ly, : Hy, — Hy,, is completely
positive if the extended map I @ Ly © Hy ® Hy, — Hy, ® Hy,, is positive, where the
auziliary map Iy : Hy — Hy with any k > 0, is the identity map.

The reason why complete positivity is important with regards to quantum opera-
tions, is that a physical (positive) map that transforms any local part of a quantum
state into a new quantum state should also keep the total state physical (positive),
regardless of how these other parts look, and what their dimension k is.

The most general form of a quantum operation, or completely positive map is

LyX =Y V,.XV] (7.17)

where V. are Ng x N4 matrices known as Kraus operators. With our definition (7.10)
of the Hermitian matrix M corresponding to the map Lj; we write the elements M;;.;
corresponding to a completely positive map as

Mijpa = (M )igs = > (Vi) u(V2)ii (7.18)

So, we see that with our version of the Choi-Jamiolkowski isomorphism the positive
map Lj; is completely positive if and only if the partial transpose M7 is a positive
matrix. The more commonly used map J,; is completely positive if and only if M is a
positive matrix.

Any separable state p, as defined in (3.28), remains positive under the application
of positive maps to any of its local parts. Thus any positive map Ly, : Hy, — Hy,, is
completely positive on the separable states

Ly eIDp=LyxI) Zpr (tr ® 77)

=> pr (L @ 7,) (7.19)

which is clearly a separable state if Ly, is a positive map. Only separable states have the
property that they stay positive under all local quantum operations. This means that
if p is entangled there always exist a positive map Lj; which when applied to a local
part of the system, transforms p into a non-state. This is essentially just a restatement
of the Horodecki-criterion.
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The partial transposition map

The transposition map T : X;; — Xj; is a positive map, but this is not the case for the
partial transposition map I® T, where T : Hy, — Hy,. This is clear by the existence
of NPT states. So the transposition map is an example of a map which is positive, but
not completely positive.

The positivity condition that comes from applying a tensor product of positive maps
to different local parts of a quantum state, is expressed as positivity conditions on the
eigenvalues of the resulting matrix. In general this will be a characteristic polynomial
of order at least equal to the rank of the state, and this is highly non-linear in p,
and therefore much more difficult to analyze. An entanglement witness W however,
effectively defines a hyperplane tr(Wp) = 0 in Hy, naturally dividing Dy into two
regions, i.e. in a linear sense. In total, this means that a single positive map can in
principle reveal the entanglement of many different states for which we would need
many different entanglement witnesses. The Peres (or PPT) condition associated with
the transposition map is a striking example, since it can reveal entanglement in all NPT
states, something that no single entanglement witness can do.

From a physical point of view an entanglement witness W is more directly useful
than a positive map, because it is an observable, and its expectation value tr(Wp) in a
state p can be measured.

7.2.3 Decomposable maps

A certain subclass of linear maps are the decomposable maps. The common way of
defining a decomposable map is taken from Stgrmer [67]

Definition 7.3 (Decomposable map). A decomposable map Lp : Hy, +— Hy, is a
map that can be written
Lp=C;+CyTy (7.20)

where Cy and Cy are completely positive, and T 4 is transposition on system A.

Any map is either a decomposable map or a non-decomposable map. We have seen
that the map Ly, : Hy, — Hxy, corresponding to M € Hy as defined in (7.10), is
completely positive if and only if the matrix M? is positive. Hence Ly T4 = Ly»
is completely positive if and only if M is a positive matrix. Further from (7.20), any
linear map Ly, is decomposable if M =y + 7, with p and 7 as positive matrices. We
thus define any entanglement witness of the form

D=pu+1" w,T >0 (7.21)
to be a decomposable witness. The expectation value of the operator D in a PPT state
p is

tr(Dp) = tr(up) +tr(77p) = tr(up) +tr(rp") > 0 (7.22)

It is thus evident that any witness with the canonical form (7.21) has non-negative
expectation value tr(Dp) in any PPT state, and therefore cannot be used to reveal any
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entangled PPT state. We observe that since tr(Dp) > 0 for any PPT state, this also
ensures that D is indeed an entanglement witness, since S C P.

We have seen that the total set of entanglement witnesses S° is the dual of the set
of separable states S. From (7.22) and Definition 4.4 of dual cones, we realize that
in much the same way, the set of PPT states P are dual to the set of decomposable
witnesses P°. In fact from P = D N D and (7.21), we can deduce that the set P° is
the convex hull of D and DP. The term convex hull of a set of points X is defined and
outlined in Section 4.2 to be the smallest convex set that contains X. We realize that
an extremal point of P° is an extremal point of either D or D’. That is, it must be
either a pure state p; = ¢! or a partially transposed pure state py = (nn')”.

We can visualize this in a geometric manner, and this is done in Figure 7.1 with D
as a decomposable witness and W as a non-decomposable witness.

Figure 7.1: We see the set of density matrices D and partially transposed density matrices DF. The
convex hull of these sets constitutes the set of decomposable witnesses P°. It is obviously possible to
express the witness D in the form (7.21), but not the witness W, which is then a non-decomposable
witness.

The two types of extremal states p; and py of P°, can be associated with the bi-

quadratic forms
2

2
= >0

In(0:0 = |6 )|

Z lz)ltz OrX1
k,l

, (7.23)

>0

Jnl6,) = |0 @ X*)‘Z .

277/:1 rX]
kol

where ¥y, nr, ¢ and x; are components of ¥, n € Hap, ¢ € Ha and y € Hp respec-
tively. This proves that p; = ¥ and py = (nn')” are indeed entanglement witnesses.
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It was shown by [66, 68, 69] that all witnesses of the form p; = ¥ and py = (nn")F
are extremal on §° and that the corresponding positive maps are extremal on the total
set of positive maps. Since P° is a convex subset of S°, we deduce that all witnesses of
type p1 and p, are extremal on P° and as we have argued, they are the only extremal
points.

It was shown by Woronowicz [70] that all positive maps L : Hy, — Hy, with N =
NaoNp < 8 are decomposable. We know that for every entangled state p there exists at
least one entanglement witness W [33], i.e. at least one W such that tr(Wp) < 0, and
that if the state p is an entangled PPT state this witness W must be non-decomposable.
It is thus easy to see that for the dimensions N = Ny4Np < 8 entangled PPT states
cannot exist, and the Peres criterion is both necessary and sufficient for separability.
It is the same logic that enforces the existence of entangled PPT states for dimensions
N = NyNp > 8.

It is thus evident that in higher dimensions the development of practical and use-
ful separability criteria is a problem closely related to the understanding of the non-
decomposable positive maps and entanglement witnesses.

7.3 Zeros of entanglement witnesses

We here investigate the zero points of entanglement witnesses. The zero points on the
set of product vectors ¢ ® y is of fundamental importance to the understanding of
entanglement witnesses, especially the geometrical aspects.

7.3.1 Primary constraints

We have seen that, with fy (¢, x) defined as in (7.6), an entanglement witness W
satisfies the infinite set of inequalities

fw(d,x) =0 peHta x €Hp (7.24)

These constraints, which are linear in W, are in (7.6) represented through a biquadratic
form. Observe that the normalization conditions ¢'¢ = xTy = 1 are independent of the
constraints (7.24). If W is situated on the boundary dS° it means that at least one of
these inequalities is an equality. We call the pair (¢o, xo) a zero of the witness W if
fw (o, xo) = 0, where the point (ago, bxo) is counted as the same zero for all a,b € C.
For a witness W we formally label the set of zeros as

Iy = {(¢,x), ¢ € Ha, x € Hp| fw(o,x) =0} (7.25)

7.3.2 Secondary constraints

From the primary constraints (7.24) one can deduce more stringent constraints on W
when (¢, ) is close to a zero (¢g, xo). These secondary constraints are both equalities
and inequalities, and like the primary constraints they are linear in W.
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The secondary constraints on fy (¢, x) near a zero (¢, xo) are along the lines of
those for a real polynomial f(¢) of degree four, which satisfies f(¢) > 0 for all ¢. If we
choose a zero point f(ty) = 0 we also require that f'(to) = 0 and that f”(¢y) > 0. In
the case that f”(to) = 0 we also get ) (t;) = 0. These requirements must hold for all
zero points to, ..., t,. Since the set of zeros of a witness W are roots of a polynomial
equation in several variables, we deduce that the set of zeros Il of a witness W consists
of at most a finite number of components, where each component is either an isolated
point or a continuous connected surface.

To investigate the behaviour of fi (¢, x) around the zero (¢, xo) we first introduce
two directions Jy € H4 and Ky € Hp such that QS(T)JO = X(T)KO = 0. We also introduce
two variables x € R?M4=2 and y € R?M572 The vectors ¢ = Jyz and ( = Kyy are then
well defined since the orthogonality conditions remove two real degrees of freedom from
Jo and Ky. Our biquadratic form around the fixed zero point (¢, xo) is then a real
inhomogeneous polynomial which is quadratic in both z and y

Fla,y) = {(¢o+€) @ (xo + OYW{(¢o + ) ® (x0 + )} (7.26)

The linear term of the polynomial is

fi(z,y) = 2Re{(£ ® x0) W (o ® X0) + (¢0 ® )W (¢ ® x0)}

=2"D,f(0,0) +y"D, f(0,0) (7.27)
in terms of the gradient
D..(0,0) = 2Re{(y & o)W (6 @ xo)} 128,
D, f(0,0) = 2Re{(do ® Ko)'W (¢ ® x0)} '
The quadratic term of (7.26) is
fo(z,y) = (£ © x0) W (£ @ x0) + (d0 ® Q)W (¢ ® )
+2Ref{(¢o © O)TW (£ ® x0) + (¢0 @ x0) W (£ ® ()} (7.29)

=2TGwz

where 2T = (27 y") and 2 Gy = D?f(0,0) is the second derivative, or Hessian matrix,
which is always real and symmetric

T
Gw = Re B” zJ] (7.30)
yx Yyy

with the coefficients

gae = (Jo ® X)W (Jo ® x0)
Gay = (00 ® Ko) W (Jo ® x0) + (0 @ K5) WP (Jo @ xp) (7.31)
Gyy = (G0 ® KO)TW(% ® Ky)
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The cubic term is like the linear term but with ¢g <> £ and yg <> ¢
fs(@,y) = 2Re{(¢o ® Q)W (E @ ¢) + (£ ® x0) W (§ @ ()} (7.32)
and the quartic term is

filw,y) = fw(€. Q) = (€@ OW(E® Q) (7.33)

Constraint operators T},

From the fact that (¢g, xo) is a zero point for the witness W, we need f(0,0) =0 or in
the form of a constraint operator Ty : Hy +— R

ToW = (¢ ® XO)TW(QSO ®x0) =0 (7.34)

which is one linear constraint on W. Because (z,y) = (0,0) is a minimum of the
polynomial, the linear term must also vanish, and we introduce another operator T} :
Hy > R2Na+N5=2) which gives another linear system of constraints

- B

It should be noted that the constraints Ty and T; are the same for any witness W with
a zero at (¢g, xo). All of these constraints are linearly independent. We note that the
vanishing of the constant and linear terms of f(x,y) is equivalent to the conditions

(6 ® x0) W (o ® x0) =
(0o ® X)TW(% ® Xo) =

0 VoeH
¢ € Ha (7.36)
0 Vx € Hp

which in dimensions N = Ny Np produce 2(N,+ Np) — 3 real constraints. So, the total
number of constraints given by Ty and T is

co1(®o, xo) = 2(Na + Np) — 3 (7.37)

Quadratic zeros

The quadratic term (7.29) of the polynomial fy (z,y) has to be non-negative. The
inequalities
TGwz>0 V2 € R*Nat+Ns=2) (7.38)

are secondary inequality constraints. They are linear in W, and equivalent to the non-
linear constraints that all eigenvalues of the Hessian matrix Gy must be non-negative.
We then face two different alternatives

Definition 7.4 (Quadratic zeros). In the case that the inequalities 2" Gy z > 0 holds
for all z # 0, or equivalently all eigenvalues of Gy are positive, the zero (¢g, Xo) s a
quadratic zero of the entanglement witness W.
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In the case of a quadratic zero, T and T; are the only equality constraints placed
on W by the existence of the zero (¢g, xo). We then state the following theorem

Theorem 7.2 (Isolated zeros). A quadratic zero is always isolated. Hence, an entan-
glement witness can only have a finite number of quadratic zeros.

Since the constraints from T and Ty for the constant and linear term in fy (z,y),
and their relations to quadratic zeros are relatively well understood, we will move on
to the constraints from Ty and Ts.

Quartic zeros

Let us assume that the Hessian matrix Gy has K > 1 eigenvalues equal to zero. Then
Gwz; =0fori=1,..., K, and the directions z; are quartic directions, or Hessian zeros
at (¢o, Xo0)- Any quartic direction z is a real linear combination

K
=Y diz (7.39)
i=1

of basis vectors z; € KerGy. The K linearly independent eigenvectors z; define a
system of linear constraints on W, which with Ty : Hy +— R2EWNa+Ns=2) jg

These constraints ensure that Gyz = 0 and hence fo(z,y) = 27Gwz = 0. If we are to

make the qubic term (7.32) vanish, this leads to a linear system T3W = 0 containing

(K; *) equations [71]. So the total number of constraints from T, and Ty is therefore
K+ 2)

; (7.41)

C23 :2K(NA+NB—2)+ (
Note that the constraints from Ty and T; address other terms in the polynomial than
those of Ty and T3, so the two sets of constraints should be independent. Furthermore
for the case of only one quartic direction K = 1, all cy3 equations in the total system
given by Ty and T3 should be linearly independent. The case for K > 1 is far less
clear, but it is likely that the constraints are not independent.

7.3.3 Summary of constraints from zeros

Each zero in Iy, associated with an entanglement witness W defines zeroth and first
order equality constraints from Ty and T;. If we define the set of quartic zeros of
W as ﬁw C Iy, then each zero in ﬁW introduces additional second and third order
constraints from Ty and T3. For each zero (¢, xo), the constraint operator Ty defines
the following important distinction

T,W > 0 T,W =0 (7.42)
N——— N——

Quadratic zero Quartic zero
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Let us define U; to be the direct sum of constraints from T; over all the zeros in Ily.
We then write the combinations of constraints as

Uy =Ugp U, Uy =Uy, 8 U (7.43)
The total system of constraints is then
Uw = Ug @ Us; (7.44)

We observe that the constraints Uy, are completely determined by the zeros Ilyy,
whereas Usz depends only on ﬁw and the kernel of the Hessian at each quartic zero.

We here define any witness with at least one zero (¢, xo), i-e. a boundary witness,
to be a quadratic entanglement witness if all the zeros Il are quadratic zeros. Simi-
larly, a boundary witness with at least one quartic zero, will be a quartic entanglement
witness. Note that if W is a quadratic witness, then ﬁw is empty, so Uy, = Uy;. This
classification of boundary witnesses is fundamentally important, since the two classes
have very different properties.

7.4 Extremal entanglement witnesses

We will here describe two conditions for W to be an extremal witness. The first is
based on the set of zeros Il of the witness W, which define faces on S° The other is
related to constraints on W. The two conditions are closely related. These extremality
conditions, and their relation to the facial structure of §° can be used to develop a
method to search for extremal witnesses. We then outline some results about quadratic
extremal witnesses, and briefly describe extremal quartic witnesses, which appear to be
more difficult to understand.

7.4.1 Extremaliy from zeros

If a witness W € S° is not an extremal witness then it can be written as a genuine
convex combination of two other witnesses A, Y € §° and

W =(1-p)A+pX 0<p<l1 (7.45)
We can then also write the biquadrtic form as a convex combination

fw(d,x) = (1 =p)fale, x) +pfe(d,x) (7.46)

and also the Hessian matrix defined at a zero (¢, xo) of W as
Gw = (1—p)Gx +pGs (7.47)

Since A and ¥ are witnesses we know that fa, fx, > 0 for all (¢, x), and likewise that
G, Gy, > 0 for all (¢, x). This means that (do, xo) is a zero of the witness W in (7.45),
if and only if it is also a zero of both witnesses A and ¥. Please note that it is possible
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for A to have a zero which is not a zero of W, as long as the zero is not shared by .
Because of (7.47) we also understand that z is a Hessian zero of W at (¢, xo) if and
only if it is a Hessian zero at (¢o, xo) of both A and ¥. We can see that all witnesses
W in the line segment (7.45) have exactly the same zeros and Hessian zeros.

If the witnesses A and X described above are the extremal points of a line segment
in §° then the line segment cannot be prolonged within §° in either direction. Now,
both A and ¥ must have at least one additional zero, or alternatively one additional
Hessian zero in addition to the zeros and Hessian zeros of witnesses in the interior of
the line segment [71]. We can summarize the above in an important theorem regarding
extremal entanglement witnesses

Theorem 7.3 (Extremality condition I). A witness W is extremal on S° if and only
if no witness © # W has a set of zeros llg and Hessian zeros which includes the zeros
[Ty and Hessian zeros of W.

An equivalent condition in terms of the constraints operator Uy = @i, U; for
the zeros and Hessian zeros, is that there can be no witness © # W that satisfies the
constraints Uyy© = 0. From this we can deduce that if none of the witnesses on the line
segment (7.45) are quartic witnesses, then the witnesses A and 3 which are extremal
to the line segment, will have at least one additional zero (¢o, xo) not shared by other
witnesses in the segment.

7.4.2 Faces of S§°

If we extend the above discussion from one-dimensional line segments to faces of larger
dimensions, we can see that every face F € S° is uniquely characterized by a set of
zeros and Hessian zeros that is the complete set of zeros and Hessian zeros of every
witness in int(F). Every witness on OF is a witness having the zeros and Hessian
zeros characteristic of witnesses in int(F), plus at least one more zero or Hessian zero.
Roundly formulated we can say that the boundary of S° is a hierarchy of faces, and
that the number of zeros and Hessian zeros that define the faces, increase for each step
we descend through the dimensions of these faces.

Once the zeros Il and accompanying Hessian zeros of a witness W are known, it
is possible to find a finite perturbation of W within the unique face of §° to which W
is an interior point. The most general direction for such a perturbation is a traceless
matrix I' € Ker Uy. Note that as the number of zeros and Hessian zeros increase,
so does the number of constraints, so Ker Uy, and thereby the possible choices for I'
decreases. Computationally, if we have a general " € Ker Uy, it can be made traceless
by the transformation I' = I — tr(I")W. A result which supports the description of the
hierarchy of faces F; on the set S° is [71]

Theorem 7.4 (Facial structure of §°). Let W be a witness, and let T' # 0 be a traceless
Hermitian operator. Then

O =W +1I (7.48)

is a witness for t in some interval [ty,ts], with t; < 0 < ta, if and only if T' € Ker Uy,
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The maximal value of ¢, is the value of t where © acquires a new zero or Hessian zero,
and the minimal value ¢; is determined in the same way. So the directions I' € Ker Uy,
are the only directions which allow us to descend through the hierarchy of faces F; in
this way. A generic direction I' ¢ Ker Uy, either leads out of 9S° into S or in the
opposite direction, out of §° Only a I' € Ker Uy, ensures that we stay on the face
defined by Ker Uyp. A geometrical way of understanding Theorem 7.4 is to look at the
face

fW = (Ker Uw) ns° (749)
Evidently, as Ker Uy, decreases with the addition of new zeros and Hessian zeros, the
face Fy also shrinks in dimension. If the face Fy, becomes a single point W, or a zero-
dimensional face, then W is an extremal point on the set of entanglement witnesses S°.
Thus an algorithm which produces a decreasing sequence of faces 71 D F> D ... D F,
of §° where every face F; is a face of every F; with ¢ < j, will eventually converge to
an extremal point of all these faces. All this can also be formulated into a another quite
useful extremality condition

Theorem 7.5 (Extremality condition II). Let Uy be the constraint operator as de-
fined in (7.44). An entanglement witness W is extremal if and only if Ker Uy is
one-dimensional, i.e. spanned by W.

Thus once the zeros and Hessian zeros of the witness W are known, we can test
for extremality by computing the dimension of Ker Uy. This allows for a numerical
implementation of the extremality criterion.
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Figure 7.2: Model for how a new local min-
imum of f;(u) appears as ¢ varies, turning
into a zero and then a negative minimum as
the witness leaves S°. The model function is
fi(w) = v?[(u—1)2+1—1¢].

Figure 7.3: A quadratic zero turns into a
quartic zero. And then new negative min-
ima, which indicates that ©(¢) no longer is in
the set §° appears. The model function is
filw) = u?(u? +1—1).

We see depicted in Figure 7.2 a model of how a new isolated quadratic zero of the
witness O(t) appears. Each curve is for different values of ¢ in the perturbation (7.48),
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and represents the function
fe(w) = fwsr (o + ud, x + ux’) (7.50)

for different witnesses O(t). An initial zero point exists at « = 0, and the perturbation
progresses until a new witness with a zero at u = 1 is reached. It is quite clear that for
the lowest curve, O(t) is no longer an entanglement witness. Likewise in Figure 7.3 we
see how an existing quadratic zero turns into a quartic zero.

This discussion can be formulated into an algorithm that can be used to search
numerically for extremal entanglement witnesses. A somewhat more formal description
of this algorithm is outlined in Section 8.6.

7.4.3 Quadratic extremal witnesses

It is interesting to try and understand the minimum number of zeros n. a witness must
have in order to be extremal on S°. The case for quadratic witnesses is far clearer than
for the quartic witnesses, largely because the number of constraints for a quadratic zero
is easier to handle. We remember that if (¢o, xo) is a zero of the witness W, then the
partially conjugated zero (¢o, x§) is a zero of W¥. We now make the useful definition

Definition 7.5 (Spanning property). If the collection of zeros Iy of an entanglement
witness W € Hy span the Hilbert space CV, then W has spanning property. In the case
that also the partially conjugated zeros 115y, span CV, the witness W has double spanning

property.

A result that effectively determines the minimum number of zeros n, = |IIy| for a
quadratic extremal witness is the following theorem

Theorem 7.6 (Double spanning). A quadratic extremal witness W has the double
spanning property.

This is easy to see by appealing to a projection P = ! If the set of zeros of
W do not span the Hilbert space, then such a projection exists, with ¢» L Ily. The
projection P will then be witness with a set of zeros including IIy, and hence W cannot
be extremal.

We return briefly to the case of decomposable witnesses, and observe that the bi-
quadratic form for the decomposable witness D = p + 77, with pu, 7 € D is

If (¢, x0) is zero of D then (7.51) shows that (¢, xo) must be a zero of 1 and (¢g, x§)
must be a zero of 7. Since both u,7 € D we can deduce that the zeros of D = p + 7%
span the Hilbert space only if © = 0, and the partially conjugated zeros of D span the
Hilbert space only if 7 = 0. We then easily see from Theorem 7.6 that a quadratic
extremal witness is always non-decomposable.
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Minimum number of zeros from constraints

If we count the number of constraints ¢y from one quadratic zero, we collect from (7.37)
that ¢y = 2 (N4 + Np) — 3. With n quadratic zeros we will have ncy; constraints, and
since |S°] = N? — 1 these will for the generic case be linearly independent as long as
ncogr < N? — 1. A lower bound on the number of zeros of quadratic witness is then

(NaNp)? — 1
= [atvrs 3| o

Please note that for Ny = 2 we get n. = N — 1 which is weaker than the lower
bound given by Theorem 7.6. For all Ny, Ng > 3 we get n. > N, which is consistent
with Theorem 7.6. In Table 7.1 we see the different relevant numbers for a selection
of dimensions N4 x Ng. The number my,q is the numerically calculated number of
linearly independent constraints arising from n, randomly chosen (generic) pairs (¢, x).
For each of these pairs the constraint operator Uy, is built, and my,q is then calculated.

Nyx Ng N? ¢y Ne Ming
2 X2 16 5 14

3

2x3 36 7 5 34

2x4 64 9 7 62
9

Table 7.1: Numbers related to a generic quadratic witness W in dimension N4 X Np. c¢o1 is the
number of linearly independent constraints from each zero, n. is the estimated minimum number of
zeros required for W to be extremal and mj,q is the actual number of independent constraints from
n. random product vectors in CV = CN4 @ CV5.

In Theorem 7.6 we established that a quadratic extremal witness W always has
the double spanning property. But is the converse true? From Table 7.1 we see that
in dimensions higher than 2 x Ng and 3 x 3, the minimum number n. of zeros of a
quadratic extremal witness must be larger than the Hilbert space dimension N. Hence
non-extremal witnesses with the double spanning property must be very common. So
we conclude that the converse of Theorem 7.6 is true generically only for the 2 x N and
3 x 3 systems. These observations give a picture of increasingly complicated geometry
of the quadratic witnesses as dimensions increase. In dimensions 2 x 2 and 2 x 3 all
witnesses are decomposable, while for the 2 x Np and 3 x 3 systems all quadratic
witnesses have the double spanning property, and for larger dimensions there exist an
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abundance of non-extremal quadratic witnesses with the double spanning property. We
make further observations from Table 7.1 regarding quadratic witnesses:

e In order to produce an extremal witness we need to use all constraints contained
in the zeros, and because of the extremality condition in Theorem 7.5 the number
of these must be N? — 1, which is equal to the dimension of the real vector
space Hy of Hermitian matrices, minus one. The demand that |Ker Uy/| = 1
for the final step, takes care of the normalization of the witness W. For many of
the dimensions N4 X Ng we observe that the number of independent constraints
from a random set of product vectors my,q is equal to the dimension of the real
vector space Hy of Hermitian matrices. In these cases there does not exist an
entanglement witness with these product vectors as zeros. So we conclude that
the zeros of extremal witnesses in these systems must satisfy some relations that
reduce the number of independent constraints m;,q by one.

e In the case Ny = 2 we see that n. = N — 1, so if n. is the correct minimum
number of zeros, then Theorem 7.6 appears to fail. It looks however like there
is an intrinsic degeneracy that reduces the number of constraints by one. For
example in the 2 x 4 system the actual number of constraints from n, = 7 random
product vectors is 62, instead of n.c; = 63. This degeneracy implies that one
extra zero is needed. With N — 1 zeros there exists a vector ¢ orthogonal to all
the zeros, and another vector n orthogonal to all the partially conjugated zeros.
And since both ¢ and (nn')? lie in Ker Uy, we must have |Ker Uy, | > 2.

e The 3 x 4 system is special in that the number of constraints from a generic
random set of n, = 13 product vectors, add up to exactly the number needed to
define a unique A € Hy with UyA = 0. This does not however imply that A
defined in this way from a random set of product vectors will be a witness, since
we generally will not have (¢ ® x)TA(¢ @ ) > 0 for all the product vectors ¢ ® x.

Continuing in the vein of the last point above, we may ask a very interesting and
important question: How do we choose a set of product vectors ¢; ® x; such that they
serve as the zeros of an extremal witness W7 It appears that the sets of product vectors
o; @ x; € S that act as the zeros Iy, for a witness W, are quite special and non-generic
sets of product vectors. We shall return to these matters later in Section 7.5.3.

Generic quadratic extremal witnesses in the 3 x 3 system

We have implemented Algorithm 1, and used it to locate numerical examples of ex-
tremal witnesses in the 2 x 4, 3 x 3 and 3 x 4 systems. In the process we produce
extremal and non-extremal witnesses situated on a hierarchy of successively lower di-
mensional faces of §°% We define a class of extremal witnesses to be generic if such
witnesses can be found with non-zero probability when the search direction I' in (7.48)
is chosen at random within Ker Uy, in every iteration. An overwhelming majority of
the extremal witnesses found in the numerical random searches are quadratic. We have
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also investigated quadratic witnesses with a number of zeros exceeding the minimum
number n, given in Table 7.1, and these appear to be non-generic.

e Generally, a single new quadratic zero appears in every iteration k£ when the
boundary of the current face is reached. As long as the number of zeros k in
the chain of iterations is small, there is no redundancy between constraints from
existing zeros and the new zero. A redundancy appears typically with the seventh
zero in 2 x4, with the ninth in 3 x 3 and never in 3 x4. Assuming non-redundancy,
this gives a hierarchy of faces of S° of dimension N? — 1 — kcy, where cq, =
2<NA + Np) — 3.

e The extremal witnesses have the expected number of zeros as listed in Table 7.1.
The zeros (¢o, xo) and the partially conjugated zeros (do, x§), span the Hilbert
space, in accordance with Theorem 7.6.

e Every witness W and its partial transpose W7’ have full rank, and a generic
quadratic extremal witness W and its partial transpose W' has at least one
negative eigenvalue.

In Figure 7.4 we see some data for the eigenvalues of 171 quadratic extremal wit-
nesses in the 3 x 3 system, found in numerical searches using Algorithm 1.

Fraction of states

2,1) (2,2) (2,3) (3,2) (3,3)
(p, q) = # negative eigenvalues for (W, W7)

Figure 7.4: Classification of generic quadratic extremal witnesses in the 3 x 3 system found numerically
by using the algorithm based on Theorems 7.4 and 7.5, along with (7.49), which is found in Section
8.6. A witness W of type (p, ¢) has p negative eigenvalues and its partial transpose W7 has ¢ negative

eigenvalues.

Since it is the negative part of the eigenvalue spectrum which makes an entanglement
witness W useful, it seems obvious that the number of negative eigenvalues p and their
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magnitude |\;| is important. It could be argued that p, and the magnitude of these
negative eigenvalues, is related to the size of the set {p € D|tr(Wp) < 0} which W
reveals.

Non-generic quadratic extremal witnesses in the 3 x 3 system

In order to demonstrate that a quadratic witness may have more than the minimum
number of zeros, we have constructed quadratic extremal witnesses in the 3 x 3 system
with ten zeros rather than the generic nine zeros. In order to produce a witness with a
larger number of zeros than the minimum n,. required for extremality, we first produce
a set of k < n,. zeros using less than the generic number of constraints. This means that
the set of k& product vectors must have a degree of linear dependence. In this way, when
the generic number of zeros n, is reached, there are still enough degrees of freedom to
create one extra zero, and make W extremal.

For the 3 x 3 system it appears that if we choose k¥ = 8 and k£ = 9, the con-
straints leave only the decomposable witnesses [71], none of which are quadratic and
extremal. For k = 7 however, there is room for additional zeros so that we can create
a non-decomposable quadratic extremal witness. Denote U((ﬁ) as the linear system of
constraints for k zeros. We choose seven zeros (¢;, x;) such that |Ker Ué?| = 22, which
is non-generic. A decomposable witness with all these seven (¢;, x;) as zeros has the
form D; = pu + 77 where pu, 7 > 0 has rank three. Hence the set of such decomposable
witnesses is 18-dimensional, so that there are four dimensions in Ker U(()? orthogonal
to the face of decomposable witnesses. Defining I'; to lie in these four dimensions, one
can walk towards the boundary of the face

Fr=Ker U N &° (7.53)

and find ©Og = D,;+t.['; with eight zeros. Og is now guaranteed to be non-decomposable.
Let now Ug? be the constraint operator defined by these eight zeros, and define the

face
Fs=Ker U N &° (7.54)

We find that [Ker US)| — |Ker US| = 9. Defining I's € Ker Ul we locate a ©q € Fy
on the boundary of Fg, with nine zeros. The essential thing is that we now have
|Ker U((ﬁ)\ = 4, hence there is still freedom to move along Fy. Doing so produces a
quadratic extremal witness in the 3 x 3 system, with ten zeros.

The above method involved the construction of non-generic structures in order
to produce non-generic properties of extremal quadratic witnesses. We can also find
generic faces on S° in the 2 x 4 and 3 x 3 systems, that contain extremal quadratic wit-
nesses with nine and ten zeros respectively. The next-to-extremal faces of S° in these
systems reveal a special geometry, which is related to the presence of decomposable
witnesses on the boundary of these faces.

What we typically find in the kth iteration when using Algorithm 1, is a face Fy of
S° with interior points that are quadratic witnesses with & zeros. In the 3 x 3 system,
Fg is the last, i.e. next-to-extremal, face found before a generic extremal quadratic



120 POSITIVE MAPS AND ENTANGLEMENT WITNESSES

witness is reached. These particular faces have a special geometry, because the number
of zeros is one less than the dimension of the Hilbert space, and as a result of this, a
part of the boundary is a line segment of decomposable witnesses

M = (1= p)t + p(m")” 0<p<1 (7.55)

where 1) is orthogonal to the N — 1 product vectors ¢; ® x; which are zeros of all the
witnesses in the interior of Fy_1, and 7 to all ¢; ® x}. The line segment (7.55) of de-
composable witnesses must be on the boundary of Fy_; because the interior consists of
quadratic witnesses with a fixed set of NV —1 quadratic zeros, whereas the decomposable
witnesses have additional zeros, in fact an infinity of quartic zeros.

0.6}

0.4}

0.2}

-0.4 -0.2 0 0.2 0.4 0.6 0.8

Figure 7.5: A special two-dimensional section of an eight-dimensional face Fs C S° obtained by using
Algorithm 1 for the 3 x 3 system. The solid lines represent the boundary 0 Fg. The red line is a segment
of decomposable witnesses, with the upper endpoint being a pure state 1! and the lower end point a
partial transpose of a pure state (nn)”. The “+” represents a witness in the interior of the face, with
eight zeros. This is the starting point for perturbations of the type (7.48) along the face, with two
orthogonal traceless directions I'y, 'y as axes. The perturbations identify different boundaries: The
curved solid boundary in blue, which consists of extremal witnesses with nine zeros, except at the kink
where the witness has ten zeros. The dashed blue line is where at least one zero becomes quartic, and
lies outside the set of entanglement witnesses, except at the two endpoints ¥t and (ynt)”.

For the face Fg in the 3 x 3 system, the remaining boundary, with the line segment
(7.55) taken away, will consist of quadratic extremal witnesses with nine or ten zeros.
Since the face Fg is eight-dimensional, this curved boundary will be seven-dimensional.
Any two-dimensional section passing through Fg that includes the line segment (7.55)
is shaped like a D. In Figure 7.5 we see such a D-shaped cross section, constructed by
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using Algorithm 1, and then making a large number of paths I' on Fg, locating the
boundary 0Fg.

All along the blue curve consisting of quadratic witnesses with nine zeros, eight of
those zeros are shared by all witnesses on the face, they in fact define the face Fg. But
the ninth zero changes continuously along the curve, and since these two continuous
curves meet in one point, this point is a witness with two quadratic zeros in addition
to the eight zeros defining the face.

Even though these so-called D-faces are found in completely generic searches, please
observe that there is no guarantee that any choice of eight random product vectors
define such a D-shaped face. In other, and generally higher dimensions Ny X Npg, line
segments of the type (7.55) constructed from N — 1 zeros, also define D-shaped faces,
but the curved part of these faces will in general not consist of extremal witnesses.
This is related to the fact that for most of these systems the minimum number of zeros
for extremailty n.., as given by (7.52), is larger than the dimension N = N,Npg of the
Hilbert space. As we have seen in Table 7.1 this happens for systems with dimensions
3 x 4 and larger.

7.4.4 Quartic extremal witnesses

In each iteration of Algorithm 1 the critical parameter ¢, is reached when either a new
quadratic zero appears, or a new zero eigenvalue of the Hessian matrix appears at one
of the existing zeros. This is depicted in Figures 7.2 and 7.3. Our experience is that
a random search most often produces a quadratic extremal witness, and only rarely a
quartic extremal witness.

In order to quantify this somewhat, we have made random searches for quartic
witnesses in dimension 3 x 3 in the following manner: We took 58 hierarchies of faces
}‘i(k) of quadratic witnesses which we generated by Algorithm 1, and generated 100
random perturbations I away from the quadratic witness W € int(F) found on each
face k. Since we have k = 1,...,8 faces and i = 1,...,58 extremal witnesses we get
totally 8-58-100 = 46400 trials. For each trial we computed ¢/, as the smallest ¢ resulting
in a zero eigenvalue of the Hessian at a zero. The value ¢/, can then be considered an
upper bound for ¢.. At t =t we test whether W +¢/I" is still an entanglement witness,
in which case it is a quartic witness. If it is not, this will mean that there has appeared
a new quadratic zero for some t < t.. We found with a tolerance of 41071* that only
approximately 0.2% of the trials returned a quartic witness. We conclude that the
fraction of quartic extremal witnesses among the generic extremal witnesses is small
but non-zero.

We have seen that the pure states p; = 1t and partially transposed pure states
p2 = (m')”
P° and the total set of witnesses S°. An easy way to see that the pure state p; = ¥ is
a quartic witness, is to invoke the Schmidt decomposition scheme (3.21) on ¢. The zeros
of p; are the product vectors ¢® x orthogonal to ¢. In a Schmidt decomposition of v we

are witnesses that are extremal on both the set of decomposable witnesses

obtain the singular values ¢; > 0 and orthonormal bases u; € H 4 and v; € Hp such that
=31 ¢i(u;®v;), with r as the Schmidt rank of ¢ and where 1 <7 < min(N4, Ng).
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A general product vector in the bases u; and v; is then

NaNg
pRx =Y abiju; vy (7.56)
i
and the condition for ¢ L ¢ ® x is then )., ¢;a;b; = 0, which for all Ny, Ng > 0 and
any 7 gives a connected and continuous set of zeros. Since all quadratic witnesses have
isolated zeros, the witness p; = ¥ is a quartic witness. An identical argument can be
used for witnesses of the form py, = (nn)F.

Indeed the pure state P = 19! is an example where the zeros IIp do not span
the Hilbert space, but where the witness P is extremal nonetheless. The partially
conjugated zeros 11}, may however span the Hilbert space. The witness P exemplifies
that Theorem 7.6 cannot be extended to quartic witnesses, but as we shall see below
there are more illustrious examples of this. Again this is a consequence of the fact that
a quartic zero usually carry more constraints than a quadratic.

The Choi-Lam witness

Define, like Ha and Kye [72]

a . . .o—el? . : —ef‘é\
c .
b .
Qa,b,c;0) = [—e ¥ . . .a . . . —elf (7.57)
c

c .

. b
—elf —e 10 a

We write dots instead of zeros to make it more readable. The special case Wy =
Q(1,0,1;0) is the Choi-Lam witness, one of the first examples of a non-decomposable
witness, developed by Choi and Lam [64]. The set of zeros of W¢ consists of three
isolated quartic zeros

e13 = €1 D es €91 = €3 ® €1 €39 = €3 X €y (758)

where e, eq, €5 are the natural basis vectors in C3 in addition to a continuum of zeros

¢ ® x where _ .
b = e1 4 €%y + eey X = ¢* (7.59)

with the coefficients a, 5 € R. The product vectors defined in (7.59) span a seven-
dimensional subspace V' consisting of all vectors 1/ € C? with components 1/; = 15 = .
The three product vectors defined in (7.58) have ¢ = b5 = 19 = 0 and lie in the same
subspace V. The Choi-Lam witness provides a good example of a witness which is
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extremal but does not have spanning property, and thus underlines the restriction of
Theorem 7.6 to quadratic witnesses. It should also be emphasized that there do exist
quartic witnesses with a set of zeros that span the Hilbert space. So the spanning
property is in no way exclusive to the quadratic witnesses, but only guaranteed for this
type by Theorem 7.6.

It can be proven numerically that the Choi-Lam witness is extremal on S° Using
all the quadratic and quartic constraints Uy, from all the three isolated zeros ey, ey, e3
and any single zero ¢(«, 3) from the continuum, one can show that |Ker Uy, | = 1, and
this uniquely defines the Choi-Lam witness. The extended class of Choi-type witnesses
(7.57), has many different properties for varying values of the parameters a, b, ¢, 6. For
example, it is known that the Choi-Lam witness W = Q(1,0, 1;0) is extremal but not
exposed, but the extended witness given in (7.57) is also exposed for some combinations
of a,b,c, 0.

7.5 Faces of § and S§°

As we have seen, an understanding of the geometry of the set of entanglement witnesses
S° can be made by studying the faces of this set, and their related zeros. These zeros
are pure product vectors ¢ = ¢ ® Yy € CV = C¥ ® CN? which correspond to states
Pt € 8. So our understanding of S° is then related to an understanding of the faces
Fs of the separable states S. Some studies have been made into the structure of Fgs.
Alfsen and Shultz [51] describe two special types of faces in S, as either a special class
of simplexes or direct convex sums of faces isomorphic to matrix algebras. It is our
understanding that these two categories correspond to certain types of quadratic and
quartic witnesses respectively, where our understanding of the quadratic witnesses is
good. It is known that the set of entanglement witnesses S° has unexposed faces, but
it is unknown as to whether this is the case for S, though several works have been
published on the matter, notably by Chruscitiski and Sarbicki [76, 77].

7.5.1 Duality of exposed faces of S and S°
It is possible to define the dual of a subset X C S by

Xe={WeS|tr(Wp) =0 Vpedi} (7.60)
and similarly from any subset ) C S8° the dual

Yo={peS|tt(Wp)=0 VW ey} (7.61)

Since no witnesses in the interior of §° have zeros, we must assume that X C dS and
Y C 08° and then follows that X° C 9S° and Y° C 0S.

It is clear that in any system of finite dimension, we would need a finite number k of
separable states py, ..., pr € X to define X° = {W € S°[tr(Wp;) =0 for i =1,... k}.
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If we then construct for instance the evenly weighted separable state py = % Zle pi €X
we see that the set A° can be defined as

X% ={po}” = {W € & [tx(Wpo) = 0} (7.62)

This is possible because tr(Wp;) > 0 for ¢ = 1,..., k, which means that tr(Wpy) = 0 =
tr(Wp;) = 0 for ¢ = 1,...,k. By the same argument we can show that it is always
possible to find a witness W, such that

Vo ={Wo}* = {p € S| tx(Wop) = 0} (7.63)

We now assume that the witness W € X° can be written as

W = (1-p)W;+ pW, 0<p<l1 (7.64)

where Wy, W, € 8° Since Wy and Wy are witnesses we must have tr(Wip) > 0 and
tr(Wap) > 0 for all p € S. From (7.64) we get that

tr(Wp) = (1 = p) tr(Wip) + ptr(Wap) =0 (7.65)

which again means that tr(Wip) = tr(Wap) = 0. So Wi and W, must lie in X°, which
means that X'° is a face. Since we see from (7.62) that X° is dual to one py € X C S,
the equation tr(Apg) = 0 with A € Hy defines a hyperplane of dimension N? — 2 in the
(N? — 1)-dimensional space of Hermitean N x N matrices of unit trace. The A € Hy
which are also witnesses, then lie exclusively in the face A°, which is then an exposed
face of §°. By similar argument we also conclude that )° is an exposed face of the set
of separable states S.

We have seen that the two sets X° and )° are exposed faces on S° and S. We have
also observed that A° is the dual of a separable state py and that )° is the dual of a
witness Wy. We can now summarize this into a result that expresses a duality between
exposed faces of S and S°

Theorem 7.7 (Duality of exposed faces in S and S°). There is an isomorphic relation
between exposed faces of S and exposed faces of S°. The faces in each pair are orthogonal
to each other.

We know that in any nested hierarchy of faces 7y D Fy... D F}, extremal points
are inherited. It thus follows that the extremal points of the face )J)° C S are the zeros
which are common to all the witnesses in ) C §°. So an important result is that

Theorem 7.8 (Zeros of W and exposed faces of S). A set of product vectors v; =
i ® x; € CN = CNa @ CVB is the complete set of zeros of some witness W if and only
if all p; = wiwj are the extremal points of an exposed face of S.

It is unknown whether unexposed faces of S exist. We know that for any compact
convex set, an unexposed face must be contained in an exposed face, so any hypothetical
unexposed face of § must lie in a larger exposed face.
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7.5.2 Unexposed faces of S°

A version of the Choi-Lam witness in (7.57) can be written We = Q(1, 0, 1;0). This wit-
ness is extremal, and represents a zero-dimensional face Fso (W) which is unexposed.
The three isolated product vectors from (7.58) define the states eje!, esel, esel, and the
continuum of product vectors defined in (7.59) define the states ¢(a, 3)é'(«, ). The
dual face W2 C S then has the states elei, egeg, egeg and ¢(a, B)o'(a, B) as extremal
points. The face W¢ has dimension 21, and the separable states in the interior of this
face have rank seven, since the zeros span a seven-dimensional subspace.

Numerically we find that the constraints Uy and U; associated with the zeros of
We define a four-dimensional face of S° The rest of the constraints comes from U, and
Uj which are associated with the quartic nature of the zeros. This is an example of
how faces of §° can be unexposed. In general, a witness I having one or more isolated
quartic zeros, will be an interior point of an unexposed face on §°. This unexposed face
is then a face of a larger exposed face consisting of witnesses having the same zeros as
W, but such that for these witnesses all these isolated zeros are quadratic.

7.5.3 Simplex faces and other faces of S

We here distinguish between two different types of faces on S, namely the faces which
take the form of a simplex, and the faces that do not. The simplex type of faces
are closely related to quadratic witnesses, while other types are connected to quartic
witnesses.

Simplex faces of S

From Theorem 7.7 we find the relation between zeros of witnesses and exposed faces
on 8. The exposed faces of S defined by extremal quadratic witnesses are simplexes.
We discussed simplexes as convex sets more thoroughly in Section 4.5, and we defined
an n-simplex A" to be a simplex with n + 1 vertices and an interior with dimension n.
Given the product vectors ¥; = ¢; ® x; for i = 1,...,k so that n =k — 1, as zeros of a
generic extremal quadratic witness W, the corresponding product states p; = 1/»,»1/}3 are
the vertices of an n-simplex, which is the exposed face W° on S dual to W.
Let p be an interior point of this face

k
p= Zpipi Zpi =1 pi >0 (7.66)
i=1 i

From Theorem 7.6 we understand that p constructed from all the zeros v; = ¢; @ x;
and p” constructed from all the zeros 1; = ¢; ® x;, have full rank N = N4Np. Thus
for these states we will have p € int(P) C int(D). These full rank states make up
the interior of the simplex AV~ For instance for the 3 x 3 system, these states will
have rank nine, and the entire simplex A® will be a face of S, i.e. lying on S. But
apart from the extremal states p; = 7/)1'7/)2 the simplex A® will lie in the interior of P.
The boundary of A® will consist of other faces of S defined by less than nine zeros,
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accordingly these faces are located inside faces of D, i.e. on 9D. In dimensions that are
large enough (Table 7.1), such a witness has more than N = N4Np zeros, and define a
simplex face of S for which also the boundary points may lie in the interior of D. In this
way the geometry of S in relation to D, appear to become more and more complicated
as the dimensions increase.

One question that could be raised is whether any generic simplex AY~! € Dy, with
n. vertices 1/11»1/1; with ¥; = ¢; ® x;, define an exposed simplex face of S. If n, > N,
which is the case when N4, Ng > 3, then the simplex is overdetermined by the fact that
the largest possible rank of the set ¢; is V. If the answer is in the affirmative, then any
such generic collection of vertices v; will be zeros of an extremal quadratic witness.

We have made investigations in the 3 x 3 system, into the geometrical orientation of
8-simplexes A® € Dy relative to the maximally mixed state pg = I/9. On such a simplex
there always exists a (usually unique) state ppn closest to pp. The minimum distance
is given by the Hilbert-Schmidt norm dpin = |pmin — po|- In dimension N = N4 Np the
distance from any pure state to the maximally mixed state pg is /(N — 1)/N, and in
our case this upper limit is d,;, < NG /3 ~ 0.94.

0.55r - 1
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Figure 7.6: The rank of pp,;, and its distance dipin = |pmin — po| from the maximally mixed state py,
for a large number of 8-simplexes A® in dimension 3 x 3. The distance dp;y, is in the Hilbert-Schmidt
metric. The 8-simplexes are faces on S, i.e., they are constructed from the zeros of a large number
of extremal quadratic witnesses found in random searches using Algorithm 1. A similar scheme for
randomly generated 8-simplexes return approximately 90% states of rank nine.

For the 3 x 3 system we find numerically, if we generate a large number of 8-simplexes
defined by a random set of nine pure product states, that for approximately 90% of
the cases, the state pyi, will have full rank, i.e it will lic in the interior of A® and
Dy. For the remaining cases we find that pp;, mostly has rank eight, and very rarely
rank seven. Figure 7.6 shows the results for the sample of 171 extremal quadratic
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witnesses we have generated using Algorithm 1. For the cases in Figure 7.6 it happens
in only about 2% of the cases that pu;, has full rank. In the remaining cases pui, lies
in A% and 9Dy. We see a tendency that the minimum distance d,;, is smaller when
rank(pmin) is higher. This is because the most regular simplex faces are positioned most
symmetrically relative to the maximally mixed state.

Thus Figure 7.6 clearly verifies numerically that the orientations of randomly gen-
erated simplexes relative to pg = I/9, has a distribution which is different than for the
simplexes which are constructed from zeros of extremal quadratic witnesses. So it is
likely that any random simplex A® will in general not define zeros of an entanglement
witness, and that the simplex will then not be a face of S.

Other types of faces of S

Since any entanglement witness W € 9S° lies on an exposed face of S° it follows effec-
tively from Theorem 7.7 that to every entanglement witness W € 0S° there corresponds
an exposed face on §. The large variety of entanglement witnesses implies a similar
variety of faces of S. The class of simplex faces have only a finite number of extremal
points, while other faces may have only continuous sets of extremal points, and further
we may have faces with both discrete and continuous subsets of extremal points.

We have seen that quadratic witnesses can be related to simplex faces of S. Another
well known example of an extremal witness is the Choi-Lam witness W, which is
quartic and extremal. It has three discrete zeros and one continuous set of zeros, and
these zeros define extremal points of a face of S which is quite different from the simplex
faces.

If we consider a pure state W = ¢! which is quartic and extremal on the set
of decomposable witnesses P°. The zeros of W are the product vectors which are
orthogonal to 1. Using the standard basis ¢; for C* we can look at two very simple
examples. We write a general product vector as

fi g1
o@x=|/fo]|® |9 (7.67)
f3 g3

with f;,9; € C

e [f we take ¥ = e; ® e1, then all components ; are zero, except ¥ = 1. So for
W =yt we get

@) Weax)=0 = fig=0 (7.68)

with either f; = 0 or g = 0. The product vectors ¢ ® x satisfying this, produce
product states belonging to a full matrix algebra in dimension 2 x 3 or 3 x 2,
depending on whether f; = 0 or g = 0. They are extremal points on a face of the
type discussed by Alfsen and Shultz [51], which they call a convex combination
of matrix algebras.
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e We can choose the Bell type entangled state ¢ = \/g (]11) +22) +(33)). Keeping
in mind that we write e; = |i), we get for W = yn)f

(o) W(eax)=0 = figi+ fogo+ fs95 =0 (7.69)

This means that for every vector ¢, the vector y defines a two-dimensional sub-
space of vectors satisfying the orthogonality condition, and vice versa. These
pure product states are then the extremal points of a face on & which is neither
a simplex nor a convex combination of matrix algebras.

So it is pretty clear that there is a great variety of faces on S, and the structure of
these faces is far from understood. As we shall immediately see, this has consequences
for the convex decomposition of separable states, where we naturally want to be able
to find a decomposition into the minimum number of pure product states.

7.5.4 Minimal convex decomposition of separable states

In Section 5.8 we constructed a procedure for decomposing an arbitrary state p € D of
rank r, as a convex combination of r pure states )

p= sz‘ (W)  pi>0 Zpi =1 (7.70)
i1 i

The essential characteristic of D that ensures the possibility of such a procedure, is the
structure of faces Fp on D. By the Werner definition [21], a state p on CV is separable
if it can be expressed as

p= ZP:’ (i ®@73) = sz‘ (di! @ xix!) (7.71)
=1

i=1

It is obvious that if we pick a set of n < N linearly independent product vectors ¢; ® x;
we can invariably form a separable state of the form (7.71), with rank n = s. But if we
approach from the other end, given a separable state p, what is the minimum number
Smin Necessary to write p on the form (7.71). This question is closely related to the
structure of faces of S. If we use the procedure in Section 5.8 in order to decompose
p € S on form (7.71), it might happen, that the face F3 is the dual of a quadratic
witness. It will then contain only a finite number of pure product states, much smaller
than the dimension N2—1 of the set of normalized separable states. Recall that the pure
product states in such a face are the zeros of this quadratic witness, and the number of
zeros is largest when the witness is extremal. In the generic case the number of zeros
of a quadratic extremal witness is n., as given by (7.52).

It therefore seems likely that also in the decomposition of separable states one could
do much better than the N2 pure product states guaranteed by Carathéodory’s theorem.
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7.6 Optimal witnesses

The fact that there does not exist a universal entanglement witness, gives rise to the
notion of optimal witnesses. There are many, and equivalent, ways of defining optimality
for witnesses, but one possible way is

Definition 7.6 (Optimal witness). Let the set of entangled states revealed by an en-
tanglement witness W € S° be

Zw = {p € Dx|tr(Wp) < 0} (7.72)

Then a witness Wy € S8° is an optimal witness if and only if there does not exist a
witness Wy € 8° such that Zw, C Zw,.

Given a witness W, the expression tr(Wp) linearly defines a hyperplane in the set
of Hermitean matrices Hy. This hyperplane will split Dy into two regions. One
region with tr(Wp) > 0, which for W to be a witness must include the complete set
of separable states S, and another where tr(Wp) < 0 which is identical to Zy. An
attempt to visualize this geometrically is made in Figure 7.7.

D
tr(Wsp)

e
w(1Wap) "‘
tr(Wip)

Figure 7.7: We see the sets S and D, and the red lines identify the three different hyperplanes tr(Wpp)
defined by three witnesses Wi, Wo and Ws. Since tr(Wyp1) < 0 for all Wy, it is revealed by all three
witnesses, and since tr(Wyp2) > 0 for all Wy, it is not revealed by any of the three witnesses.

We see red lines that identify the different hyperplanes defined by the three witnesses
Wi, Wy and W3. We observe that the hyperplane tr(Wsp) is not tangent to S, which
in fact means that W, cannot be optimal. This is because there is always a witness
Wi with a hyperplane tr(Wip) parallel to tr(Wsp) which is tangent to S, and thus
Ew, C Zw,. Generally, the hyperplane tr(Wp) defined by any witness W, cannot
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intersect the interior of S, because then we would have tr(Wp) < 0 for some separable
state p. So a necessary condition for W to be optimal is that tr(7Wp) must be tangent to
S, and thus W must have at least one zero, i.e. W € 9S§° It is important to emphasize
that this is a necessary, but not sufficient condition. We see that the entangled state
p1 is revealed by all three witnesses, while p, is revealed by none of them.

There are also more constructive, but equivalent, ways of defining optimality of
witnesses, and this was done originally by Lewenstein et al. [78, 79]. They introduced
two different concepts of optimality, and gave two necessary and sufficient conditions
for optimality, rather similar to the condition for extremality. These definitions are
made by looking at ways in which a witness W cannot be expressed. Assume that for
a witness W the genuine convex combination W = (1 — p)M; + pM, with My, M, in a
specified subset of the Hermitian matrices, is not possible, i.e.

W % (1 — p)M;y + pM, 0<p<l1 (7.73)
Based on (7.73) the following definitions are made

My, My, € §° = W is extremal
My e STMy e D = W is optimal (7.74)
M, € § My € P = W is non-decomposable optimal

The first, being the well known definition of extremality. Obviously, a witness which is
extremal is optimal by both optimality criteria. Note that the criterion for optimality is
not invariant under partial transposition, hence a witness W may be optimal while its
partial transpose W is not optimal. The criterion for non-decomposable optimality, on
the other hand, is invariant under partial transposition. The condition of being extremal
is stricter than those of being optimal or non-decomposable optimal. Accordingly there
should, in general, exist plenty of non-extremal witnesses that are either optimal or
non-decomposable optimal. Keeping in mind Definition 7.5, the following sufficient
optimality conditions were proved by Lewenstein et al. [78]

Theorem 7.9 (Optimality condition). A witness W is optimal if it has spanning prop-
erty, and it is non-decomposable optimal if it has double spanning property.

The opposite is not necessarily true. In the 3 x 3 system we have the Choi-Lam
witness We = €(1,0,1;0) from (7.57), which is extremal, and therefore optimal, but
My,
these conditions are not only sufficient, but also necessary [71]

only spans a seven-dimensional subspace of C° For a quadratic witness however

Theorem 7.10 (Optimality for quadratic witnesses). Let W be a quadratic witness.
Then W is optimal if and only if it has spanning property, and it is non-decomposable
optimal if and only if it has double spanning property.

It is known that the equivalence between optimality and the spanning property
holds also in the case of decomposable witnesses in 2 x Np dimensions [80], but that for
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Ny, Np > 3 there exist optimal decomposable witnesses without the spanning property
[81]. By Theorem 7.10 a test for optimality of a witness W involves finding the complete
set of zeros IIy. If this set spans the Hilbert space, then W is optimal, if it does not
then W is either non-optimal quadratic or quartic. We must then calculate Ker Gy,
and thus verify whether W is quadratic or not. If it is, then then the test ends, with
the result that W is non-optimal. If it turns out that the witness is quartic, we need
further analysis.

The definition of optimality given in (7.74), can be slightly reformulated to read:
If W is a witness, and there exists a real A > 0 and positive matrix P > 0 such that
W' =W — AP € §° then W is not optimal. Using this formulation, an optimality
test for quartic witnesses has been constructed [78]. Since we do not have a complete
understanding of constraints from quartic zeros, the relation between non-decomposable
optimality and extremality of quartic witnesses still remains an open problem for future
research.

In dimensions 3 x 3 and 2 x Np, a witness with doubly spanning zeros is generically
extremal by Theorem 7.6, and hence both optimal and non-decomposable optimal.
Repeating our discussion in Section 7.4.3, we remember that in higher dimensions the
number of zeros n. of a quadratic extremal witness must be larger than the Hilbert
space dimension N = N,Np. Hence non-extremal witnesses with doubly spanning
zeros must be very common, so that non-decomposable optimality is a significantly
weaker property than extremality. In particular, when we search for generic quadratic
extremal witnesses and reach the stage where the witnesses have N or more zeros,
then every face of S° we encounter will consist entirely of non-decomposable optimal
witnesses, most of which are not extremal.

So, to conclude some of our discussion here: For the 2 x 2 and 2 x 3 systems, every
witness is decomposable [33, 66]. In dimensions 2 x Ny with Np > 3 and 3 x 3, a generic
quadratic witness is either non-decomposable optimal and extremal, or it is neither. In
higher dimensions there exist an abundance of non-decomposable optimal non-extremal
witnesses.

The SPA conjecture

We have seen that even though they are very useful as an operation for detecting
entanglement, maps which are positive but not completely positive, are non-physical.
Horodecki and Ekert introduced the concept of a “structural physical approximation”
(SPA) of a non-physical positive map [82]. The SPA is a physical map and may be
implemented in an experimental setup. The transposition map for instance, is non-
physical, since it is not completely positive.

The SPA of the corresponding witness W is defined by using the so-called depolar-
izing channel

S(p) = (1 —p)W—F%I (7.75)

where p € X =[0,1]. The SPA of the witness W is defined to be the positive matrix
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Y(p) of the form (7.75) which is closest to W. Put

€ D} (7.76)

The SPA of W is then defined as Wgpa = X(p1). Clearly po > p1 and pg > po, but we
may have either p; < ps, p1 = po or p; > pa. The SPA of W is a PPT state if and only
if p1 > po. It follows directly from the definitions that the SPA of the witness W7 is
[¥(p2)]F, and this is a PPT state if and only if py > p;.

The so called SPA separability conjecture states that the SPA of an optimal entan-
glement witness is always a separable density matrix [83]. Thus for optimal witnesses
we should have py = p; > ps. One reason for the interest in this conjecture is that
separability simplifies the physical implementation of the corresponding map.

Counterexamples in the form of the generalized Choi-Lam witness (7.57), have been
given by Ha and Kye, and by Stermer [73, 85]. With the parameter values considered
by Stermer we find that the witnesses are not extremal, and their SPAs are entangled
because they are not PPT states. More interesting are the parameter values considered
by Ha and Kye, because they give extremal witnesses with SPAs that are entangled
PPT states.

The above counterexamples are non-decomposable witnesses, but the case for de-
composable witnesses has also been closed by Chruscinski and Sarbicki [84]. They
show that the SPA of an optimal but non-extremal decomposable witness, of the form
W = o with ¢ > 0 of rank three, may be entangled, although it is automatically a
PPT state.

The SPA conjecture applies directly to extremal entanglement witnesses, since they
are optimal. If TV is an extremal witness, then so is the partial transpose W*. However,
if the SPA of W is a PPT state, then the SPA of W is usually not. This means
that the original SPA conjecture cannot be true both for W and W7, simply because
separable states are PPT states. Ha and Kye gave essentially this argument in [85].
The extremal witnesses that we have produced in a random search by Algorithm 1,
support this argument, in that about half of the witnesses we find, have an SPA which
is a PPT state.

An obvious modification of the conjecture would be to redefine the SPA as the near-
est PPT matrix instead of the nearest positive matrix. In the case of a pair of extremal
witnesses W and W, the modified conjecture holds either for both or for none. How-
ever, the counterexamples cited above disprove also this modified separability conjecture
in its full generality. It is nevertheless the case that these known counterexamples are
rather non-generic.

If we regard separability as an essential property of the SPA, it seems that the
natural solution would be to define the SPA by the parameter value p = pg, where
Y (p) first becomes separable, rather than by the value p = p;, where X(p) first becomes
positive, or by p = max(p1, p2), where 3(p) first becomes a PPT state.
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7.7 Unital and trace preserving positive maps

We now pick up the discussion of positive maps from Section 7.2. For a map Ly, :
Hy, — Hy, we will now define two very useful properties

Definition 7.7 (Unital and trace preserving). The map Ly : Hy, +— Hyy, is unital
if it maps the identity Ix € Hy, to the identity Iz € Hy,, and trace preserving if
tI‘(L]uX) = tI‘(X) fO’f’ all X € HNA

The trace preserving property is quite useful since a physical map should preserve
probability, and the unital property naturally defines a fixed point for the map. Using

(7.11) we must have
> Myandi =Y My = 61 (7.77)
ik i

and for the trace preserving property

J

Jyisk i

Thus the map Ly is trace preserving if and only if the map L%I is unital.

In terms of the corresponding Hermitian matrix A = M;;,, defined by (7.10) we
can write the condition that L,; be unital as

L]\,{]A :tI‘A(M) = [B (779)
and to be trace preserving
LI Ig=trp(M) =1, (7.80)

Equation (7.79) implies that tr(M) = tr(I5) = Np, whereas (7.80) implies that tr(M) =
tr(I4) = Na. So it appears that the map may be both unital and trace preserving only
if Ny = Ng. If No # Np the proper condition can be adjusted to

Ly Eo = Fy LY, Fy = E, (7.81)

where Ey = I4/v/Na and Fy = Ig/\/Np. We can then call the map unital and trace
preserving if (7.81) holds, even if Ny # Np.

7.7.1 Transforming positive maps

We can argue, very much along the lines of Stgrmer [73], that every positive map
Ly may be transformed into a unital and trace preserving form through a product
transformation on the corresponding witness W € §°

W W=UeV)WUeV) (7.82)

where U € GL(N4,C) and V € GL(Ng,C). A product transformation of this kind
preserves all the essential characteristics of W. For instance, if W is extremal in §° and
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non-decomposable, then so is W and a zero ¢ ® x of W corresponds to a zero ;5 ® X of
W, where

s=WU""e x=0H""x (7.83)

It has been proved by Leinaas et al. [74] that such a transformation is always possible
for a more limited set of matrices, namely the set of witnesses having no zeros, i.e.
witnesses not on the boundary of §° As we have seen however, it is the set of witnesses
on the boundary dS° which are the most interesting.

In terms of the transformed map Ly = L, the conditions to be fulfilled are that
iWIA = Ip and ETWIB = I4. We will assume here that Ny = Npg, otherwise proper
adjustments are easily made according to (7.81). In index notation (7.82) reads as
follows

Wit = > UiaVio Warea U Vi (7.84)
a,b,e,d

It is possible to show that the maps Ly : Hy, +— Hy, and L}, : Hy, — Hy, act on
X € Hy, and Y € Hy,, respectively as

Ly X = tra[W(X ® I)] LY =trpg[W({I ®Y)] (7.85)
and using this, we may write the transformation ¥ = Ly X as

Yie=> WywXe= Y VislWabea(Use Xii Uia) Vi (7.86)
ik i,k,a,b,c,d

or more compactly as

Y =Ly X = V[Ly (U XU) VT (7.87)
By similar argument for the transformation X = i%Y we get

X =LLY = U[LL (viywv)ut (7.88)
So the conditions for iw to be unital and trace preserving is that

Lyls = V[Ly UV = Ip

~ (7.89)
LIz = ULL(VIV)UT = I,
So, in total, the problem to be solved is to find operators U and V such that
Ly (UU)=(VIV)™t  LLVV)=(UU)™! (7.90)

We have used an iteration scheme, presented in Section 8.7, to solve (7.90) for a large
number of numerically produced extremal entanglement witnesses [71, 75], and also on
many non-extremal witnesses. Numerically our attempts, which are in the thousands,
always converge to a unique W for each W.
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7.7.2 Extremal positive maps

We have seen in Section 7.4 how entanglement witnesses, and in particular extremal
witnesses, are understood in terms of their zeros, and we have to understand what the
zeros of the witness W imply for the corresponding map Lyy.

If we let (¢, xo) be an isolated zero of W, and if we further define ¥ = LW((,ZSquEr))
and X = L (xox}), we can put

XY X0 = 85X 6o = (¢0 ® x0) W (60 ® x0) = 0 (7.91)
Since X,Y > 0 it follows that
Xéo =0 Yyo=0 (7.92)

Since the zero (o, xo) is an isolated zero, we also know that X and Y have no other
zeros in CM4 and CV5 respectively. Hence X has rank Ny — 1 and Y has rank N — 1.

When W is an extremal entanglement witness, the corresponding maps Ly, and LY,
are extremal positive maps. An isolated zero (¢, xo) of W defines a rank one state
qﬁogbg € Dy, mapped by Ly into a rank Np — 1 state in Dy,. It also defines a rank
one state xox$ € Dy, mapped by LL, into a rank Ny — 1 state in Dy,. So the zero
(¢o, x0) of W defines a point on dDy, which is mapped by Ly to a point on 0Dy,
and likewise a point on 9Dy, which is mapped by L, to a point on dDy,. We can
conclude that the map Lyy is extremal precisely because the image Ly Dy, inside Dy,
touches 0Dy, in as many points as possible.

The extremal maps Ly : Hy, — Hy, that correspond to generic quadratic extremal
witnesses, thus map only a finite number of points on 0Dy, to 0Dy, and they map
all other points to the interior of Dy,. So an extremal map of this type is contractive,
which means that it maps the set of density matrices onto a subset of itself, which again
entails that it reduces volumes.

A very different type of extremal positive maps are those that carry positive rank one
operators to positive rank one operators, and these are called rank one preservers. Two
simple examples of such maps are the identity map I : X + X and the transposition
map T : X + X But more generally any map U : X + UXU' will be a rank one
preserver, and then obviously also UT. These positive maps are extremal because they
map 0Dy, completely onto 0Dy, .

7.7.3 Visualizations of extremal positive maps

Here we consider the qutrit case Ny = Ng = 3. The set of normalized density matrices
D5 has dimension 32 — 1 = 8, and as we have seen in Section 7.7.1, in this case a positive
linear map can always be transformed into a unital and trace preserving form. Given
an unital and trace preserving positive map Ly : Hy — Hj it will map D3 into D3, and
the maximally mixed state I/3 to itself. It is possible to plot two-dimensional planar
sections of the density matrices in order to see what Ly D3 looks like inside D3 for
various choices of sections. We have seen earlier, in Section 5.4, how to perform such
plots by choosing an origin py and two traceless and orthogonal directions o7 and o5.
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These together define the plane Z € Hj containing the states pg, p1 and ps, with the
two latter being the density matrices corresponding to oy and o,. See expression (5.9)
and Figure 5.1. A matrix in Z is then specified by a coordinate pair (x,y)

X = po + xoy + yoo (7.93)

Once the plane Z is known, the procedure described in Section 5.4 and illustrated in
Figure 5.2, can be used to calculate the border of D3 C Z.

In order to visualize maps in this way, we let the positive map Ly, be extremal,
corresponding to an extremal witness W, and then use Ly, to map Dj into Ds for
different types of sections Z.

The positive map Ly maps the plane Z defined by the states p; € D3 with i = 0,1, 2
into the plane Z’ = Ly, Z defined by the states p; = Ly p; € Ds, in such a way that X
as given by (7.93) is mapped into

X'=LwX = p, + zo] + yob (7.94)

Since Ly is unital and trace preserving, tr(o}) = tr(o}) = 0, but we must also require
that tr(o}?) = tr(0}?) = 1 and tr(o’0}) = 0. This is to ensure that the plots reproduce
the distances in the image plane Z’ of the map Ly faithfully. It is in general not
possible to make both tr(cy02) = 0 and tr(o}0y) = 0, so the plot will give a distorted
representation of the plane Z. Note that in order to make tr(cfcy) = 0 we have
consistently rotated the of or y-axis, so that pj always has coordinates (z > 0,y = 0)
whereas pl, always has y > 0, but in general x # 0. We plot 9D3 in Z’ in blue, and the
image of D3 in Z by a red curve. The “+” represents the orthogonal projection of the
maximally mixed state I/3 on the image plane Z’ = Ly Z. If pg = I/3, then the “+”
has coordinates (0,0), otherwise it will be shifted from the origin by Ly .

Generic quadratic extremal witness

The witness W is drawn from a sample of extremal witnesses produced numerically
using Algorithm 1 [71, 75]. The iteration procedure described in Section 8.7 is used to
convert the map Ly, into unital and trace preserving form. Figure 7.8 shows a section
with the maximally mixed state at the origin, that is py = pj = I/3. We have chosen
the plane Z to also go through the pure states p; = nglQSJ{ and py = ¢2¢>£ corresponding
to two arbitrarily chosen zeros ¢; ® x1 and @9 ® o of the extremal witness W. In the
section ZMN D3 enclosed by the red curve, the two pure states p; and p, which are joined
in the plot by a straight line, are both mapped into rank two states on 0D3. States
on the line segment, originally rank two states, are mapped into rank three states, but
they remain convex combinations of the two states p| and pj. The section Z’ N Dj,
enclosed by the blue curve, are all states of full rank, while the blue boundary are rank
two states.

In Figure 7.9 we have also chosen p; = ¢51¢J{, P2 = qﬁgq%, but py is now an even
mix of the three pure states p; = ¢1¢I, pPo = d)gqﬁ; and p3 = ¢3¢;. We also observe
that the projection of the maximally mixed state I/3 is off center. The triangle is a
two-dimensional face of an eight-dimensional simplex defined by all nine zeros of the
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witness W. The three vertices p;, p2 and p3 have been mapped into rank two states,

and the original lines of rank two states have been mapped into the interior of Dj, i.e.

into rank three states.
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Figure 7.8: p; = ¢1¢I and py = ¢2¢>£, and the
origin po is the maximally mixed state I/3.
The origin is therefore unchanged under the
map Lyy.

osf’

04r

-04

-08 L I I I I I
0.8 0.4 0 04 0.8

Figure 7.9: py = ¢1¢]{ and py = ¢>2¢>; The
origin pg is an even mix of the pure states p1,
p2, and p3 = ¢3¢§, and is therefore shifted off
center.

In Figure 7.10, the state p{ = Ly p; has rank two and lies on the boundary 0Ds,
whereas pl, = Ly py has full rank and lies in the interior of D3. In Figure 7.11 both
states p; and py are random states of rank three. Since this means that also p| and p),
are states of rank three, both the blue and red curves portray generic boundaries of Dj.
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xT

Figure 7.11: Both p; and p, are random states
of rank three, and po = I/3. Both curves rep-
resent generic boundaries of D3. We observe
that the image of Z N D3 is completely con-
tracted inside Z’ N Ds.

Figure 7.10: py = ¢4¢L p2 is a random pure
state and po = I/3. pi = Lwp: has rank
two and lies on 9D3, whereas p5 = Lyyps has
full rank and lies in the interior of the set of
density matrices Ds.
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The Choi-Lam map

The unital and trace preserving map

X+ X3 — X2 —Xi3
LC XY= 5 *Xgl XH + X22 *X23 (795)
— X3 — X3 Xog + X3

was introduced by Choi and Lam in 1977 as the first example of an extremal non-
decomposable positive map [63, 64]. It has been generalized to a one parameter family
of extremal positive maps, but it is still one of the very few known analytical examples
of such maps. As mentioned in Section 7.4.4 the corresponding witness W has three
isolated zeros

€13 = €1 (024 €3 €91 = €9 [ €1 €39 =— €3 29 €9 (796)
where ey, es, e3 are the natural basis vectors in C? in addition to a continuum of zeros
¢ ® x where ' _

b =e1 +e%;y + cFey X = (7.97)

and «, € R. The states defined by the three isolated zeros of the Choi-Lam witness
is then

100 000 000
pr=cel =00 0] pp=eeh=101 0| ps=eseh=[0 0 0] (7.98)
000 000 00 1

] 08
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Figure 7.12: The map L¢ in the plane of di- Figure 7.13: Here we see another section with
agonal matrices. We use py = I/3, p1 = eleJ{ pL = eled{ and py = eze; Here, the origin pg
and py = eze;. The image of Z N Ds3, shown is however chosen as a random state of rank
by the red curve, is rotated 60° and contracted three, so the sector Z N D3 contains neither

by a factor one half. e3e§ nor 1/3.
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If we take Z to be the plane containing the states p;, po and ps, this gives a very
special section through D3, namely a section containing the diagonal matrices. This
section is mapped into itself by Lg

P1+ P2 P2+ p3 p3s+p
p=" =" py=" (7.99)

We observe from (7.99) that the map L for the diagonal matrices represents a
rotation of 60° followed by a contraction by one half. This is seen in Figure 7.12. Since
it is diagonal, the maximally mixed state is contained in the region Z. In Figure 7.13
we see another section defined by p; = ele‘; and py = eze; In this case however, the
origin is chosen as a random state of rank three, so the sector Z N Dj contains neither
esel nor /3.

If we now try somehow to involve the quartic zeros (7.97), we can start by con-
structing the state

pla, B) = %fﬁ(a, B)o' (o, B) = po + o(a, B) (7.100)

These states define a two-dimensional curved surface of pure states in S, which will be
mapped by Lg to the boundary dDs. The matrix o(a, 8) is a completely off-diagonal
matrix. We can see directly from (7.95) that with py = /3, the state p(«, 5) is mapped
into

Lep(a,8) = po— 5 (@, 6) = 5 B0 — plar 9] (7.101)

If we choose e.g. the a-direction on this surface, we can define the derivative of ¢(«, )
in this direction by

0 - o
§(a) = 5-d(a, f) =iee (7.102)
Then the matrix

0

Dl ) = 5= plas, 6) = 5 [6(0)6) (@, 5) + (0, B)E (0] (7.103)
is a tangent to the surface such that
pla, B) +eD(a, f) = pla+ ¢, 8) + O(e) (7.104)

Now we can choose a two-dimensional section Z defined by the maximally mixed state
po = I/3 and the two matrices

1
p1=p(0,0) = 3 (e1 +ez+es)(er +ex+ 63)T

i
p2=p1+D(0,0)=p1+ 5 [62(61 +es)" = (e1 + es)el

(7.105)
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We know that p; = p(0,0) is a state on the surface at « = 8 = 0, and that D(0,0)
is a tangent to the surface at the same point. This means that in general py ¢ D, which
is not important since we are interested in the plane Z defined by pgy, p1 and ps, and
the intersection Z N D will be non-empty. This region is mapped in Figure 7.14 using
the Choi-Lam map Le. We see that in the point p(0,0), the tangent to the red curve
is identical to the tangent of the blue curve. Also, in Figure 7.15 we use pg = /3, but
here we have chosen two states p; = ¢1¢J{ and py = ¢2¢5£ corresponding to two random
product vectors ¢ ® ¢7 and ¢a ® ¢35 from the continuum of quartic zeros.

05

-0.5

y 05 0 05 1
x
Figure 7.14: Here po = I/3, p1 = p(0,0) and
p2 = p1 + D(0,0), as defined in (7.105). The
Choi-Lam map L¢ maps a curved surface into
a curved surface, and the only state to be
mapped onto the boundary is p1 = p(0,0).

051

051

Figure 7.15: Here py = I/3, and both p; =
gf)lgﬂ and py = ¢2¢; are two pure states cor-
responding to two randomly chosen product
vectors ¢ ® ¢F and ¢ ® ¢35 from the contin-
uum of quartic zeros.



Chapter 8

Numerical methods

For many of the problems in which we have made numerical investigations, we have
used various strategies to obtain solutions. Some of the essential background for the
numerical methods are here summarized.

8.1 Real representations

There is a simple isomorphic relation between the set of N x N Hermitian matrices Hy,
and the Euclidean real vector space RV *. This simplifies our calculations considerably,
and we have utilized this extensively throughout our numerical investigations. We can
describe the N2-dimensional set of Hermitian matrices Hy by the vector space RY ’
so that any Hermitian matrix p € Hy is written as a real N? x 1 vector x, and any
operator U on this space of Hermitian matrices is then represented by a real N? x N2
matrix M € RM". So effectively the operation Up = UpUT = p is replaced by Mz = y,
where y € RV ’ represents the state p'

Likewise, any linear operator L : Hy, + Hy, that maps the state p € Dy, into
the state 7 € Dy, can be represented by a real N3 x N3 matrix L. The map then
works by simple matrix multiplication with the vector x € RNA corresponding to p. So
we have Lz = y, where y € RNE then represents 7 € Dy

The matrix L corresponding to the map L can be calculated by transforming for
example the fundamental matrix basis E;, € Hy, with 1 < ¢ < Ni, with L. With
corresponding bases F; for system B, we get

LE; =Y LyF (8.1)
J
With the basis vectors orthonormal we get for the real matrix L;;
Lj; = (Fj, LE;) (8.2)
Then the transposed map L7 : Hy, — Hy, may be defined by the condition
(LTY, X) = (Y,LX) VX € Hy,, Y eHy, (8.3)
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The matrix representing the transposed map has matrix elements L;; = LjTi, so trans-
position of the map L corresponds to transposition of the real matrix L;;.
The above presents a practical and flexible way of conducting the action of the
operator L. This scheme is done in such a way that the inner product is preserved.
For instance if Lp = 7 and Lz = y then (p,7) = (x,y) where {p,7) = tr(pr) is the

Hilbert-Schmidt inner product and (z,y) is the standard Euclidean dot product.

8.2 General optimization

In a general optimization problem we try to formulate the problem in such a way that
we are given a function f : G — RT from some set GG onto the positive real numbers,
and seek an element g in G such that f(xg) < f(z) for all other x € G. Typically, and
also in our cases the set (i is represented as a subset of RY, often further specified by
a set of constraints, equalities or inequalities on elements of G. The domain G of f is
the search space and the elements of GG are candidate solutions.

For most of our optimization problems we have used two alternative random search
algorithms. The first is a completely local random method and the other is a more com-
plex global optimization scheme, based on simulated annealing, which is an adaption
of the Metropolis algorithm.

Random search

The local random method is rather simple, but surprisingly effective for a lot of prob-
lems, especially if the search space is convex. From a point z it chooses a random, but
within the constraints allowed, direction A in the search space, and checks the point
2’ = x + €A, where € is a step length, to see whether f(2’) < f(z). If this is the case,
it chooses the new point 2’ as the starting point for the next iteration. If this is not
the case, it will try a given (but large) number of times to choose another random,
but within the constraints allowed, direction to achieve f(z2') < f(x). This procedure
continues through a chain of iterations xg, x1, . .. T,, until the process stops because no
further direction such that f(z’) < f(x) can be found within the numerical accuracy.
As the value of f(x;) drops, the step length must be adjusted accordingly. The method
is rather fast, since no gradients are calculated at any point.

Simulated annealing

For some cases the above method does not work very efficiently. This is especially the
case when the function f has many local minima. Instead we have implemented a sim-
ulated annealing routine. The simulated annealing method is a Metropolis algorithm,
and this means that it has a certain probability to take a step in a direction where the
objective function f increases, so it is less likely to converge at a local minimum. In
addition to the function f and state variable € R, it requires a control parameter 7.
An annealing procedure that controls the reduction of 7, and some schedule for how to
make the random changes in the configuration, are also made.
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We have used an approach suggested in [86]. We replace the state variable x by
a simplex of V + 1 points. The possible changes to the configuration are reflections,
expansions and contractions of the simplex. We add a positive random variable, pro-
portional to 7T, to the function value associated with each vertex, and subtract a similar
random variable from the function value of every proposed replacement point. Thus
the procedure will always accept a downhill move, but may sometimes accept uphill
moves. At a temperature 7' the simplex will expand to cover the region reachable at
that temperature. It then randomly samples points inside the region. As the tem-
perature decreases, so will the simplex, which is likely to contain the lowest minimum
encountered so far.

8.3 Finding product vectors in a subspace

Product vectors are completely essential to the study of entanglement, both in con-
nection with PPT states and entanglement witnesses. The problem of finding product
vectors in any generic subspace is in general a difficult one, so to be able to do this we
resort to numerical procedures. We describe here two different approaches which both
rely on solving an optimization problem.

Finding product vectors as a minimum double eigenvalue problem

One effective way of obtaining the product vectors in a given subspace U of C%, is to
construct a positive matrix M € Hpy that projects onto the orthogonal complement
YV =U"', i.e. ImgM = V. The matrix M could for instance, but not necessarily, be a
genuine projection operator onto V. We then find the product vectors ¢ = ¢ ® y € CV
which have zero expectation value on M. They will then necessarily lie in ¢. So, for a
positive matrix M € Hy we want to have ¢ = ¢ ® y € C such that

YIMy =0 (8.4)

and we want v, and therefore ¢ and y, normalized to one. We introduce the Lagrange
multipliers A and p, and define the function f = f(&,x) as

F= 00 Mijmbrx — A (Z B — 1) — (Z XXk — 1) (8.5)
k k

ikl

We now want to find the local minima of the first term in f under the two constraints
given by the Lagrange multipliers. Taking the derivative with respect to the components
of ¢ and y, and setting these equal to zero will ensure that we are dealing with a
minimum. Since ¢;, x; € C we would normally have to take the derivative of both ¢y
and ¢}, but since f is a real valued function we have df/0¢r = (0f /0¢;)", so when one
of them is zero, so is the other. The two equations that must be satisfied in order to
optimize f are then



144 NUMERICAL METHODS

)
5 (;f =D X;Mijgxidn — Ay =0
a; " (8.6)
P Z &; Mijadrxi — px; = 0
Xj ikl

From the first equation in (8.6) we see that if we multiply from the left by ¢; and sum
over i, we get

0
S0 = S Mg - A o= UMy A (8)
i i ikl i

When we assume that ¢ and y are normalized to one, and perform similar operations on
the second equation in (8.6) with x}, we find that the values of A and p at an extremum
are

A=oMyp=p (8.8)
We can introduce the matrices
B, = Z X Mijaxi Cy = Z &F Mj.radr (8.9)
gl ik
and write (8.6) simpler as
Bp—Xp=0
¢ ¢ (8.10)
Cx—px=0

The gradients of ¢ and yx are given by

9o = Bo — Ao

(8.11)
g =Cx — Ax

with A given by (8.8) and using the starting vector for ¢¥» = ¢ ® x. Then we define new
vectors ¢’ and y’ as

/
= + €
v=otegy (8.12)
X =X+ €9y
To find the optimal step length € we observe that to first order in € we have
V' =¢" @ =i+ ew = s(e) (8.13)

with w = ¢ ® g, + g ® x. The step length e with which we move along the gradients

can be found by minimizing
stMs

sts

h(e) = (8.14)
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Taking the derivative of h with respect to € and demanding that it is zero, we get
a second order equation €2 + be + ¢ = 0, where the factors b and ¢ depend on 1, w and
M. Since this equation may have two solutions we calculate both, and choose the one
which is the minimum. The product vector is then updated according to (8.12), and
the procedure is repeated (iterated) until a solution is found, i.e. 1) satisfies (8.4).

If the number of product vectors present in the subspace is finite, the procedure will
generally find the same product vectors repeatedly, so the procedure must usually be
done a large number of times with a sufficient spread in the starting points, in order to
find the whole set of product vectors.

We can now take M to be the projection operator P onto the range of the density
matrix p. The procedure will then find the product vectors in Kerp. Equivalently
M = @, where () is a projection operator onto the kernel, will return the product
vectors in Img p. We can use the same scheme to find product vectors in the range and
kernel of p” using the projection operators P and é, as defined in (5.21).

Finding product vectors by general optimization

It is also possible to search for product vectors in a given subspace by more general
optimization methods. Empirically we experience that using the minimum double eigen-
value method outlined above, works quite well for most cases, but we have seen some
cases where it is unable to find all the product vectors, and where more conventional
optimization methods succeeds better.

We let the vectors z; € CV with j = 1,...,m define an m-dimensional subspace
U of CN = CNa @ CNe. If the vectors z; is an orthogonal set we can construct a
projection operator onto the space they span, as a matrix P which is idempotent and
has m eigenvalues all equal to one. We can also likewise construct a projection operator
Q onto the (N — m)-dimensional orthogonal complement V = U~ in CY. Usually, but
not necessarily, these are taken to be the range and kernel respectively, of some density
matrix p. If z; is not an orthogonal set then it can be made so by the Gram-Schmidt
process. If we want to find product vectors in the subspace defined by P, the function
f which must be minimized can be defined in two ways, and this gives rise to two
optimization strategies.

e For the first case we choose G = R2WVa+Ns) and create a random starting point
x € G. From x we then construct two real Ny x 1 vectors x4, and z4,, and two
real Np x 1 vectors xp, and xp,. The vector

w = (x4, +ir4,) ® (rp, +irp,) (8.15)

will then be a product vector in CV, but we will in general not have wQu' = 0,
which it must be in order for w € Y. So the function f used for the optimization is
f(z) = wQuw' with w of the form (8.15) and @ as a fixed projection operator. So
we seek to keep w on product form while at the same time minimize the projection
onto U™,
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e For the second strategy we choose G’ = R*¥ and we create a random starting point
x € G which then defines
I ITN+1
w=wx)=| : | +1i : (8.16)

TN TaN

which in general will not be a product vector. The first step in the next phase
is to project the vector w onto the subspace U by using the projection operator
P. The projected vector w’ = Pw will then be in U, but it will still in general
not be a product vector. The expression (3.52) gives a set of equations that the
components of w; must satisfy in order for w to be a product vector. So in this
case we seek to satisfy this set of equations, whilst keeping w € U. So the function
f becomes

flz) = Z [wiw; — wiw| (8.17)

ijikl

where the indices 1, 7, k, [ are summed over the appropriate combinations. For the
3 x 3 system the set of equations that defines f is given by (6.2).

8.4 SL-equivalence of density matrices

Two generic states p; and py will not, according to Definition 3.7, be SL-equivalent. To
establish whether two states are SL-equivalent, is in general a very difficult problem.

PPT states of rank (5,5) in the 3 x 3 system

We have in Chapter 6 scen that any generic five-dimensional subspace of C¥ which
always contains six product vectors, can be transformed to the standard form (6.11).
This means that all such subspaces with identical invariants p, q,r, s are SL-equivalent
subspaces. For two density matrices p; and ps to be SL-equivalent according to Defini-
tion 3.7, their ranges Img p; and Img p, must be SL-equivalent. However, this condition
is necessary but not sufficient, as density matrices with the same range are generally
not SL-equivalent. So this scheme can only be used in a contrapositive way.

Note that though only uy, ..., us and vy, ..., vs occur in (6.12), there will for generic
subspaces always be a sixth product vector. Since the numbering is completely coinci-
dental, all six product vectors must be taken into consideration when calculating the
invariants. Different permutations of the six product vectors will in general give differ-
ent s;, so the invariants corresponding to all 6! = 720 permutations must be calculated.
In order to check if two states p; and ps can be SL-equivalent we must therefore find
the product vectors in Img p; and Img py, then transform these to the standard form
(6.11) and calculate the invariants s; for all 720 permutations of the six product vec-
tors. If the invariants s; so calculated are identical for any permutation, then Img p,
and Tmg py can clearly be transformed by SL x SL-transformations to the form (6.11),
with identical invariants.
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General method

An option which might be used to establish whether two states are SL-equivalent in a
positive way, is to actually try and find the transformations. Given two density matrices
p1 and py which remain fixed, we can try to find a transformation V' = V4 ® Vg such

that
P1 = VpQVT (818)

A linear transformation in GL(N4, C) has 2N?% free parameters, a product transforma-
tion in GL(N4,C) x GL(Ng,C) will then have 2(N3 + N3) parameters. So for this
optimization we use G = R2NitNE) ag search space. A total of 2N2 and 2N3 real
parameters then define V4 and Vp respectively, and we calculate V = V4 ® Vj for each
step of the optimization scheme to ensure that V is a product transformation. The
function f to be minimized is then

f@) = tr [(p1 = Vo VT)?] (8.19)

which is the Hilbert-Schmidt norm of the distance between p; and ps, apart from a
square root which we avoid in order to ensure maximum numerical accuracy. We have
utilized this method to check for product transformations between various states, with
relatively good results. Since this optimization procedure gives the product transfor-
mations explicitly, presuming they exist, it is a good method for determining whether
a state is genuinely SL-symmetric or not, because the transformations then must have
to be trace preserving and have the special form (3.75), with V3 = V3.

8.5 Obtaining PPT states with specified rank

Producing PPT states with specified rank (m,n) for both p and p” is an essential part
of our work on PPT states. The search for such states can be done quite generally, that
is without any constraints, or one may for instance fix the range of the states. Another
possibility is to search specifically for PPT states that are SL-symmetric.

General method

There are different ways of doing this, but the most obvious ways are based on min-
imizing a specified number of eigenvalues for p and p’, or more precisely obtaining
values for these eigenvalues equal to zero. A normalized density matrix p on CV can
be represented by a vector & € RN 1 = @. The eigenvalues of p are then functions
of this vector, i.e. Ay = A\p(z). Since the partial transpose p” is uniquely defined by
p, its eigenvalues Xk = Xk(as) will also depend on the same vector x. Assume that we
want to construct a rank (m,n) state. Then my = N — m of the eigenvalues A of p
and ng = N — n of the eigenvalues Xk of p¥ must be equal to zero. We may introduce
an ordering where the index £ sorts the eigenvalues )\, and Mo according to increasing
values, \; < ... < Ay and M < ... < Ay. The fact that p(x) € Hy assures that the
eigenvalues \;, and Xk are real, though some of them may be negative.
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We then want the first mg — 1 eigenvalues of p and the first ng — 1 eigenvalues of p”’
to be zero
)\kIO k’=1,...,m0

~ (8.20)

)\kZO k':L...,’n,o
We are also free to put conditions on the non-zero eigenvalues of p and p¥. We can for
instance specify their values

Ak = M k=mo+1,....N

7 (8.21)

)\k:nk k:n0+1,...7]\7
If we in particular chose 1, = 1/m for all the non-zero eigenvalues of p, we obtain
a density matrix proportional to a rank m projection operator. The minimization
function f is now

F@)=> I+ Xel? (8.22)
k=1 k=1

Note that in theory we could end up with a density matrix with smaller ranks than
intended, because we usually do not specifically demand that the eigenvalues A\, and
N of (8.21) should be non-zero. In fact in many searches where there are constraints
which cannot be met, or are very difficult to satisfy, there is a tendency that many of
the eigenvalues )\, and Xk of (8.21) approach zero. Alternative methods for obtaining
PPT states with specified ranks, that are based on calculation of gradients, have been
constructed [55]. We have used the techniques described above to produce a large
number of PPT states of various ranks.

PPT states with specified range

An m-dimensional subspace of CV can be described by m linearly independent vectors
2 € CN with components expressed in the N x m matrix Z. The dimension of the
set of complex rank m matrices is 2m? so in order to find rank (m,n) PPT states we
choose to use the search space G = R2™*. We then construct a complex m X m matrix
X out of the search vector x € R2m2, and define the N x m matrix M = ZX which then
contains general linear combinations of the five vectors z;, with coefficients defined by
X. The matrix

p=MM" =Z(XX"Z! (8.23)

will then be a positive and Hermitian matrix with a range spanned by z;. It will in
general not be normalized so we must ensure that tr(p) = 1 for each iteration. Thus
the constraints we need on p are always ensured. In general p” will not be positive, so
we seek to minimize the ng = N — n smallest eigenvalues of p to zero

ng

f@) =3 AP (8.24)

k=1
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SL-symmetric PPT states

PPT states with the property that they are SL-symmetric are in general difficult to
obtain. A way of finding such states by random optimization is to combine the search
spaces G = RMaNE—1 and Gy = R2Vi+NE) We then seek to minimize the function
(8.19), with p; = p and p, = p” governed by G, and V governed by G5. Within the
same procedure we must also minimize (8.22), in order to ensure that p is a PPT state
RNANE+2(NF+NE) -1

of rank (m,n). A solution x =z € will then define a rank (m,n)

PPT state p and an SL x SL-transformation that transforms p into p’.

8.6 Finding extremal entanglement witnesses

The discussion in Section 7.4.2, along with Theorems 7.4 and 7.5, motivate a search
algorithm for finding extremal entanglement witnesses. Starting from an initial witness
W =W, € int(S°), which might be the maximally mixed state I/N, we proceed down
through a hierarchy of faces on S§° of decreasing dimensions. The search is in principle
guaranteed to converge to an extremal witness in a finite number of iterations.

Algorithm 1: Finding an extremal entanglement witness

Precondition: Choose an initial witness W = Wy € int(S°) and construct Uy,
1. while dim Ker(Uy) > 1
2. choose a I' € Ker(Uy)

3 if tr(I") # 0

4 redefine T' <— T — tr(T)W

D. endif

6. find ¢. as the maximal ¢ such that W + tI" € §°

7 redefine W < W + t.I'

8. locate all new zeros of W and construct an updated Uy,
9. endwhile

return W

The number of possible search directions I' is reduced in each iteration as Ker(Uyy,) is
reduced. The main work in the algorithm is point number six, i.e. to find the boundary
of the face defined by Uy. Given the chosen direction I' on the face, this is essentially
finding the point ¢, which minimizes (¢ @ )W (t)(¢ ® x) for W (t) = Wy + t.I'. This
expectation value should turn to zero at the boundary of the face, in order to become
negative once W(t) ¢ S°

8.7 Unital and trace preserving positive maps

In Section 7.7.1 we assumed that in order to transform a positive map Ly to a unital
and trace preserving form Ly, we can transform the corresponding witness such that

WeW=UaV)WUeV) (8.25)



150 NUMERICAL METHODS

Further, we derived a set of equations which the two operators U and V must satisfy
Ly (U'U) = (VIV)"'  LL(V'V)=(UU)™! (8.26)

In order to solve (8.26) we first find positive Hermitian matrices X = UTU and Y = V1V
solving the equations

LpyX=Y"' Ljy=X"! (8.27)
Then we solve the equations

U'v=Xx Viv=Y (8.28)
for U and V, and thus the transformation matrix U ® V. The general solutions will be

U=UU, V=Wl (8.29)

where U; and Vi are arbitrary unitary matrices, and Uy = VX, Vo = VY are the
uniquely defined positive Hermitian square roots. Equation (8.27) makes sense because
the matrices X = U'U and Y = VTV are strictly positive as long as U and V' are non-
singular, and the maps Ly, and LY, as well as the inversions X +— X' and Y — Y1
transform strictly positive matrices into strictly positive matrices.

The method suggesting itself for solving Equation (8.27) is to iterate the equations.
Given an approximate solution X for X we try to compute a better approximation
Xk11 by a series of four transformations,

Xy S =LyXp— Y =S"' =T =L}V X =T}, ! (8.30)

We start the iterations for example with Xy = I4, where I4 is the identity matrix in
system A. The first two steps then calculate Yy, and eventually X as the first improved
solution of X. A sufficient condition for the convergence of X and Y}, to unique limits
X and Y is that the transformation X — Xj.; is contractive. A small perturbation
A X} of X}, transforms linearly as

AXj1 = D(AX}) (8.31)

where the linear map D is the derivative of the non-linear transformation Xy +— Xj1.
The transformation is contractive if all eigenvalues of D are smaller than one in absolute
value. Now D is a composition of four linear maps,

D = D,L{;yDyLy (8.32)
where Dy and D, are linearizations of the matrix inversions

Dy(ASy) = =S, ' (AS) S, !

D, (AT,) = _Tk_l(ATk)Tk_l (8.33)

The examples of extremal positive maps Ly and L%, that we have studied numerically
are strongly contractive, and we find in practice that this is enough to ensure that D
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is contractive, with eigenvalues typically no larger than about 0.5, even though D5 and
D, are not contractive.

We have used this iteration scheme on a large number of numerically produced
extremal entanglement witnesses [71], and also on many non-extremal witnesses con-
structed as convex combinations of the extremal ones. Numerically our attempts, which
are in the thousands, always converge, and it also appears that for a given witness W
the solution X is unique, independent of the initial guess Xj.
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Summary and outlook

Presented here is a summary of the four papers that make up the main body of this
thesis. The summary consists of some background material, but the main emphasis is
on the results, and mathematical details is avoided as much as possible. Also, some of
the loose threads and still unresolved issues, are discussed.

Paper 1

In this paper the focus is on the entangled PPT states in 3 x 3 dimensions, and mainly
those of rank four and five.

We first review the UPB construction, based on orthogonal product vectors in the
kernel, before we describe a different approach, in which the product vectors need not
be orthogonal. This approach also throws some new light on a set of conditions that
limit the selection of product vectors to be used for constructing entangled PPT states
of rank (4,4).

The study of the entangled PPT states of rank (5,5) is then a natural progression,
and the knowledge gained from the rank (4,4) states can be used as a starting point.
We show how to construct entangled PPT states of rank (5,5) from the rank (4,4)
states. We accomplish this by use of perturbation theory. In this way, we obtain rank
(5,5) PPT states infinitesimally close to the boundary of the surface of such states.
This construction also explains why states of rank (5,4) cannot be found in the generic
case.

We discuss how to determine numerically the dimensions of surfaces of PPT states
of fixed rank and range. For the surface of PPT states with rank (5,5), we find that the
dimensions are consistent with a counting of the independent constraints involved in
the above perturbation scheme. Though we find an eight-dimensional surface of rank
(5,5) PPT states in every generic five-dimensional subspace, we have not found any
general construction scheme for such states.

In order to construct generic PPT states of rank (5, 5) which are not infinitesimally
close to the rank (4,4) boundary states, we present a method for doing numerical
integration of equations of motion for curves on the surface of rank (5,5) PPT states.
In this way one may study for example the curvature of this surface, or how a curve on
the surface approaches the boundary.

An interesting result is that for a generic PPT state defined by the UPB construc-
tion, the number of product vectors in the kernel needed to specify the state, is in
general smaller than the dimension of the kernel. For instance, generic PPT states of
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rank (6,6) in the 4 x 4 system have 20 different product vectors in their ten-dimensional
kernel, but the number of product vectors needed to specify the state is seven. This
does not however apply to PPT states with no product vectors in the kernel, like the
generic rank (5,5) PPT states. This result raises new interesting questions to be an-
swered by future research, for example, how to identify finite sets of product vectors
that define PPT states with these product vectors in their kernel.

As mentioned, it is still an unresolved problem how to construct general rank five
PPT states that are not close to the rank four states. We are even farther from a full
understanding of higher rank PPT states in 3 x 3 dimensions.

The extremal PPT states of rank four are all generic, in the sense that there exists
a standard form for these states, and their form is derived relatively straight from the
UPB construction. For the extremal PPT states of rank five however, there also in
addition to the generic cases, exist a whole plethora of non-generic types. To some
extent our understanding of many of these non-generic forms is better than for the
generic type. This is the main theme of Paper 4.

Paper 11

In this paper we mainly study extremal entanglement witnesses in bipartite systems
of dimensions N = N4Np. We define the cone of entanglement witnesses as the dual
of the cone of the unnormalized separable density matrices, this means that tr(Wp) =
(0@ X)W (¢ ® x) > 0 whenever W is a witness and p is a pure product state p = )t
with ¢ = ¢ ® x. A very essential feature is that the expectation value tr(Wp) as a
function of the vectors ¢ € CV4 and y € CV5 is a positive semidefinite biquadratic form
f(&,x). Every zero of a positive biquadratic form, i.e. (¢g, xo) for which f(¢g, xo) = 0,
imposes strong real and linear constraints on the form. In every direction at the zero
the first derivative must vanish and the second derivative must be non-negative. If the
second derivative vanishes, the third derivative must vanish and the fourth derivative
must be non-negative. The real and symmetric Hessian matrix (which contains the
second derivatives) at the zero, must be positive semidefinite. The eigenvectors of
the Hessian with zero eigenvalue, if such exist, we call Hessian zeros. A zero of the
biquadratic form f(¢,y) is called quadratic if it has no Hessian zeros, otherwise it is
called quartic. We call a witness quadratic if it has only quadratic zeros, and quartic
if it has at least one quartic zero. An important result we prove is that a witness is
extremal if and only if no other witness has the same set, or a larger set, of zeros and
Hessian zeros.

We use the complete set of constraints above, defined by the zeros and Hessian zeros
of a witness, in order to test for extremality. If the witness is not extremal, the test
gives all the directions in the space of Hermitian matrices in which we may search for
witnesses that have more zeros or Hessian zeros, and hence are more nearly extremal.
We have exploited this fact to construct an algorithm to find extremal witnesses. A
finite number of iterated searches in random directions will then lead to an extremal
witness. We find that the distinction between quadratic and quartic zeros is completely
essential when we classify extremal witnesses. Nearly all extremal witnesses found in our
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random searches by using Algorithm 1 from Section 8.6, are quadratic. We derive the
minimum number of zeros a quadratic witness must have in order to be extremal, and
nearly all of the quadratic extremal witnesses have this minimum number of zeros. To
our knowledge, extremal witnesses of generic type have never been constructed before,
even though they are by their very nature, far the most common. We have also used
Algorithm 1 to find some extremal witnesses with more than the minimum number of
zeros, and we regard these as non-generic.

The facial structure of the convex set of separable states and the convex set of
witnesses are closely related, and this is clearly exposed in the algorithm we have
constructed. The zeros of a witness, whether quadratic or quartic, always define an
exposed face of the set of separable states. The other way around, an exposed face of
the set of separable states is defined by a set of pure product states that are the zeros
of some witness, in fact, they are the common zeros of all the witnesses in a face of
the set of witnesses. The existence of witnesses with quartic zeros is the root of the
existence of non-exposed faces of the set of witnesses. It is unknown whether the set of
separable states has unexposed faces.

Related to the structure of faces on S are many important unsolved problems.
We know that any state p € D can be decomposed into a convex sum of maximally
r = rank(p) states of rank one. This is a considerable progress from the maximum given
by Carathéodorys theorem which is N? with N = N4Ng equal to the dimension of the
Hilbert space. This fact is entirely due to the facial structure of D. The maximum
number of pure product states needed to write a separable state in the same manner
is unknown, and this is due to the unknown structure of the faces of S. Because the
set of separable states S and the set of entanglement witnesses S° are dual sets, the
faces of these convex sets are related, and so a way of understanding the faces of S is
to study the faces of §° Another unsolved problem is the following: We have found a
procedure for constructing an extremal witness from its zeros and Hessian zeros, but an
arbitrarily chosen set of zeros and Hessian zeros does not in general define an extremal
entanglement witness, i.e. they do not define an exposed face on S§. This is seen by
studying the simplex faces that zeros of entanglement witnesses define, compared to
the simplexes defined by random sets of zeros. The key question is how to choose a set
of zeros and Hessian zeros, such that they are zeros of an entanglement witness.

We discuss some properties of optimal witnesses, and try to relate these to extremal
witnesses. The minimum number of zeros of a quadratic extremal witness increases
faster than the Hilbert space dimension. Since a witness is optimal if its zeros span the
Hilbert space CV, this implies that in all but the lowest dimensions witnesses may be
optimal and yet be very far from extremal. We also briefly discuss the so-called SPA
separability conjecture in lieu of the results of our numerical investigations.

By studying the extremal entanglement witnesses we have made some progress to-
wards understanding the convex sets of witnesses and separable mixed states. But this
has also made the complexity of the problem even more clear than it was before. The
main complication is the fact that zeros of extremal witnesses may be quartic, and since
this opens up an almost unlimited range of variability among the quartic witnesses, it
is a difficult problem. Nevertheless we believe that it is useful to pursue the study of
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extremal witnesses in order to learn more about the geometry of the set of separable
states, and it is rather clear that a combination of analytical and numerical methods
will be needed also in future work.

Paper II1

In this paper we are to some degree more occupied with positive maps rather than
entanglement witnesses. There is a one-to-one correspondence between positive maps
and entanglement witnesses, often called the Choi-Jamiolkowski isomorphism, which
identifies a unique positive map Ly to each entanglement witness W.

A very useful property of maps is unitality, which means that a map always carries
the identity into the identity, i.e. LI = I. This is useful since it provides a fixed point
for the map. A map may also be trace preserving, which means that for any state p we
have tr(p) = tr(Lp). Since a mixed state p intrinsically carries a probability distribution
it is important that the mapped state Lp also does. We first argue that every positive
map Ly may be transformed into a form which is both unital and trace preserving
through a product transformation of the corresponding entanglement witness W. If the
witness lies in the interior of S° which means that it has no zeros, the existence of
such a product transformation has already been proved in the literature. It is however
witnesses lying on the boundary 0S° which clearly represent the most interesting cases.
We present an iteration scheme for computing the transformation numerically, and we
find in practice for the 3 x 3 system, that the scheme works well even for extremal
witnesses and other witnesses lying on dS° We find numerically that the unital and
trace preserving form of a positive map is unique up to unitary product transformations,
and that they are all contractive.

In paper II, we studied extremal entanglement witnesses in dimension 3 x 3 by
constructing numerical examples of generic extremal non-negative biquadratic forms.
These are very complicated, and we do not know how to handle them other than
by numerical methods. However, the corresponding extremal positive maps can be
presented graphically, as we have done in this paper. We first present plots related
to two different extremal entanglement witnesses in 3 x 3 dimensions. We produce
the corresponding positive map L : Hy — Hj, and then plot various two-dimensional
sections in order to illustrate how the image LDy lies inside D3. The first example is
a randomly chosen generic extremal entanglement witness with quadratic zeros, found
in numerical searches done in paper II. We then repeat this scheme for a version of
the Choi-Lam map with entanglement witness Weo = (1,0, 1;0), where Q(a, b, ¢; 0) is
the generalized Choi-Lam witness. This witness is extremal but highly non-generic,
having only quartic zeros. It has three isolated quartic zeros, and one continuous two-
dimensional set of zeros which are necessarily quartic. The most important feature of
the plots is related to the zeros of the two witnesses. A zero (g, xo) of W naturally
defines a pure state ¢>0gz52; in D3, which is mapped by the corresponding map Ly, to the
boundary of D3. In particular, a generic extremal witness in 3 x 3 dimensions, like the
one presented here, has nine zeros (¢;, x;), defining a simplex in D3 with nine vertices
(;Sigbz which are mapped to a simplex in D3 with nine vertices LW(qSiQﬁI ) touching the
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boundary of Dj from the inside.

One third example is based on the study of optimal witnesses by Lewenstein et
al. [78]. They describe a method for constructing optimal witnesses in the 2 x 4 system.
We have utilized this method to create such a witness, and then from this derived a
structure of extremal quartic witnesses. From one of these extremal quartic witnesses
we have constructed the corresponding positive map L : Hy — H,, and then proceeded
to perform various plots. It should be noted that while both maps in the 3 x 3 system
are unital and trace preserving, this is not the case for this map in the 2 x 4 system.

We should emphasize that we have studied here only 3x3 and 2x4 dimensions, which
are the simplest non-trivial cases. In higher dimensions, the symmetric dimensions
Na X Np with Ny = Np > 3 are clearly the most interesting. The complexity increases
fast with the dimension, because the simplex of pure states in D3 corresponding to the
quadratic zeros of extremal witnesses, becomes a non-simplex polytope, i.e. with a
number of vertices larger than N3.

We believe that the geometrical way of thinking illustrated here, may be a fruitful
approach when one wants to construct examples of extremal maps and entanglement
witnesses. It may be that the increase in complexity with increasing dimension, which
is a well known phenomenon, is easier to handle geometrically than by other methods.

Paper IV

We continue our studies of PPT states of rank (5,5) in the 3 x 3 system. Though the
classification of the extremal PPT states of rank four in these dimensions is believed to
be complete and rather simple, the structure of the extremal PPT states of rank five
appears much more complex, especially since there in this case exists a whole range of
non-generic states.

The equivalence between PPT states under SL x SL-transformations is a very im-
portant concept. The special cases where p and its partial transpose p” have this SL-
equivalence are SL-symmetric states. We define a state p to be genuinely SL-symmetric
if it is SL-equivalent to a state 7 = 77. We then show that genuine SL-symmetry
implies SL-symmetry, and that in the case of genuine SL-symmetry at least one SL-
transformation from p to p” must have a special diagonal block form and in addition
be trace preserving. We argue that SL-symmetric states can be found numerically, but
only by conducting specific searches.

We have randomly produced 50 SL-symmetric PPT states of rank (5, 5), which apart
from being SL-symmetric, are generic states. These searches are rather special in the
sense that we look for product transformations that are trace preserving. This choice is
motivated by the fact that we might in this way expect to find states that are genuinely
SL-symmetric, and indeed about half of these 50 states turned out to be that.

Generic extremal PPT states of rank (5,5) have no product vectors in their kernel.
How to construct PPT states that have a non-zero number ny., of product vectors in
the kernel is discussed in Paper 1 [57]. We here develop these matters further. These
investigations is essentially a study of pairs of orthogonal subspaces of C° rather than
the states themselves. We construct non-generic orthogonal subspaces U and V with
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[U| = 5 and |V| = 4, that allow product vectors which are orthogonal to U, i.e. they
lie in V. We then construct PPT states of rank (5,5) with ITmgp = U and Kerp =V
with ny, ranging from one to four. For a PPT state we always have that the number
of product vectors in Ker p and Ker p” are equal, and if the number of product vectors
in Img p” is Timg, we can characterize a PPT state by {nimg, Mimg; Mker }-

The {6, 6, ne } states we have constructed in this way are always extremal if nye, =
1, 2, while the cases ny., = 3,4 always return non-extremal states. For the case nye, = 2
it is also possible to have nimg = Nimg = 00, because this construction allows an infinite
set of linear combinations of product vectors, that are again product vectors. These
cases return both extremal and non-extremal states.

For the case nye, = 4 we find an interesting new analytical construction of all rank
four extremal PPT states, up to SL-equivalence, where they appear as boundary states
on one single five dimensional face on the set of normalized PPT states. The interior
of the face consists of rank five states, a simplex of separable states surrounded by
entangled PPT states. All these states are real matrices, symmetric under partial
transposition.

Also, a very special subspace is collected from a small number of {2,2;1} states
found in random searches for SL-symmetric states. We describe analytically a set of
states found by transformation to a standard form of one particular rank (5,5) non-
extremal PPT state in this subspace. After transformation to this standard form the
rank (5,5) state lies inside a circle bounded by extremal rank (4,4) PPT states. The
interior of the circle consists entirely of rank (5,5) PPT states, each of which has exactly
one product vector in its kernel, and this product vector is common to all the rank (4, 4)
and rank (5,5) states. Each of the rank (4,4) states has five additional product vectors
in its kernel, these are different for the different states. The rank (4,4) states have no
product vectors in their ranges, whereas all the rank (5,5) states have one common
range containing exactly two product vectors. All the rank (4,4) and rank (5,5) states
are symmetric under partial transposition. We have also produced several extremal
{2,6;1} PPT states of rank (5,5) in this subspace.

It is known that a subspace of C? of dimension five cannot be an entangled subspace,
i.e. it must contain at least one product vector [40]. As mentioned, the generic number
Nimg Of product vectors in such a five-dimensional subspace is six. All our standard forms
have either nimg = 6 or Ny, = 0o. In order to gain a more complete understanding of
the non-generic PPT states in the 3 x 3 system, it is important that the structure of
orthogonal subspaces U and V of C? is further analyzed, especially with regards to the
number of product vectors that these subspaces contain.

For any five-dimensional subspace of C” to contain less than six product vectors,
the set of equations (3.52) must have degenerate solutions. An analysis regarding these
matters is given in [56].
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Deciding whether a mixed quantum state is separable or entangled is a difficult problem in general. Separable
states are positive under partial transposition [they are positive-partial-transpose (PPT) states], but this simple
test does not exclude all entangled states. In order to understand the entangled PPT states, having so-called bound
entanglement, we want to study the extremal PPT states. An extremal PPT state is either a pure product state,
then it is separable, or it is entangled, in which case the state and its partial transpose must still be rather low-rank
density matrices, although it is known that the rank must be at least 4. In a previous paper we presented a complete
classification of the rank-4 entangled PPT states in dimension 3 x 3, generalizing the construction by Bennett
et al. from unextendible sets of orthogonal product vectors. In the present paper we continue our investigations of
the low-rank entangled PPT states, mostly in dimension 3 x 3, using a combination of analytical and numerical
methods. We use perturbation theory in order to construct rank-5 entangled PPT states close to the known rank-4
states, and in order to compute dimensions and study the geometry of surfaces of low-rank PPT states. We exploit
the close connection between low-rank PPT states and product vectors. In particular, we show how to reconstruct
a low-rank PPT state from a sufficient number of product vectors in its kernel. It may seem surprising that the

number of product vectors needed may be smaller than the dimension of the kernel.

DOI: 10.1103/PhysRevA.85.022309

I. INTRODUCTION

Quantum entanglement between subsystems of a composite
physical system, independent of spatial separation, is a
phenomenon which clearly distinguishes quantum physics
from classical physics [1]. Entangled quantum states show
correlations between local measurements on the subsystems
which cannot be modeled within classical physics with local
interactions, since they violate Bell inequalities [2,3], or even
equalities such as the Greenberger-Horne-Zeilinger (GHZ)
equalities in a three-particle system [4,5].

A pure classical state of a composite system has no
correlations, since classical measurements are deterministic
and disturb the system minimally. A statistical ensemble of
pure classical states, what we may call a mixed classical state,
can have correlations, but these correlations cannot violate
Bell inequalities, by definition.

The only pure quantum states that are not entangled are the
pure product states, which resemble pure classical states in that
they have no correlations at all. By definition, a mixed quantum
state is a statistical ensemble of pure quantum states, and it is
said to be separable if it can be mixed entirely from pure
product states. The separable mixed states are not entangled,
since they cannot violate Bell inequalities, and the entangled
mixed states are precisely those that are nonseparable.

The separability problem, how to characterize the set S
of separable mixed states and decide whether a given mixed
state is separable or entangled, is known to be a difficult
mathematical problem [6]. It motivates our work presented
here and in previous papers [7-10], although we have studied
not so much the separable states directly as the larger class of
mixed states called positive-partial-transpose (PPT) states.

The separable mixed states have the property that they
remain positive after partial transposition; they are PPT states,
for short. This is known as the Peres separability criterion
[11]. Tt is a powerful separability test, which can be used,
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for example, to prove that any pure quantum state is either
entangled or a pure product state. The set P of PPT states is
in general larger than the set S of separable states, but the
difference between the two sets is surprisingly small in low
dimensions, and in the very lowest dimensions, 2 x 2, 2 x 3,
and 3 x 2, there is no difference [12,13].

Entanglement is regarded as a physical resource which can
be used for special tasks that cannot be performed otherwise,
such as quantum teleportation and dense coding, quantum
cryptography, or quantum computing. For such purposes one
may want pure entangled states, and then it is useful to have
methods for distilling out a number of entangled pure states
from a larger number of entangled mixed states [14]. A special
property of the entangled PPT states is that their entanglement
is bound—it cannot be distilled into the entanglement of pure
states [15,16].

Several groups are now studying experimentally the bound
entanglement in entangled PPT states [17-20]. This is another
motivation for our theoretical studies of the PPT states and the
nature of their entanglement.

The set of PPT states is convex, and since all members
of a convex set are convex combinations of the extremal
points of the set, it is a natural idea to study the extremal
PPT states. Our approach is to construct numerical examples
and try to understand them by analytical means. The extremal
PPT states are easily accessible for numerical study, since it
is straightforward to test for both the PPT property and the
extremality. The extremality condition for a PPT state implies
that both the density matrix and its partial transpose must have
rather low rank, and this motivates us to study more generally
low-rank PPT states.

We know something about the extremal PPT states already
from the fact that S C P C D, where S is the set of separable
states, P the set of PPT states, and D the full set of density
matrices, and from the fact that all three sets are convex.
By definition, the extremal points of S are the pure product
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states, and since these are also extremal points of D, they
must be extremal points of P. All other extremal PPT states
are entangled, because a separable extremal PPT state must be
extremal in S and hence a pure product state. Thus the extremal
PPT states that are not pure product states are immediately
interesting as examples of entangled PPT states.

A. The relation between PPT states and product vectors

There is a very close connection between PPT states
and product vectors, which has previously been used, for
example, to prove the separability of sufficiently low-rank
PPT states [21]. In the present work we have exploited this
connection further.

Bennett et al. [22,23] introduced a method for constructing
low-rank mixed states that are obviously entangled PPT states,
using what they called unextendible product bases (UPBs).
From a UPB, defined as a maximal set of orthogonal product
vectors which is not a complete basis of the Hilbert space, one
constructs an orthogonal projection Q and the complementary
projection P =1 — Q. Then p = P/(Tr P) is an entangled
PPT state.

The UPB construction is most successful in the special
case of rank-4 PPT states in 3 x 3 dimensions. In Ref. [10]
we argued, based on evidence from numerical studies, that
an extended version of the UPB construction, including
nonunitary but nonsingular product transformations on the
states, is general enough to produce all rank-4 entangled PPT
states in 3 x 3 dimensions. This conjecture has since been
proved independently by Skowronek [24] and by Chen and
Djokovic [25].

Unfortunately, attempts to apply the UPB method directly in
higher dimensions fail, even when the kernel contains product
vectors, because there cannot exist a sufficient number of or-
thogonal product vectors. The orthogonality is essential in the
construction by Bennett et al. of the PPT state as a projection
operator. We would like to generalize the construction in such
a way that it works without the orthogonality condition.

One possible generalization is to construct projection
operators as more general convex combinations, or even as
nonconvex linear combinations, of pure product states. This
idea is explored in a separate paper [26].

In the present paper we discuss in general the constraints
imposed on a PPT state p by the existence of product vectors
in its kernel, and we show that these constraints are so strong
that they actually determine the state uniquely. A surprising
discovery is that in cases where the kernel contains a finite
overcomplete set of product vectors, the state p can be
reconstructed from only a subset of the product vectors, and
the number of product vectors needed may even be smaller
than the dimension of the kernel.

From this point of view, the important question is exactly
what conditions the product vectors must satisfy in order for
the constraint equations to have a solution for p. We can answer
this question in the familiar special case of rank-4 PPT states
in 3 x 3 dimensions, but not in other cases. We consider this
an interesting problem for future research.

B. Outline of the paper

The contents of the present paper are organized as follows.
First we review some linear algebra, in particular, degenerate
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perturbation theory, in Sec. II. The main purpose is to
introduce notation and collect formulas for later reference.
In Sec. III we point out the very stringent conditions that
follow from the existence of product vectors in the kernel of
the lowest rank PPT states. These conditions imply that not
just any subspace containing product vectors may serve as the
kernel of a PPT state, and the PPT state seems to be uniquely
determined by the product vectors in its kernel. In fact, the
state is determined as soon as a minimum number of product
vectors is specified, and the required number may even be
smaller than the dimension of the kernel.

In Sec. IV we discuss the rank-4 PPT states in 3 x 3
dimensions. We review the UPB construction, based on
orthogonal product vectors in the kernel, before we describe
an approach which is different in that the product vectors need
not be orthogonal. The new approach also throws new light on
a set of reality conditions that limit the selection of product
vectors to be used for constructing rank-4 PPT states.

In Sec. V we discuss the rank-5 PPT states in 3 x 3
dimensions. We find an eight-dimensional surface of rank-5
PPT states in every generic five-dimensional subspace, but we
have not found any general method to construct such states.
However, we show how to construct rank-5 PPT states by
perturbing rank 4-PPT states. Again, the product vectors in
the kernel of the rank-4 state play an important role in our
construction of the rank-5 states.

In Sec. VI we discuss rank-6 PPT states in 4 x 4 dimen-
sions. The kernel of such a state has dimension 10 and contains
20 product vectors. The remarkable result we find is that the
state can be constructed from only seven product vectors in
the kernel. An arbitrary set of seven product vectors does not
produce a rank-6 PPT state, but we do not know how to select
sets of product vectors that can be used in such a construction.

In Sec. VII we discuss briefly how to determine numerically
the dimensions of surfaces of PPT states of fixed rank. We
find that the dimensions are given by a simple counting of
independent constraints, except for the very lowest rank states,
for which the constraints are not independent.

Finally, we discuss in Sec. VIII how to study a surface of
PPT states by numerical integration of equations of motion for
curves on the surface. In this way one may study, for example,
the curvature of the surface, or how a curve on the surface
approaches the boundary of the surface.

II. SOME BASIC LINEAR ALGEBRA

In this section we review some linear algebra, mainly in
order to introduce notation and collect formulas for later use.
In particular, degenerate perturbation theory is a central theme
in the present paper. We define projection operators acting on
the space of Hermitian matrices which we use in our numerical
calculations.

A. Density matrices

Let Hy be the set of Hermitian N x N matrices. It has a
natural structure as a real Hilbert space of dimension N with
the scalar product

(X,Y) = Tr(XY). (1)
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In order to do numerical calculations we may choose an
orthonormal basis of Hy and represent the Hermitian matrices
as real vectors.

A mixed state, or density matrix, is a positive Hermitian
matrix of unit trace. We define

D=Dy={peHy|p=20,Trp=1} ()

For a given p € D we define P and Q =1— P as the
orthogonal projections onto Img p, the image of p, and
Ker p, the kernel of p, respectively. The relations Pp = pP =
PpP =p and Qp =pQ = QpQ =0 will be used in the
following.

That p is positive, or positive semidefinite, written as p > 0,
means that all the eigenvalues of p are non-negative. An
equivalent condition is that ¥fpy > 0 for all ¥ € CN. It
follows from the last inequality and the spectral representation

N
p= vy, 3)
i=1
in terms of eigenvalues A; and orthonormal eigenvectors y; of
p, that T pyr = 0if and only if py = 0.
The definition of positive Hermitian matrices by inequali-
ties of the form v p1y > 0 implies that D is a convex set. That
is, if p is a convex combination of py,p0, € D,

p=ro1+ (1 —=Xp, with 0<X<l, 4)

then p € D. Furthermore, since Kerp = {v | ¥py =0}
when p > 0, it follows that

Ker p = Ker p; N Ker p,, 5)

independent of A, when p is a convex combination as above.
Since Ker p is independent of A, so is Im p = (Ker p)*.

A convex set is defined by its extremal points: those points
that are not convex combinations of other points. The extremal
points of D are the pure states of the form p = .

1. Finite perturbations

In the following, let p € D, and define projections P onto
Imp and Q = 1 — P onto Ker p. Consider a perturbation

pl=pteA (©)

where A # 0 is Hermitian, and Tr A = 0 so that Trp’ = Trp
[replace A by A — (Tr A) p if Tr A # 0]. The real parameter
€ may be finite or infinitesimal, so we first consider the case
when € is finite.

We observe that if Im A C Im p, or equivalently, if

PAP = A, (7)

then there will be a finite range of values of €, say €] < € < €,
with €; < 0 < €, such that p’ € D and Im p’ = Im p. This
is so because the eigenvectors of p with zero eigenvalue will
remain eigenvectors of p’ with zero eigenvalue, and all the
positive eigenvalues of p will change continuously with € into
eigenvalues of p'.

The other way around, if p’ € D fore; < € < e, withe; <
0 < €;, then p’ is a convex combination of p + €A and p +
€, A for every € in the open interval €; < € < €. Hence Im p’
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is independent of € in this interval, implying that Im A C Im p
and PAP = A.

This shows that p is extremal in D if and only if there
exists no A # 0 with TrA =0 and PAP = A. Another
formulation of the condition is that there exists no p’ € D
with p’ # p and Im p’ = Im p. A third equivalent formulation
of the extremality condition is that the equation PAP = A
without the condition Tr A = 0 has A = p as its only solution
(up to proportionality).

2. Infini I pertur

Assume now that Im A ¢ Im p. The question is how an
infinitesimal perturbation affects the zero eigenvalues of p.
When p is of low rank we need degenerate perturbation
theory, which is well known from any textbook on quantum
mechanics.

To first order in €, the zero eigenvalues of p are perturbed
into eigenvalues of p’ that are € times the eigenvalues of QA Q
on the subspace Ker p. Similarly, to first order in €, the positive
eigenvalues of p are perturbed into positive eigenvalues of p’
in a way which is determined by how p and PA P act on Im p.

It is clear from this that to first order in €, the condition

QAQ =0 ®)

is necessary and sufficient to ensure that the rank of p" equals
the rank of p, and that p’ > 0 both for € > 0 and for ¢ < 0.

More generally, to first order in €, the rank of p” equals the
rank of p plus the rank of QA Q. For example, if we want to
perturb p in such a way that the rank increases by one, then
we have to choose A such that

0AQ = a ¢ol, )
where ¢ € Ker p is a normalized eigenvector of QA Q with

a # 0 as an eigenvalue. Since QA Q is Hermitian, @ must be
real. If @ > 0, then p’ > 0 for € > 0 but not for ¢ < 0.

3. Projection operators on Hy

Using the projections P and Q defined above, we define
projection operators on Hy, the real Hilbert space of Hermitian
N x N matrices, as follows:

PX = PXP,
QX =0XQ0=X-PX—-XP+ PXP, (10)
RX=I-P-QX=PX+XP—-2PXP.
Here I is the identity on Hy. It is straightforward to verify that
these are complementary projections, with P> = P, Q> = Q,

PQ = QP = 0, and so on. They are symmetric with respect to
the natural scalar product on Hy, for example,

(X,PY)=Tr(XPYP)=Tr(PXPY)=(PX,Y). (1)

Hence they project orthogonally, and relative to an orthonor-
mal basis of Hy they are represented by symmetric matrices.

Relative to an orthonormal basis of CV with the first basis
vectors in Im p and the last basis vectors in Ker p, a Hermitian
matrix X takes the block form

x;(& x>, (12)
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with Ut = U and W1 = W. In this basis we have

I 0 0 0
P=<0 0), Q=<0 1>, (13)
and hence

U o 0 0 0 Vv
px=(§ o) ex=(3 ). re=( ¢)
(14)

B. Composite systems
1. Product vectors

If N = N4 Np then the tensor product spaces CY = CM+ @
CN# (acomplex tensor product) and Hy = Hy, ® Hy, (areal
tensor product) may describe a composite quantum system
with two subsystems A and B of Hilbert space dimensions N4
and Np.

A vector Yy € CV then has components v; = v; j» where

I=12,...,N<ij=11,12,...,1Np,21,22, ... ,NsNp.
(15)

A product vector ¥ = ¢ ® x has components ¥;; = ¢; x;. We
see that ¢ is a product vector if and only if its components
satisfy the quadratic equations,

VijV — Y = 0. (16)

These equations are not all independent; the number of
independent complex equations is

K=(Ni—1)(Ng—1)=N—Ns—Ng+1. (17

For example, if ¥;; # 0 we get a complete set of independent
equations by taking i =j =1 and k=23,...,N4, [ =
2,3,...,Ng.

Since the equations are homogeneous, any solution ¢ # 0
gives rise to a one-parameter family of solutions ¢y with ¢ €
C. A vector ¥ in a subspace of dimension n has n independent
complex components. Since the most general nonzero solution
must contain at least one free complex parameter, we conclude
that a generic subspace of dimension n will contain nonzero
product vectors if and only if

n>K+1=N-—N4y— N-+2. (18)
The limiting dimension
HZN—NA—NB+2 (19)

is particularly interesting. In this special case a nonzero
solution will contain exactly one free parameter, which has
to be a complex normalization constant.

Thus, up to proportionality, there will exist a finite set of
product vectors in a generic subspace of dimensionn = N —
N4 — Ng + 2. The number of product vectors is [9]

_(Na+Ng—2\  (Na+Np-—2)!
1"( Na—1 )_(NA—I)!(NB—I)!' 20

A generic subspace of lower dimension will contain no nonzero
product vector, whereas any subspace of higher dimension
will contain a continuous infinity of different product vectors
(different in the sense that they are not proportional).

PHYSICAL REVIEW A 85, 022309 (2012)

2. Partial transposition

The following relation between matrix elements,
XPYijaa = Xt (21)

defines X7, the partial transpose of the Hermitian matrix X
with respect to the second subsystem. Partial transposition is
an orthogonal linear transformation: it preserves the scalar
product defined in Eq. (1).

A density matrix is called separable if it is a convex
combination of the form

P=) POk @, (22)
k

with oy € Dy,, 7 € Dy,, pr > 0, >, pr = 1. We denote by
S the set of separable density matrices. Partial transposition
obviously preserves the positivity of a separable density
matrix. This is an easily testable condition for separability,
known as the Peres criterion. The set of all PPT (positive
partial transpose) matrices,

P={peD|p’>0}=DnD", (23)

may be called the Peres set. A well-known resultis that P = S
for N = NyNjp < 6, whereas P is strictly larger than S in
higher dimensions [12].

We will classify low-rank PPT states by the ranks (m,n)
of p and p”, respectively. Note that ranks (m,n) and (n,m)
are equivalent for the purpose of classification because of the
symmetric roles of p and p”.

3. Product transformations

A product transformation of the form

p>p =aVpVl with V=V,Q Vs, (24)

where a is a normalization factor and V4 € SL(N,4,C), Vi €
SL(Ng,C), preserves positivity, rank, separability, and other
interesting properties that the density matrix p may have.
For example, it preserves positivity of the partial transpose,
because

() =aVpP V! with V=V,®V}. (25)

The image and kernel of p and p” transform in the following
ways:

Imp = VImp, Kerp = (VH ! Kerp, (26)

and

Im(p))" = VImp”, Ker(p)’ = (V' Kerp”. (27)

All these transformations are of product form and hence
preserve the number of product vectors in a subspace.

We say that two density matrices p and p’ related in this
way are SL ® SL equivalent, or simply Special linear (SL)
equivalent. The concept of SL equivalence is important to us
here because it simplifies very much our efforts to classify the
low-rank PPT states.

C. Restricted perturbations

We have seen that Eq. (7) ensures that the perturbation
p' = p + €A preserves the image of p, so that Im p’ = Im p
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and p’ > 0 for a finite range of values of the perturbation
parameter €. The weaker condition in Eq. (8) ensures only that
rank o’ = rank p and p” > 0 for infinitesimal values of ¢.

We will now discuss how to use perturbations with similar
restrictions in order to study the convex set P. In particular,
we are interested in perturbations that either preserve the ranks
(m,n) of p, or else change these ranks in controlled ways. We
also state the conditions that identify the extremal points of P.

In_a similar way as we did for p, we define P and Q =
1 — P as the orthogonal projections onto Im p” and Ker p”.
Then we define

Px=(PXx"P)*,

QX=(0x" D)’ = X — (PX")" — (XPP)* + (PX"P)",

RX=1-P-QX =(Px"’ +(x"P)’ —2Px"P)’.
(28)

These are again projections on the real Hilbert space Hy, like
P, Q, and R, again symmetric with respect to the natural scalar
product on Hy. We may use these projections on Hy to impose
various restrictions on the perturbation matrix A.

1. Testing for extremality in P

The extremality condition for P is derived in a similar way
as the extremality condition for D based on Eq. (7). Clearly p
is extremal in P if and only if there exists no p’ € P, p’ # p,
with both Im p’ = Im p and Im(p')” = Im p”. Another way
to formulate this condition is that A = p is the only solution
of the two equations PA = A and PA = A.

Since P and P are projections, the equations PA = A
and PA = A together are equivalent to the single eigenvalue
equation

(P +P)A =24. (29)

They are also equivalent to either one of the eigenvalue
equations

PPPA = A, PPPA = A. (30)

Note that the operators P + ﬁ PﬁP, and PPP are all real
symmetric and therefore have complete sets of real eigenvalues
and orthonormal eigenvectors. In fact, the eigenvalues are all
non-negative, because the operators are positive.

When we diagonalize P + P we will always find A = p
as an eigenvector with eigenvalue 2. If it is the only such
eigenvector, this proves that p is extremal in P. If A is
a solution not proportional to p, then we may impose the
condition Tr A = 0 [replace A by A — (Tr A)p if necessary],
and we know that there exists a finite range of both positive
and negative values of € such that p’ = p + €A € P; hence p
is not extremal.

It should be noted that in our numerical calculations we may
find eigenvalues of P + P that differ from 2 by less than 1%
. However, since eigenvalues are calculated with a precision
close to the internal precision of the computer, which is of
order 107'%, there is never any ambiguity as to whether an
eigenvalue is equal to 2 or strictly smaller than 2.
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2. Perturbations preserving the PPT property and ranks

The rank and positivity of p are preserved by the pertur-
bation, to first order in €, both for € > 0 and € < 0, if and
only if QA = 0. Similarly, the rank and positivity of p’ are
preserved if and only if QA = 0. These two equations together
are equivalent to the single-eigenvalue equation

Q+Qa=o. &)

Again, Q + (~2 is real symmetric and has a complete set of real
eigenvalues and eigenvectors.

In conclusion, the perturbations that preserve the PPT
property, as well as the ranks (m,n) of p and p’, to first
order in €, are the solutions of Eq. (31).

If we want to perturb in different ways, for example, such
that Im p’ = Im p, but not necessarily Im(p")” = Im p?, we
only require (p’)” and p” to have the same rank. Then the
conditions on A are that PA = A and QA = 0, or equivalently,

IA-P+QA=0. (32)

III. PRODUCT VECTORS IN THE KERNEL

Our purpose in this section is to state explicitly the very
close connection between the lowest rank PPT states and
product vectors. If the dimension of Kerp is equal to or
larger than the limiting dimension n given by Eq. (19), or
equivalently, if

rankp < N —n =Ny + Ng — 2, (33)

then Ker p will always contain product vectors, and from these
product vectors we obtain a set of linear equations for p. In
numerical examples we find that these equations determine p
uniquely.

Assume now that p € P. Recall that because p > 0 and
p? > 0, the equations w'pw = 0 and pw = 0 forw € CV are
equivalent, and so are the equations w' p”w = Oand p”w = 0.
Taken together with the identity

@M P =x@v) " u® )y, (34

this puts strong restrictions on p when we know a number of
product vectors in Ker p.

Assume from now on that w is a product vector, w = u @ v.
Defining w = u ® v* we have the general relation

whpw =@ Tp’, (35)

which implies that the relations w € Ker p and @ € Ker p”
are equivalent. Assume that w € Ker p. For any z € CV we
have the condition on p that zfpw = 0. In particular, when
z is an arbitrary product vector, z = x ® y, we have the two
conditions on p that

x®ypuev) =0,
eV PU®Y) =@x®y)p uev)=0.

Assume that w; =u; ® v; € Kerp for i =1,2,...,p.
Then for arbitrary values of the indices i,j,k we have the
following constraints on p:

(36)

(; ® ) p (e @ vi) = (u; @ vi) p (r ® ;) = 0. (37)
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Let us introduce matrices
Auij = (ux ® v)(u; ® v))f (38)
and Hermitian matrices
Buij = Auij + (Aui)'s Cuij = i(Auij — (Auip))). (39)

then the constraints on p are of the form

Tr(p Bikij) = Tr(pCuiij) = Tr(p Byjir) = Tr(pCrjix) = 0.
(40)

Each equation Tr(pB) = 0 with B # 0 or Tr(pC) = 0 with
C #0 is one real valued constraint, but the counting of
independent constraints is a little bit involved. We will use
these constraints in the following.

IV. RANK-(4,4) EXTREMAL PPT STATES
IN 3 x 3 DIMENSIONS

In this section we first review the important method for
constructing entangled PPT states introduced by Bennett et al.
in Ref. [22]. We have previously shown in Ref. [10] how this
method may be used to parametrize rank (4,4) entangled PPT
states in 3 x 3 dimensions. We argued there, from numerical
evidence, that this parametrization is a complete classification
of all rank-4 entangled PPT states. This conjecture has since
been proved [24,25].

Itis possible to reconstruct a rank-(4,4) entangled PPT state
uniquely from five of the six product vectors in its kernel. If
these product vectors are orthogonal, then the construction of
Bennett et al. is directly applicable. If the product vectors are
not orthogonal, then one may transform them to orthogonal
form in the way described in Ref. [10], before using the
Bennett construction. It is a nontrivial empirical fact that the
transformation to orthogonal form always works for a set of
five product vectors in the kernel of a rank-(4,4) entangled
PPT state.

‘We describe here a more direct way to reconstruct a rank-4
entangled PPT state from the product vectors in its kernel,
where we do not transform the product vectors to orthogonal
form but use Eq. (40) instead. We give a parametrization
of product vectors based on a standard form where they are
not orthogonal. This standard form contains four parameters,
which are complex in the case of a generic set of product
vectors, but we give both numerical and analytical arguments
which prove that the parameters have to be real when the
product vectors lie in the kernel of a rank-4 entangled PPT
state.

When we carry out the construction numerically, we find
that with real parameters the generic case is that the constraint
equations summarized in Eq. (40) have one solution for p,
unique up to a proportionality constant. However, this unique
p is often not a PPT state, because at least one of the conditions
p > 0and p” > Ois violated. These conditions impose further
restrictions on the parameters, corresponding exactly to the
condition that the product vectors may be transformed to
orthogonal form. We describe in detail the subset of real
parameter values producing PPT states.
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We remark briefly on how a separable state of rank-(4,4)
differs from an entangled PPT state of the same rank with
respect to product vectors in its kernel.

A. The UPB construction of entangled PPT states

We now review briefly the construction of a rank-(4,4)
entangled and extremal PPT state p in 3 x 3 dimensions
from an unextendible orthonormal product basis (a UPB) of
Ker p [22]. The UPB consists of five orthonormal product
vectors w; = N;u; ® v; with the property that there exists
no product vector orthogonal to all of them. We include real
normalization factors N; here because we want to normalize
such that w;w_,- = §;; without necessarily normalizing the
vectors u; and v;.

The orthogonality of the product vectors w; follows from
the cyclic orthogonality relations u; L up L w3z L us L us L
uy, and vy L vy L vs L vy L vy L vy. There is the further
condition that any three vectors u; and any three v; are linearly
independent. The five-dimensional subspace spanned by these
product vectors is the kernel of the density matrix,

5
1
— )l
0 4<ﬂ—;w,wi), 41)

which is proportional to a projection operator. The partial
transpose of p is

5
1
P _ ~ =T
p _4(ﬂ—;w,wi>, (42)

with W; = Nju; ® v;*. Thus we have both p > 0 and pP >0
by construction. Note that if all the vectors v; are real, v;* = v;,
then p is symmetric under partial transposition, p* = p.

By a unitary product transformation as in Eq. (26) we may
transform the above orthogonal UPB into the standard un-
normalized form [10],

1 0 a b O 1 d 0 0 ¢
u=|10 1 0 1 a}, v=(0 1 1 ¢ 0]},
00 b —a 1 0 — 0 1 d
43)

with a,b,c,d as positive real parameters. The following
quantities determine these parameters:

det(uuruy) det(uusus) 5

1= _det(u1u2u5) det(uiusug) @4
det(uuous) det(uotiaus)  b*
2= " det(u uoug) det(uousus) a2’
and
_ det(vyvyv3) det(vivavs) 5
5= det(vyvavs) det(vivsvg) @5)

_ det(vivzvs) det(vovzvg) _ d?

4= =—.
det(vivov3) det(vzvgvs) 2

These ratios of determinants are invariant under general
SL ® SL transformations, as well as independent of the
normalization of the vectors.
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In Ref. [10] we presented numerical evidence that every
entangled rank-(4,4) PPT state is SL ® SL equivalent to some
state of the form of Eq. (41) with real product vectors as given
in Eq. (43). This implies that the surface of all rank-(4,4)
entangled PPT states has dimension 36. We count 32 degrees
of freedom due to the SL(3,C) ® SL(3,C) transformations,
plus the four real SL ® SL invariant parameters a,b,c,d in
Eq. (43).

Using the method described in Sec. VII below, we have
verified numerically that a rank-(4,4) entangled PPT state as
described here lies indeed on a surface of dimension 36. This
is another indication that our classification of such states is
complete.

B. A different point of view

‘We present here the construction of an entangled PPT state
p of rank (4,4), as seen from a different point of view. When
p has rank 4, it means that Ker p has dimension 5. A generic
five-dimensional subspace in C° = C* ® C? has a basis of
product vectors. In fact, it contains exactly six product vectors,
any five of which are linearly independent. By Eq. (19), five
is the limiting dimension for which the number of product
vectors is nonzero and finite, and the number six is consistent
with Eq. (20).

Any generic set of six product vectors w; = u; ® v; may
be transformed by an SL ® SL transformation to the standard
un-normalized form:

10 0 1 1 1
u=|(0 1 0 1 p p|,
001 1 q ¢
(46)
1 00 1 1 1
v=|0 1 0 1 r r |,
001 1 s s

with p,q,r,s and p’,q’,r',s" as real or complex parameters.
Genericity implies that any three u; and any three v; are
linearly independent; this requires, for example, that p,qg #
0,1 and p # g. With this parametrization, one may show that
the six product vectors are linearly dependent and lie in a
five-dimensional subspace if

ol
b= Apagurs = BS=94)1=9)

(s=r)g—s)
. _(ps—gn(1-1)
q = fap.q.r.s) = G- =n "
s — —1
V= fypagrsy = LETIGD )
P =g -5
f_ _(ps—qr)(p—-1)
S = T e =

The product vectors ws and wg are interchangeable; thus the
transformation given in Eq. (47) is its own inverse and is
equivalent to the transformation

p=fip.q.r s,
q = f(p'.q'.r'sh,
r= f3(p'.q'.r's), (48)
s = fa(p'.q'.r' 5.
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We may choose to ignore we when it is a linear combination
of w to ws.

The values of the above invariants s;,s5,53,54 as functions
of the new parameters p,q,r,s are
r—s r

53 = sS4 =
s 11—

slz—g, so=q—1, (49)
The parameters p,q,r,s are actually new invariants; they
cannot be changed by SL ® SL transformations.

We want to construct a PPT state having the above product
vectors in its kernel, and one possibility is to make a detour
and use the UPB construction. If the values of p,q,r,s are such
that the invariants s,s,53,54 are all real and strictly positive,
then we use Egs. (44) and (45), with u and v from Eq. (46),
to find corresponding values of a,b,c,d, and we transform, by
an SL ® SL transformation, from the nonorthogonal standard
form in Eq. (46) to the orthogonal standard form in Eq. (43).
These orthogonal product vectors define the rank-(4,4) PPT
state in Eq. (41), which we finally transform back to the desired
PPT state.

The condition for the UPB detour to work immediately
is that the invariants s;,s,53,54 are all strictly positive,
and we see from Eq. (49) that this happens if and only
if p,q,r,s are all real, and p <0, ¢ >1,0<r <1, 0<
s < r. These inequalities define the regions marked 1 in
the (p,q) and (r,s) planes as plotted in Fig. 1. If they do
not hold, the next step we try is to permute the product
vectors.

As discussed in Ref. [10] there are ten permutations of
the product vectors w; for i = 1,2, ...,5 which preserve the
positivity of the invariants. These permutations form a group G
which is the symmetry group of a regular pentagon, generated
by the rotation, or cyclic permutation, w; + w; with

wi=ws, w)=w;, Wy=uwy, W,=ws W= wi,
(50)

and the reflection

Wi =wg, WH=w3, W;=wy, Wj=w, W5=ws.
(51

For short, we write the rotation as 51234 and the reflection as
43215.

q s
11 6
1 12 7 10 5 4
9 q=1 2 s=1
6 10 8 11 1 3
5 . 12 '
3 4 2 3 7 9
p=1 r=1

FIG. 1. Regions for the parameters p,q,r,s defined in Eq. (46)
such that the product vectors u; ® v; for i = 1,2,...,5 are in the
kernel of a rank-(4,4) extremal PPT state. The (p,q) plane is divided
into 12 regions, with 12 corresponding regions in the (r,s) plane. The
numbers 1-12 refer to the permutations of product vectors given in
Eq. (52). For example, if (p,q) is in region 7, (r,s) must also be in
region 7.
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There are altogether 5! = 120 permutations of the first five
product vectors w;, and they fall into 12 classes (left cosets
of the group G as a subgroup of the permutation group Ss)

|

1:1,2,3,45 2:
7:1,2,4,3,5 8:

1,3,2,4,5
1,4,2,3,5

3:2,1,3,4,5
9: 2,1,4,3,5

Each of these 12 classes defines a positivity region in each of
the two parameter planes, where all four invariants s{,s,55,5,
computed from the permuted product vectors are positive.
The 12 regions are disjoint and fill the planes completely, as
shown in Fig. 1. On the border lines between the regions some
genericity conditions of linear independence are violated.

To summarize, we have learned how to test whether a set of
five product vectors w; = u; ® v;, which is generic in the sense
that any three u vectors are linearly independent and any three v
vectors are also linearly independent, span the kernel of a rank-
(4,4) PPT state. We transform to the standard form defined in
Eq. (46), by a product transformation and normalization. Then
the necessary and sufficient condition is that the parameters
p.q,r,s are all real and that the parameter pairs (p,q) and (7,s)
lie in corresponding regions in the parameter planes, as shown
in Fig. 1.

It should be stressed that the parameter conditions illus-
trated in Fig. 1 are derived here by analytical means from the
results reported in Ref. [10] but that those results were based
partly on numerical evidence. Thus we have no analytical proof
which is complete in every detail.

We discuss next a more direct method for constructing the
PPT state from the product vectors in its kernel, but first we
remark on the origin of the reality condition for the parameters

p.q.r,s.

1. Why the parameters have to be real

As pointed out in Sec. III, when p is a rank-(4,4) state in
dimension 3 x 3 and

w; =u; v; € Kerp, i=1.2,...,6, (53)
then we must also have
W =u; @v* eKerp’, i=12,....6. (54)

But the condition that the partial conjugation w; > W; pre-
serves the linear dependence between the six product vectors
is far from trivial. With product vectors of the form given in
Eq. (46), linear dependence holds when the four equations in
Eq. (47) [or equivalently Eq. (48)] hold. The corresponding
equations for w; are the following:

P = filp.q,r*.s"),
q' = f(p.q.r*.s%),
") = fa(p.q.r*.s®),
(s = fa(p.q.r,s).

(55
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which are not transformed into each other by G. We number
the classes from 1 to 12, and pick one representative from each
class as follows:

4:2,3,1,4,5
10: 2,4,1,3,5

5:3,1,2,4,5
11: 1,3,4,2,5

6: 3,2,1,4,5

12: 14325 52)

[

By eliminating p’,q’,r’,s’ between the equations (47) and (55)
we derive the equations

(ps—gr)(1 —s)  (ps* —qr))(l —s")
(s=rg—9)  (*—r9g—s9"
(ps —qr) (1l —r) _ (ps* —qr*)(1 —r")
s=r)p—r — *=rp-—r’
(ps—qr)g—1 _(p's —q'r)g" —1)
P—9@—s5) (P —qg*—s)
(ps—qr)(p—1 _ (p*s —q'r)(p* — 1)
P-p—r)  (pr—qp—r)

(56)

The obvious solution is that the parameters p,q,r,s are all real.
It takes some analysis to exclude complex parameter values.

If either r or s is complex, or both, then the first two
equations in Eq. (56) give that

p=g r(1 —s)(s* —r*) g — s*) —r*(1 = s*)(s — r)(g — S),
S(1—=s)(s* —r*)(g — s*) — s*(1 —s*)(s —r)(q —5)

- s(A=r)s* =) p —r*) = s*"(1L —r*)(s —r)(p — r).
r(L=r)(s*=r)(p —r*) —=r*(l =r*)(s = r)(p — )

(57)

Multiplying these equations together and dividing out pg we
get an equation giving, for example, p as a function of ¢,r,s:

_q Im(—|r|%s +rs —r) + Im(|r|?s — |s]>r +rs*)
- gIm(rs* —r +s) + Im(—|s|?r +rs — )

(58)

This is one example of extra relations that must hold between
the parameter values if they are complex. We see that in the
generic case, with no special relations restricting the values
of the parameters p,q,r,s, those values have to be real when
the six product vectors given in Eq. (46) lie in the kernel of a
rank-(4,4) PPT state.

C. Matrix representation relative to a nonorthonormal basis

We proceed next to construct the PPT state directly from
nonorthogonal product vectors in its kernel. For our purpose
it is useful to represent a Hermitian matrix A in the following
way relative to a nonorthonormal basis.

Relative to an orthonormal basis {e; }, a matrix A has matrix
elements A;; defined by the two equivalent formulas

M) Aj=elde;, ) Aej=) Aje. (59
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If the basis is not orthonormal, then the two definitions are no
longer equivalent, and we have to choose one of them. Here we
choose definition (I), because it makes the matrix A Hermitian
when A is Hermitian. The scalar products

gij=¢je (60)

define the metric tensor g as a positive Hermitian matrix. In the
usual way, we write the inverse matrix g~! with upper indices
so that

> 8gjk =4} (61)
J
We define the dual vectors
e = Zg-fiej, (eHt = Zgije_;. (62)
J J
They satisfy the orthogonality relations
()lej=elel =4 (63)

and the completeness relations
1= Ze,-g"je} = Zeje; = Zei(ei)T. (64)
ij j i

Using these completeness relations and definition (I) above,
we may write any matrix A as

A= Zeix,-_,-(ej)T. (65)

ij

D. Conditions on p from product vectors in Ker p

Itis possible to construct the rank-(4,4) PPT state p directly
from five product vectors in Ker p using the constraints given
in Eq. (40), without transforming the product vectors to the
orthogonal form. We now describe this construction.

Given three product vectors w; = N;u; ® v; in Ker p, with
the restriction that all three u; and all three v; are linearly
independent, we have the following product basis of C?, not
necessarily orthonormal:

ejj=u; ®v;, ij=11,12,13,21,22,23,31,32,33. (66)

With respect to this basis we may define matrix elements of p
as in Eq. (65):

Dijikt = €,-Tj P e (67)
In order to count the independent constraints, it is conve-
nient to use as example the standard form of the product vectors

defined in Eq. (46). Now all the constraints from Eq. (40) imply
that

00 0 000 0 00
0 ag by 0 0 0 0 b 0
0 bf a2 0 0 by 0 0 0
0 0 0 a3 0 by bs 0 0
7=|0 0 0 0 0 0 0 0 of (6%
0 0 b b} 0 a 0O 0 0
00 0 bf 0 0 as b O
0 b7 0 0 0 0 b as 0
00 0 000 0 00

PHYSICAL REVIEW A 85, 022309 (2012)

with real diagonal elements a;,ay, ...,as and complex off-
diagonal elements by,by, . .. ,bs. This Hermitian 9 x 9 matrix
contains 18 real parameters, which means that there are
altogether 81 — 18 = 63 independent real constraints.
Including the fourth product vector from Eq. (46) gives
additional constraints pw4 = 0, or explicitly written out,

ay+b+b,=0,
bT+az+b3 =0,
a3+ by +bs =0,
by +b;+as=0, (69)
by +as+bs =0,
by 4+ bg +as = 0.

These are complex equations, to be split into real and
imaginary parts. The real parts are six independent equations,
whereas the complex parts are only five independent equa-
tions. However, we get another independent equation as the
imaginary part of, for example, the complex equation

(1 ® va) p (s ® v2) = ay + b} + b, = 0. (70)

Altogether, we get 12 independent real constraints, six from
the real parts and six from the imaginary parts of the equations.
The end result is that all the off-diagonal matrix elements b;
have to be real, and there are six relations between the 12 real
coefficients a; and b;, for example,

6
a1+a4+a5:a2+a3+a6:—2bi. (71)
i=1

Thus including the fourth product vector in Ker p increases
the number of independent real constraints from 63 to 75 and
reduces the number of real parameters in p from 18 to 6.

The final step of including the fifth product vector from
Eq. (46) is a calculation which we have done numerically, but
not analytically. We find numerically that the generic case with
five product vectors and complex parameters p,q,r,s is that
there are 81 independent constraints, leaving only the trivial
solution p = 0. In order to end up with one possible solution
for p, we have to choose the parameters p,q,r,s to be real.

When we choose real values for p,q,r,s, we always find
(generically) exactly one solution for p, that is, there are 80
independent constraints. The problem is that this uniquely
determined matrix p, or its partial transpose, has in general
both positive and negative eigenvalues.

The condition to ensure that both p > 0 and p” > 0 (with
the proper choice of sign for p), when the parameters p,q,r,s
are real, is that the pair (p,q) and the pair (r,s) must lie
in corresponding parameter regions, as shown in Fig. 1. We
emphasize again that these results are supported by numerical
evidence but not proved analytically.

E. Separable states of rank (4,4)

For comparison it may be of interest to consider a separable
state of rank 4. It has the form

4
p= kv, 72)
i=1

022309-9



HANSEN, HAUGE, MYRHEIM, AND SOLLID

with 4 > 0, 0 & = 1L /g = 1, and ¥ = Ci 61 ® 11,
with C; as a normalization constant. In the generic case when
any three vectors ¢; and any three y; are linearly independent,
we may perform an SL ® SL transformation and obtain the
standard form

1 00 1
o=10 1 0 1
00 1 1

1 00 1
Cox=10 10 1]
00 1 1

In this standard form the x vectors are real, and hence p? = p.

The kernel Ker p consists of the vectors that are orthogonal
to all four product vectors ¥;, and it contains exactly six
product vectors w; = N; u; @ v; as follows:

00 0 1 1 1

u=|01 -1 0 0 —1],

10 1 0 -1 0
(74)

1 1 1 0 00

v=|-1 0 0 1 1 0

0 -1 0 —1 0 1

Note that the product vectors in the kernel of a separable
rank-(4,4) PPT state are not generic, in that there are subsets
of three linearly dependent vectors both among the u vectors
and among the v vectors.

The surface of separable states of rank 4 has dimension
35 =32+ 3, where 32 is the number of parameters of the
group SL(3,C) ® SL(3,C), and 3 is the number of indepen-
dent coefficients A; in Eq. (72).

V. RANK-(5,5) EXTREMAL PPT STATES
IN 3 x 3 DIMENSIONS

Since we believe that we understand completely the rank-
(4,4) entangled states in dimension 3 x 3, a natural next step is
to try to understand the (5,5) states in the same dimension. The
results presented in this section are to a large extent obtained
numerically, but the numerical results lead to an analytical
understanding of how to perturb rank-(4,4) extremal PPT states
into rank-(5,5) PPT states.

Unfortunately, we do not know any explicit procedure for
constructing the most general rank-(5,5) PPT states. However,
we have searched numerically and found a large number of
such states, and the states we find are typically extremal
PPT states [9]. In the present section we show how to use
perturbation theory, firstin order to study surfaces of rank-(5,5)
PPT states, and next in order to construct rank-(5,5) PPT states
close to the known rank-(4,4) PPT states. By perturbing a
rank-(4,4) PPT state we are able to produce a set of rank-(5,5)
extremal PPT states, but this method can never lead to rank
(4,5) or (5,4), as we show explicitly.

We have seen above that rank-(4,4) entangled PPT states
exist only in special four-dimensional subspaces. The rank-
(5,5) extremal and entangled PPT states, on the other hand, are
found in generic five-dimensional subspaces. The empirical
fact is that there is an eight-dimensional surface of such states
in the 24-dimensional space of normalized density matrices on
a generic five-dimensional subspace. We find that the surface
of all rank-(5,5) extremal and entangled PPT states in the
80-dimensional space of normalized density matrices in 3 x 3

PHYSICAL REVIEW A 85, 022309 (2012)

-0.2 -0.1 0 0.1 02 03 04

FIG. 2. Two-dimensional section through D, the set of density
matrices in 3 x 3 dimensions. The boundaries of S, the set of
separable states, and of P =D N D, the set of PPT states, are both
drawn as thick lines. The boundaries of D and of D”, the set of
partially transposed density matrices, cross at two points. They are
drawn as thin lines where they lie outside 7. The origin, marked by
a small circle, is the maximally mixed state. The point marked by a
small square is an extremal rank-(5,5) PPT state. The boundary of D
is drawn through this point as a thin straight line. The boundary of
D? is drawn thick at this point, because it is also the boundary of P.
The lightly shaded region around the origin is S. The small and more
darkly shaded region close to the (5,5) state is the difference between
P and S. Away from this small region, the boundaries of 77 and S are
indistinguishable in the plot. The coordinates in the plot are defined
by the Hilbert-Schmidt metric and are unnamed and dimensionless.

dimensions has dimension 48. The dimensions 8 and 48 are
consistent, since the set of five-dimensional subspaces has
dimension 40.

When we perturb from rank (4,4) to rank (5,5), we find
that from one rank-(4,4) state there are 12 directions into the
surface of (5,5) states. Since the surface of (4,4) states has
dimension 36 and the surface of (5,5) states has dimension
48, these numbers are consistent with the hypothesis that it is
possible to reach all (5,5) states continuously from the (4,4)
states.

In order to illustrate the geometry we have plotted in Fig. 2
a two-dimensional section through the set of density matrices.
The section is defined by the maximally mixed state 1/9, by
a randomly selected rank-(5,5) entangled and extremal PPT
state p, and by a direction A through p such that the perturbed
state p’ = p + €A is a rank-(5,5) PPT state for infinitesimal
positive and negative € and has Im p’ = Im p even for finite €.
The straight line section plotted through p represents a finite
range of values of € such that p’ > 0, rank p’ = 5, and the
partial transpose (p’) for finite € # 0 has rank 9 and several
negative eigenvalues. The line is the intersection of the plotted
plane with the set of density matrices on the five-dimensional
subspace Im p. The figure illustrates the fact that the difference
between the sets P and S is small, but it is largest close to
extremal entangled PPT states.
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A. The surface of rank-(5,5) PPT states

As discussed in the previous section, a generic five-
dimensional subspace in 3 x 3 dimensions contains exactly
six product vectors which can be transformed by SL ® SL
transformations, as in Egs. (26) and (27), into the standard form
given in Egs. (46) and (47), with SL ® SL invariant complex
parameters p,q.r,s. Thus each such subspace belongs to an
equivalence class under SL ® SL transformations, and the
equivalence classes are parametrized by eight real parameters.
There is a discrete ambiguity in the parametrization, since it
depends on the ordering of the six product vectors.

In one given generic five-dimensional subspace we may
construct a five-dimensional set of rank-(5,5) separable states
as convex combinations of the six pure product states in the
subspace. However, we find numerically that the dimension of
the surface of rank-(5,5) PPT states with the given subspace
as image is not five but eight. We determine this dimension
numerically in the following way.

As a point of departure we need one rank-(5,5) PPT state
po in the given five-dimensional subspace, but such a state is
easy to find numerically. Let P be the orthogonal projection
on this subspace and take X to be a Hermitian matrix; then
po = PX?P/Tr(PX?P) is a density matrix on the subspace.
The remaining problem is to vary X so as to minimize the sum
of squares of the four lowest eigenvalues of pOP . Then these
four lowest eigenvalues will all become zero so that py is a
rank-(5,5) PPT state, usually extremal and hence entangled.

At this’ stage the projections P and Q = 1 — P are already
defined, and_we proceed to compute the projections P on
Ker ,oOP and Q on Im pOP . We then look for perturbations

p=po+eA, (75)

with TrA =0, where A satisfies both equations PA =
PAP=A and QA =(QAPQ)" =0, or equivalently
Eq. (32),

I-P+QA=0. (76)

The number of linearly independent solutions for A with
Tr A = 0 is the dimension of the surface of rank-(5,5) PPT
states at the point py. We always find the dimension to be 8.

We guess that the dimension 8 can be understood as
follows. If we try to find a PPT state p with fixed five-
dimensional subspaces Im p and Im p¥, this means that we
fix the projections P and P and determine p as a solution of
the equation

(P+P)p=2p, 7

with Tr p = 1. Then there is typically no solution at all for p;
solutions exist only for special pairs of subspaces. If now the
two subspaces are chosen in such a way that a solution exists,
then the solution is (typically) unique, and the uniqueness
means that p is an extremal point of P.

We may fix instead Im p but not Im p”, only the rank of
p?. This is the case described by Eq. (76), where the set of
solutions has dimension 8. Our guess is that the role of these
eight parameters is to specify the SL ® SL equivalence class
to which the five-dimensional subspace Im p” belongs.

In fact, when we fix Im p there is no degree of freedom left
corresponding to SL ® SL transformations. This is so because
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the set of product vectors in Imp is discrete and cannot
be transformed continuously by an SL ® SL transformation
within the fixed subspace Im p. Hence the only way to vary the
subspace Im p* without varying Im p is to vary the equivalence
class of Im p?.

If we allow both Im p and Im p? to vary but still require
the ranks of p and p” to be five, the equation to be solved for
the perturbation A is

Q+QAa=o. (78)

In this case the number of linearly independent solutions for
A is found numerically to be 48, and this is the dimension of
the surface of all rank-(5,5) PPT states.

We understand the dimension 48 as follows. There are 8 +
8 = 16 parameters for the SL ® SL equivalence classes of the
subspaces Im p and Im p”, and there are 32 parameters for the
SL(3,C) ® SL(3,C) transformations.

To summarize, an extremal and hence entangled rank-(5,5)
PPT state p is uniquely determined by Eq. (77), as soon as
we specify the five-dimensional subspaces Im p and Im p?.
We may choose arbitrarily one of these subspaces, but not the
other one simultaneously. Each five-dimensional subspace is
determined by eight real SL ® SL invariant parameters and
an SL ® SL transformation. According to our understanding,
which is so far only a plausible hypothesis based on numerical
studies, the eight invariant parameters can be chosen indepen-
dently for Im p and Im p”, but the SL ® SL transformations
cannot be chosen independently.

Thus, there exists an unknown relation between the sub-
spaces Im p and Im p” belonging to a rank (5,5) PPT state p.
If we had known that relation, we would have been able to
construct such states directly.

B. Perturbing from rank (4,4) to rank (5,5)

Since we do not know how to construct the most general
rank-(5,5) PPT states, we turn next to the more restricted
problem of constructing (5,5) states that are infinitesimally
close to (4,4) states.

Consider once more an infinitesimal perturbation p’ = p +
€A, this time with p as the rank-(4,4) state defined in Eq. (41),
involving the standard real product vectors defined in Eq. (43).
The most general case is equivalent to this special case by some
SL ® SL transformation.

An extra bonus of this special choice of p is that p” =p.
In the notation used above we have projections P = P on
Imp =Imp” and Q = Q on Ker p = Ker p*.

1. Conditions on the perturbation matrix A

By Eq. (9), the condition for p’ to have rank 5 is that
0AQ = awuwl, (79)

where « is a real number, o # 0, and

5
w=) cuw, (80)
i=l1
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with complex coefficients ¢; such that
5
wiw=> "¢ =1. (81)
i=1

Similarly, the condition for (p’)” to have rank 5 is that
0A"0 =04"0 =8z, (82)
where g is real, B # 0, and

5
=Y dw with Zlz=)"|di’=1. (83)
i=1 [

Note that the possibilities that p’ has rank either (4,5) or (5,4)
are included if we allow either « or § to be zero.

By Eq. (20), there is one extra product vector in Ker p =
Ker p”, which may be written as

5
we =Y awi, (84)
i=1
this time with real coefficients a;. Since w; = N;ju; ® v;
with N; real and v; real for i = 1,2,...,6, we have for any
Hermitian matrix A that
w Aw; = w A w;. (85)

By the definition of the projection Q we have that Qw; = w;
fori = 1,2,...,6. It follows then from Eq. (79) that

w! Aw; = w'QAQw; = a |ww[? (86)
and from Eq. (82) that
w] ATw; = w QAT Qu; = B |w, . (87)
Together with Eq. (85) this gives the equations
aleil® = Bld;I? (88)
fori =1,2,... =5, and the sixth equation

2

=p

2

o (89)

5
E a;c;
i=1

It follows further that

5 5
a=Y alg’=) BldI’ =8 (90)
i=1 i=1

and that

leil = |d;] for i=12,....5. 1)

Thus the coefficient d; can differ from ¢; only by a phase factor.
The total of five phase factors are reduced to four independent
phase factors by the extra equation

5
g a;c;i
i=1

For infinitesimal values of €, both p” and (p")* will have four
eigenvalues infinitesimally close to 1/4 and one eigenvalue
close to zero, which is ea for p’ and €8 for (p’)*. This
eigenvalue is the same for p’ and (p)”, since @ = B. With

5

Za,'dl‘ .

i=1

92)
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a > 0 this means that both p’ > 0 and (p')* > 0 for € > 0,
but not for € < 0. Thus, we get automatically a PPT state
of rank (5,5). We never get rank (5,4) or (4,5), and it never
happens that p’ is not a PPT state because one of the p’ or
(p")* has a negative eigenvalue.

For a more general rank-(4,4) state p, which is obtained
by some SL ® SL transformation from a state of the special
type discussed here, the smallest positive eigenvalues of p’
and (p)” are no longer equal. But they are still tied together in
such a way that they go to zero simultaneously when we move
along the surface of (5,5) states and approach its boundary.
The boundary must therefore consist of (4,4) states.

2. Computing the perturbation A

Define W = ww' and Z = zz! in the same notation as
above. These are both projections, W2=W and Z2=Z,
with QW = WQ =W and QZ = ZQ = Z. It follows from
Egs. (79) and (82) that

WAW = WQAQW = aW? = aW = QAQ,

(93)
ZATZ = ZQATQZ = BZ° = BZ = QAT Q.
As in Egs. (10) and (28), we define
PX = PXP, QX =0XO0,
~ ~ 94)
PX = (PX"P)’, QX =(0x"0Q).
and furthermore,
WX = WXW, ZX =(zXx"2)". (95)

We may also define S = Q — W and S= 6 — 7. These are
again orthogonal projections on Hy. ~

Equation (93) now takes the forms SA =0 and SA = 0.
These are the least restrictive conditions we may impose on
A. Equivalently,

S+SA=0. (96)

To compute A from this equation we introduce an orthonormal
basis in the real Hilbert space Hy. Relative to this basis, the
operator S + S is represented by a real symmetric positive
semidefinite matrix, which has a complete set of real eigen-
vectors with real eigenvalues. We choose A as an eigenvector
of S + S with eigenvalue zero.

Apart from the trivial solution A = p, which is eliminated
when we impose the usual condition that Tr A = 0, we find
37 linearly independent solutions of Eq. (96). Out of these
37 solutions, 36 are perturbations that give p’ = p + €A as a
rank-(4,4) state both for ¢ > 0 and € < 0. They do not depend
on either vector w or z, since they satisfy the conditions QA =
0and QA = 0. But because W = WQ and Z = ZQ, they also
satisty the conditions

WA =WQA=0, ZA=ZQA=0, 97)

and hence Eq. (96). The number 36 is the dimension of
the surface of rank-(4,4) extremal PPT states, as noted in
Sec. IV A. The 37th independent solution is the one giving a
rank-(5,5) extremal PPT state.

A more restricted class of perturbations consists of those
where we fix the five-dimensional subspace Im p’ to be the
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direct sum of the four-dimensional subspace Im p and the
one-dimensional subspace of the vector w. The projection on
Im p’ is then

Ps=P+W, (98)
and the partial condition on A is that PsA = A when we define
PsX = PsXPs. (99)

The full condition on A, replacing Eq. (96), is that

Ps—S)A = A. (100)

Again apart from the trivial solution A = p, we find five
linearly independent solutions of Eq. (100), of which four
give p’ as a rank-(4,4) state both for € > 0 and € < 0. The
fifth independent solution is the one giving p’ as a rank-(5,5)
extremal PPT state.

The four directions that give only new (4,4) states are
easily identified, since they do not depend on the vector z.
To find them we simply repeat the calculation with a “wrong”
z, violating the conditions (91) and (92). In this way we find no
(5,5) state, but we find the same set of perturbations into (4,4)
states. The number 4 is the dimension of the surface of (4,4)
states with image within the fixed five-dimensional subspace
projected out by the projector Ps.

There is a natural explanation of why this surface has
dimension 4. In fact, when we fix Ps and look for (4,4) states
with an image within this fixed five-dimensional subspace, we
eliminate all degrees of freedom corresponding to SL ® SL
transformations. But we still allow variations of the four real
SL ® SL invariant parameters that are needed to define a
rank-(4,4) state.

We conclude that for fixed vectors w and z there is one
direction away from the surface of rank-(4,4) extremal PPT
states and into the surface of rank-(5,5) extremal PPT states.

For a fixed vector w there is a four-parameter family
of acceptable vectors z. Recall that these four parameters
determine the five relative phases between the coefficients ¢;
in Eq. (80) and the corresponding coefficients d; in Eq. (83).

The vector w is an arbitrary vector in the five-dimensional
kernel of the unperturbed state p; hence it contains four
complex parameters, or eight real parameters, after we take
out an uninteresting complex normalization factor. Altogether,
there are 8 + 4 = 12 independent directions away from the
36-dimensional surface of rank-(4,4) PPT states and into the
surface of rank-(5,5) PPT states.

When we perturb an arbitrary rank-(5,5) PPT state in such
a way that we preserve the ranks of the state and its partial
transpose, we find numerically that the surface of rank-(5,5)
PPT states has dimension 48. The fact that 48 = 36 + 12 is
consistent with the hypothesis that we can reach every rank-
(5,5) PPT state if we start from a rank-(4,4) PPT state and
move continuously along the surface of rank-(5,5) PPT states.

VI. RANK-(6,6) EXTREMAL PPT STATES
IN 4 x 4 DIMENSIONS

We discuss in some detail one more example of the relation
between PPT states and product vectors. According to Eq. (19),
the rank-(6,6) PPT states in 4 x 4 dimensions represent just
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the limiting case with a finite number of product vectors in the
kernel. In this respect they are similar to the rank-(4,4) states
in 3 x 3 dimensions.

The kernel of a rank-6 state in 16 dimensions has dimension
10, and the generic case, according to Eq. (20), is that it
contains exactly 20 product vectors, any ten of which are
linearly independent. We will see here that, by Eq. (40), the
product vectors in the kernel put such strong restrictions on
the state that the rank-(6,6) PPT state may be reconstructed
uniquely from only seven product vectors in its kernel. As
usual, we arrive at this conclusion by doing the construction
numerically.

To see how it works, take a set of product vectors in 4 x 4
dimensions. We may take random product vectors, or else a set
of product vectors with the special property that they belong to
Ker p, where p is a rank-(6,6) PPT state. We find numerically
that the number of constraints generated by fewer than seven
product vectors is the same in both cases. We find the following
numbers.

From four product vectors assumed to lie in Ker p for an
unknown p, or actually lying in Ker p for a known p, we get
172 independent constraints on p of the form given in Eq. (40).
These constraints leave 84 free real parameters in p, before we
normalize and set Trp = 1.

From five product vectors in Ker p we get 205 independent
constraints, leaving 51 parameters in p.

From six product vectors in Ker p we get 234 independent
constraints, and 22 parameters in p.

Finally, seven product vectors in Ker p give either 255 or
256 independent constraints, and either 1 or 0 real parameters
in p. If there is one parameter left, it is a proportionality
constant to be fixed by the normalization condition Tr p = 1.

The standard form of seven generic product vectors in4 x 4
dimensions, generalizing Eq. (46), is the following:

10001 1 1
U= 01 0 0 1 P1 P4
- 00 1 0 1 P2 D5 ’
1 00 0 1 1
V= 01 0 0 1 P17 Pio
00 1 0 I pg pn
000 1 1 py pi

There are 12 complex parameters pi,pa, ... ,pi2, that is, 24
real parameters. These are invariant in the sense that we cannot
change them by SL(4,C) ® SL(4,C) transformations.

Not just any arbitrary set of seven product vectors defines
a rank-(6,6) PPT state. We arrive at this conclusion not only
because we find numerically that seven generic product vectors
allow only p = 0 as a solution of all the constraint equations,
but also because the following dimension counting shows
that we need less than 24 invariant parameters in order to
parametrize the rank-(6,6) PPT states.

Take one known rank-(6,6) PPT state p and perturb it into
another rank-(6,6) PPT state p’ = p + €A with € infinitesimal.
Here A must be a solution of Eq. (31), with operators Q
and Q defined relative to p as explained. The number of
linearly independent solutions for A, found numerically, is
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76, including the trivial solution A = p. This shows that the
surface of rank-(6,6) PPT states has 75 real dimensions.

Of these 75 dimensions, 60 dimensions result from product
transformations p — VpVIiwith V = V4 ® Vg and V4,V €
SL(4,C). The remaining 15 dimensions must correspond to
15 SL ® SL invariant parameters of the seven product vectors.
Thus u and v in Eq. (101) contain nine parameters too many.

It is also worth noting that by the counting explained in the
next section, the set of six-dimensional subspaces of C'® has
real dimension 162 — 6% — 102 = 120, much larger than the
dimension 75 of the surface of (6,6) states. Thus, not every
six-dimensional subspace of C!© is the host of a rank-(6,6)
PPT state. This conclusion is just as one would expect from
the analogy to the case of the rank-(4,4) PPT states in C°.

VII. DIMENSION COUNTING

‘We will describe in this section how to compute numerically
the dimensions of surfaces of PPT states of given ranks. We
list some numerical results and discuss how they may be
understood in most cases by a simple counting of constraints,
assuming the constraints to be independent. It is only for the
lowest rank PPT states, with the largest number of constraints,
that the constraints start to overlap.

A useful exercise to start with is to compute the real (as
opposed to complex) dimension of the set of all r-dimensional
subspaces of an N-dimensional complex Hilbert space.

First note that the unitary group U(k) has k? real dimensions.
Take an orthonormal basis of the Hilbert space. The first r
basis vectors span an r-dimensional subspace and define also
its orthogonal complement spanned by the last s = N —r
basis vectors. A U(N) transformation transforms this basis into
another orthonormal basis, but the U(r) transformations within
the first r basis vectors, and the U(s) transformations within the
last s basis vectors, do not change either subspace. It follows
that the dimension of the set of r-dimensional subspaces, equal
to the dimension of the set of s-dimensional subspaces, is

d=N?>—r%—s>=2rs. (102)

Assuming that we have found a PPT state p of rank (m,n),
it lies on a surface of rank (m,n) PPT states. We compute the
dimension of the surface at point p by counting the number of
independent solutions A of Eq. (31),

Q+Qa=o. (103)
equivalent to the two equations
QA=040=0, QA=(0A"0)"=0. (104

We have to throw away the trivial solution A = p, or
equivalently, impose the condition Tr A = 0. We get a lower
bound for the dimension if we assume that the constraints on
A from the two equations in Eq. (104) are independent.

The equation QAQ =0 represents (N — m)’ real con-
straints, since Q is the orthogonal projection on the N —m
dimensional subspace Kerp. Equation (14) illustrates this
counting of constraints. Similarly, the equation QA" Q =0
represents (N — n)? real constraints, since Q is the orthog-
onal projection on the N — n dimensional subspace Ker p?.
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Because the constraints are not necessarily independent, we
get the following lower bound for the dimension:

d>N>—(N—m)*—=(N—n)?—1. (105)

Take N = 3 x 3 =9 as an example. We find numerically
that Eq. (105) holds with equality for all ranks from the full
rank (m,n) = (9,9) down to (m,n) = (5,5). In particular, for
rank (5,5) the dimension of the surface is

d=9>—4>—4>_—1=143. (106)

By Eq. (102) the set of five-dimensional subspaces has dimen-
sion 40; hence we might expect to find an eight-dimensional
surface of rank-(5,5) PPT states in every five-dimensional
subspace. And that is actually what we find.

For rank (4,4) the constraints are not all independent, and
we have the strict inequality

d=36>9"—-5-52_1=30. (107)

The set of four-dimensional subspaces has again dimension
40; hence there cannot exist rank-(4,4) PPT states in every
four-dimensional subspace. There are 40 — 36 = 4 constraints
restricting the four-dimensional subspaces supporting rank-
(4,4) PPT states, and we observe numerically that in one given
four-dimensional subspace there can exist at most one unique
such state. The four constraints are the conditions that the four
parameters a,b,c,d in Eq. (43), or p,q,r,s in Eq. (46), have to
be real.

If we want to compute the dimension of the surface of
rank-(m,n) PPT states with fixed image space, we have to
count the independent solutions of Eq. (32),

I-P+Q)A=0, (108)
equivalent to the two equations
PA=PAP =A, QA=(0ATO)F =0. (109)

The equation PA = A leaves m? real parameters in A and
represents N2 —m? real constraints, as is visualized in
Eq. (14). The lower bound on the dimension is therefore

d>m?*—(N—-n?-1. (110)

In the above example with N =9 and (m,n) = (5,5) we
find numerically d = 8, as already mentioned, so that the
inequality in Eq. (110) holds as an equality. With (m,n) =
(4,4), on the other hand, we get

d=0>4*-5>—-1=-10. (111)

VIII. NUMERICAL INTEGRATION

In this section we describe a numerical method for tracing
curves on a surface of PPT states of fixed ranks (m,n). This is a
tool for studying the geometry of the surface, for example, by
tracing geodesics to see how they curve, or studying how the
surface approaches a boundary consisting of states of lower
ranks.

We use the example of rank-(5,5) PPT states in dimension
3 x 3 to illustrate how these methods may be applied. The
numerical results verify some of our conclusions obtained by
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other methods. They also indicate that the geometry of surfaces
of extremal PPT states may be rather complicated.

A. Equations of motion

Let p = p() be a curve described by a continuous “time”
parameter ¢ and denote the time derivative by p = dp/dt. The
perturbation expansion p(t + €) = p(t) + € A is equivalent to
the differential equation

p=A. (112)
This becomes a well-defined equation of motion as soon as we
define the right-hand side as a function of p and 7, A = A(p,1).

The most general case considered here is a curve lying on
a surface of PPT states of fixed ranks (m,n). Then Eq. (31) is
the necessary and sufficient condition that A has to satisty:

Q+QA=0.

The projection operators Q and Q on Hy are defined relative
to p in exactly the same way as before. They will obviously
become ¢ dependent when p becomes ¢ dependent.

We consider also the more restricted case when not only
the ranks of p and p? are fixed, but Im p is fixed as well.
The stronger necessary and sufficient condition on A is then
Eq. (32):

(113)

I-P+Q)A=0. (114)

In this equation I and P are ¢ independent, and only Qist
dependent.
The conditions (113) and (114) are both of the form

TA =0, (115)

with either T = Q + (~) orT=1-P+ (3 In either case, T is
a positive real symmetric operator with respect to the natural
scalar product on Hy. The effect of Eq. (115) is only to restrict
the curve to lie on the given surface, and this still leaves many
degrees of freedom available for moving around on the surface.
Let us mention three examples of how to generate a curve.

One possibility is a random walk on the surface. Then at
each point on the curve we choose the direction A more or less
randomly within the kernel of the operator T at that point.

A second possibility is to trace out a geodesic curve on the
surface. Remember that our surface of PPT states is embedded
in the Euclidean space Hy. By definition, a geodesic on an
embedded surface (a simple example is a great circle on the
two-dimensional surface of a three-dimensional sphere) is a
curve which does not change its length and direction on the
surface. Hence it changes direction in the embedding space
only as much as it has to in order to stay on the surface. In
order to generate a geodesic we choose a starting point py and
a starting direction Ay at py, and as we move along the curve
we keep the length of the tangent vector A constant, while
changing its direction in the embedding space minimally.

A third possibility is to take a differentiable real function
f = f(p) and choose A at the point p as the (positive or
negative) gradient of f at p. In this way we trace out flow
lines of that function on the surface and find local maxima or
minima of f. If we know that the maximum or minimum is on
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FIG. 3. A projection of a geodesic curve on the eight-dimensional
surface of rank-(5,5) PPT states with a fixed image space. We have
made a principal component analysis and plotted the two largest
principal components ¢; and c,. The curve starts middle right and
ends lower left.

the boundary of our surface, we may use this as a method for
locating the boundary.

B. Numerical examples

We have implemented numerically the two methods for
generating geodesics and for generating flow lines, using a
classical fourth-order Runge-Kutta integration method. With
p and A of order one and time steps of order 107, this gives
a precision of order 10~'°, which is the machine precision.

Figure 3 shows a two-dimensional projection of a geodesic
curve p = p(t) on the eight-dimensional curved surface of
rank-(5,5) PPT states with Im p constant. The Hilbert space
dimension is 3 x 3. The two dimensions plotted are the
two most important ones as given by a principal component
analysis of the full curve. The apparent kinks in the curve are
only effects of the projection and do not reflect sharp bends of
the surface. The most important conclusion to be drawn from
this figure is that the geometry of the surface is not a simple
one.

Figure 4 shows the five nonzero eigenvalues of p and p”
along the path of Fig. 3. The condition that one eigenvalue of
either p or p? goes to zero defines the boundary of the surface.
We see that the curve approaches the boundary twice but turns
around each time and continues in the interior. The eigenvalue
spectra of p and p’ are remarkably similar, yet they are
not identical. The fact that the smallest eigenvalues approach
zero collectively may be understood from the conclusions
of Sec. VB. When both p and p” simultaneously get one
dominant eigenvalue, we interpret it as an indication that p
approaches a pure product state.

It is quite natural that a geodesic chosen at random will
not hit the boundary, since the boundary consists of rank-(4,4)
PPT states and has dimension 4, while the surface itself has
dimension 8. On the other hand, the geometry of these surfaces
certainly stretches our imagination. We imagine that the two-
dimensional surface of a rain drop may be a fair analogy—
it has a zero-dimensional boundary, a tip which is a single
point, and there is zero probability of hitting the tip if one
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FIG. 4. Variation along the curve in Fig. 3 of the five nonzero
eigenvalues of the density matrix (fully drawn lines) and its partial
transpose (broken lines). The abscissa is the arc length along the
curve.

moves along a geodesic starting at a random point in a random
direction.

If we want to hit the boundary we cannot follow a geodesic.
We have to integrate the equation p = A and choose the
direction A in such a way that the smallest positive eigenvalue
of either p or p” goes to zero. Thus we define a function
f = f(p) as the smallest one of the ten nonzero eigenvalues
of p and p”. This function is differentiable almost everywhere.

Defining A as the projection of the negative gradient of f
onto the kernel of T, we trace paths from random (5,5) states to
the boundary of the surface of (5,5) states. In accordance with
the results of Sec. V B, we observe that the smallest nonzero
eigenvalue of p and p” approach zero collectively, so that we
only find (4,4) states as boundary points and never (4,5) or
(5,4) states. With adaptive step lengths in the Runge-Kutta
method we obtain machine precision of eigenvalues and are
therefore confident that we find true (4,4) states.

IX. SUMMARY AND OUTLOOK

The work presented here is part of an ongoing program
to study quantum entanglement in mixed states. We have
studied low-rank entangled PPT states, especially extremal
PPT states, using a combination of analytical and numerical
techniques. In particular, we have used perturbation theory and
exploited the close connection between low-rank PPT states
and product vectors. The concept of SL ® SL equivalence,
or SL equivalence for short, is central in the classification of
PPT states. One use for perturbation theory is in the numerical
calculation of the dimensions of various surfaces of PPT states.
Another use is in more detailed studies of the geometry of such
a surface by the tracing of curves on the surface.

We have revisited the rank-(4,4) extremal PPT states in
3 x 3 dimensions. A state of this kind has six product vectors
in its kernel, and as we have previously discussed it is
always related by SL ® SL equivalence to the special class of
rank-(4,4) extremal PPT states constructed by Bennett et al.
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from unextendible sets of orthogonal product vectors. We have
demonstrated here a more direct way of constructing the state
from the product vectors in its kernel without transforming
them to orthogonal form. The transformation to orthogonal
form works only for the rank-(4,4) states in 3 x 3 dimensions,
whereas our direct method works just as well for similar cases
in higher dimensions.

We find numerically that the surface of rank-(4,4) extremal
PPT states in dimension 3 x 3 has dimension 36. Since
the group SL(3,C) ® SL(3,C) has 32 real parameters, this
confirms the known result that four real parameters are needed
to specify an equivalence class of such states under SL ® SL
equivalence.

To arank-(4,4) state p in3 x 3 dimensions correspond four-
dimensional subspaces Im p and Im p* and five-dimensional
subspaces Kerp = (Imp)* and Kerp” = (Imp”)*+. The
product vectors in Ker p are related to those in Ker p” by a
complex conjugation of the second factor in the direct product;
we may call this operation a partial conjugation. This direct
relation between Ker p and Ker p”’, not involving p explicitly,
means that all the four subspaces Im p, Im ¥, Ker p, and
Ker p” are uniquely given as soon as one of them is given.

The set of four-dimensional subspaces and the set of five-
dimensional subspaces both have dimension 40. Thus, a four-
dimensional subspace has to satisfy 40 — 36 = 4 constraints in
order to support arank-(4,4) extremal PPT state. There is never
more than one unique rank (4,4) extremal PPT state on any
given four-dimensional subspace. The four constraints may
be understood as certain reality conditions on the six product
vectors in Ker p, or equivalently in Ker p”. They arise because
the partial conjugation of product vectors, relating Ker p and
Ker p”, must preserve the linear dependence between six
vectors in a five-dimensional subspace.

We have not been able to understand and classify the rank-
(5,5) extremal PPT statesin 3 x 3 dimensions as completely as
the rank-(4,4) states. However, we have counted the number
of real parameters needed to describe the rank-(5,5) states.
We find numerically a smooth 48-dimensional surface of
such states on the full nine-dimensional Hilbert space. On
every generic five-dimensional subspace we find an eight-
dimensional surface of such states. The dimension 8 is easily
understood, keeping in mind that the set of five-dimensional
subspaces has dimension 40.

The 48-parameter set of rank-(5,5) extremal PPT states
splits into SL ® SL equivalence classes described by 48 —
32 = 16 parameters. Similarly, the 40-parameter set of five-
dimensional subspaces splits into equivalence classes de-
scribed by 40 — 32 = 8§ parameters. It is a natural guess that
the 16 parameters needed to describe the SL ® SL equivalence
class of a rank-(5,5) PPT state p are precisely the eight
parameters describing the equivalence class of Im p plus the
eight parameters describing the equivalence class of Im p”. In
other words, we guess that the equivalence class of Im p and
that of Im p” may vary independently.

Failing in our attempt to solve the general prob-
lem of constructing rank-(5,5) extremal PPT states in
3 x 3 dimensions, we have solved the more restricted
problem of constructing such states that are infinites-
imally close to the known rank-(4,4) extremal PPT
states.
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The set of six product vectors in the kernel of a rank-(4,4)
state p plays an important role in imposing constraints on a
perturbation A to ensure that o’ = p + €A is arank-(5,5) PPT
state for € infinitesimal and positive. The constraints admit
solutions for A such that p’ has rank (4,4), independent of the
sign of €, then A is a tangent to the 36-dimensional surface of
(4,4) states. In addition, there is a 12-parameter nonlinear set of
solutions for A such that p" has rank (5,5) and such that A is a
direction orthogonal to the surface of (4,4) states. The general
solution for A is a linear combination of a direction along the
surface of rank-(4,4) states and a direction orthogonal to this
surface pointing into the surface of (5,5) states.

Thus our construction by perturbation accounts completely
for the dimension 48 = 36 + 12 of the surface of (5,5) states.
It is rather remarkable that the construction is guaranteed to
produce PPT states of ranks (5,5), because when the perturbed
state p’ gets an infinitesimal strictly positive eigenvalue, there
is a corresponding infinitesimal eigenvalue of (p’)” which is
also strictly positive, never zero or negative.

In dimension 3 x 3, the rank-(4,4) PPT states are set apart
by the special property that the kernel of a state is always
spanned by product vectors and contains a finite number of
product vectors. This property is shared more generally by
PPT states of rank (n,n) in dimension Ny x Np with n =
Ny + Np —2.

As another example from this interesting general class
of PPT states we have considered the rank-(6,6) extremal
PPT states in dimension 4 x 4. In this case the kernel of a
state has dimension 10 and contains 20 product vectors. Our
method for reconstructing a PPT state from the product vectors
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in its kernel works very well here again. In our numerical
examples we find that the state can be reconstructed uniquely
from an arbitrary subset of only seven product vectors in its
kernel.

One remarkable feature of this result is that seven product
vectors uniquely determine a ten-dimensional subspace. It is
clear that a six-dimensional subspace in dimension 4 x 4 has
to satisty some set of very strict conditions in order to support
a rank-(6,6) extremal PPT state. An obvious nontrivial set
of conditions is that the partial conjugation of the 20 product
vectors in its ten-dimensional orthogonal complement must lie
in a ten-dimensional subspace. How to handle these constraints
is one of the many open problems left for future research.

In conclusion, we have made some small progress in our
efforts to understand the low-rank entangled PPT states, but
much remains to be done. How to construct general rank-
(5,5) PPT states that are not close to rank-(4,4) states is still
an unsolved problem, and we are even further from a full
understanding of higher rank extremal PPT states in 3 x 3
dimensions, or in higher dimensions.
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We present a study of extremal entanglement witnesses on a bipartite composite quantum system.
We define the cone of witnesses as the dual of the set of separable density matrices, thus Tr Qp > 0
when Q is a witness and p is a pure product state, p = 19T with 1) = ¢ ® y. The set of witnesses
of unit trace is a compact convex set, uniquely defined by its extremal points. The expectation
value f(¢,x) = TrQp as a function of vectors ¢ and x is a positive semidefinite biquadratic form.
Every zero of f(¢, x) imposes strong real-linear constraints on f and €. The real and symmetric
Hessian matrix at the zero must be positive semidefinite. Its eigenvectors with zero eigenvalue,
if such exist, we call Hessian zeros. A zero of f(¢,x) is quadratic if it has no Hessian zeros,
otherwise it is quartic. We call a witness quadratic if it has only quadratic zeros, and quartic if it
has at least one quartic zero. A main result we prove is that a witness is extremal if and only if
no other witness has the same, or a larger, set of zeros and Hessian zeros. A quadratic extremal
witness has a minimum number of isolated zeros depending on dimensions. If a witness is not
extremal, then the constraints defined by its zeros and Hessian zeros determine all directions in
which we may search for witnesses having more zeros or Hessian zeros. A finite number of iterated
searches in random directions, by numerical methods, lead to an extremal witness which is nearly
always quadratic and has the minimum number of zeros. We discuss briefly some topics related
to extremal witnesses, in particular the relation between the facial structures of the dual sets
of witnesses and separable states. We discuss the relation between extremality and optimality
of witnesses, and a conjecture of separability of the so called structural physical approximation
(SPA) of an optimal witness. Finally, we discuss how to treat the entanglement witnesses on a
complex Hilbert space as a subset of the witnesses on a real Hilbert space.

Keywords: Entanglement witnesses; positive maps; convex sets.

1. Introduction

Entanglement is the quintessence of non-classicality in composite quantum systems. As a
physical resource it finds many applications especially in quantum information theory, see
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Refs. 1, 2 and references therein. Entangled states are exactly those states that can not
be modelled within the classical paradigm of locality and realism.3-¢ Contrary to states of
classical composite systems, they allow better knowledge of the system as a whole than
of each component of the system.”™® The notion of entanglement is therefore of interest
within areas of both application and interpretation of quantum mechanics.

The problem of distinguishing entangled states from non-entangled (separable) states
is a fundamental issue. Pure separable states of a bipartite system are exactly the pure
product states, they are easily recognized by singular value decomposition, also known
as Schmidt decomposition.? The situation is much more complicated for mixed states. A
separable mixed state is a state mixed from pure product states.®

The separability problem of distinguishing mixed separable states from mixed entangled
states has received attention along two lines. On the one hand, operational or computa-
tional tests for separability are constructed.” On the other hand, the geometry of the
problem is studied, with the aim of clarifying the structures defining separability. 10-18
Two results, one from each approach, deserve special attention. An operationally simple
necessary condition for separability was given by Peres.® He pointed out that the partial
transpose of a separable state is again a separable state, therefore we know that a state is
entangled if its partial transpose is not positive semidefinite. States with positive partial
transpose, so called PPT states, are interesting in their own right.*® A significant geomet-
rical result is that of Zyczkowski et al. that the volume of separable states is non-zero.!?
They prove the existence of a ball of separable states surrounding the maximally mixed
state. The maximal radius of this ball was provided by Gurvits and Barnum.!3

The well known necessary and sufficient separability condition in terms of positive linear
maps or entanglement witnesses connects these two lines of thought.!20 There exists a set
of linear maps on states, or equivalently a set of observables called entanglement witnesses,
that may detect, or witness, entanglement of a state. This result is the point of departure
for almost all research into the problem, be it computational, operational or geometrical.
The major obstacle in the application of positive linear maps and entanglement witnesses
is that they are difficult to identify, in principle as difficult as are the entangled states
themselves.

Our contribution falls in the line of geometrical studies of entanglement. The ultimate
goal is to classify the extremal points of the convex set of entanglement witnesses, the
building blocks of the set, in a manner useful for purposes in quantum mechanics. Positive
linear maps, and the extremal positive maps, were studied already in 1963 by Stermer in
the context of partially ordered vector spaces and C* algebras.'®1® Since then the extremal
positive maps and extremal witnesses have only received scattered attention.?!-28

Here we combine and apply basic notions from convex geometry and optimization
theory in order to study the extremal entanglement witnesses. We obtain computationally
useful necessary and sufficient conditions for extremality. We use these ideas to analyse
previously known examples and construct new numerical examples of extremal witnesses.
The extremal witnesses found in random searches are generic, by definition. It turns out
that the previously known examples of extremal witnesses are very far from being generic,
and the generic extremal witness is of a type not yet published in the literature.

We discuss what we learn about the geometry of the set of witnesses, and also the set
of separable states, by studying extremal witnesses. Other topics we comment on are the
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relation between extremal and optimal witnesses,?6:29

approximation (SPA) of witnesses relating them to physical maps of states.

Numerical methods play a central role in our work. An important reason is that the
entanglement witnesses we want to study are so complicated that there is little hope of
treating them analytically. Numerical work is useful for illustrating the theory, examining
questions of interest and guiding our thoughts in questions we cannot answer rigorously.

The methods we use for studying extremal witnesses are essentially the same as we
have used previously for studying extremal states with positive partial transpose, i.e.
PPT states.'®34-37 The work presented here is also based in part on the master’s thesis
of one of us.®

and the so called structural physical
30-33

Outline of the article

This article consists of three main parts. Section 2 is the first part, where we review mate-
rial necessary for the appreciation of later sections. The basic concepts of convex geometry
are indispensable. We review the geometry of entanglement witnesses, and formulate the
study of extremal witnesses as an optimization problem where we represent the witness
as a positive semidefinite biquadratic form and study its zeros.

The second part consists of Sec. 3 and Sec. 4, where we develop a necessary and
sufficient condition for the extremality of a witness. The basic idea is that every zero of
a positive biquadratic form representing a witness imposes strong linear constraints on
the form. The extremality condition in terms of the zeros of a witness and the associated
constraints is our most important result, not only because it gives theoretical insight, but
because it is directly useful for numerical computations.

In the third, last, and most voluminous part, the Secs. 5 to 11, we apply the extremality
condition from Sec. 4. As a first application we study decomposable witnesses in Sec. 5.
These are well understood and not very useful as witnesses, since they can only detect the
entanglement of a state in the trivial case when its partial transpose is not positive. But
they serve to illustrate the concepts, and we find them useful as stepping stones towards
non-decomposable witnesses.

In Sec. 6 we study examples of extremal non-decomposable witnesses. First we study
two examples known from the literature, and confirm their extremality by our numerical
method. Then we construct numerically random examples of extremal witnesses in order
to learn about their properties. We find that the generic extremal witnesses constructed
numerically belong almost without exception to a completely new class, not previously
noticed in the literature. They have a fixed number of isolated quadratic zeros, whereas
the previously published extremal witnesses have continuous sets of zeros. The number of
zeros depends on the dimensions of the Hilbert spaces of the two subsystems.

In Sec. 7 we show examples of a special D-shaped type of faces of the set of witnesses
in the lowest non-trivial dimensions, 2 x 4 and 3 x 3. These faces are “next to extremal”,
bordered by extremal witnesses plus a straight section of decomposable witnesses.

In Sec. 8 we study faces of the set of separable states, using the duality between
separable states and witnesses. We classify two different families of faces, generalizing
results of Alfsen and Shultz,'® and present some statistics on randomly generated maximal
simplex faces. We point out that the facial structure is relevant for the question of how
many pure product states are needed in the convex decomposition of an arbitrary separable
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state, and suggest that it may be possible to improve substantially the trivial bound given
by the dimension of the set.3%:40

In Sec. 9 we compare the notions of optimal and extremal witnesses.?62° In low dimen-
sions we find that almost every non-decomposable optimal witness is extremal, whereas
an abundance of non-decomposable and non-extremal optimal witnesses exist in higher
dimensions.

In Sec. 10 we comment on a separability conjecture regarding structural physical ap-
proximations (SPAs) of optimal witnesses.3!:32 This conjecture has since been refuted.?34!
We have tried to test numerically a modified separability conjecture. It holds within the
numerical precision of our separability test, but this test with the available precision is
clearly not a definitive proof.

In Sec. 11 we point out that it is possible, and maybe even natural from a certain
point of view, to treat the entanglement witnesses on a complex tensor product space as
a subset of the witnesses on a real tensor product space.

In Sec. 12 we summarize our work and suggest some possible directions for future
efforts. Some details regarding numerical methods are found in the Appendix.

2. Background material

In this section we review material necessary as background for the following sections.
Convex geometry is the mathematical basis of the theory of mixed quantum states, and is
equally basic in the entanglement theory for mixed states. We introduce the concepts of
dual convex cones, entanglement witnesses, positive maps, and biquadratic forms. See e.g.
introductory sections of Refs. 10, 42 for further details on convexity. Concepts from opti-
mization theory are useful in the numerical treatment of a special minimization problem,
see Refs. 42, 43.

2.1. Convezity

The basic concepts of convex geometry are useful or even essential for describing mixed
quantum states as probabilistic mixtures of pure quantum states. A convex subset of a
real affine space is defined by the property that any convex combination

x=(1—p)z + pre with 0<p<l1 (1)

of members 1,29 is a member. If 21 # 9 and 0 < p < 1 we say that x is a proper convex
combination of z1, 29, and z is an interior point of the line segment between z; and zs.
The dimension of a convex set is the dimension of the smallest affine space containing it.
We will be dealing here only with finite dimensional sets. Closed and bounded subsets of
finite dimensional Euclidean spaces are compact, according to the Heine-Borel theorem.
A compact convex set has extremal points that are not convex combinations of other
points. It is completely described by its extremal points, since any point in the set can be
decomposed as a convex combination involving no more than n+1 extremal points, where
n is the dimension of the set.® It is called a polytope if it has a finite number of extremal
points, and a simplex if the number of extremal points is one more than the dimension.

Definition 1. A bidirection at x in the convex set K is a direction vector v # 0 such that
x+tv €K fort in some interval [t1,ts] with t; <0 < to.
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A face F of K is a convex subset of K with the property that if = € F then every
bidirection in K at z is a bidirection in F at x. An equivalent condition defining F as a
face is that if x € F is a proper conver combination of x1,xs € K, then x1,z2 € F.

Intuitively, one might say that a set F is a face of K if it is "self reliant” up to convex
combinations.

The empty set and K itself are faces of K, by definition. All other faces are called proper
faces. The extremal points of K are the zero dimensional faces of K. A face of dimension
n — 1 where n is the dimension of K is called a facet.

A point z in a convex set K is an interior point of K if every direction at z (in the
minimal affine space containing K) is a bidirection, otherwise z is a boundary point of K.
Every point z € K is either an extremal point of K or an interior point of a unique face
F, of dimension one or higher. This face is the intersection of K with the affine space

Ay ={xz+tv|teR,veB,} (2)

where B, is the set of all bidirections in K at x. Thus, every face F of K is an intersection
F =ANK of K with some affine space A. We take A to be a subspace of the minimal
affine space containing K. The minimum dimension of A is the dimension of F, but it may
also be possible to choose A as an affine space of higher dimension than F. A proper face
F =ANK is said to be exposed if A has dimension n — 1 where n is the dimension of K.
Note that an exposed face may have dimension less than n — 1, thus it is not necessarily
a facet, and it may be just a point. Every exposed point is extremal, since it is a zero
dimensional face, but a convex set may have extremal points that are not exposed.

A proper face of K is part of the boundary of K. The faces of a face F of K are the
faces of K contained in F. In particular, the following result is useful for understanding
the face structure of a convex set when its extremal points are known.

Theorem 1. Let F be a face of the convex set K. Then a point in F is an extremal point
of F if and only if it is an extremal point of K.

We state here another useful result which follows directly from the definitions.

Theorem 2. An intersection K = K1N Ko of two convex sets K1 and Ko is again a convex
set, and every face F of K is an intersection F = Fy N Fa of faces Fy of K1 and Fs of Ks.

The facial structure of K = K1 N Ky follows from Def. 1 because the bidirections at any
point z € K are the common bidirections at x in K£; and Ks.

A cone C in a real vector space is a set such that if z € C, z # 0, then tx € C but
—tx ¢ C for every t > 0. The concept of dual convex cones, to be defined below, has found
a central place in the theory of quantum entanglement.

2.2. Quantum states

We are concerned here with a bipartite quantum system with Hilbert space H = H, ® H,
of finite dimension N = N, N,,. The real vector space H of observables on H has dimension
N2 a natural Euclidean inner product (A, B) = Tr AB and the corresponding Hilbert—
Schmidt norm [|A|| = vV Tr A2. We take H, = CNe, H, = C, so H is the set of Hermitian
matrices in the matrix algebra My(C). We write the components of a vector ¢ € CV as
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Y = with I =1,2,...,N or ij = 11,12,..., N,N,. For any A € H we define A" as the
partial transpose of A with respect to the second subsystem, that is,

(AP)ijskt = At (3)

The set of positive semidefinite matrices in H is a closed convex cone which we denote
by D. The state space of the quantum system is the intersection D; between D and the
hyperplane defined by TrA = 1. The matrices in D; are called density matrices, or mixed
quantum states. A vector ¢ € H with ¥y = 1 defines a pure state ¥t € D;. Dy is a
compact convex set of dimension N? — 1. The pure states are the extremal points of Dy,
in fact this is an alternative definition of Dj.

A pure state 1T is separable if ¢ is a product vector, ¢ = ¢ @ x, thus a separable pure
state is a tensor product of pure states,

Wl = (0@ x) (9@ X)) = (98") @ (xx). (4)

The set of separable states S; is the smallest convex subset of D; containing all the
separable pure states. Since the separable pure states are extremal points of D; containing
Sy, they are also extremal points of &;, and they are all the extremal points of ;. &; is
compact and defines a convex cone S C D. The dimension of S; is N2 — 1, the same as the
dimension of Dy, hence every separable state may be written as a convex combination of
N2 or fewer pure product states.?%19

The fact that S and D have the same dimension N? is not quite as trivial as one might
be tempted to think. It is a consequence of the fundamental fact that we use complex
Hilbert spaces in quantum mechanics, as the following argument shows. In a quantum
mechanics based on real Hilbert spaces every separable state would have to be symmetric
under partial transposition, and the dimension of & would be much smaller than the
dimension of D. With complex Hilbert spaces, a generic real symmetric matrix which
is a separable state is not symmetric under partial transposition, and the remarkable
conclusion is that its representation as a convex combination of pure product states must
necessarily involve complex product vectors. The basic reason that S and D have the same
dimension is the relation H = H, ® H, between the real vector spaces H, H, and H, of
observables on H, H, and H,. We construct S explicitly as a subset of H, ® Hy, in such a
way that the dimension of S is the full dimension of H, ® H,.

We define the set of positive partial transpose states (PPT states) as Py = Dy N DY
Partial transposition is an invertible linear operation preserving the convex structure
of D1, hence P; is also a compact convex set defining a convex cone P. We have that
S € P1 C Dy. The fact that every separable state has a positive partial transpose is
obvious, and provides a simple and powerful test for separability, known as the Peres
criterion. ? In dimensions 2x2 and 2 x 3 the converse statement is also true, that every PPT
state is separable.!! The entanglement of PPT states is not distillable into entanglement
of pure states, and it is believed that the entangled PPT states alone possess this special
“bound” type of entanglement.'®

2.3. Dual cones, entanglement witnesses

The existence of entangled PPT states motivates the introduction of entanglement wit-
nesses that may reveal their entanglement. We define the dual cone of S as
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S ={QeH|TtQp>0VYpe S} (5)

The members of §° will here be called entanglement witnesses. The usual convention is
that a witness is required to have at least one negative eigenvalue, but since our focus is
on the geometry of §° this restriction is not important to us here.

The definition of §° as a dual cone implies that it is closed and convex. Since S is a
closed convex cone the dual of S° is S itself 1142 (the fact that S°° = S is given as an exercise
in Ref. 42). Thus, a witness having a negative expectation value in a state proves the state
to be entangled, and given any entangled state there exists a witness having a negative
expectation value in that state. This two-way implication makes entanglement witnesses
powerful tools for detecting entanglement, both theoretically and experimentally,?0,26,44-49

From the experimental point of view the testimony of an entanglement witness is of
a statistical nature. A positive or negative result of one single measurement of a witness
gives little information about whether the state in question is separable or entangled. A
positive or negative average over many measurements will give a more reliable answer,
but some statistical uncertainty must always remain.

Since the extremal points of S; are the pure product states, a matrix Q € H is a
witness if and only if its expectation value is non-negative in every pure product state.
Furthermore, since the dimension of S is the full dimension of H, every witness Q # 0
has strictly positive expectation values in some pure product states. Since every product
vector is a member of some basis of orthogonal product vectors, we conclude that every
witness Q # 0 has TrQ > 0.12 Accordingly the set 8§ of normalized (unit trace) witnesses
completely describes all of S°.

Theorem 3. S} is a bounded set.

Proof. The maximally mixed state py = I/N is in S;. Define for § > 0 and I" € H with
T =0, TrT? =1,

. 1 .
f(0,1) = min Trp(po +6T) = Nt Gzrensr} Tr ol (6)

Since & is compact, f is well defined. Since TrT' = 0, we have " ¢ §° and the minimum of
Tr pT is strictly negative. Therefore, given any I" we can always find the (') which makes
f(0,T) = 0. Since T lies in a compact set there exists a I'* with 6* = §(I'*) = maxp 6(T").
This * defines an N? — 1 dimensional Euclidean ball B; centered at pg containing Sy, O

Note that the dual set B is an N? — 1 dimensional ball contained in S;, also cen-
tered at pg.!? From now on, when we talk about entanglement witnesses we will usually
assume that they are normalized and lie in S7. Since S} is a compact convex set it is
completely described by its extremal points. The ultimate objective of the present work
is to characterize these extremal witnesses.

The concept of dual cones applies of course also to the cone D of positive semidefinite
matrices and the cone P of PPT matrices. The cone D is self-dual, D° = D. Since P =
D N DP, the dual cone P° is the convex hull of DU DF. Hence, the extremal points of Py
are the pure states ¢! and the partially transposed pure states (y¢f)”. These are also
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extremal in S¢.1415:2425 A witness Q2 € P° is called decomposable, because it has the form

Q=p+of with p,oeD. (7)

This terminology comes from the mathematical theory of positive maps.'4 Decomposable
witnesses are in a sense trivial, and not very useful as witnesses, since they can not be
used for detecting entangled PPT states.

Altogether, we have the following sequence of compact convex sets,

SlcpchlszcpfgSf. (8)

All these sets, with the exception of Dy, are invariant under partial transposition. The
sets 81, D1, and Py are very simply described in terms of their extremal points. The
extremal points of P; are not fully understood, though some progress has been made in
this direction.'®:34-37 The extremal points of S are what we investigate here, they include
the extremal points of 81, Dy, and Py.

A face of Dy is a complete set of density matrices on some subspace of H.!0 Faces of
81 have recently been studied by Alfsen and Shultz.1%%° We also comment on faces of S;
in Sec. 8. As we develop our results regarding extremal witnesses we will simultaneously
obtain a classification of faces of S5.

2.4. Positive maps

The study of the set of separable states through the dual set of entanglement witnesses
was started by Michal, Pawel, and Ryszard Horodecki.!' They pointed out the relation
between witnesses and positive maps, and used known results from the mathematical
theory of positive maps to throw light on the separability problem.' In particular, the
fundamental result that there exist entangled PPT states is equivalent to the existence of
non-decomposable positive maps.

We describe here briefly how entanglement witnesses are related to positive maps, but
do not aim at developing the perspectives of positive maps in great detail. In Sec. 10 we
return briefly to the use of positive maps for detecting entanglement.

We use a matrix A € H to define a real linear map L4 : H, — H, such that Y = L, X
when

Yy = ZAij;leki~ 9)
ik

The correspondence A <+ L4 is a vector space isomorphism between H and the space of

real linear maps H, — H,. A slightly different version of this isomorphism is more common

in the literature, this is the Jamiotkowski isomorphism A <+ J4 by which J4 X = L4(X7).5!
The transposed real linear map LY : H, — H, is defined such that X = LTY when

Xiw =Y Aijua Y. (10)

gl

It is the transpose of L with respect to the natural scalar products (U, V) =TrUV in H,
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and Hy. In fact, for any X € H,, Y € H, we have

(LaX,Y) =Tr (LaX)Y) = Y AywXpYy; = Tr (X (LEY), (11)
3,7,k,l
and therefore
(LaX.Y) = (X,L}Y). (12)

The maps Ly and L% act on one dimensional projection operators ¢¢! € H, and
xx' € H, according to
La(¢¢") = (9 ® L)' A(¢ ® Ip), (13)
LE(XXT) =(L.® X)TA(IG ®X)-
Note that ¢ ® I, is an N x N, matrix such that (¢ ® I)x = ¢ ® x, whereas I, ® y is an
N x N, matrix such that (I, ® x)¢ = ¢ ® x. It follows that

X' (La(eo) x = o' (LE(xN) ¢ = (9@ x)TA(p ® ). (14)

If Q is an entanglement witness then Eq. (14) implies that Lq is a positive linear map
H, — Hjp, mapping positive semidefinite matrices in H, to positive semidefinite matrices
in Hy. Similarly, LE is a positive linear map H, — H,. The correspondence Q « Lq is
a vector space isomorphism between the set of entanglement witnesses and the set of
positive maps.

A positive map M is said to be completely positive if every map I ® M, where I is the
identity map in an arbitrary dimension, is positive. It is easily shown that J 4 is completely
positive if and only if A is a positive matrix. Thus L4 is completely positive if and only
if A" is a positive matrix.

2.5. Biquadratic forms and optimization

The expectation value of an observable A € H in a pure product state ¢! with ¢ = ¢ x
is a biquadratic form

fa(d.x) = (@ x) A(p @ x). (15)

The condition for Q € H to be an entanglement witness is that the corresponding bi-
quadratic form fq is positive semidefinite, i.e. that  has non-negative expectation value
in the set of pure product vectors ¢ = ¢ ® xy. Our approach here is to study witnesses
through the associated biquadratic forms.

In the present work we study especially boundary witnesses, corresponding to bi-
quadratic forms that are marginally positive. This leads naturally to an alternative defi-
nition of entanglement witnesses in terms of an optimization problem.

Definition 2. A matric A € H is an entanglement witness if and only if the minimum
value p* of the problem

minimize: fa(¢,x) = (6 @X)'A(¢@X), ¢ € Ha, X € My,

, (16)
subject to: [|¢]| = ||x|l =1,

1S non-negative.



10 L.O. Hansen, A. Hauge, J. Myrheim and P.0. Sollid

The normalization demand on ¢ and x ensures that p* > —oo when A ¢ S§°, and that
p* > 0 for every A in the interior of S° It is natural to use here the Hilbert—Schmidt norm
|All = VTr A2, which was introduced above, but in principle any norm would serve the
same purpose.

The boundary 9S° of 8° consists of those Q € §° for which there exists a separable
state p orthogonal to Q, i.e. with TrQp = 0. In terms of problem (16), A € 9S° if and
only if p* = 0. Since we know that §°° = S we can similarly understand the boundary 98
of the set of separable states S, as the subset of S which are orthogonal to some witness.
We will return to this duality between the boundaries of & and §° in much more detail
in Sec. 8.

2.6. Equivalence under SL ® SL transformations

It is very useful to observe that all the main concepts discussed in the present article are
invariant under what we call SL ® SL transformations, in which a matrix A is transformed
into VAVT with an invertible product matrix V =V, ® V.

For example, since such a transformation is linear in A, it preserves convex combi-
nations, extremal points, and in general all the convexity properties of different sets. It
preserves the positivity of matrices, the tensor product structure of vectors and matrices,
the number of zeros of witnesses, and in general all properties related to entanglement,
except that it may increase or decrease entanglement as measured quantitatively if either
V. or V}, is not unitary.

Thus, for our purposes it is useful to consider two density matrices or two entanglement
witnesses to be equivalent if they are related by an SL @ SL transformation. This sorting
into equivalence classes helps to reduce the problem of understanding and classifying
entangled states and entanglement witnesses.

3. Secondary constraints at zeros of witnesses

By definition, a witness 2 satisfies the following infinite set of inequalities, all linear in 2,

fa(¢.x) =20 with ¢ €Ha, x €Hp, 0]l =[xl =1. (17)

These constraints on €, represented here as a biquadratic form fq, are the primary con-
straints defining the set S5, apart from the trivial linear constraint TrQ = 1.

If Q is situated on the boundary of Sy it means that at least one of these primary
inequalities is an equality. We will call the pair (4o, xo) a zero of Q if fo(do, xo) = 0. We
count (agg, byo) with a,b € C as the same zero. The primary constraints (17) with (¢, x)
close to the zero (¢, xo) lead to rather stringent constraints on €2, which we introduce as
secondary constraints to be imposed at the zero. These secondary constraints are both
equalities and inequalities, and they are linear in €, like the primary constraints from
which they are derived. They are summarized in explicit form in Appendix A. In the
next section we apply all the secondary constraints to the problem of constructing and
classifying extremal witnesses.

The analysis of secondary constraints that we have presented here in this section is
essentially the same as the one carried out by Lewenstein et al. in their study of optimal

witnesses.26
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3.1. Positivity constraints on polynomials

A model example may illustrate how we treat constraints. Let f(¢) be a real polynomial
in one real variable ¢, of degree four and with a strictly positive quartic term, satisfying
the primary constraints f(¢) > 0 for all t. These are constraints on the coefficients of the
polynomial. The equation f(t) = 0 can have zero, one or two real roots for ¢. Assume that
f(to) = 0. Because this is a minimum, we must have f/(f9) = 0 and f”(to) > 0. In the
limiting case f”(ty) = 0 we must have also f®)(¢y) = 0.

Thus, if f(tg) = 0 we get secondary constraints f’(ty) = 0, and either f”(ty) > 0 or
f"(to) = 0, f®)(tg) = 0. If there is a second zero t;, similar secondary constraints must
hold there. It should be clear that we may replace the infinite set of primary constraints
f(t) > 0 for every ¢ by the finite set of secondary constraints at the zeros ¢y and ¢;.

Because the zeros of a witness 2 are roots of a polynomial equation in several variables,
they have the following property.

Theorem 4. The set of zeros of a witness consists of at most a finite number of compo-
nents, where each component is either an isolated point or a continuous connected surface.

Proof. Choose (¢2,x2) such that fo(de,x2) > 0, and define f(t) = fa(d1 + tda, x1 + tx2)-
For given (¢1,x1) and (g2, x2) this is a non-negative polynomial in the real variable ¢ of
degree four, hence it has zero, one or two real roots for ¢. By varying (é1,x1) we reach
all the zeros of Q. The zeros of f(¢) will move continuously when we vary (¢1,x1), except
that they may appear or disappear. This construction should result in a set of zeros as
described in the theorem. O

Now let (¢, x0) be a zero of Q, with ||¢o|| = ||xo| = 1. Since the constraints (17) on the
polynomial fq at (¢, x) = (o + &, xo0 + ¢) are actually independent of the normalization
conditions ||¢]| = ||x|| = 1, we choose to abandon these non-linear normalization conditions
(non-linear in the Hilbert-Schmidt norm) and replace them by the linear constraints
¢$§ =0, XI)C = 0. Strictly speaking, even these orthogonality conditions are not essential,
the important point is that we vary ¢ and y in directions away from ¢y and xq.

We find that some of the secondary constraints on fq are intrinsically real equations
rather than complex equations, therefore we introduce real variables 2 € R*?Ne=2 4 ¢ R2Vo—2
and write € = Joz, ¢ = Koy with ¢$Jo =0, XSKO = 0. Our biquadratic form is then a real
inhomogeneous polynomial quadratic in 2 and quadratic in y,

Flay) = faléx) = ((¢o +€) ® (xo + )2 (0 + &) © (x0 +())- (18)
The linear term of the polynomial is

fi(z,y) = 2Re ((€ @ x0)'Q(¢0 ® x0) + (60 ® ()T Q0 ® x0))
= xTsz(O, O) + yTDyf(07 0)7 (19)

in terms of the gradients
D, f(0,0) = 2Re (Jo ® x0)'Q(¢0 & x0).
D, f(0,0) = 2Re (¢o @ Ko)'Q(do ® x0)-
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The quadratic term is

fo(z,y) = (€@ x0) Q€ ® x0) + (¢0 ® )T Q (do @)
+2Re ((60 @ Q)T Q (€@ x0) + (¢0 @ x0) R (E®0)) (21)
=2TGq 2

where 27 = (27,y7), and 2Gq = D?f£(0,0) is the second derivative, or so called Hessian
matrix, which is a always real and symmetric matrix,

Yoz i

Gyx Gyy

GQ = Re N (22)

where the elements are
gze = (Jo ® X0)'Q(Jo ® x0),

gy = (60 © Ko)'Q(Jo @ x0) + (¢0 @ K3)TQF (Joy ® x3), (23)
Gyy = (¢o ® KO)TQ(% ® Ky).

The cubic term is like the linear term but with ¢g < £ and g < ¢,
F3(z,y) = 2Re (60 ® O)TQAE ® ¢) + (€ ® x0)TQE ® ). (24)
The quartic term is simply

fa(z,y) = fal&,0) = €@ )¢ (). (25)

The fact that the constant term of the polynomial vanishes, f(0,0) = 0, is one real
linear constraint on 2,

To:H R, ToQ = (do® vo) Qo ® vo) =0. (26)

Because (z,y) = (0,0) is a minimum of the polynomial the linear term must also vanish
identically, and this results in another linear system of constraints,

D..f(0, 0)} 0 (27)

Ty : H — R2WetNe=2) i =
D, f(0,0)

Note that the equality constraints Ty and Ty are the same for every witness with the zero
(0, x0), they are uniquely defined by the zero alone. The total number of constraints in
Ty and Ty is

My =2(N, + N,) — 3. (28)

All of these M, constraints are linearly independent. They are given an explicitly real
representation in Appendix A.

It is worth noting that the vanishing of the constant and linear terms of the polynomial
f(z,y) is equivalent to the conditions that

(6 ® x0) U @ x0) =0 V¢ € Ha,

(29)
(0@ X) Qo ®x0) =0 V¥ x € Hy.
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Hence the 2(N, + N,) — 3 real constraints ToQ2 = 0 and T;Q = 0 may be expressed more
simply as the following set of N, + N, complex constraints, equivalent to 2(N, + N;) real
constraints that are then not completely independent,

L& (xoxd) do = (In @ x0)T (g0 @ x0) = ;) (30)

La(¢oh) xo = (60 @ 1) Q(d0 @ x0)

The quadratic term of the polynomial has to be non-negative, again because (z,y) =
(0,0) is a minimum. The inequalities

2TGa2>0 V2 € REWNaFNe—2) (31)

are secondary inequality constraints, linear in Q, equivalent to the non-linear constraints
that all the eigenvalues of the Hessian matrix G must be non-negative.

There are now two alternatives. If the inequalities (31) hold with strict inequality for
all z # 0, in other words, if all the eigenvalues of the Hessian are strictly positive, then
we call (¢, x0) & quadratic zero. In this case Ty and Ty are the only equality constraints
placed on Q by the existence of the zero (¢o, xo). We can immediately state the following
important result.

Theorem 5. A quadratic zero is isolated: there is a finite distance to the next zero. Hence,
a witness can have at most a finite number of quadratic zeros.

3.2. Hessian zeros

The second alternative is that the Hessian has K zero eigenvalues with K > 1. We will call
z # 0 a Hessian zero at the zero (¢, xo) if Goz = 0. It is then a real linear combination

K
z= Zaizi (32)
i=1

of basis vectors z; € Ker Gg. The K linearly independent eigenvectors z; define the follow-
ing system of linear constraints on €,

Ty: H — RHEWatNo=2) - (1y0). = Gz =0, i=1,...,K. (33)

These constraints ensure that Goz = 0 and hence fa(z,y) = 27 Gqz = 0. The vanishing of
the quadratic term of the polynomial implies that the cubic term must vanish as well. We
therefore call (4o, x0) & quartic zero, and the direction z at (¢o, xo) a quartic direction.
The vanishing cubic term is

f3(@,y) =2 wamanRe (60 ® Q)'Q6m @ (n) + (8 @ x0)1Q6m © ¢a)) =0, (34)

l,m.n

where & = Jox; and (; = Koy;. Since the product a;an,a, is completely symmetric in the
indices [, m,n we should symmetrize the expression it multiplies. All the different properly
symmetrized expressions must vanish. In this way we obtain a linear system

(T39),,, =0  with 1<i<m<n<K. (35)

Imn
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The number of equations is the binomial coefficient (K;' 2), but it is likely that these
constraints on Q will in general not be independent.
The total number of constraints in T9 and T3 is therefore

; (36)

K+2
M4(K)=2K(Na+Nb72)+( )
Note that My(1) = My = 2(N, + Np) — 3. Since the constraints in Ty and T3 address other
terms in the polynomial than those in Ty and Ty, the two sets of constraints should be
independent from each other. Furthermore, in the case K = 1, all My(1) equations in
the total system Ty, T3 should be linearly independent. In the case of K > 1 we expect

overlapping constraints.

3.3. Summary of constraints

Let Q be a witness, and let Z be the complete set of zeros of 2, with Z’ C Z as the subset
of quartic zeros. Each zero in Z defines zeroth and first order equality constraints Ty and
T;. The combination of a set of constraints is the direct sum. Thus we define Uy as the
direct sum of the constraints T over all the zeros in Z, and similarly U; as the direct sum
of the constraints T;. We define Uy = Uy @ U;. Each zero in Z’ introduces additional
second and third order constraints Ty and T3. We denote the direct sums of these by
U, and Us, respectively, and we define Uss = Uy @ Us. Denote by Ug the full system of
constraints on Q, Ug = Uy @ Uss.

It is an important observation that all the constraints are completely determined by
the zeros and Hessian zeros of Q. Thus they depend only indirectly on Q. In particular,
Up; depends only on Z, whereas Usys depends on Z’ and on the kernel of the Hessian at
each quartic zero.

A boundary witness with only quadratic zeros will be called here a quadratic boundary
witness, or simply a quadratic witness, since we are talking most of the time about bound-
ary witnesses. A boundary witness with at least one quartic zero will be called a quartic
witness. Note that if Q is quadratic then Z’ is empty so Uq = Up;. This classification of
boundary witnesses as quadratic and quartic is fundamental, since the two classes have
rather different properties. The quadratic witnesses turn up in much greater numbers in
random searches, and are also simpler to understand theoretically.

4. Extremal witnesses

In this section we apply the constraints developed in the previous section to study extremal
witnesses. We approach the problem through the basic definition that a non-extremal
witness is one which can be written as a convex combination of other witnesses. In the
language of convex sets it is an interior point of a face of S§ of dimension one or higher.

In Sec. 4.1 we characterize the extremal witnesses in terms of their zeros. In Secs. 4.2
and 4.3 we characterize them in terms of the constraints related to their zeros. and present
a search algorithm for finding them numerically. The geometrical interpretation of this
algorithm is that we start from a given witness, reconstruct the unique face of & of which
it is an interior point, go to the boundary of this face, and repeat the process. In Sec. 4.4
we discuss the expected number of zeros of extremal witnesses.
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Theorems 8 and 10 give necessary and sufficient conditions for a witness to be extremal,
and they are main results of our work.

4.1. Zeros of witnesses, convexity and extremality

Let Q be a convex combination of two different witnesses A and X,
Q=(1-pA+pX, (37)
with 0 < p < 1. Then the corresponding biquadratic form is a convex combination

fQ(¢7X): (1_p)fA(¢7X)+pr(¢7X)7 (38)

and the Hessian matrix at any zero (¢, xo) of 2 is also a convex combination
Go=(1-p) Gy +pGs. (39)

The facts that the biquadratic form of an entanglement witness is positive semidefinite,
and that the Hessian matrix at any zero of a witness is also positive semidefinite, imply
the following result.

Theorem 6. If Q is a conver combination of two witnesses A and X, as above, then
(0, x0) 1s a zero of Q if and only if it is a zero of both A and X.

Similarly, z is a Hessian zero of Q at the zero (¢o, xo) if and only if it is a Hessian zero
at (¢o, x0) of both A and X.

Thus, all witnesses in the interior of the line segment between A and X have ezactly
the same zeros and Hessian zeros.

Assume further that A and ¥ are extremal points of the intersection of the straight
line with S7, so that Q ¢ S when p < 0 and when p > 1. To be specific, consider the case
p > 1. We want to show that ¥ has at least one zero or Hessian zero in addition to the
zeros and Hessian zeros of the witnesses in the interior of the line segment.

By assumption, the set of negative points

X_(p) ={(8,x) | falo,x) <0} (40)

is non-empty for p > 1. Clearly X_(p) C X_(¢) for 1 < p < ¢, since X_(p) is empty for
0<p<1,and fo(g,x) is a linear function of p for fixed (¢, x) as given by Eq. (38). The
closure X _(p) is a compact set when we normalize so that ||¢|| = |x|| = 1. It follows that
the limit of X _(p) as p — 1+ is a non-empty set Xq of zeros of the witness X,

Xo=[X-(p. (41)

Every zero (¢o, x0) € Xo is of the kind we are looking for. If it is not a zero of Q for
p < 1, then it is a new zero of ¥ as compared to the zeros of the witnesses in the interior
of the line segment. If it is a zero of Q for p < 1, then ¥ has at least one Hessian zero at
(0, x0) which is not a Hessian zero at (¢g, xo) of the witnesses in the interior of the line
segment.
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To prove the last statement, assume that (¢g,xo) € Xo is a zero of Q for 0 < p < 1.
Then it is a zero of Q for any p, again because fo(¢,x) is a linear function of p. Similarly,
if 2 is a Hessian zero of Q at (¢g, xo) for 0 < p < 1, it is a Hessian zero of Q at (¢, xo) for
any p.

From the assumption that (¢g, xo) € Xo follows that fo(¢, x) for any p > 1 takes negative
values for some (¢, x) arbitrarily close to (¢o, x0). The only way this may happen is that
for p > 1 the second derivative 2T Gqz is negative in some direction z, meaning that Ggq
for p > 1 has one or more negative eigenvalues \;(p), with eigenvectors z;(p) that are
orthogonal to each other and orthogonal to the p independent part of Ker Gg.

In the limit p — 1+ the negative eigenvalues \;(p) of Gq go to zero, and the corre-
sponding eigenvectors z;(p) go to eigenvectors z;(1) of Gy with zero eigenvalues. These
eigenvectors are then Hessian zeros of 3 at (¢g, xo) that are not Hessian zeros of Q for p
values in the range 0 < p < 1.

We summarize the present discussion as follows.

Theorem 7. If a line segment in Sy with end points A and X can not be prolonged within
Sy in either direction, then ¥ has the same zeros and Hessian zeros as the interior points
of the line segment, and at least one additional zero or Hessian zero.

The same holds for A, with additional zeros and Hessian zeros that are different from
those of 3.

These theorems lead to the following extremality criterion for witnesses.

Theorem 8. A witness Q is extremal if and only if no witness A # Q has a set of zeros
and Hessian zeros including the zeros and Hessian zeros of Q.

An equivalent condition is that there can exist no witness A # Q satisfying the con-
straints UgA = 0.

Proof. The “if” part follows directly from Thm. 6.

To prove the “only if” part, assume that the set of zeros and Hessian zeros of some
witness A # Q include the zeros and Hessian zeros of . Then by Thm. 6 the interior
points of the line segment with A and Q as end points have exactly the same zeros and
Hessian zeros as Q. By Thm. 7 this line segment can be prolonged within Sy so that it
gets Q as an interior point. Hence Q is not extremal. O

4.2. How to search for extremal witnesses

Once the zeros and Hessian zeros of a witness Q are known, it is a simple computational
task to find a finite perturbation of € within the unique face of S where € is an interior
point. The most general direction for such a perturbation is a traceless T € Ker Ug. Note
that we only need to find some IV € Ker Ug not proportional to 2, then I' =TV — (TrI) Q
is non-zero and traceless and lies in Ker Ug,.

Theorem 9. Let Q be a witness, and let ' € H, ' # 0, TrI' = 0. Then A = Q +I' is a
witness for all t in some interval [ty,ta], with t1 < 0 < ta, if and only if T € Ker Ug.

The maximal value of to is the value of t where A acquires a new zero or Hessian zero.
The minimal value of t; is determined in the same way.

Proof. To prove the “only if” part, assume that A = Q +¢I" is a witness for ¢; < ¢ < to.
Then by Thm. 6, A has the same zeros and Hessian zeros as Q for t; < ¢ < ty. Since
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the constraints Ug depend only on the zeros and Hessian zeros of ©, we conclude that
UgqA =0 for t; <t < tg, and hence Uql’ = 0.

To prove the “if” part, assume that Upl’ = 0. Since UpQ) = 0, it follows that UgA =0
for any value of ¢. Consider the set of negative points,

X_(t) ={(&.x) | fa(#,x) <0} (42)

We want to argue that X_ (¢) must be empty for ¢ in some interval [t, to] with ¢; < 0 < ¢5.
In fact, since 8§ is a compact set, there must exist some t2 > 0 such that X_(¢) is empty
for 0 < ¢ <ty and non-empty for ¢ > t5. Then the limit of X _(¢) as t — ¢+ is a non-empty
set X of zeros of Ay = Q + t,I'. A similar reasoning as the one leading to Thm. 7 now
leads us to the conclusion that As must have at least one zero or Hessian zero which is
not a zero or Hessian zero of . This proves that Ay # Q and t5 > 0.

By a similar argument we deduce the existence of a lower limit ¢; < 0. O

Figure 1 shows a model for how a new isolated quadratic zero of A appears, or how
an existing quadratic zero turns into a quartic zero, as the parameter ¢ increases in the
function

fi(u) = fapr (o +ud’, x + ux’). (43)

0.45[ 1

0.37

u u

Fig. 1. Models for how the positivity limit is reached. Left: a new local minimum appears, turning
into a zero and then a negative minimum. The model function plotted for five different values of ¢
is fy(u) = u?((u — 1)2 + 1 —t), depending on a parameter ¢ with the critical value ¢, = 1. Right: a
quadratic zero turns into a quartic zero, and then new negative minima branch off. The model function
is fi(u) = u?(u? + 1 — t), again with the critical parameter value ¢, = 1.

The next theorem is an immediate corollary. It is a slightly stronger version of Thm. 8.
It is interesting for the theoretical understanding, and together with Thm. 9 it is directly
useful for numerical calculations.

Theorem 10. An entanglement witness Q is extremal if and only if Ker Ugq is one di-
mensional (spanned by Q).
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Thus, once the zeros and Hessian zeros of the witness  are known we test for extremal-
ity by computing the dimension of Ker Ug, for example by a singular value decomposition
of Ug. This allows for a simple numerical implementation of the extremality criterion.

These theorems motivate Alg. 1, a search algorithm for finding extremal witnesses.
Obviously, any extremal witness might be reached by this algorithm already in the first
iteration, starting for example from the maximally mixed state. The search is guaranteed
to converge to an extremal witness in a finite number of iterations, since the number of
possible search directions is reduced in each iteration. We here summarize this in Alg. 1.
Starting from an initial witness Q = Qg € int(S8°), we proceed down through a hierarchy
of faces on 8° of decreasing dimensions. The number of possible search directions I' on
each face, is reduced in each iteration as Ker Ugq is reduced.

Algorithm 1: Finding an extremal entanglement witness

Precondition: Choose an initial witness Q = Qg € int(S8°) and construct Ug
1. while dim Ker (Ug) > 1

2. choose a T" € Ker (Ug)

3 if Tr(T) #0

4. redefine I' + T — Tr(I"Q
5. endif
6
7
8

find t. as the maximal ¢ such that Q + ¢I" is still a witness
redefine Q « Q +¢.I
. locate all zeros of  and construct an updated Ugq
9. endwhile
return

4.3. Faces of the set 8¢ of normalized witnesses

Theorem 9 has the following geometrical meaning. Define
Fa = (Ker UQ) N Slo. (44)

Equivalently, define Fq as the set of all witnesses of the form Q +¢I" with " € Ker Ug and
TrT' = 0. If Q is extremal in S then Fq consists of the single point Q. Otherwise, Fq is
the unique face of 8§ having 2 as an interior point.

Thus, Alg. 1 produces a decreasing sequence of faces of S¢, 71 D F2 D ... D Fy, where
every face Fj is a face of every F; with ¢ < j, and the extremal point found is an extremal
point of all these faces.

The theorems in Sec. 4.1 imply that every face F of Sy is uniquely characterized by a
set of zeros and Hessian zeros that is the complete set of zeros and Hessian zeros of every
witness in the interior of F. Every boundary point of F is a witness having the zeros and
Hessian zeros characteristic of the interior points, plus at least one more zero or Hessian
zero. In general, the boundary of S7 is a hierarchy of faces, faces of faces, faces of faces of
faces, and so on. The number of zeros and Hessian zeros increases each time we step from
one face onto a face of the face, and the descent through the hierarchy from one face to
the next always ends in an extremal witness.
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4.4. Zeros of extremal witnesses

A natural question regards the number of zeros a witness must have in order to be ex-
tremal. We provide two lower bounds for quadratic witnesses, one obtained by comparison
with a pure state as a witness and the other by counting constraints. Similar bounds for
quartic witnesses are not easy to obtain.

The first of these bounds reveals a “double spanning” property of zeros of quadratic
extremal witnesses. We define the partial conjugate of (¢, x) as (¢, x*).

Theorem 11. The zeros of a quadratic extremal witness Q span the Hilbert space. The
partially conjugated zeros also span the Hilbert space.

Proof. Assume that the zeros span less than the whole Hilbert space, so that there exists
a vector ¥ orthogonal to all the zeros. Then the projection P = ¢! is a witness with a
set of zeros including all the zeros of Q. But P has a continuum of zeros, all quartic, see
Thm. 14. Hence P # Q and Q is not extremal, by Thm. 8.

The partial conjugates of the zeros of 2 span the Hilbert space because they are the
zeros of the quadratic extremal witness QF. O

This proof does not hold when € is a quartic witness, because Q may then have Hessian
zeros that are not Hessian zeros of P. A pure state 1! as a quartic extremal witness is
a counterexample, where the zeros do not span the Hilbert space, although the partially
conjugated zeros may span the Hilbert space. The partial transpose (4" is a counterex-
ample of the opposite kind, where the zeros may span the Hilbert space but the partially
conjugated zeros do not. Furthermore, even if neither the zeros nor the partially conju-
gated zeros span the Hilbert space, it is still possible for a quartic witness to be extremal,
because a quartic zero leads to more constraints than a quadratic zero. In Sec. 6.3.2 we
describe the numerical construction of an extremal quartic witness in dimension 3 x 3 with
only eight zeros, and with one Hessian zero at one of the zeros.

Counting constraints from quadratic zeros gives a different lower bound for the number
of zeros of a quadratic extremal witness. There are My = 2(N, + N;) — 3 constraints per
quadratic zero. With n quadratic zeros there are a total of nM, constraints, which in the
generic case are linearly independent until nMs approaches N? — 1, the dimension of Sf.
A lower bound on the number of zeros of a quadratic extremal witness is then given by

(N Np)? — 1

LA AT (45)

ne = ceil
where ceil rounds upwards to the nearest integer.

In the special case N, = 2 this formula gives the lower bound n. = N — 1, which is
weaker than the lower bound N given by Thm. 11. When N, > 3 and N, > 3 the formula
gives a lower bound n. > N, consistent with Thm. 11.

Table 1 lists the numerically computed number of linearly independent constraints
Minq arising from n, randomly chosen pairs (¢, x). n. is the estimated minimum number of
zeros required for a quadratic witness to be extremal, assuming maximal independence of
constraints. My is the number of linearly independent constraints from each zero. In order
to compute my,q we interpret each (¢, ) as a quadratic zero, build Uy and do a singular
value decomposition. The table shows that in many cases the number of independent
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constraints from a random set of product vectors is equal to the dimension of the real
vector space H of Hermitian matrices. In such a case there exists no biquadratic form
which is positive semidefinite and has these zeros. We conclude that the zeros of a positive
semidefinite biquadratic form have to satisfy some relations that reduce the number of
independent constraints.

Table 1. Numbers related to
quadratic zeros of witnesses in
dimension N = N, Np.

Nuo,Ny N2 My, n. mMina

2,2 6 5 3 14
2,3 36 7 5 34
2,4 64 9 7T 62
25 100 11 9 98
3,3 81 9 9 81

3.4 144 11 13 143
3,5 225 13 18 225
4.4 256 13 20 256
4,5 400 15 27 400
5,5 625 17 37 625

Note that for N, = 2 there is an intrinsic degeneracy causing the number of constraints
from n. zeros to be n.My — 1, so the actual minimum number of zeros is n. +1 = N. So
the number of constraints is reduced by one. For example, in the 2 x 4 system the actual
number of constraints from n. = 7 random product vectors is 62 instead of 63 = n.Ms.
This degeneracy implies that one extra zero is needed, thus saving Thm. 11. The proof of
Thm. 11 indicates the origin of the degeneracy. With N — 1 zeros there exists a vector v
orthogonal to all the zeros and a vector n orthogonal to all the partially conjugated zeros,
and because ¢! and (nn')” both lie in Ker Ug; we must have dim Ker Ug; > 2. For other
dimensions there is no similar degeneracy.

The 3 x 4 system is special in that the number of constraints from a generic set of
n. = 13 product vectors add up to exactly the number needed to define a unique A € H
with Ugp A = 0. This does not however imply that A defined in this way from a random
set of product vectors will be an extremal witness, in fact it will usually not be a witness,
because it will have both positive and negative expectation values in product states.

A central question in general, well worth further attention, is how to choose a set of
product vectors such that they may serve as the zeros of an extremal witness. According
to Thm. 18, the zeros of a witness must define pure states lying on a face of the set S
of separable states. However, this statement leaves open the practical question of how to
test numerically whether a set of pure product states lies on a face of S.

In 2 x N, and 3 x 3 systems, the minimum number of zeros of a quadratic extremal
witness is exactly equal to the dimension N = N,N, of the composite Hilbert space H.
This implies the following result, which we state as a theorem.

Theorem 12. In dimensions 2 x Ny and 3 x 3 a generic witness with doubly spanning
zeros will be extremal.
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We do not know whether this is a general theorem in these dimensions, valid for all
witnesses and not only for the generic witnesses. It may be that some construction like
the one described in Sec. 6.3.3 will lead to non-generic counterexamples.

In higher dimensions the minimum number of zeros to define a quadratic extremal
witness is strictly larger than the dimension of H. This difference between 2 x N, and
3 x 3 systems on the one hand, and higher dimensional systems on the other hand, has
important consequences discussed in Secs. 8 and 9.

5. Decomposable witnesses

A decomposable witness is called so because it corresponds to a decomposable positive
map, and because it has the form Q = p + o with p,o0 € D, possibly p = 0 or ¢ = 0.
Although the decomposable witnesses are useless for detecting entangled PPT states,
they are useful in other ways, for example as stepping stones in some of our numerical
methods for constructing extremal non-decomposable witnesses.

In this section we will summarize some basic properties of decomposable witnesses.
This is a natural place to start when we want to understand entanglement witnesses in
general. In particular, we are interested in the relation between a witness and its zeros.

Since the set P§ of decomposable witnesses is the convex hull of Dy and DY, an extremal
point of P must be an extremal point of either Dy or Df. That is, it must be either a pure
state ¢! or a partially conjugated pure state (¢4, or both if ¢ is a product vector. In
the present section we verify the results in Refs. 14, 24, 25, that witnesses of the forms
Pyt and (pf)F are extremal in SP. Since they are extremal in S?, they are also extremal
in the subset Py C S. Thus they are precisely the extremal points of Py.

5.1. Zeros of a decomposable witness

The biquadratic form corresponding to the decomposable witness Q = p + o% is

fQ(¢7 X) = fp(¢> X) + fﬂ(¢7 X*)' (46>

It is positive semidefinite because f, and f, are positive semidefinite.

Assume now that (¢, xo) is a zero of Q. The above decomposition of fq shows that
(¢0, x0) must be a zero of p, and the partial conjugate (¢o, x§) must be a zero of o. But
because p,o € D it follows that

p(do ® xo0) =0, o(¢o ® xp) = 0. (47)
This proves the following theorem.

Theorem 13. The zeros of a decomposable witness Q = p + o span the Hilbert space
only if p = 0. The partially conjugated zeros span the Hilbert space only if o = 0. Hence,
by Thm. 11, a quadratic extremal witness is non-decomposable.

Note that if (¢g, x0) is a zero of Q and ¢ ® x is any product vector, then

(¢ ® x0)o (d0 ® x) = (¢ @ x*)o (o ® x5) = O, (48)

and hence

(¢ @ x0)¢o ® x) = (¢ ® x0)p(P0 @ X)- (49)
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Similarly,
(6@ x5)p (¢ @ X*) = (6 @ X)p(¢0 © x0) = 0, (50)

and hence
(6 © x5)2(¢0 @ X*) = (¢ @ xp)o(do © 7). (51)

These equations may be useful for computing p and o if 2 is known but its decomposition
Q= p+o” is unknown. We will return to this problem in Sec. 5.3.

5.2. Pure states and partially transposed pure states

Let P be a pure state, P = ¢, and let Q be the partial transpose of a pure state,
Q = (m"F, with ¢,n € H. The corresponding positive maps Lp and Lg are rank one
preservers: they map matrices of rank one to matrices of rank one or zero, because

Lp(¢¢) = (¢ 1) P(o ® I) = (¢ (52)
Lo(¢6") = (6 @ 1,)'Q(¢ @ 1) = 06

with ¢ = (¢® )¢ and 6 = (¢* ® I)T*. The corresponding biquadratic forms are positive
semidefinite because they are absolute squares,

fr(d,x) = (0@ x)'P(o@ x) = ¥ (¢ x)I%

53
fa(,x) =(0@X)Q(¥ex) = (v x)'QF (9@ x*) = n'(¢ @ x| (53)

The zeros of P are the product vectors orthogonal to ¢. A singular value decomposition
(Schmidt decomposition) gives orthonormal bases {u;} in H, and {v;} in H, such that

) = Zci u; @ v; with ¢ > 0. (54)
i1

Here m is the Schmidt number of ¢, 1 < m < min(N,, N). The condition for a product
vector
N, N,
¢®X:ZZaibjui®vj (55)
i=1 j=1
to be orthogonal to 1 is that

Z ciaz-bi =0. (56)
i=1

For any dimensions N, > 2, N, > 2 and any Schmidt number m the set of zeros is
continuous and connected. All the zeros are quartic, since quadratic zeros are isolated. The
zeros do not span the whole Hilbert space, only the subspace orthogonal to . However,
the partially conjugated zeros span the Hilbert space, except when m = 1 so that 1 is a
product vector.?? This almost completes the proof of the following theorem, what remains
is to prove the extremality.

Theorem 14. A pure state as a witness has only quartic zeros, all in one continuous
connected set, and it is extremal in Sy. The same is true for the partial transpose of a
pure state.
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Proof. We want to prove that P is extremal, the proof for @ is similar. We show that
the only witness Q satisfying the constraints UpQ = 0 is Q = P, from this we conclude
that P is extremal, using Thm. 8.

Even though the zeros of P are all quartic, they are so many that we need not use the
secondary constraints coming from the quartic nature of the zeros. According to Eq. (30),
the constraints Up) = 0 include the constraints Lo (¢¢t)x = 0 for every zero (¢, x) of P.
The zeros of P are the solutions of the equation (¢ ® x) = 0. For every ¢ € H, this is
one linear equation for y € H,, the solutions of which form a subspace of H, of dimension
either N, — 1 or N. But this means that Lo(¢é!) has rank either one or zero, so that the
positive map Lq is a rank one preserver. Hence, either Q = ww! or Q = (@&h)? for some
w,weHH

In the first case, Q@ = wwl, we must have wf(¢ @ x) = 0 for every (¢,x) such that
¥1(¢ ® x) = 0. But then w must be proportional to 1, and Q = P.

In the second case, Q = (Gw')?, we must have &f(¢ ® x*) = 0 for every (¢, x) such that
(@@ x) = 0. This is possible, but only if ¢ and & are product vectors, with & the partial
conjugate of ¢. Then we again have Q = P. m

The fact that every zero (¢, xo) of P is quartic can also be seen directly from Eq. (21).
With Q = P = ¢ and 47 (¢o @ xo) = 0 this equation takes the form

Gz = folz,y) = V(€@ x0+ do @ Q). (57)

Thus, 27Gq z = 0 unless the vector (€ ® xo + ¢o ® ) € H has a component along 3. This
means that the Hessian matrix Gq at the zero (¢o, xo) has rank at most two.

5.3. Decomposing a decomposable witness

If we want to prove that a given witness Q is decomposable, the definitive solution is of
course to decompose it as Q = p+ o with p,o € D. We want to discuss here methods for
doing this, based on a knowledge of zeros of Q. Unfortunately, the present discussion does
not lead to a complete solution of the problem.

Assume that we know a finite set of k zeros of Q, Z = {¢; ® x;}, with partial conjugates
Z={¢;® Xi}. Z may be the complete set of zeros of Q, or only a subset. The orthogonal
complement Z+ is a d; dimensional subspace of #, and Z+ is a dy dimensional subspace,
with d; > N —kand dy > N — k. Let P and P be the orthogonal projections onto Z+ and
71, respectively.

Define orthogonal projections P and P on the real Hilbert space H such that PX =
PXP and PX = (PXTP)F for X € H. Define the overlap of these two projections as the
orthogonal projection O onto the subspace (PH) N (PH). Since OX = X if and only if
PX = X and PX = X, we may compute O numerically by picking out the eigenvectors
of P + P with eigenvalue two. It follows that

O =PO = OP = PO = OP, (58)

and that P’ = P — O and P’ = P — O are orthogonal projections.
If Q = p+of with p,0 € D, then we must have Z ¢ Kerp and Z c Kero, hence Pp = p
and Po? = (PoP)P = oF. Defining p; = P'p, ps = Op, of = P'o” of = Oc” we have that
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Q=pi+pa+oy +of (59)
with p; € P'H, of € P'H, and py + o € OH. It follows that
P _ P _
p1+ oy —Q*OQ, p2 + 0y = 00. (60)

The decomposition of Q — O into p; and of is unique and easily computed.

If the overlap O is zero, then py; = 0, 02 = 0, and this is the end of the story, except
that we should check that both p; and o1 are positive semidefinite. Otherwise it remains
to decompose O into py and o in such a way that p = p1 + p2 and o = o1 + o9 are
both positive semidefinite. This is the difficult part of the problem, and the solution, if it
exists, need not be unique.

We have not pursued the problem further. To do so one should use Egs. (49) and (51),
which put strong and presumably useful restrictions on p and o. For any product vector
¢ ®x and any ¢; ® x; € Z it is required that

(0@ xi)p(di @ x) = (¢ @ xi)Q2¢i @ X),

61
(60 ®x7)o(di @ x) = (6@ x))Q" (¢ @ X°). oy

5.4. Decomposable witnesses with prescribed zeros
One use of decomposable witnesses is that they provide examples of witnesses with pre-
scribed zeros. We will describe now how this works, and we use the same notation as in
the previous subsection.

Let Q = p+ o be a decomposable witness, as before. The necessary and sufficient
conditions for Q to have Z as a predefined set of zeros is that p = UUT and o = VV1 with
X,Y € H,U=PX,V =PY. We choose p and o to have the maximal ranks

rank p = dy, rank o = do, (62)

where dy > N — k and dy > N — k are the dimensions of Z+ and Z* respectively. In
the generic case, when k& < N there will be no linear dependencies between the zeros, or
between their partial conjugates, so that we will have d; =ds = N — k.

The set of unnormalized decomposable witnesses of this form has dimension

dp = rank P’ + rank P’ +rank O
= rank P + rank P — rank O (63)
=d? +df —rank O.

The corresponding set of normalized witnesses is a convex subset Fp C Fq of dimension
dp — 1, consisting of witnesses of the form Q + ¢I' with

r=4+BY, PA=4A, PB")=B", TrA=TrB=0. (64)

These conditions ensure that p + tA and o + ¢tB will remain positive for small enough
positive or negative finite values of the real parameter ¢.
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The witness € is an interior point of a unique face of S, which we call Fq, as defined
in Eq. (44). The dimension of this face is do — 1 when we define

dg = dimKer Ugq. (65)
For a quadratic witness Q a lower limit is
dg > N*— kM,  with My =2(N,+ N;) — 3. (66)

This inequality will usually be an equality, especially when k is small.
Since Fp C Fqo we must have dp < dg, implying a lower bound for the overlap O,

rank O > df +dg — dg > 2(N — k)* — dq. (67)

In particular, when the inequality in Eq. (66) is an equality we have the non-trivial
lower bound
rank O > N? — k(4N — 2k — My). (68)

The generic case when £ is small is that dp = dg, which means that rank O has the minimal
value allowed by this inequality. See Table 2 where we have tabulated some values for dp
and dg found numerically.

When we prescribe k zeros of the decomposable witness 2, there is a possibility that
the actual number of zeros &/, is larger than k. A simple counting exercise indicates how
many zeros to expect. A product vector ¢ ® x is a zero if and only if p(¢ ® x) = 0 and
(¢ ® x*) = 0. These are 2(N — k) complex equations for ¢ ® x. There are N, + N, — 2
complex degrees of freedom in a product vector, up to normalization of each factor. The
critical value k = k. is the number of zeros for which the number of equations equals the

number of variables, i.e.,
N, + N,

ke=N+1-
* 2

(69)

We expect to find
K=k if k<k,
K>k if k=k, (70)
K =00 if k> k.

Whether Q will be quadratic or quartic can be estimated as follows. The Hessian Gg
at a zero of Q is a real square matrix of dimension 2(N, + N, — 2). If rankp = d; and
ranko = d, then we may write Q = p + o as a convex combination of d; + da or fewer
extremal decomposable witnesses. Each extremal decomposable witness contributes at
most two non-zero eigenvalues to Gg. Thus, if we define dy as the minimal dimension of
the kernel of G at any zero, we have a lower bound

dyg > Q(Na+Nbfd1 7d272). (71)

In Table 2 we list some numbers related to decomposable witnesses, for different dimen-
sions N, x N,. The numbers presented were obtained numerically as follows. We choose k
random product vectors. When k < N there will exist decomposable witnesses with these
as zeros, and dp is the computed dimension of the set of such witnesses. k¥’ is the actual
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number of zeros they have. The listed value of dg, the dimension of the kernel of Ug when
Q2 is a quadratic witness with these zeros, is the lower bound given in Eq. (66). The listed
value of the dimension dp of the kernel of the Hessian is the lower bound from Eq. (71).

Table 2.  Numbers related to decomposable
witnesses. k and k' is the prescribed and ac-
tual number of zeros respectively, and k. is
the critical number of prescribed zeros. The
parameters dp, do and dy are the dimen-
sions of sets, as explained in the text.

Ny x Ny k ¥ dp do dy
2% 4 1 1 55 55 0
k=6 2 2 46 46 0

3 337 37 0

4 4 28 28 0

5 5 18 19 2

6 8 g8 10 4

7 2 2 6

3x3 1 1 7272 0
k=7 2 2 63 63 0
3 3 54 54 0

4 4 4 45 0

5 5 32 36 0

6 6 18 27 2

7 1014 8 18 4

8 00 2 9 6

3 x4 1 1 133 133 0
k.=95 2 2 122 122 0
3 3 111 111 0

4 4 100 100 0O

5 5 88 89 0

6 6 7 78 0

7 7 50 67 2

8 8 32 56 4

9 9 18 45 6

10 00 8 34 8

11 00 2 23 10

12 - 0o 12 -

We see from the table that with only a few zeros, the set of decomposable witnesses
in the face has the same dimension as the face itself. But Fq can not consist entirely of
decomposable witnesses, because in that case our numerical searches for extremal wit-
nesses, where we search for witnesses with increasing numbers of zeros, would only give
decomposable witnesses, exactly the opposite of what happens. Hence we conclude that
Fp is a closed subset of Fq, of the same dimension as Fq but strictly smaller than Fg.

On a face defined by a higher number of zeros the set of decomposable witnesses has
a lower dimension. In some cases the decomposable witnesses will lie on the boundary of
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the face in question. This will either be because they have more than k zeros, or because
some of the k zeros are quartic. In other cases the decomposable witnesses make up a low
dimensional part of the interior of the quadratic face. This is the case e.g for faces Fy
in 3 x 3 systems, where the set of decomposable witnesses is 44 dimensional, the face is
45 dimensional, and the decomposable witnesses have four quadratic zeros and hence are
situated in the interior of the face.

6. Examples of extremal witnesses

In this section we apply Thm. 10 and Alg. 1 to study examples of extremal witnesses. We
study first examples known from the literature, in particular the Choi-Lam witness?!22
and the Robertson witness.?? In Secs. 6.3.1, and 6.3.2 we construct numerical examples
of generic witnesses, study these and report some observations. Finally, in Sec. 6.3.3 we
present an example of a non-generic extremal witness, numerically constructed, having
more than the minimum number of zeros.

6.1. The Choi—Lam witness
Define, like in Ref. 27,

a it it
c .
b .
Qx(a,b,c;0) = | —e 10 . . . a . . A (72)
c

c .

. . . . . b

—eie . . . —e‘ie . . . a

We write dots instead of zeros in the matrix to make it more readable. The special
case Q¢ = Qk(1,0,1;0) is the Choi-Lam witness, one of the first examples of a non-
decomposable witness.?b2? The set of zeros of the entanglement witness Q¢ consists of
three isolated quartic zeros

el3 =e1®ez, €1 =ex®ep, e32=e3®ey, (73)

where e1, es, e3 are the natural basis vectors in C? and a continuum of zeros ¢ ® x where
a,B € R and

d=e1+e%ey+ePes, X=¢" (74)

The product vectors defined in Eq. (74) span a seven dimensional subspace consisting of
all vectors ¢ € C° with components ¢ = 15 = 109. The three product vectors defined in
Eq. (73) have ¥y = 45 = 159 = 0 and lie in the same subspace.

The Hessian has a doubly degenerate kernel at each of these zeros. Hence a single zero
of Q = Q¢ contributes 29 equations in Ug: nine from Ty and Ty, 2-8 = 16 from Ts, and
four from T3. However, by a singular value decomposition of T = Ty @ T; @ Ty @ T3 at



28 L.O. Hansen, A. Hauge, J. Myrheim and P.0. Sollid

one zero at a time we find numerically that the number of independent equations is 24
for each of the isolated zeros and 28 for any randomly chosen non-isolated zero. We again
see that redundant equations appear when the kernel of the Hessian is more than one
dimensional. We also observe that the redundancies depend on the nature of the zero.

Choosing increasingly many non-isolated zeros, only 67 linearly independent equations
are obtained, out of the 80 needed for proving extremality. These 67 equations are obtained
with the quadratic and quartic constraints from three zeros, or with only the quadratic
constraints from nine zeros. With all three isolated zeros and any single zero from the
continuum, Ker Ug, is one dimensional and uniquely defines the Choi-Lam witness. This
verifies numerically that it is extremal. We need the quartic constraints from the three
isolated zeros in order to prove extremality, because the quadratic constraints from all the
zeros provide only 76 independent equations, leaving a four dimensional face of witnesses
having the same set of zeros as the Choi-Lam witness Q. This proves that Q¢ is not
exposed, but is an extremal point of a four dimensional exposed face of S5.

Equation (72) with # = 0 and the restrictions 0 < a < 1, a +b+c = 2, be = (1 — a)?
defines more generally a one parameter family of extremal witnesses considered by Ha
and Kye.?** They prove that Qx(a,b,c;0) is both extremal and exposed for 0 < a < 1.
The original Choi-Lam witness Q¢ is extremal but not exposed, it is the limiting case
a=c=1,bb=0. We will return in Sec. 8 to a more detailed discussion of the facial
structure of the set of separable states and the set of witnesses.

We have verified by our numerical methods, for several values of a with 0 < a < 1, that
Qk(a,b,c;0) is indeed extremal. As explained in Ref.54 there are four classes of zeros.
The zeros in one of these classes have Hessians with two dimensional kernels, while the
Hessians of the zeros in the other three classes have one dimensional kernels. It turns
out that a set of four zeros, one from each class, uniquely defines Q(a,b,c;0) as the only
solution to the constraints imposed by the zeros when utilizing both quadratic and quartic
constraints. This shows numerically that the witness is extremal.

The more general case with 6 # 0 has been treated as an example of optimal, and in
fact extremal, witnesses with structural physical approximations that are entangled PPT
states.?® We will return to these concepts in Sec. 10.

6.2. The Robertson witness

Another example we have studied is the extremal positive map in dimension 4 x 4 intro-
duced by Robertson,?

X33+ Xyy 0 X3+ Xy Xyg— X32
¥ 0 X33+ Xyg Xoz— Xy Xog+ X3 (75)
X31+ Xog  Xzo— X4 X1+ Xoo 0
Xg1 — Xog Xyo + Xu3 0 X111+ Xoo
The corresponding entanglement witness Qp, has the biquadratic form
Fr(8,%) = (111> + 1621 (Ix3” + [xal®) + (I93* + [@a*) (2 * + Ix2l?) (76)

+ 2Re (@103 + d1d2) (X3x1 + Xaxa) + (9203 — Pad1) (X3X2 — Xix4)]-

Every product vector ¢ @ x with ¢ = ¢ = x1 = x2 =0 or ¢3 = ¢4 = x3 = x4 = 0 is a zero.
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More generally, ¢ ® x is a zero if

(o1 * + 162”) (Ixsl* + Ixal®) = (16s® + 18a*) (Ixal? + Ix2l?) (77)
and
P13+ dida = —XIX3 — XiX2s (78)
P3h3 — Py = —X5X3 + XiX1-

For any given ¢ we obtain a continuum of zeros in the following way. Define

a = ¢1o3+ oo, b= ¢503 — 1¢p1. (79)
Then choose x1, x2 at random and define
—ax1 — bx2 b*x1 —a*x2
_ 2 = A 7 AL 80
X8 Ix1? + |xz]? x X1+ |xz]? (80)

This solves Eq. (78). In order to solve also Eq. (77), rescale y; — cy; for i = 1,2 and
Xi — Xi/c for i = 3,4 with a suitably chosen constant ¢ > 0.

The entanglement witness Qp itself is a 16 x 16 Hermitian matrix, and by Eq. (9) it
corresponds to the witness

T L e (s1)

We have verified numerically that Qg is extremal. Four zeros determine the witness
uniquely through the quadratic and quartic constraints, e.g. the zeros

eij =€ ®ej, ij =11,12,33,34. (82)

It appears that all zeros have Hessians with eight dimensional kernels. The witness has a
continuum of zeros, and 20 randomly chosen of these turn out to also uniquely determine
the witness through only quadratic constraints. The fact that the quadratic constraints
are sufficient to determine the witness uniquely proves that it is exposed. See Sec. 8 for a
discussion of exposed faces.
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As a related example we have looked at a witness Q2 belonging to a new class of
witnesses in dimension N x (2K) introduced by Zwolak and Chruscinski.?$5% We take
N =2, K =1, and |z12] = 1 in their notation. Structurally similar to Qg, Q7 also has
the zeros defined in Eq. (82), and again the quadratic and quartic constraints from these
four zeros determine Q7 uniquely. This verifies numerically that Qz is extremal, and
exemplifies the fact that the same set of zeros with different Hessian zeros can uniquely
specify two different witnesses. This witness, like Qg, has a continuous set of zeros and can
be determined uniquely through only the quadratic constraints from a randomly chosen
set of 20 of these zeros. Hence it is exposed.

6.3. Numerical examples, generic and non-generic

We have successfully implemented Alg. 1 and used it to locate numerical examples of
extremal witnesses in 2 x 4, 3 x 3 and 3 x 4 dimensions. In the process of searching for
an extremal witness we produce witnesses situated on a hierarchy of successively lower
dimensional faces of S5.

We define extremal witnesses to be generic if such witnesses can be found with non-zero
probability by means of Alg. 1 for random search directions I' in every iteration. A vast
majority of the extremal witnesses found in numerical random searches are quadratic,
but a small number of quartic witnesses are found. There may be numerical problems in
locating a zero which is quartic or close to quartic. In such cases our implementation of
the algorithm stops prematurely. We discuss the quartic witnesses in Sec. 6.3.2.

Line 5 of Alg. 1 regards locating the boundary of a face. Appendix B describes how
this can be formulated as a problem of locating a simple root of a special function, and
also mentions other possible approaches.

6.3.1. Quadratic extremal witnesses

We make the following comments concerning the quadratic extremal witnesses found.

e We have experienced premature stops due to numerical problems with zeros that
are close to quartic. See further comments in Sec. 6.3.2.

e When no existing zero becomes close to quartic, a single new quadratic zero appears
in every iteration of Alg. 1 when the boundary of the current face is reached. For
a small number of zeros, there is no redundancy between constraints from the
existing zeros and constraints from the new zero. A redundancy appears typically
with the seventh zero in 2 x 4, with the ninth zero in 3 x 3, and never in 3 x 4. This
gives a hierarchy of faces of 8¢ of dimension N2 — 1 — kMa, where k is the number
of zeros of a witness in the interior of the face, and My = 2(N, + N;) — 3.

e The extremal witnesses have the expected number of zeros as listed in Table 1.
The zeros and the partially conjugated zeros span H, as required by Thm. 11.

e A quadratic extremal witness has at least one negative eigenvalue, and the same
is true for its partial transpose. We do not find extremal witnesses with more than
three negative eigenvalues in 3 x 3 or more than four negative eigenvalues in 3 x 4.
See Fig. 2 for the details.

e Every witness and its partial transpose have full rank.
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Fig. 2. Classification of generic quadratic extremal witnesses found numerically by Alg. 1 in dimensions
3 x 3 and 3 x 4. A witness Q of type (p,q) has p negative eigenvalues, and its partial transpose Q has ¢
negative eigenvalues.

6.3.2. Quartic extremal witnesses

In each iteration of Alg. 1 the critical parameter value ¢, is reached when either a new
quadratic zero appears, or a new zero eigenvalue of the Hessian matrix appears at one of
the existing zeros. If the second alternative occurs at least once during a search, then the
extremal witness found will be quartic, otherwise it will be quadratic. Our experience is
that a random search most often produces a quadratic extremal witness and only rarely
a quartic extremal witness.

In order to make this observation more quantitative we have made random searches
for quartic witnesses in dimension 3 x 3 as follows. We take 58 hierarchies of faces of
quadratic witnesses generated by Alg. 1, and generate 100 random perturbations I' away
from the quadratic witness found on each face. Since there are eight faces in each of the
58 hierarchies, this is a total of 46400 tests. For each test we compute ¢, as the smallest ¢
resulting in a zero eigenvalue of the Hessian at a zero. ¢, is thus an upper bound for ¢.. At
t = t/, we test whether Q + ¢I" is still a witness, in which case it has got a quartic zero, or
if it is no longer a witness, which will mean that there has appeared a new quadratic zero
for some ¢ < t.. Three runs failed, probably due to some bug in the algorithm. With a
tolerance of £10~ on function values we found that only 91 out of 46397 successful tests
resulted in quartic witnesses. Thus, in this quantitative test the probability for finding a
quartic witness was ~ 0.2%. We conclude that the fraction of quartic extremal witnesses
among the generic extremal witnesses is small but non-zero.

We constructed an explicit example of a quartic extremal witness in 3 x 3 with eight
zeros in the following way. Starting at a quadratic witness on a face F; generated by
Alg. 1 we found a quartic witness on the boundary of F4 by choosing one quadratic
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zero to become quartic and perturbing the quadratic witness accordingly (this may not
succeed, in which case we choose a different zero). Continuing Alg. 1 from this quartic
witness resulted in an extremal witness with eight zeros, of which one is a quartic zero with
a one dimensional kernel of the Hessian. Running Alg. 1 succeeded since we knew a priori
which zero was quartic, so problems with the numerical precision could be overcome. We
observe that as My = 9 constraints from each of the six first quadratic zeros are added to
Ugi, and further as from (28) and (36) the My + My (1) = 18 constraints from the quartic
zero are added to form Ug, all of these are linearly independent. Hence Ug has rank 72
as expected, and a single new quadratic zero is located in the final step, adding eight new
linearly independent constraints so as to make dim Ker Ug = 1.

6.3.3. non-generic quadratic extremal witnesses

In order to demonstrate that a quadratic extremal witness may have more than the
minimum number of zeros, we have constructed quadratic extremal witnesses in 3 x 3
dimensions with ten rather than the expected number of nine zeros.

One method for finding such witnesses is illustrated in Fig. 4, where the kink in the
curve to the right represents a witness with ten zeros. All witnesses on the face have eight
zeros in common, whereas the curved lines on both sides of the kink consist of quadratic
extremal witnesses with nine zeros. We will return to this example in the next section.

An entirely different method is described here. The basic idea is to use Thm. 11 and
try to construct nine product vectors v¢; = ¢; ® x; that are linearly dependent, and for
good measure such that also the partially conjugated product vectors ¢; = ¢; ® X, are
linearly dependent. Then a quadratic witness with these nine zeros, and no more, can not
be extremal, but it might lead to a quadratic extremal witness with ten zeros.

A first attempt is to choose the nine product vectors directly, by minimizing the sum
of the smallest singular value of the 9 x 9 matrix ¢ = [¢1,92,...,19] and the smallest
singular value of the corresponding 9 x 9 matrix 1. Since singular values are non-negative
by definition, minimization will make both these singular values zero. The minimization
problem is solved e.g. by the Nelder-Mead algorithm, or by a random search.

Let Z be a set of nine product vectors generated in this way, then any witness Q with
these as zeros has to satisfy the constraints U Q = 0. The generic result we find is that
dim Ker Ug; = 2. Hence Q has to be a decomposable witness,

Q=pm'+(1-p)@H)" with 0<p<1, (83)

and n,77 € M, nfy; = Gig; = 0 for i = 1,...,9. This decomposable Q is not what we
are looking for, in fact it has a continuum of quartic zeros. The extremal decomposable
witnesses 71T and (777)F each contribute two non-zero eigenvalues to the 8 x 8 Hessian
matrix Gq at every zero, hence dimKer Gg = 4 at every zero, unless p = 0 or p = 1 in
which case dim Ker G = 6.

A second attempt is to choose eight product vectors ¢; that are linearly dependent and
have linearly dependent partial conjugates ;. This almost works, but not quite. We may
construct a decomposable witness Q with these zeros from two pure states orthogonal to all
¥; and two partially transposed pure states orthogonal to all ¢;. As a convex combination
of four extremal decomposable witnesses, each contributing two non-zero eigenvalues to
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each 8 x 8 Hessian matrix, 2 will be quadratic. Q is determined by eight real parameters,
including a normalization constant, since Q = p+ o where p and o are positive matrices
of rank two, with py; = o¢; = 0. The maximum number of independent constraints from
eight quadratic zeros is 72, giving dim Ker Ug; = 9, one more than the dimension of the
set of decomposable witnesses having these zeros. However, we find that 2 generically has
more than the eight prescribed zeros, increasing the number of independent constraints
to 73. Hence, again the constraints leave only the decomposable witnesses, none of which
are quadratic and extremal.

The third and successful attempt is to choose seven product vectors with similar linear
dependencies. Denote by U((]? the corresponding linear system of constraints. The kernel
of Ué? is found, in two different cases, to have dimension 21 or 22. A decomposable
witness with the given product vectors as zeros has the form Q7 = p + o where p and o
are positive matrices of rank three. Hence, the set of such decomposable witnesses is 18
dimensional, so that there are three or four dimensions in Ker U(()? orthogonal to the face
of decomposable witnesses. Defining I'; to lie in these three or four dimensions one can
walk towards the boundary of the face 77 = (Ker U(()?) NSy, finding Qg = Q7 + t.I'7 with
eight zeros. Qg is now guaranteed to be non-decomposable. Let U((ﬁ) be the system defined
by these eight zeros, defining the face Fs = (Ker Ug)) N Sy. We find that Ker Ug) has
dimension nine less than Ker Ug?. Defining I's € Ker Ugﬁ), we locate an Qg € Fy, on the
boundary of Fg, with nine zeros. The kernel of U((fi) has dimension nine less than Ker U((ﬁ),
i.e. three or four, hence there is still freedom to move along Fy. Doing so produces a

quadratic extremal witness in 3 x 3 with ten zeros rather than nine.

7. D-shaped faces of the set of witnesses in low dimensions

In this section we reveal a special geometry of next-to-extremal faces of S in 2 x 4 and
3 x 3 systems, related to the presence of decomposable witnesses.

Let Fj denote a face of S with interior points that are quadratic witnesses with &
zeros. This is typically what we find in the k-th iteration of Alg. 1. A face F7 in dimension
2 x 4, or Fg in dimension 3 x 3, is the last face found before an extremal quadratic witness
is reached. These particular faces have a special geometry, because the number of zeros is
one less than the dimension of the Hilbert space, and as a result part of the boundary is
a line segment of decomposable witnesses.

A decomposable witness on such a face has the form

Q=Q1-p) vt +pmm)” with 0<p<1, (84)

where 1) is orthogonal to the N — 1 product vectors ¢; ® x; that are the zeros of all the
witnesses in the interior of the face, and 7 is orthogonal to the partially conjugated product
vectors ¢; @ xF. We take ¢ and 7 to be normalized vectors, ¢y = nfn = 1.

When we apply Alg. 1 in 2 x 4 dimensions and find a quadratic extremal witness, the
generic case is that the face F7 is two dimensional. An example is shown in Fig. 3. The
line segment of decomposable witnesses must be part of the boundary of the face F7,
because the interior of the face consists of quadratic witnesses with a fixed set of seven
quadratic zeros, whereas the decomposable witnesses have additional zeros and Hessian
zeros, in fact infinitely many quartic zeros. The rest of the boundary of the face is curved,
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Fig. 3. A two dimensional face F7 C S§ obtained by applying Alg. 1 in dimension 2 x 4. Distances are
defined by the Hilbert—Schmidt metric. The straight line segment (dashed, in red) consists of decom-
posable witnesses, its upper end point is a pure state, marked by a diamond, and its lower end point is
the partial transpose of a pure state, marked by a circle. Starting from a quadratic witness with seven
zeros, marked by the black dot, the curved boundary of the face (in blue) was located by perturbing
in all directions. Every point on this curve represents an extremal witness with eight quadratic zeros,
except at the kink in the middle of the curved boundary where the witness has nine quadratic zeros.
These extremal witnesses are very nearly quartic. We show this by drawing another curved line (dashed,
in blue) where the first Hessian zero appears, that is, where one zero becomes quartic. This dashed curve
is only visible in the enlarged part of the figure.

and consists of quadratic extremal witnesses with eight zeros. There is one exception,
however, seen in the figure as a kink in the curved part of the boundary, and this is a
quadratic extremal witness with nine zeros.

The interesting explanation is as follows. As we go along the curve consisting of
quadratic witnesses with eight zeros, seven zeros are fixed, they are the zeros defining
the face. But the eighth zero has to change along the curve, because any two points on
this part of the boundary can be joined by a line segment passing through the interior
of the face, hence these two boundary points can have only the seven zeros in common.
Starting from the two extremal decomposable witnesses ¢! and (nnf)F we get two curved
sections of the boundary where the eighth zero changes continuously. These two sections
meet in one point which is then a witness with two quadratic zeros in addition to the
seven zeros defining the face.

Accordingly, this next-to-extremal face F7 is two dimensional and has the shape of a
“D”, where the straight edge is the line segment of decomposable witnesses and the round
part consists of quadratic extremal witnesses. Figure 3 is a numerically produced example
of such a face. Similarly we expect that next-to-extremal faces in any 2 x N, systems will
be either D-shaped, or if we by accident hit the straight edge of the D, line segments.

In the case of Fg in 3 x 3 we can also construct the line segment of decomposable
witnesses on the boundary of F5. The remaining boundary will again consist of quadratic
extremal witnesses, this time with nine or ten zeros. This part of the boundary is a curved
seven dimensional surface, since the face itself is eight dimensional. Any two dimensional
section of Fg passing through the line segment of decomposable witnesses is shaped as a
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D. See Fig. 4 for a numerically computed example.
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Fig. 4. A special two dimensional section of an eight dimensional face Fg C S7 obtained from output of
Alg. 1 in dimension 3 x 3. This section passes through a straight line segment of decomposable witnesses
(dashed, in red) which is part of the boundary of the face. The upper end point of the line segment is
a pure state, marked by a diamond, and the lower end point is the partial transpose of a pure state,
marked by a circle. Starting from a quadratic witness with eight zeros, marked by the black dot, the
curved boundary of the face (in blue) was located by perturbing in all directions in the plane. Every
point on this curve represents an extremal witness with nine quadratic zeros, except at the kink where
the witness has ten zeros. The curved dashed line (in blue) is where one zero becomes quartic.

Note that we can not guarantee that any choice of eight random product vectors gives
rise to such a D. Many choices may give rise to only the line segment of decomposable
witnesses, since there are inequality constraints that are not automatically satisfied, even
if we are able to satisfy the equality constraints that we have discussed here.

In other dimensions line segments of decomposable witnesses constructed from N — 1
zeros also define D-shaped faces, but the round part of the “D” will in those cases consist
not of extremal witnesses but of lower dimensional faces.

8. Faces of the set of separable states

Our understanding of witnesses as exposed in Sec. 4 translates into an understanding of
faces of &, the set of separable states. A face of a compact convex set is defined by the
extremal points it contains, and in the case of S; the extremal points are the pure product
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states. Alfsen and Shultz'% describe faces of S; in two categories, either simplexes defined
by at most max(N,, NV;) pure product states, or direct convex sums of faces isomorphic
to matrix algebras. According to our understanding these two categories correspond to
quadratic and certain quartic witnesses respectively. It has been known for some time that
the set of entanglement witnesses has unexposed faces. These questions have been studied
by Chrudciniski and collaborators.?®57 In our understanding the unexposed faces of 7 are
those containing quartic witnesses as interior points. The facial structure of various sets
related to quantum entanglement has been studied especially by Kye and collaborators.®®

In this section we describe faces of §; defined by different types of witnesses. We state
some basic results which may be well known and which are actually quite generally valid
for any pair of dual convex cones. The distinction between exposed and unexposed faces
is central, and it would be interesting to know whether all the faces of the set of separable
states are exposed. We believe that this is true, although we have no proof. Some support
for our conjecture may be drawn from the known facts that both the set of density matrices
and the set of PPT states have only exposed faces.

To finish this section we point out how the facial structure of the set of separable states
is related to a question which is of practical importance when we want to test whether
a given state is separable. The question is how many pure product states we need, if the
state is separable, in order to write it as a convex combination of pure product states.

8.1. Duality of faces
Given any subset X C S; we define its dual in S} as

X={QeS|TrQp=0Vpe X} (85)
Similarly, given any subset Y € S we define its dual in S; as

V={pe&S |TrQp=0VQe)} (86)

We will assume here that X° and Y° are non-empty, a minimum requirement is that
X C 081 and Y € 9S7. Then also X° C 9Sy and Y° C 9S;.
There always exists one single pg € 9S; such that

X0 = {po}° = {Q e8| Trp =0}, (87)

In fact, every p € X gives one linear constraint Tr Qp = 0 as part of the definition of X° In
finite dimension at most a finite number of linear constraints can be independent, hence

X°={QeS8 | TrQp;=0 for i=1,2,....k} (88)

for some states p1, po, ..., pr € X. Define for example

Zpi. (89)

If X is not convex, it may happen that py ¢ X. Because TrQp; > 0 for i = 1,2,...,k the
equation Tr Qpg = 0 implies that TrQp; =0 for i = 1,2,...,k and hence Q € X°.

PO =

el i
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Taking three times the dual we get that X° = F7° where F = X°° is the double dual of
X. Clearly F contains X, and by our next theorem F is an exposed face of Sj.
Reasoning in the same way we conclude that it is always possible to find one single

witness Qg such that
Vo ={Q}°={pe& | TrQp=0}, (90)

and an exposed face G of S containing Y, in fact G = Y°°, such that Y° = G°.

Theorem 15. X° is an exposed face of Sy, and Y° is an exposed face of S1.

Proof. Assume that Q € X° is a proper convex combination of Q,Q € S,
Q=1-p) +pQ with 0<p<l (91)

We have to prove that €1, Qs € X° The assumption that Q;, Qs € S§ means that TrQ,p > 0
and Tr Qyp > 0 for every p € S;. For every p € X we have in addition that

0=TrQp=(1-p)TrQip+ pTrQep, (92)

and from this we conclude that Tr Qyp = Tr Qop = 0. This proves that Q, Qs € X° so that
X° is a face.

It is exposed because it is dual to one single py € ;. In fact, the equation TrApy = 0
for A defines a hyperplane of dimension N2 — 2 in the N2 — 1 dimensional affine space of
Hermitian N x N matrices of unit trace.

The proof that Y° is an exposed face is entirely similar. O

This theorem has the following converse.

Theorem 16. An exposed face of S5 is the dual of a separable state, and an exposed face
of 8y is the dual of a witness.

Proof. We prove the second half of the theorem, the first half is proved in a similar way.

An exposed face F of S; is the intersection of S; with a hyperplane given by an equation
for p € H of the form Tr Ap = 0 where A € H is fixed. The maximally mixed state pg = I/N
is an interior point of S, hence Tr A = N'Tr Apy # 0 and we may impose the normalization
condition TrA = 1. We have to prove that A € &, which means that TrAp > 0 for all
peS.

Assume that there exists some p; € Sy with TrAp; < 0. Choose any p, € S with
Tr Aps > 0, for example py = pg. Then py, po € F, since F is defined as the set of all p € §;
having Tr Ap = 0. But there exists a proper convex combination p = (1 — p)p1 + pp2 with
0 < p < 1 such that Tr Ap = 0, and hence p € F, contradicting the assumption that F is a
face of Sy. o

We summarize Thms. 15 and 16 as follows.

Theorem 17. There is a one to one correspondence between exposed faces of Sy and
exposed faces of S¢. The faces in each pair are dual (orthogonal) to each other.

Since the extremal points of & are the pure product states, by Thm. 1 the extremal
points of a face F € & are the pure product states contained in F. It follows that the
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extremal points of the face Y° are the common zeros of all the witnesses in ). We have
actually proved the following result.

Theorem 18. A set of product vectors in H is the complete set of zeros of some witness
if and only if they are the extremal points of an exposed face of Sy when regarded as states
m 81.

The remaining question, to which we do not know the answer, is whether S; has
unexposed faces. We state the following theorem, which actually holds not only for & but
for any compact convex set.

Theorem 19. FEvery proper face of S is contained in an exposed face of S.

Proof. Given a face F of 81, we have to prove that there exists a witness Q such that 7
is contained in the dual face Q°.

Choose p € F, in the interior of F if F contains more than one point. Choose also
a separable state o ¢ F, and define 7 = (1 +t)p — to. Since F is a face, and 7 € & for
—1 <t <0, we know that 7 ¢ S; for every ¢ > 0, and the set

Vt)={AeS) | TrAr <0} (93)

is non-empty for every ¢ > 0. Every ) (¢) is a compact set, and Y(t1) C Y(t2) for 0 < t1 < to.
Hence, the intersection of all sets Y(¢) for ¢ > 0 is non-empty and contains at least one
witness Q such that Tr Qr < 0 for every ¢ > 0. Clearly we must then have Tr Qp = 0. Since
TrQp = 0 for one point p in the interior of the face F, it follows that TrQp = 0 for every
peF. |

Unfortunately, this does not amount to a proof that F is exposed, because it might
happen that Tr Qo = 0 even though o ¢ F.

8.2. Faces of D1 and Py

When discussing faces of Sy, the set of separable states, it may be illuminating to consider
the simpler examples of faces of Dy, the set of density matrices, and faces of Py, the set
of PPT states. Recall that Dy is selfdual, D = D;. The fact that all faces of D; and Py
are exposed may indicate that the same is true for all faces of S;.

A face F of Dy is a complete set of density matrices on a subspace U C H, thus there
is a one to one correspondence between faces of D; and subspaces of H. A density matrix
p belongs to the face F when Imgp C U, and it is an interior point of F when Imgp =U.

It is straightforward to show that when p,o € D; we have Trpoc = 0 if and only if
Imgp L Imgo. Hence, the dual, or opposite, face F° is the set of density matrices on the
subspace U, the orthogonal complement of Z/. The double dual of F is F itself, F°° = F,
since (U+)* = U. Every proper face F of D; is exposed, since it is the dual of an arbitrarily
chosen interior point o € F°.

The definition P; = D1NDY implies, by Thm. 2, that every face G of P; is an intersection
G = EnFP where £ and F are faces of D;. This is the geometrical meaning of the procedure
for finding extremal PPT states introduced in Ref. 34.

It follows that every face of P; is exposed. In fact, the face G is dual to a decomposable
witness p + o where p,o € D, such that £ is dual to p and F is dual to o.
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8.3. Unexposed faces of 8¢

The Choi-Lam witness Q¢, as given in Eq. (72) with 6 = 0, a = ¢ =1, b = 0, is an
example of an extremal witness, a zero dimensional face of S7, which is not exposed. The
three isolated product vectors defined in Eq. (73) and the continuum of product vectors
defined in Eq. (74), interpreted as states in &, are the extremal points of the dual face
Fo = {Q¢}° C &1 One may check both numerically and analytically that the face F¢ has
dimension 21. The separable states in the interior of F¢ have rank seven, since they are
constructed from product vectors in a seven dimensional subspace.

We find numerically that the constraints Uy and U; associated with the zeros of Q¢
define a four dimensional face of 7. This is then the dual face Fg, the double dual of Q¢.
The last four constraints needed to prove that Q¢ is extremal come from the constraints
U, and Uj expressing the quartic nature of the zeros.

This is one example showing the mechanism for how faces of & may avoid being
exposed. In general, a witness  having one or more isolated quartic zeros will be an
interior point of an unexposed face. This unexposed face is then a face of a larger exposed
face consisting of witnesses having the same zeros as Q, but such that all the isolated
zeros are quadratic.

8.4. Simplex faces of Sy

Theorem 18 expresses the relation between zeros of entanglement witnesses and exposed
faces of Sy, the set of separable states. We do not know whether S; has unexposed faces.
We consider first faces that are simplexes, having only a finite number of extremal points.

8.4.1. Faces of S dual to quadratic extremal witnesses

The exposed faces of S; defined by extremal witnesses with only quadratic zeros are
simplexes, and as such are particularly simple to study. Given the product vectors v¢; =
¢; @ x; for i =1,2,...,k, with &k = n + 1, as the zeros of a quadratic extremal witness Q.
The corresponding product states p; = wiwj are the vertices of an n-simplex, which is the
exposed face Q° dual to Q.

Let p be an interior point of this face,

k k
p=>_pip, Yy pi=1,  p>0. (94)
i=1 i=0

According to Thm. 11, both p, constructed from the zeros ¢; ®;, and its partial transpose
pF, constructed in the same way from the partially conjugated zeros ¢; @ x¥, have full rank
N = N, N,. Thus, p lies not only in the interior of Dy, the set of density matrices, but also
in the interior of Py, the set of PPT states.

This geometric fact has the following interesting consequence. Let A denote the smallest
one among the eigenvalues of p and p?, we know that 0 < A < 1/N. Then we may construct
entangled PPT states from the separable state p and the maximally mixed state py as

= — < .
o=pp+(1=ppo, 1<p< i (95)
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The number of zeros of generic quadratic extremal witnesses presented in Table 1 has
consequences also for the geometry of &;. In dimensions 2 x 4 and 3 x 3 such a witness
will have N zeros and define a face of & in the interior of P; € Dy. The boundary of this
face will consist of other faces of S; defined by less than N zeros, accordingly these faces
are located inside faces of Dy on the boundary of D;. In higher dimensions such a witness
has more than N zeros, and defines a face of S; also in the interior of Dy, but such that
its boundary contains faces still in the interior of D;. In this way the geometry of &; in
relation to D; becomes more and more complicated as the dimensions increase.

8.4.2. Some numerical results

In an attempt to learn more about the geometry of simplex faces we have studied numeri-
cally in dimension 3 x 3 the faces of §; dual to generic quadratic extremal witnesses. They
are 8-simplexes, each defined by nine linearly independent pure product states that are
the zeros of the witness. Our sample consisted of 171 extremal witnesses found in random
numerical searches.

Volumes

Define the edge length factors fij = di; = ||pi — p;||* in the Hilbert-Schmidt norm, and the
symmetric (n +2) x (n + 2) Cayley—Menger matrix

01 1.1
10 fiz- fu

D= |1fa 0 - fo |, (96)
1fer fea--- O

The volume of this n-simplex is then given by
v/ | det(D
- ‘Q:n(' )‘ (97)

The volume of the regular n-simplex with edge length s is

s In+1
Vreg:H on

(98)

The maximal distance between two pure states is v/2, when the states are orthogonal. For
n =38 and s = /2 we have Ve = 3/8! ~ 7.440 x 107°.

Due to the highly irregular shapes we find volumes of the faces varying over five orders
of magnitude. Since we regard density matrices related by SL @ SL transformations as
equivalent, a natural question is how regular these simplexes can be made by such trans-
formations, in other words, what is the maximum volume V* we may obtain. Figure 5
shows our data for the ratio V*/V,e. There is some variation left in this ratio, indicating
that the 8-simplexes are genuinely irregular.
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Fig. 5. Ratio of volumes V* and Vs of 8-simplex faces of S in 3 x 3. V* is the simplex volume
maximized under SL ® SL transformations, and Ve, is the volume of the regular simplex of orthogonal
pure product states.

Positions relative to the maximally mixed state

The second geometric property we have studied is the distance from the maximally mixed
state to the center of each simplex face, defined as the average of the vertices,

k

We compare this distance to the radius of the maximal ball of separable states centered
around the maximally mixed state,'?

El

Pec =

Ry = —— (100)

VNN -1)
For N = 3x3 we have R,, = 1/v/72 ~ 0.1179. The distance d. = ||p. — po|| can be minimized
by SL @ SL transformations on p., resulting in a unique minimal distance d} for each
equivalence class of faces. Figure 6 shows our data for the ratio d’/R,,. We see that d*
does not saturate the lower bound R,,, and this is another indication of the intrinsic
irregularity of the 8-simplexes.

The third property studied is the orientation of each simplex relative to the maximally
mixed state py. On a given face there exists a unique state ppi, closest to pg, the minimum
distance is dyin = || pmin — pol|. In dimension N = N, N, the distance from any pure state to
the maximally mixed state pg is /(N —1)/N, and in our case this gives an upper limit

din < \/g ~ 0.9428. (101)
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Fig. 6. Ratio of distances d’ and R,, for 8-simplex faces of &1 in dimension 3 x 3. d is the distance from
the center of the face minimized under SL ® SL transformations, and R,, is the radius of the maximal
ball of separable states. The points are plotted in the same order as in Fig. 5.

With our sample of 171 faces it happens in only four cases, or ~ 2%, that pp, lies in
the interior of the face and has the full rank nine. In the remaining ~ 98 % of the cases,
pmin lies on the boundary of the face and has lower rank.

Figure 7 shows the rank and distance for the state pu;, in each face in our sample. We
see a tendency that the minimum distance d;, is smaller when the rank of py,;, is higher.
This confirms our expectation that the most regular simplex faces are positioned most
symmetrically relative to the maximally mixed state, and also come closest to this state.

We find numerically that if we generate an 8-simplex by generating a random set of
nine pure product states, then pp, will lie in the interior of the simplex and have full
rank in about 90 % of the cases. Also we observe no ranks smaller than six. Thus, Fig. 7
proves that a simplex face generated by a random search for an extremal witness looks
very different from a randomly generated simplex. A random set of product vectors that
define an 8-simplex will in general not be the zeros of an entanglement witness, and the
simplex will not be a face of S;.

8.5. Other types of faces of Sy

To every entanglement witness there corresponds an exposed face of S;, and the great
variety of entanglement witnesses implies a similar variety of faces of S;. The class of
simplex faces, having only a finite number of extremal points, is rather special, other faces
may have only continuous sets of extremal points, or both discrete and continuous subsets
of extremal points. Some special examples in dimension 3 x 3 may serve as illustrations.
The Choi-Lam witness is a good example. It has three discrete zeros and one continuous
set of zeros, and these zeros in their role as pure product states are the extremal points
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Fig. 7. The rank of pyi, and its distance dy,i, from the maximally mixed state for 8-simplex faces in
dimension 3 x 3. The faces are derived from our set of quadratic extremal entanglement witnesses found
in random searches using Alg. 1.

of a face of Sy.

An extremal decomposable witness, i.e. a pure state or the partial transpose of a pure
state, defines a face of §; with one single continuous set of extremal points. To be more
specific, consider a pure state Q = T, then the zeros of Q are the product vectors
orthogonal to v. We consider two typical cases.

One example is the product vector ) = e; ® e;. Then the zeros are the product vectors

¢ ®x = (a1e1 + azez + azes) @ (brer + baea + bzes) (102)

with either a; = 0 or b; = 0. These product vectors produce pure product states belonging
to a full matrix algebra in dimension 2 x 3 if a; = 0, and in dimension 3 x 2 if b = 0.
They are the extremal points of a face of the type called in Ref. 16 a convex combination
of matrix algebras.

Another example is the Bell type entangled pure state

w:%(61®61+62®62+63®63). (103)

The zeros in this case are the product vectors as in Eq. (102) with
a1by + asbs + asbs = 0. (104)

For every vector ¢ = aje; + ages + ages there is a two dimensional subspace of vectors
X = biep + boes + byes satisfying this orthogonality condition. And vice versa, for every
vector x there is a two dimensional subspace of vectors ¢. These pure product states are
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the extremal points of a face which is neither a simplex nor a convex combination of
matrix algebras.

8.6. Minimal convexr decomposition

We know that any point in a compact convex set may be written as a convex combination
of extremal points, but if we want to do the decomposition in practice an important
question is how many extremal points we need. We would like to know a minimal number
of extremal points that is sufficient for all points. The facial structure of the set is then
relevant.

The theorem of Carathéodory gives a sufficient number of extremal points as n+1 where
n is the dimension of the set.?® However, the set D; of normalized density matrices is an
example where one can do much better. The dimension of the set is n = N2 — 1, where N
is the dimension of the Hilbert space, but the spectral representation of a density matrix
in terms of its eigenvalues and eigenvectors is a decomposition using only N extremal
points. In order to see how this number N is related to the facial structure of Dy, consider
the following proof of Carathéodory’s theorem.

Any point z in a compact convex set C is either extremal or an interior point of a
unique face Fj, which might be the whole set C. If x is not extremal it may be written as
a convex combination

x = (1—p1)z1 +piyi, (105)

where 1 is an arbitrary extremal point of F; and y; is another boundary point of 7. If
y1 is extremal we define a9 = y;, otherwise y; is an interior point of a proper face F» of
F1, and we write

y1 = (1 = p2)x2 + payo, (106)

where 5 is an extremal point of 7, and y» is a boundary point of F. Continuing this
process we obtain a decomposition of x as a convex combination of extremal points
x1,29,...,x € C, and a sequence F; D Fy D ... D F}. of faces of decreasing dimensions

n>ny>ng>...>np=0. (107)

The length of the sequence is k, and the obvious inequality k¥ < n + 1 is Carathéodory’s
theorem.

For the set D; of normalized density matrices the longest possible sequence of face
dimensions has length N, it is

N2—1>(N-12-1>...>(N—j)*—-1>...>8>3>0. (108)

In general, we decompose an arbitrary density matrix p of rank r as a convex combination
of r pure states that may be eigenvectors of p, but need not be.

We may apply this procedure to the decomposition of an arbitrary separable state as
a convex combination of pure product states. As we see, the number of pure product
states we have to use depends very much on the facial structure of the set of separable
states. It might happen, for example, that the face F» is the dual of a quadratic witness,
and then it contains only a finite number of pure product states, much smaller than the
dimension N2—1 of the set S; of normalized separable states. Recall that the pure product
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states in such a face are the zeros of the witness, and the number of zeros is largest when
the witness is extremal. In the generic case the number of zeros of a quadratic extremal
witness is n., as given by Eq. (45) and tabulated in Table 1.

It seems likely therefore that also in the decomposition of separable states one could
do much better than the N? pure product states guaranteed by Carathéodory’s theorem.
We consider this an interesting open problem for further study.

9. Optimal and extremal witnesses

The notion of optimal entanglement witnesses was developed by Lewenstein et al.26?° In
this section we comment briefly on the relation between optimal and extremal witnesses.
In systems of dimension 2 x N, and 3 x 3 the two concepts are, at least generically, closely
related. This has significant geometric consequences.

Recall the definition that a witness € is extremal if and only if there does not exist two
other witnesses Q¢ and €y such that

Q=1-p)Q+p with 0<p<1. (109)

Lewenstein et al. introduce two different concepts of optimality and give two necessary
and sufficient conditions for optimality, similar to the condition for extremality.?s By
their Thm. 1, a witness Q is optimal if and only if it is not a convex combination of the
form (109), where Q; is a positive semidefinite matrix. By their Thm. 1(b), Q is non-
decomposable optimal if and only if it is not a convex combination of this form where
is a decomposable witness. Obviously, extremal witnesses are optimal by both optimality
criteria.

Ha and Kye give examples to show that an optimal witness which is non-decomposable
need not be non-decomposable optimal according to the definition of Lewenstein et al.,
hence they propose to replace the ambiguous term “non-decomposable optimal witness”
by “optimal PPTES witness”, where PPTES refers to entangled states with positive
partial transpose.’® Here we will use the original terminology.

Note that the criterion for optimality is not invariant under partial transposition, hence
a witness Q may be optimal while its partial transpose QF is not optimal, and vice versa.
The criterion for non-decomposable optimality, on the other hand, is invariant under
partial transposition, so that € is non-decomposable optimal if and only if QF is non-
decomposable optimal.

Apparently the condition of being extremal is stricter than those of being optimal
or non-decomposable optimal. Accordingly there should, in general, exist plenty of non-
extremal witnesses that are either optimal or non-decomposable optimal. We now inves-
tigate this question further in the spirit of Thm. 11. The following sufficient optimality
conditions were proved by Lewenstein et al.?6

Theorem 20. A witness Q is optimal if its zeros span the Hilbert space.
Q is non-decomposable optimal if its zeros span the Hilbert space, and at the same time
its partially conjugated zeros span the Hilbert space.

Proof. Equation (109) implies that the zeros and Hessian zeros of 2 are also zeros and
Hessian zeros of Qg and Q. But if ©; is positive semidefinite and its zeros span the Hilbert
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space, then Q; = 0. Similarly, if ©; is decomposable and its zeros and partially conjugated
zeros both span the Hilbert space, then Q; = 0. O

For a quadratic witness these conditions are not only sufficient but also necessary.

Theorem 21. Let Q be a quadratic witness. Then the zeros of Q span the Hilbert space,
and Q is non-decomposable optimal if and only if its zeros span the Hilbert space and its
partially conjugated zeros also span the Hilbert space.

Proof. We have to prove the “only if” part, and we reason like in the proofs of Thms. 8
and 11. If the zeros do not span the Hilbert space, there exists a vector 1 orthogonal to
all zeros, and we define Q; = ¢!, Then the zeros of ©; include the zeros of Q, and we
know that ©; # Q because Q is quadratic and € is quartic. The line segment from Q; to
Q) consists of witnesses having exactly the same zeros and Hessian zeros as Q (€ has no
Hessian zeros since it is quadratic). By Thm. 7 this line segment can be prolonged within
Sy so that it gets © as an interior point. Hence € is neither optimal nor non-decomposable
optimal. If the partially conjugated zeros do not span the Hilbert space, then there exists
a vector 1 orthogonal to all the partially conjugated zeros. Now we define @ = (nn")?,
and use it in the same way as a counterexample to prove that Q is not non-decomposable
optimal. O

Following Thms. 13 and 21, we see that if Q is a quadratic witness which is non-
decomposable optimal, then it is non-decomposable.

It is known that the equivalence between optimality and the spanning property holds
also in the case of decomposable witnesses in 2 x N, dimensions. Augusiak, Tura and
Lewenstein proved the following result

Theorem 22. Let Q be a decomposable witness in 2 x N, dimensions, then the following
conditions are equivalent:

(1) Q is optimal;
(2) The zeros of Q span the Hilbert space;
(3) Q@ =o", where o >0 and Imgo contains no product vectors.

A subspace containing no product vectors is often called a completely entangled sub-
space. Obviously, Q is not extremal unless o is a pure state. It is also known that for
dimensions 3 x 3 and higher, there exist optimal decomposable witnesses without the
spanning property. 6!

Lewenstein et al. also give an optimality test for quartic witnesses without the spanning
property. Since we do not have a complete understanding of constraints from quartic zeros,
we leave the relation between non-decomposable optimality and extremality of quartic
witnesses as an open problem.

In dimensions 3 x 3 and 2 x N, a witness with doubly spanning zeros will generically
be extremal, by Thm. 12, and hence both optimal and non-decomposable optimal. From
Table 1 we see that in higher dimensions the number of zeros of a quadratic extremal
witness must be larger than the Hilbert space dimension N = N,N,. Hence non-extremal
witnesses with doubly spanning zeros must be very common, so that non-decomposable
optimality is a significantly weaker property than extremality. In particular, when we
search for generic quadratic extremal witnesses and reach the stage where the witnesses
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have N or more zeros, then every face of S; we encounter will consist entirely of non-
decomposable optimal witnesses, most of which are not extremal.

The observations made above give a picture of increasingly complicated geometry as
dimensions increase. In dimensions 2x 2 and 2 x 3 every witness is decomposable.!™14 In 2 x
Ny and 3 x 3 a generic quadratic witness is either non-decomposable optimal and extremal,
or it is neither. In higher dimensions there exist an abundance of non-decomposable
optimal non-extremal witnesses.

10. The SPA separability conjecture

Horodecki and Ekert introduced the concept of a “structural physical approximation”
(SPA) of a non-physical map that can be used as a mathematical operation for detecting
entanglement.?%3! The SPA is a physical map and may be implemented in an experimental
setup. An example is partial transposition, where the transposition map is applied to one
subsystem. The transposition map is unphysical, since it is not completely positive, hence
the need for an SPA.

The Jamiotkowski isomorphism relates positive maps and entanglement witnesses, and
the SPA of a witness Q is usually defined as the nearest positive matrix that is a convex
combination of Q and the maximally mixed state I/N. The witness itself corresponds to
a map which is positive but not completely positive, whereas its SPA corresponds to a
completely positive map. Define

B(p) = (1-p)+ 11, (110)
and let

e pg be the smallest value of p such that X(p) is a separable density matrix;
e p; be the smallest value of p such that X(p) is a density matrix;
e o be the smallest value of p such that (3(p))” is a density matrix.

= =

If Ay <0 and Xy <0 are the lowest eigenvalues of Q and QF respectively, then

N Ny

1NN PTTI TN (111)

p1=

The SPA of Q is defined in Ref. 32 as Q = S(p1).

Clearly py > p1 and pg > po, but we may have either p; < pa, p1 = p2, or p; > pa. The
SPA of Q is a PPT state if and only if p; > ps. It follows directly from the definitions that
the SPA of the witness QF is (X(p2))”, and this is a PPT state if and only if ps > py.

The so called SPA separability conjecture was put forward by Korbicz et al., and
states that the SPA of an optimal entanglement witness is always a separable state.3?
Thus for optimal witnesses we should have pg = p; > p2. One reason for the interest in this
conjecture is that separability simplifies the physical implementation of the corresponding
map.

The conjecture was supported by several explicit constructions.??:56:6263 I particular,
it is true for extremal decomposable witnesses, that is, for witnesses of the form Q =
(TP where + is an entangled vector.’?%2 Note that in this case QF = ¢uT is not an
entanglement witness, according to the standard definition that a witness must have at
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least one negative eigenvalue. According to our definition a witness is not required to have
negative eigenvalues, thus we define ¢! to be an extremal decomposable witness.

Counterexamples to the SPA conjecture are known. It was shown recently by
Chruscinski and Sarbicki that the SPA of an optimal but non-extremal decomposable
witness, of the form Q = o with ¢ > 0 of rank three, may be entangled, although it is
automatically a PPT state.%® This counterexample leaves open the possibility that the
conjecture may hold for all such witnesses in dimensions 2 x N, with N, > 4.

Counterexamples of the form of the generalized Choi witness, Eq. (72), have been given
by Ha and Kye and by Stgrmer.3*»%! With the parameter values considered by Stgrmer
we find that the witnesses are not extremal, and their SPAs are entangled because they
are not PPT states. More interesting are the parameter values considered by Ha and
Kye, because they give extremal witnesses with SPAs that are entangled PPT states. We
describe these witnesses in some more detail below.

The SPA conjecture applies directly to extremal entanglement witnesses, since they are
optimal. If Q is an extremal witness, then so is the partial transpose QF. However, if the
SPA of Q is a PPT state, then the SPA of QF is usually not, and vice versa. This means that
the original SPA conjecture can not be true both for Q and QF, simply because separable
states are PPT states. Ha and Kye gave essentially this argument in Ref. 33. What saves
the SPA conjecture in the case of an extremal decomposable witness Q = (1) and its
partial transpose QF = ¢t is that the latter is excluded by the standard definition.

An obvious modification of the conjecture would be to redefine the SPA as the nearest
PPT matrix instead of the nearest positive matrix. In the case of a pair of extremal
witnesses Q and QF the modified conjecture holds either for both or for none. Since
the original SPA conjecture holds for extremal decomposable witnesses Q = (7)F, the
modified SPA conjecture holds for QF = ¢, which is an extremal decomposable witness
according to our definition.

The counterexamples cited above disprove also this modified separability conjecture in
its full generality, including some extremal non-decomposable witnesses. However, we want
to point out that the known counterexamples are rather non-generic. Therefore we have
made a small numerical investigation of how the modified conjecture works for generic
quadratic extremal witnesses. We are unable to draw a definitive conclusion because of
the limited numerical precision of our separability test.

The counterexample of Ha and Kye

The generalized Choi witness, Eq. (72), contains four parameters a,b,c,0. It is required
here that 2/3 < a < 1. Each value of a gives twelve different witnesses, depending on two
arbitrary signs and one arbitrary angle 6, = 0, £27/3. We define

1—(1—-a)? 1-9(1—a)?
Y
+
LS - (112)

Hozarccos<a+al), 0 = +6y + 6.
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The unnormalized SPA of this witness Q is p = Q4+ a11, of rank eight, and the SPA of QF
is pP, of rank six. Thus p is a PPT state. The kernel of p is spanned by the vector ¢(©),
and the kernel of p” is spanned by "), 43, 4®) where

1 0 0 0
0 & 0 0
0 0 c+a; O
0 c+a O 0
(@, D @ y@) = [ i g 0 0 (113)
0 0 0 el?
0 0 el? 0
0 0 0 c+ar
et 0 0

A separable state o satisfies the range criterion that Img ¢ is spanned by product vectors
such that the partially conjugated product vectors span Imgo”. The present PPT state
p is entangled, in fact it is a so called edge state, violating the range criterion maximally.
It is straightforward to verify that there exists no product vector ¢ ® y orthogonal to ¢
such that ¢ ® x* is orthogonal to all of ™) ) ().

Generic quadratic extremal witnesses

When we find an extremal witness Q in a random numerical search by Alg. 1, presumably
the probabilities of finding  and QF are equal. Hence we expect to have about fifty per
cent probability of finding an extremal witness with an SPA which is a PPT state. This
is also what we see in practice.

For each extremal witness € found in dimensions 3 x 3 and 3 x 4 we have computed the
SPA of Q and of QF. As expected, in each case one SPA is a PPT state and the other one is
not. The number of PPT states in our numerical searches originating from the quadratic
witnesses Q and QF are 81 and 90 respectively for the 3 x 3 system, and 41 and 24 for the
3 x 4 system.

Since the original separability conjecture of Korbicz et al. fails both in the generic case
and by non-generic counterexamples, a natural question is whether the SPA is always
separable when it is a PPT state. As mentioned there are counterexamples in Refs. 33,
41. On the other hand, these counterexamples are rather special, and there remains a
possibility that the SPA of a generic extremal witness with only quadratic zeros could be
separable if it is a PPT state.

For this reason, in our numerical examples we have tried to check the separability of the
SPA whenever it is a PPT state. We find that it is always very close to being separable,
in no case are we able to conclude that it is certainly not separable. Unfortunately, our
numerical separability test is not sufficiently precise that we may state with any conviction
the opposite conclusion that the state is separable.

In view of the known examples and counterexamples the status of the modified SPA
separability conjecture, which defines the SPA as a PPT state, is not completely clear. It
would be interesting to know some simple criterion for exactly when it is true. This may
also be regarded as one aspect of the more general question of which border states of the
set of separable states are also border states of the set of PPT states.
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On the other hand, if we regard separability as an essential property of the SPA,
it seems that the natural solution would be to define the SPA by the parameter value
p = po, where X(p) first becomes separable, rather than by the value p = py, where X(p)
first becomes positive, or by p = max(p1, p2), where X(p) first becomes a PPT state.

11. A real problem in a complex cloak

We want to outline here a different approach to the problem of describing the convex
cone S° of entanglement witnesses, where we regard it as a real rather than a complex
problem. This means that we treat Sy as a subset of a higher dimensional compact convex
set. We are motivated by the observation that the problem is intrinsically real, since H is
a real vector space, fq is a real valued function, and some of the constraints discussed in
Sec. 3 are explicitly real. In particular, the second derivative matrix, the Hessian, defining
constraints at a quartic zero of a witness is a real and not a complex matrix.

Another motivation is the possibility of expressing the extremal points of S as convex
combinations of extremal points of the larger set. We show how a pure state as a witness
is a convex combination of real witnesses that are not of the complex form.

In order to arrive at an explicitly real formulation of the problem we proceed as follows.
Define J : R?Ne — CNe and K : R?M — CM as

J = (LI?i[a)’ K = ([b7i[b)a (114)

and define
Z=(JeK)QUJeK). (115)

Then if ¢ = Jz and y = Ky we have that

gz(z,y) = @@ y) Zxoy) = (62 X) Qs @ X) = falé,X). (116)

Since Z is a Hermitian matrix, its real part is symmetric and its imaginary part anti-
symmetric. The expectation value gz(z,y) is real because only the symmetric part of Z
contributes. Furthermore, only the part of Z that is symmetric under partial transposition
contributes. Hence gz(z,y) = gw(x,y) when we define

W:%Re (Z+27). (117)

Since J @ K = (I, ® K,il, ® K) is an N x (4N) matrix, Z is a (4N) x (4N) matrix,

7= (_)fX lj(() (118)

where X is a (2N) x (2N) matrix,
X = (I, ®» K)'(I, ® K). (119)

The partial transposition of Z transposes submatrices of size (2Ny) x (2Vy).

We may now replace the complex biquadratic form fq by the real form gy, and repeat
the analysis in Sec. 3 almost unchanged. We therefore see that complex witnesses in
dimension N = N, x N, correspond naturally to real witnesses in (2N,) x (2N,) = 4N.
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Write the matrix elements of Q as
(Quk)jt = Qijipa- (120)

In this notation, €Q;;, is an N;, x N, submatrix of the N x N matrix Q. Then we have that

R 0. o ik ik
X’Lk =K QZkK = ( ; . ik). (121)

The complex matrix ;; may always be decomposed as
Qik = Air + Bir, +1(Cig + Dig), (122)

where Ak, Bk, Cir, Dir are real matrices, and Ay, Cy are symmetric, Bjx, Dy, are antisym-
metric. The Hermiticity of 2 means that

Qi = (i)' = Aki — By — i (Chi — D), (123)
or equivalently,
Api = Ai, Bri=—Bir, Cri=-Ci, Dgi= Dy (124)
In particular,

We finally arrive at the following explicit relation between the complex witness  and the

real witness W,
U-v
W = 12
(V ; ) (126)

1 A —D;
Uik_QRe(XikJrXﬁ)—( i k>,

with

Dy, A
(127)

1 Cit B
p=—Im (X +X2)=( 7% 7).
Ve = 5 Tm (Xt + X (Bik cy-k>

Note that the (2NV,) x (2N,) matrices Uy, and Vj, are symmetric by construction, Uy, =
(Uir)T and Vi = (Vi)™ This means that W is symmetric under partial transposition,
wP=w.

It also follows from Egs. (124) and (127) that Uy; = Uy, and Vi; = —Vi. This means
that the (2N) x (2N) matrix U is symmetric, UT = U because

UT)ir = (Uri)" = Upi = U, (128)
whereas V is antisymmetric, VT = —V because
(VDik = (Vi) = Vai = —Vig. (129)

This means that W is symmetric, W7 = W.
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11.1. A pure state as a witness

If Q is a pure state, Q = ¥1pT with ¢y = 1, then

fa(d,x) = (0@ 0)TQs® x) = |2* = (Re2)? + (Im 2)?, (130)
with

2= @ex)v= oy (e K. (131)

We have seen that Q is extremal in S7, but we see now that it is not extremal in the larger
set of real witnesses that are not of the complex form given in Eq. (126). Write ¢ = a +ib
with a, b real, and

p= oK)= <qlq> (132)

with
¢=(La® K)ly. (133)
Here ¢ is a (2N) x 1 matrix, and if we write ¢; with i = 1,2,..., N, for the submatrices of

size (2Np) x 1, we have that

R (U5 _ a; + ib; e
qi = K" (i@) (biiai i +1si, (134)

- (Z) 5i= (ba> (135)

(Rez)’=(z@y) Z(z®y), (mz)?’=@oy) Zizey), (136)

with
We now have that

with
T T
Z, = (Rep)(Rep)T = (’jT_T r"’:T),
o (137)
o T _ [ 85 —sr
Zi = (Imp)(Imp) (_TST T )

These two matrices are symmetric, Z! = Z, and ZI = Z;, but we should also make them
symmetric under partial transposition. Therefore we replace them by the matrices

W, = (ZT+Z£))_<AB>7

DO | =

CD

1. p_ [ D —C

(138)



Extremal entanglement witnesses 53

where
1 1 [a;a;, + aga; asz + aka
Age = = (rs ) R
ik 2(7’7% +7"k7‘ 2<bak+bka bbTerka
1 1 [abl + bka —a;al + bbb}
By = = - X
k=g sk o) =3 (b b — aga? —bial — apb? |’
(139)
c. —1(57" —I—’/‘é } bak—l—aka bbT—akaT
g R TR 2 \ —a;al + bpb? —a;bl — bral )’
1 1 bbT+bka —bial — bral
Dij = = == g
k=g (sist + spsl) =3 < —agb? aial + axa

12. Summary and outlook

In this article we have approached the problem of distinguishing entangled quantum states
from separable states through the related problem of classifying and understanding en-
tanglement witnesses. We have studied in particular the extremal entanglement witnesses
from which all other witnesses may be constructed. We give necessary and sufficient con-
ditions for a witness to be extremal, in terms of the zeros and Hessian zeros of the witness,
and in terms of linear constraints on the witness imposed by the existence of zeros. The
extremality conditions lead to systematic methods for constructing numerical examples
of extremal witnesses.

We find that the distinction between quadratic and quartic zeros is all important when
we classify extremal witnesses. Nearly all extremal witnesses found in random searches are
quadratic, having only quadratic zeros. There is a minimum number of zeros a quadratic
witness must have in order to be extremal, and most of the quadratic extremal witnesses
have this minimum number of zeros. To our knowledge, extremal witnesses of this type
have never been observed before, even though they are by far the most common.

The number of zeros of a quadratic extremal witness increases faster than the Hilbert
space dimension. Since a witness is optimal if its zeros span the Hilbert space, this implies
that in all but the lowest dimensions witnesses may be optimal and yet be very far from
extremal.

The facial structures of the convex set of separable states and the convex set of witnesses
are closely related. The zeros of a witness, whether quadratic or quartic, always define
an exposed face of the set of separable states. The other way around, an exposed face of
the set of separable states is defined by a set of pure product states that are the zeros of
some witness, in fact, they are the common zeros of all the witnesses in a face of the set
of witnesses. The existence of witnesses with quartic zeros is the root of the existence of
non-exposed faces of the set of witnesses. It is unknown to us whether the set of separable
states has unexposed faces.

One possible way to test whether or not a given state is separable is to try to decompose
it as a convex combination of pure product states. In such a test it is of great practical
importance to know the number of pure product states that is needed in the worst case.
The general theorem of Carathéodory provides a limit of n 4+ 1 where n is the dimension
of the set, but this is a rather large number, and an interesting unsolved problem is to
improve this limit, if possible. We point out that this is a question closely related to
the facial structure of the set of separable states, which in turn is related to the set of
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entanglement witnesses.

Another unsolved problem we may mention here again is the following. We have found
a procedure for constructing an extremal witness from its zeros and Hessian zeros, but an
arbitrarily chosen set of zeros and Hessian zeros does not in general define an extremal
entanglement witness. How do we construct an extremal witness by choosing a set of zeros
and Hessian zeros we want it to have? Clearly this is a much more complicated problem
than the trivial problem of constructing a polynomial in one variable from its zeros.

In conclusion, by studying the extremal entanglement witnesses we have made some
small progress towards understanding the convex sets of witnesses and separable mixed
states. But this has also made the complexity of the problem even more clear than it was
before. The main complication is the fact that zeros of extremal witnesses may be quartic,
since this opens up an almost unlimited range of variability among the quartic witnesses.
A full understanding of this variability seems a very distant goal. Nevertheless we believe
that it is useful to pursue the study of extremal witnesses in order to learn more about
the geometry of the set of separable states, and it is rather clear that a combination of
analytical and numerical methods will be needed also in future work.
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Appendix A. Explicit expressions for positivity constraints

We show here explicit expressions for the constraints developed in Sec. 3.1.

Given a zero (¢o,xo), let j, for m = 1,...,2(N, — 1) be the column vectors of the
matrix Jo. We construct them for example from an orthonormal basis ¢g, ¢1,. .., ¢n,—1 Of
Ha, taking jo,_1 = ¢y, joy = i¢y for i =1,..., N, — 1. Similarly, let k,, for n=1,...,2(N, — 1)
be the column vectors of Ky. Then the equations To2 = 0, T1Q2 = 0 may be written as

Tr(BOQ) =0, Tr(EPQ) =0, Tr(EPQ) =0, (A1)

m

with
E® = 606} ® xox},

ED = (jmah + d0il) ® xoxd), (A2)
ED = 600t @ (k] + xok1).

With z; € Ker Gg, 2! = (27, yl) and & = Jows, ¢ = Koy, fori = 1,..., K, the constraints
(T22); = 0 given in Eq. (33) may be written explicitly as follows,

Tr(FQ) =0, Tr(F20) =0, (A.3)
with
FY) = (&b, + dm€]) @ xoxd + (G0gh, + jm@}) ® (Cxd + x0¢)),

(A.4)
F2 = dodh © Gk + kaCl) + (&) + d0e]) © (xok], + knx))-
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System Tg can be written as follows. For any linear combinations

K K
§ = Zaifia g = Zai<i7 (A5)
i=1 i=1
with real coefficients a; and &;, (; as above, we have

TrGQ =0, G = (£ + doch) @ ¢CF + 6t @ (O + xoc). (A.6)

This is one single constraint for each set of coefficients a;. The minimum number of
different linear combinations that we have to use is given by the binomial coefficient

<K+2> _ K(E+1)(K+2) (A7)

3 6

Appendix B. Numerical implementation of Algorithm 1

In this appendix we first describe possibilities for solving the optimization problem (16)
and then, assuming that this problem can be solved, we describe how to localize the
boundary of a face of quadratic witnesses in S7.

Solving the optimization problem

We first describe some possibilities for solving the optimization problem (16). This ques-
tion has received little attention in the physics community, and in the optimization liter-
ature focus shifted towards a rigorous rather than towards an “applied” approach. Two
comments are in place. In Refs. 35, 65 simple algorithms were presented which in our
experience work fine in most situations. However, when applied to Alg. 1 we repeatedly
observe poor convergence, presumably due to degeneracies of eigenvalues. In Ref. 66 it is
stated that a straight forward parameterization of problem (16) can not be solved in an
efficient manner. Instead they present a formalism which again, in our view, is unneces-
sarily complicated for low dimensions. The conceptually simplest approach is to perform
repeated local minimization from random starting points, thus heuristically (though suf-
ficiently safe) obtaining all global optimal points. Below we describe different possible
approaches for local minimization, either applying available optimization algorithms or
implementing simple ones ourselves.

In the case that only the optimal value p* and not the optimal solution (¢*,x*) is
sought for, a positive maps approach is fruitful. Given an operator A € H one can define
the linear map Ly such that

(6@ x) A(¢ ® x) = x'La(po")x. (B.1)

Problem (16) is then equivalent to minimizing the smallest eigenvalue of L4(¢¢) as a
function of normalized ¢, and hence to the unconstrained minimization of

La(¢¢")

| (B.2)

fn(@ = min |spectrum
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With a real parametrization ¢ = Jz as in Eq.(114) this function is readily minimized by
the Nelder-Mead downbhill simplex algorithm, listed e.g. in Ref. 67 and implemented e.g.
in MATLAB’s “fminsearch” function®® or Mathematica’s “NMinimize” .6

In the case that also the optimal point (¢*, x*) is wanted, several possibilities exist.
An approximate solution is easily found by feeding the real problem given by (117) to a
SQP-algorithm,*>™ e.g. the one provided in MATLAB’s “fmincon” function.%® Another
possibility is to apply the infinity norm in (16) and perform box-constrained minimization
in each face of the co-ball. Since the Hessian of the function is readily available trust-region
algorithms are suitable (also provided in MATLAB’s “fmincon”). If A is known to be an
entanglement witness, even the box-constraints on each face of the co-ball can be removed,
since in that case the objective function is bounded below. The problem has then been
reduced to unconstrained minimization in a series of affine spaces, one for each face of the
oo-ball.

With this latter formulation, we have had success with a quasi-Newton approach®?
performing exact line search, see Ref. 38 for details. Further, we have had promising results
with a complex conjugate gradient algorithm also performing exact line search,” though
further development is necessary.

Finding the boundary of a face

Here we describe how to localize the boundary of a face of quadratic witnesses in Sy. We
assume we have some routine for solving problem (16).

Given a quadratic witness  situated in the interior of a face defined by k product
vectors, and a perturbation I', we define a family of functions as follows. Consider problem
(16) with A(t) = Q + ¢I'. Given all local minima, sort these in ascending order according
to function value. Then the function xg(t) is the value of local minimum number % + 1 if
this exists and 0 otherwise. Function «;(t), ¢ = 1,...,k is the smallest positive eigenvalue
of D?(fq +tfr) evaluated at zero number i. Now each r;(t), i = 0,...,k is a function with a
single simple root in ¢ € [0, 00) which can be easily located using any standard rootfinding
technique.

Another possible approach to finding the boundary of the face is as follows. Rather
than locating all local minima of problem (16), aim only at locating the global minimum
value. This global minimum value as a function of  will be called the face function. The
face function is zero on a face, positive in the interior of S° and negative outside of S°.
Finding some initial 6 > 6. then allows for one-sided extrapolation towards ..

If we employ the 2-norm for the constraints in (16) the face function is concave as a
function of > 6. To see this, note that the optimal value of problem (16) is equal to the
optimal value of

= (9@ X)Ap® x)

Let p*(2) denote the optimal value. Since p*(Q) is defined as a point-wise minimum p* ()
is a concave function of ©.#2 Projection of € on some face is an affine operation, an
operation preserving concavity. Accordingly the face function is a concave function once
the new local minimum exists. This fact makes either approach for locating the boundary
of a face simpler, since the qualitative form of the function whose root to find is known.
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We define an entanglement witness in a composite quantum system as an observable having a nonnegative
expectation value in every separable state. Then a state is entangled if and only if it has a negative expectation
value of some entanglement witness. Equivalent representations of entanglement witnesses are nonnegative
biquadratic forms or positive linear maps of Hermitian matrices. As reported elsewhere, we have studied extremal
entanglement witnesses in dimension 3 x 3 by constructing numerical examples of generic extremal nonnegative
forms. These are so complicated that we do not know how to handle them other than by numerical methods.
However, the corresponding extremal positive maps can be presented graphically, as we attempt to do in the
present paper. We understand that a positive map is extremal when the image of D, the set of density matrices,
fills out D maximally, in a certain sense. For the graphical presentation of a map we transform it to a standard
form where it is unital and trace preserving. We present an iterative algorithm for the transformation, which
converges rapidly in all our numerical examples and presumably works for any positive map. This standard form
of an entanglement witness is unique up to unitary product transformations.

DOI: 10.1103/PhysRevA.92.042306

I. INTRODUCTION

The phenomenon of quantum entanglement [1,2] is central
to the development and understanding of quantum information
theory and computation [3]. For a general bipartite mixed
quantum state it is not known how to determine in an
efficient way whether the state is entangled or separable. An
experimental setup usually involves mixed quantum states, and
the need to control, manipulate, and quantify entanglement
in such states is therefore of fundamental importance. The
characterization of entangled states of a quantum system
composed of two subsystems thus remains one of the key
unsolved problems in the theory of quantum information. We
will consider here only the finite-dimensional case.

Entanglement of a quantum state may be revealed ex-
perimentally through negative expectation values of certain
observables, called entanglement witnesses, that have positive
expectation values in all separable states [4,5]. The Choi-
Jamiotkowski isomorphism relates the entanglement witnesses
to positive maps on matrix algebras [6,7]. In this way the study
of entanglement witnesses is closely related to the study of
positive maps. This study was pioneered by Stgrmer [8], who
has recently given an extensive review [9].

In order to investigate the separability problem using
positive maps we need to understand the structure of the set of
positive maps. Unfortunately, this is a problem which seems
just as difficult as the original separability problem. Since the
set of positive maps is a compact convex set, a classification of
the extremal positive maps would entail a classification of all
positive maps. This is our motivation for studying the extremal
positive maps.

Outline of this paper

The contents of the paper are organized in the following
manner. In Sec. II we review some basic theory regarding
positive maps and entanglement witnesses. We define the link
between entanglement witnesses and positive maps, known
as the Choi-Jamiotkowski isomorphism. An important class

1050-2947/2015/92(4)/042306(15)
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of positive maps, the completely positive maps, is defined.
These maps are quantum operations since they map quantum
states into quantum states. The important distinction between
decomposable and nondecomposable maps is made, and the
relation to the Peres separability criterion [10] is shown.
Furthermore, the unital and trace-preserving properties of
positive maps are defined, and the relation between these
two properties is established. These two concepts are further
discussed in Sec. III. Finally, the expectation values of
entanglement witnesses in pure product states are introduced.
These are positive semidefinite biquadratic forms, the zeros of
which play an important role. The importance of the zeros for
the understanding of the extremal entanglement witnesses and
the corresponding extremal positive maps is outlined.

In Sec. III we argue that any entanglement witness may be
transformed into a unital and trace-preserving form through
a product transformation. We use the fact that a map is trace
preserving if and only if the transposed map is unital to define
conditions on this product transformation. We then suggest
an iteration scheme to solve the resulting equations, and we
define and investigate the conditions under which this iteration
scheme will converge.

Finally, in Sec. IV we use the unital and trace-preserving
form of a generic extremal entanglement witness in the 3x3
system that we have produced numerically [11] to create
various plots showing how the corresponding positive map
acts. We present similar plots illustrating the action of the
Choi-Lam extremal positive map. We also discuss briefly an
example of extremal witnesses in dimension 2 x 4.

II. PRELIMINARY THEORY

In this section we introduce our notation and review
some mathematical background. We write H; for the set of
Hermitian k x k matrices, which is a real Hilbert space with
the natural scalar product

(X,Y) = Tr(XY). )

©2015 American Physical Society
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The mathematical description of a finite-dimensional com-
posite quantum system involves the complex tensor product
CN = C™ @ C" and the real tensor product Hy = H,, ® H,
with N =mn. We write the components of i € CV as
Y1 = ¥ij, where

I=12,....,N<ij=1112,...,1n,21,...,mn . (2)

The matrix elements of an N x N matrix A are A;x = A;ju,
with I <> ij and K <> kl. A product vector ¥ = ¢ ® x has
components ¥;; = ¢; x;, and a product matrix A = B ® C has
components A;j; = BjxCj;. We define the partial transpose
A" as the transpose with respect to the second factor in the
tensor product,

(AP)ijaa = Aurgj- 3)

We use density matrices, positive matrices of unit trace, to
represent physical states of the most general kind, so-called
mixed states. The set of all N x N density matrices we call
Dy, or D if we need not specify the dimension. It is a compact
convex set of dimension N> — 1, completely determined by
its extremal points, which are the pure states p = ¥y with
Y eCN,

It is a remarkable fact that the partial transpose p” of a
density matrix p need not be positive definite. A density matrix
with a positive partial transpose is called a PPT state; thus we
define the set of PPT states as P = D N D,

A. The geometry of density matrices

A density matrix p € Dy lies on the boundary 0Dy if it has
rank k < N. Then it lies in the interior of a face Dy (U/), which
is the set of density matrices on a k-dimensional subspace
U C CV. Every face of Dy is of the type Dy (). Thus dDy
consists of faces arranged in the same hierarchical structure as
the lattice of subspaces of C¥.

A 2 x 2 density matrix has the form

1/1+z x—iy
p=§< . >7 4)
x+iy 11—z

with x,y,z being real and X2+ y2 +2z2< 1. Thus D, is a
three-dimensional sphere, the Bloch sphere. The boundary
states, with x> 4 y 4 z2 = 1, are the pure states.

The set D3 of 3 x 3 density matrices has dimension eight.
Its boundary dD5 consists of a seven-dimensional set of rank-
two matrices and a four-dimensional set of rank-one matrices,
the pure states. Every rank-two state in Dj lies in the interior
of a Bloch sphere D, (U).

B. Entanglement and entanglement witnesses

A density matrix p € Dy is separable if it is of the form

P=D Putu®Ta, ®)

where o, € Dy, 7, € Dy, and p, > 0, Y, p, = 1. Its partial
transpose is then positive. This fact, that S C P, where S is the
set of separable states, provides an easy test for separability,
known as the Peres criterion [ 10]. A density matrix is entangled
if it is not separable. The separability problem, how to decide
whether a given density matrix is separable or entangled, is

PHYSICAL REVIEW A 92, 042306 (2015)

difficult because it is difficult to recognize the entangled PPT
states.
We define the dual set

S°={A € Hy|Tr(Ap) >0 VpeS). (©6)

The dual of §° is S; thus p is separable if and only if Tr(Ap) >
0 for every A € S°. For this reason we call a matrix A € §°
an entanglement witness. Note that we do not impose here the
usual condition on an entanglement witness A that it should
have at least one negative eigenvalue, so that Tr(Ap) < 0 for
some p € Dy.

The convex set S is completely determined by its extremal
points, which are the pure product states p = ¥y = (pp") ®
(xh, withy = ¢ ® x and ¢Tpp = xTx = 1, for which

Tr(Ap) = Ay = (9 ® )'AP ® 1)
= Z 7 X Aijadixi- (@)
ijkl
Thus A € §° if and only if the biquadratic form
fa@. 0 =@ ® 0'A ® x) ®)

is nonnegative definite. Since

@R NAT@® ) =@ xR, )
we see that A” € S° if and only if A € S°.

C. Maps

A map, in the terminology used here, is a linear transfor-
mation M : H,, — H, such that Y = MX when

Yii=) MiXu. (10)
ik

The complex matrix elements M j;,;x defining the map satisfy
the relations M ;v = (Mjj4;)*, so that the map preserves
Hermiticity. The relation

Aijr = Mg (11

defines a one-to-one correspondence between a Hermitian
matrix A € Hy and a map M = Mj,. As we define the
correspondence here, it differs slightly from the well-known
Choi-Jamiotkowski isomorphism, which associates the matrix
A with the map X — M4 (X7).

Itis useful to introduce matrices E, € H,, and F, € H, that
are basis vectors in the two Hilbert spaces. Then the map M is
given by real matrix elements M, such that

ME, =Y My, F. (12)
b
We will choose the basis vectors to be orthonormal; then the
matrix elements are

Mya = (Fp,ME,). 13)

Furthermore, we will choose the unit matrices as basis vectors,
Ey = 1,,//m, Fy = 1,//n. Then the matrices E, for a =
1,2,....m*>—1land F, forb = 1,2, ...,n* — 1 are traceless.

The transposed map N = M” : H, > H,, may be defined
in a basis-independent way by the condition that

MY, X) = (Y, MX) forall X eH,, ¥YeH,. (4

042306-2
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It has matrix elements Ny, = Mpq, or Nigji = Myjxi =
(Mi1)*. Thus transposition of the map M corresponds to
transposition of the real matrix M, and Hermitian conjugation
of the complex matrix M k.

As defined here, maps M, and MZ act on X € H,, and
Y € H, as follows:

MsX =Tr[AX ® I,)], MY =Tn[A(, ®Y)], (15)

where Tr; and Tr, denote the partial traces. The matrix A may
be expanded in terms of the basis vectors E, ® F;, € Hy as

A= My, E,® F). (16)

a,b

D. Entanglement witnesses and positive maps

By definition, a positive map M : H,, +— H, transforms
positive matrices into positive matrices; that is, if p > 0, then
Mp = 0.

In terms of the map M, the biquadratic form introduced in
Eq. (8) may be written as

fa@.0) = x"Mapp) x =o' MI(xxH¢. (A7)

The condition that f4(¢, x) > Oforall¢ € C™, x € C" means
that M4 (¢¢") is a positive matrix for every ¢ € C™. Since the
pure states ¢ are all the extremal points of D,,,, this is another
way of saying that M4 is a positive map.

We conclude that A is an entanglement witness if and only
if M, is a positive map. An equivalent condition is that Mf
is a positive map. This correspondence between entanglement
witnesses and positive maps places the positive maps in a
central position in the theory of quantum entanglement.

E. Completely positive maps

An obvious condition on a physical map M : H,, — H,,
transforming physical states into physical states, is that it
should be positive. A less obvious condition is that it should
be completely positive, so that every map of the form I @ M :
H; ® H, — Hy ® H, is positive, where I : Hy — Hj is the
identity map.

The most general form of a completely positive map is

MyX =) VXV, (18)

with n x m matrices V,. This form gives the following matrix
elements of A:

Aijsa = (AP)ak; = (V) je(Va)y:- (19)

We see that the map M 4 is completely positive if and only if A?
is positive. It is well known that A” may be positive without
A being positive because the transposition map TX = X7 on
H, is positive but not completely positive.

A separable state p, as defined in Eq. (5), remains positive
under the application of positive maps to its local parts; thus

M@N)p = Z Pa(Mo,) ® (N17,) (20)
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is a positive matrix when M : H,, — Hy; and N: H, — H,
are positive maps. In this way positive maps give necessary
conditions for separability.

Positive maps can also give sufficient conditions for sepa-
rability [4]. This follows from the correspondence described
above between entanglement witnesses and positive maps. For
p € Hy = H,,, letus define o € H,» as

o = (TeM])p. @

where A is an entanglement witness and M 4 is the correspond-
ing positive map. In index notation we have that

Okasib = Z Aatbj Pijikl- (22)
il
Clearly, o is positive if p is separable. Conversely, if o is
positive for every entanglement witness A, we have that

Tr(Ap) = Y Auij pijst = Y SkaOkaivdip >0 (23)
ij.k,l k,a,i,b

for every A, implying that p is separable.

Note that this proof of sufficiency does not use the full
condition that o should be positive; it uses only the condition
that o should have a nonnegative expectation value in the
maximally entangled pure state (Bell state) §;x € C™ . If we
use the full positivity condition, one single positive map can, in
principle, reveal the entanglement of many different states for
which we would need many different entanglement witnesses.
The PPT condition associated with the transposition map is a
striking example; it is equivalent to all the conditions provided
by a much larger set of entanglement witnesses.

The basic reason for the efficiency of maps in revealing
entanglement is nonlinearity: the separability condition that a
product M ® N of positive maps should map p into a positive
matrix is highly nonlinear in p. An entanglement witness A,
on the other hand, gives an inequality Tr(Ap) > O linear in p.

F. Decomposable maps

A positive map M : H,, — H, is said to be decomposable
if it can be written as

M=M, +M,T,, (24)

where M, and M, are completely positive and T,, is the
transposition on H,, [8,12].

Since M4 T,, = My», it follows that M4 is decomposable
if and only if A = B + C, where B and C* are both positive
matrices. This decomposition of A implies for every PPT state
p that

Tr(Ap) = Tr(Bp) + Tr(Cp) = Tr(Bp) + Tr(CTp") > 0.
(25)

In particular, A is an entanglement witness, and we call it
a decomposable witness. It is not very useful as a witness,
however, since it cannot reveal the entanglement of an
entangled PPT state.

It was shown by Woronowicz that all positive maps M :
H,, — H, with N = mn < 6 are decomposable [13]. In these
dimensions entangled PPT states therefore do not exist, and the
Peres criterion is both necessary and sufficient for separability.
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By virtue of the Peres criterion, the development of practically
useful separability criteria in dimensions N > 8 is a problem
closely related to the understanding of the nondecomposable
positive maps.

G. Unital and trace-preserving maps

A map M : H, — H, is unital if it maps the identity /,, €
H,, to the identity [, € H,, thatis, if

D My b =y Mirii = 1. (26)
ik i

It is trace preserving if Tr(MX) = Tr X for all X € H,,, that

is, if
S MyaXu=Y X, @7

Joik i
which means that

3 M= Six. (28)
J

Thus the map M is trace preserving if and only if M7 is unital.
A physical map should conserve probability, which means that
it should be trace preserving.

In terms of the corresponding matrix A € Hy the condition
for M4 to be unital is that

Myl =TriA = I, (29)
and the condition for My to be trace preserving is that
M}, =TrnA = I,. (30)

Equation (29) implies that Tr A = Tr I, = n, whereas Eq. (30)
implies that Tr A = Tr [,, = m. Thus the map may be both
unital and trace preserving only if m = n. If m # n, the proper
condition is rather that

MJEy = Fy, M]F,=E, 3D

where Eg=1,//m and Fy=1,/\/n. Since we regard
normalization constants as unimportant, we will abuse the
language and call the map unital and trace preserving if
Eq. (31) holds, even when m # n.

In terms of the matrix elements My, = (F,M4E,) the
condition for unitality is that My, = 30, and the condition for
trace preservation is that My, = 8o,. This means that a unital
and trace-preserving map M is generated by an entanglement
witness of the form

m*—1n>—1

Iy
A==+ ) MuE®F. (32)
N O D
H. Zeros of entanglement witnesses

Since the conditions defining A € Hy as an entanglement
witness are the infinite set of inequalities

fA(¢7X) >0 forall ¢ e (Cm’ X € (Cn7 (33)

itis clear that A is a boundary point of S° if and only if at least
one of these inequalities is an equality. We call the pure product

PHYSICAL REVIEW A 92, 042306 (2015)

state Yoy, with Yo = o ® xo and g0 = x)x0 = 1. a zero
of A if

Sa(go.x0) = 0. (34

Since a zero is a minimum of the nonnegative function fy, it
follows that the first derivative in every direction at the zero
must also vanish. These conditions amount to a set of equalities

(¢ ® x0)'A(P ® x0) = (¢o ® x0)'Ago ® x) =0 forall
¢ € C", x e C". (35)

These equations may be regarded as linear constraints on
the matrix A. It should be remembered that each equation
is complex and is equivalent to two real equations, except that
Eq. (34) is real. A careful counting shows that one zero implies
2(m + n) — 3 real-valued constraints on A.

If the second derivative in every direction is strictly positive,
then the zero (¢, xo) is a quadratic minimum, and there are no
more constraints on A from this zero. If the second derivative
in some direction vanishes, then the third derivative in this
direction must also vanish, and the zero is a quartic minimum.
This imposes further constraints on A, which we do not detail
here.

The distinction between quadratic and quartic zeros is
important. Obviously, the quadratic zeros are isolated points.
A quartic zero may be an isolated point, but it may also belong
to a continuous set of zeros.

An entanglement witness A is extremal if and only if it has
so many zeros that all the constraints from all the zeros together
determine A uniquely up to a proportionality constant.

1. Extremal positive maps

An extremal entanglement witness A is understood in terms
of its zeros. It corresponds to an extremal positive map My,
and we have to understand what the zeros of the witness imply
for the corresponding map.

Let (¢o,x0) be an isolated zero of A, and define Y =
My (qboqbg) , X = M;(XOX(;F) . We use the identities

XY X0 = B3 X0 = (%0 ® x0) Ao ® x0) = 0. (36)
Since Y and X are both positive matrices, it follows that
Yxo=0, X¢o=0. 37

We also know that ¥ and X have no other zero vectors;
otherwise, the zero vectors would span subspaces of dimension
two or higher, and the zero (¢, xo) would not be isolated.
Hence Y has rank n — 1 and X has rank m — 1.

To summarize, when A is an extremal entanglement
witness, the corresponding maps M, and MZ are extremal
positive maps. An isolated zero (¢, xo) of A defines a rank-one
state ¢0¢$ € D,, mapped by My to a rank-(n — 1) state in

D, and a rank-one state xo xg € D, mapped by MK to a
rank-(m — 1) state in D,,.

Thus the zero of A defines a point on the boundary of D,,
which is mapped to a point on the boundary of D, and a point
on the boundary of D,, which is mapped by the transposed map
to a point on the boundary of D,,. We understand that the map
M is extremal precisely because the image M4 D,, inside D,
touches the boundary of D, in as many points as possible.
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J. Rank-one-preserving maps

The identity map I: X + X and the transposition map
T:X+— X7 = X* are two examples of extremal positive
maps. They have the special property that they are rank
one preservers, mapping pure states to pure states. They are
extremal precisely because they map the boundary of D onto
itself. They both preserve volume. In fact, the eigenvalues of
T are 41 because T is its own inverse, T2 = L.

More generally, let U be a unitary matrix and define U :
X + UXU'. Then U and UT are both rank one preservers,
and they are extremal because they map the boundary of D
onto itself. They also preserve volumes.

These maps and the corresponding entanglement witnesses
are fundamentally different from the generic extremal wit-
nesses we find numerically, which have only quadratic zeros,
so that the corresponding maps map only a finite number of
points from the boundary of D to the boundary and map all
other boundary points to the interior. An extremal map of this
generic kind is contractive; it reduces volumes since it maps
D to a subset of itself.

III. TRANSFORMING POSITIVE MAPS TO UNITAL AND
TRACE-PRESERVING FORM

We argue now that every positive map M = M, where A
is an entanglement witness, may be transformed into a unital
and trace-preserving form through a product transformation of
the form [9]

A A=UQV)AU Q V), (38)

where U € GL(m,C) and V € GL(n,C). Furthermore, we
present here an efficient iteration procedure for doing the
transformation numerically.

A product transformation of this kind preserves all the
essential characteristics of A. For instange, if A is extremal
in 8° and nondecomposablg, then so Nis A, and a zero ¢ ® x
of A corresponds to a zero ¢ ® X of A, where

F=whe, x=H"x (39)

As we saw in Sec. II G the result to be proved is that every
entanglement witness A may be transformed to a form as given
in Eq. (32). In [14] it was proved that every strictly positive
density matrix may be transformed to such a form. But the
theorem is actually valid more generally than it is stated there
since the proof is valid for every entanglement witness having
no zeros, in other words, every witness lying in the interior
of §°. Here we want to apply this type of transformation to
extremal witnesses, which lie on the boundary 9S5° and have a
maximal number of zeros. What could, in principle, go wrong
in the limit when the boundary is approached from the inside
of §° is that the transformation could become singular, but we
find in practice that no such problems arise.

In terms of the transformed map M = Mj the conditions to
be fulfilled are that M1,, = I,, and M’ I, = I,,. We will assume
here that m = n; otherwise, the proper conditions would be
that M(L,/y/m) = 1,/ /i and M7 (L,,/ /) = L,/ /.

In index notation Eq. (38) reads as follows:

Zij;kl = Z U,'anb Aab;cd U:cVI:' (40)
a,b,c,d
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According to Eq. (15), the transformation Y = MX then reads
as follows:

Y=Y AjuXe= Y Vis(AaeaUj Xii Ui)) Vi
i,k

i.k,a,b,c.d
41)
or in the index-free notation,

Y = MX = VMU XU) V. (42)
Similarly, the transformation X = M"Y reads

X = Z Aija Yy = Z Uia(Aabiea(Vig Vi ViU,
Ji.l J.la,b,c,d

(43)
or

X=My=uM (Viyvyu'. (44)
The conditions for M to be unital and trace preserving are that

MI, = VIMU'O)V! = 1,
- , (45)
ML, = UMI(VIV)UT = I,

Thus the problem to be solved is to find U and V such that

MUy =wvivy !, MIviv)y=wiu)™.  6)

Solution by iteration

This problem can be solved in two steps. First, we find
positive Hermitian matrices X = UTU and ¥ = V1V solving
the equations

Mx =v"! M'y=x" 47)
Then we solve the equations
vliv=x, viv=y (48)

for U and V. The general solutions are

U=UlU,;, V=V, (49)

where U, and V) are arbitrary unitary matrices and U, = VX,
V, = /Y are the uniquely defined positive Hermitian square
roots, which we compute, for example, by diagonalizing X
and Y and taking the square roots of the eigenvalues.

Equation (47) makes sense because the matrices X = U U
and Y = V1V are strictly positive as long as U and V are
nonsingular, and the maps M and M7, as well as the inversions
X+ X 'and Y ~ Y, transform strictly positive matrices
into strictly positive matrices.

The method suggesting itself for solving Eq. (47) is simply
to iterate the equations. Given an approximate solution X for
X, we try to compute a better approximation X, by a series
of four transformations,

Xp> Sc=MXy > Y =S = Ty
=MV X =T, (50)

We start the iterations, for example, with Xy = 1.

A sufficient condition for the convergence of X to a unique
limit X is that each transformation X; + X is contractive
(except in the direction along X). A small perturbation AXj
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of Xy transforms linearly as
AXip1 = D(AX)), (51)

where the linear map D is the derivative of the nonlinear
transformation X; +> X . The transformation is contractive
if all eigenvalues of D (except the special eigenvalue which
must be close to 1) are smaller than 1 in absolute value. Now
D is a composition of four linear maps,

D = D,M'D,M, (52
where D, and Dy are linearizations of the matrix inversions,
Dy(AS) = =S (ASOS
Dy(ATy) = —T, (ATOT; . (53)

The examples of extremal positive maps M and M’ that
we have studied numerically are strongly contractive, and
we find in practice that this is enough to ensure that D is
contractive, with eigenvalues typically no larger than about
0.5, even though D, and D, are not contractive.

We have used this iteration scheme on a large number of
numerically produced extremal entanglement witnesses [11]
and also on many nonextremal witnesses constructed as convex
combinations of the extremal ones. Numerically, our attempts,
which are in the thousands, always converge, and it also
appears that for a given witness A the solution X is unique,
independent of the initial guess X.

IV. VISUALIZATION OF POSITIVE MAPS

We now specialize to the case m =n =3,N =mn = 9.
The set D = Dj of normalized density matrices has dimension
32 — 1 = 8. When m = n, a linear positive map from H,, to
H, may be transformed to a form in which it is unital and trace
preserving.

Given a unital and trace-preserving positive map, M :
H; — Hi. It maps D into D and the maximally mixed state
1/3 to itself. We plot two-dimensional planar sections in order
to illustrate how the image MD lies inside D.

We present such plots here for two different examples
of extremal positive maps. The first example corresponds
to a randomly chosen generic extremal witness found in
a numerical search. Such witnesses have only quadratic
zeros. The second example is the Choi-Lam map, which is
qualitatively different since the corresponding witness has only
quartic zeros.

A. Two-dimensional sections through the set of density matrices

In most of our plots we use three density matrices,
p0,P1,p2 € D, to define a plane Z C H;. We use py as the
origin in the plane and define coordinate axes

B =a(p1 — po), C =Db(p2— po) +c(p1 — po), (54)

with real constants a,b,c chosen in some way to be specified
later on. We will always choose a > 0 and b > 0. A matrix
X € Z is then specified by a coordinate pair (x,y) as

X =po+xB+yC. (55)

Note that Tr B = TrC = 0 because Trp; = 1 for i =0,1,2;
hence Tr X = Trpy = 1.
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FIG. 1. A two-dimensional section through D, the set of density
matrices. The curve represents the boundary 9D, which consists of
the states of less than full rank. For a given angle 6 the distance r is

calculated numerically. The state py = 1/3 is the origin, and the state
p on the boundary has rank two.

1. Six types of sections

Figure 1 is an example of a section through the set of density
matrices, where we have chosen the maximally mixed state as
the origin, that is, po = //3. The density matrices p; and p,
helping to define the section are here chosen at random. By
Eq. (54) the x axis goes in the direction from p to p;. For this
plot we have chosen the constants a,b,c in Eq. (54) such that
B and C are orthogonal unit vectors in Hs, that is,

Tr(B?) = Tr(C*H =1, Tr(BC)=0. (56)
This means that distances in our plot faithfully represent
distances in H; as defined by the Hilbert-Schmidt metric. To
locate numerically the boundary 9D we write x = r cos6,
y =rsinf, and with 6 fixed, we determine the largest value
of r such that the matrix X = py + xB + yC has no negative
eigenvalues. The boundary is here a smooth curve consisting
entirely of rank-two states.

Figure 2 shows six types of sections of D. In sections A, B,
C, and F the origin py is the maximally mixed state //3;
it is marked by a cross. In sections D and E the cross is
the orthogonal projection of the maximally mixed state. All
sections, except section E, cut through the interior of D, so
that the interior points in the sections are states of the full rank
three.

Section A is of the same type as Fig. 1; here p; and p, are
chosen as random states of rank two, and the boundary is a
smooth curve of rank-two states.

In section B we choose p; to be a pure state, while p, is
a random state of full rank. The pure state is seen in the plot
as the single point on the boundary curve where the tangent
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FIG. 2. Six types of two-dimensional sections through D, as explained in the text.

direction is discontinuous. All other boundary points are states
of rank two.

In section C both p; and p, are pure states; they are joined
in the plot by a straight line of rank-two states. The curved part
of the boundary also consists of rank-two states.

Section D is a simplex in which the three corners are pure
states pp = ¢ ¢}: fork = 1,2,3 defined by linearly independent
vectors ¢ € C>. The straight lines joining the pure states
consist of rank-two states. The origin is chosen as an even
mix of the three pure states.

Section E is a two-dimensional section through a three-
dimensional Bloch sphere contained in the boundary dD. Like
section D, it is defined by three pure states, but in this case
the three vectors in C? are linearly dependent. In this section
the interior points have rank two, and the boundary curve is a
circle of pure states.

In section F we choose again a pure state p; = ¢1¢T but a
section in which the boundary curve is smooth at this point.
The three matrices defining the section are py = 1/3, p;, and
p2 = p1 + D, where the matrix D is chosen in such a way that
p1 + €D for real € is a pure state to first order in €, that is,

($1 +€6)p1 +€8) =pi +eD+ 0  (57)

for some £ € C3. We see that the proper choice is

D=¢& +&4). (58)

It is of no importance that p, ¢ D. We choose & to be
orthogonal to ¢; in order to have Tr D = 0. The boundary
points in this section, apart from p;, are rank-two states.

2. Visualizing maps

The positive map M maps the plane Z defined by the states
pi € Dwithi =0,1,2 into the plane Z = M.Z defined by the
states p; = Mp; € D in such a way that X as given in Eq. (55)
is mapped into

X =MX =5y +xB + yC, (59)

with

B =a(py — po), C =b(p2— po) + c(p1 — po).  (60)
It is an important point that Tr(E) = Tr(5 ) = 0. This follows
because we require the map M to be trace preserving.

The constants a,b,c are the same here as 1Nn Eq. ~(54).
We choose them now to have such values that B and C are
orthogonal unit vectors, that is,

Te(B?) = Te(C?) = 1, Tr(BC) = 0. 61
The motivation for this choice is that we want our plots
of the coordinates (x,y) to represent faithfully the distances in
the image plane Z of the map M. These values for a,b,c will
obviously not, as a rule, be the same values that make B and C
orthogonal unit vectors. Thus our (x,y) plot will be a distorted
representation of the plane Z. The distortion is of course due
to the map M between the two planes.

To summarize, in one and the same plot the coordinate pair
(x,y) represents both the matrix X € Z, given by Eq. (55),
and the matrix X = MX € Z, given by Eq. (59). Note that
our definition of the axes B,C and B,C is such that p; always
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FIG. 3. p; = ¢5¢'5" and p, = ¢'6¢>2. The origin py is the maximally
mixed state 1/3.

has coordinates y = 0 and x > 0 in the plots, whereas p, has
y > 0 but, in general, x # 0. _

We plot the boundary of D in Z by a solid curve and
the boundary of D in Z by a dashed curve. We calculate
these boundaries by the method already described. That is,
we write x = rcosf, y = rsinf. For a fixed value of 6 we
determine r; as the largest value of r such that X has no
negative eigenvalue; this defines a point (x;,y;) on the
boundary of D in Z, or, equivalently, on the boundary of
MD in Z. And we determine r, as the largest value of r such
that X has no negative eigenvalue; this defines a point (x2,y2)
on the boundary of D in Z.

B. One example: A generic extremal nondecomposable
positive map

In dimensions m =n =3, N =mn =9, we have con-
structed numerically extremal entanglement witnesses by
random searches [11]. By definition, extremal witnesses found
in random searches are generic.

The generic extremal witnesses we find have only quadratic
zeros. Recall that an extremal witness is uniquely determined
by its zeros. Since the number of constraints on the witness
from one quadratic zero is 2(m + n) — 3 = 9 and the number
of independent constraints must be N> — 1 = 80, at least nine
zeros are necessary to determine the witness uniquely. Most
of our generic extremal witnesses have exactly nine quadratic
zeros, giving a total of 81 constraints, of which 80 are then
independent.

The plots presented here show the action of one unital and
trace-preserving map M = M,, where A is the transformed
version, as described in Sec. I1I, of a randomly selected generic
extremal entanglement witness from the sample described in
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FIG. 4. p; = ¢>5¢'5t and p, = ¢6¢l, The origin py is an even mix
of the pure states p;, p,, and p; = ¢7¢; . The triangle is a face of an
eight-dimensional simplex defined by the nine zeros of the witness.

[11]. The zeros of the transformed witness A are V; = ¢; ® xi,
withi =1,2,....9.

The cross in each plot represents the orthogonal projection
of the maximally mixed state //3 on the image plane Z =
MZ. Since we use unital maps, if we choose py = 1/3, then

-0.81 ) ) ) .

-0.8 -0.4 0 0.4 0.8
T

FIG.5. p, = ¢>1¢>I, p2 is arandom pure state, and py = /3. Here
p1 = Mp; has rank two and lies on the boundary D, whereas p, =
Mp; has full rank and lies in the interior of D. The section Z N D is
of type C.
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FIG. 6. p; = d)ldﬁ, p> is a random state of rank three, and py =
1/3. Again, p; is mapped to 0D, while p, is mapped to the interior
of D. The section Z N D is of type B.

0o = Mpy = po, and the cross is at the origin of the plot. The
solid curve in each plot represents the boundary 9D in the
image plane Z. The dashed curve represents the image under
M of 9D in the plane Z.

Figure 3 shows a section with the maximally mixed state at
the origin, that is, pp = pp = I /3. We have chosen the plane

0.4r 1

-0.8} ‘ ‘ ‘ B
-0.8 -0.4 0.4 0.8

0
xr

FIG. 7. Both p; and p, are random states of rank three, and py =
1/3. Both sections in the plot are of type A.
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FIG. 8. Hereboth p; and p, are random pure states, and py = 1/3.
The section Z N D is of type C; it is mapped entirely to the interior
of D.

Z to go through the pure states p; = qb5¢5T and py = ¢6¢g
corresponding to arbitrarily chosen zeros 5 and 6 of the
extremal witness A. The section Z N D, shown by the dashed
curve, is of type C shown in Fig. 2. The section Z N D, shown
by the solid curve, is of type A. The pure states p; and p, are
mapped to rank-two states ) and > on the boundary dD.

In Fig. 4 a different origin is used; we have chosen py as an
even mix of the three pure states p; = ¢>5¢5T , P = ¢6¢6T, and

p3 = ¢7¢;, which correspond to zeros of A and are mapped to
rank-two states oy, P2, and p3. We observe that the projection
of the maximally mixed state //3 is off center. This section
Z N Dis of type D shown in Fig. 2, whereas the section Z N D
is still of type A. Figures 5-9 show various types of sections,
as explained in the figure captions.

C. A second example: The Choi-Lam map

The unital and trace-preserving map

X+ X33 X2 —X13
M:XHY:E —X> X1+ X —X23
— X3 —X3n X + X33

(62)

was introduced by Choi and Lam in 1977 as the first example of
an extremal nondecomposable positive map [7,15]. It has been
generalized to a one-parameter family of extremal positive
maps, but it is still one of the very few known analytical
examples of such maps. It corresponds to the extremal
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FIG.9. p; = ¢1¢']" and p, = ¢2¢;. The origin py is an even mix
of pi, po, and p3 = £&T, where £ is a linear combination of ¢, and
¢>. The section Z N D is of type E; it cuts through a Bloch sphere in
dD. Its circular shape is distorted by the map into an ellipse. The pure
states p; and p, are mapped to rank-two states, on 9D, whereas all
the other pure states on the surface of the Bloch sphere are mapped to
rank-three states. The section Z N D is of type A; its shape is neither
circular nor elliptical.

entanglement witness W with

S [ |

(63)

-1 .« . . -1 - < .1

where for clarity the many zero entries are represented as dots.
The witness W has three isolated quartic zeros,

en=e e, er=eaQe, enp=eQe, (64)

where e,e,,e3 are the natural basis vectors in C3, and a
continuum of quartic zeros ¢ ® ¢, where

p=¢@p)=e +eer+eP e (65)

and o, € R.

Equation (62) has a very simple geometrical interpretation.
In the subspace of diagonal matrices there is a rotation by
60° about the maximally mixed state, and in the subspace of
off-diagonal matrices there is an inversion. There is also an
overall contraction by a factor of one-half.

Figure 10 shows the special section through D containing
the diagonal matrices, including the maximally mixed state

PHYSICAL REVIEW A 92, 042306 (2015)

0.5F

_1—‘ ) ) ) B

-1 -0.5 0 0.5 1
T

FIG. 10. The Choi-Lam map in the plane of diagonal matrices.
po=1/3,p1 = elel and p, = eze;.

po = 1/3 and the three pure states,
1 0 O 0 0 O
pr=ecel=[0 0 0|, m=ecel=]0 1 0],
0 0 0 0 0 0

t

p3 = eze; = (66)

(=N
(el e
— O O

corresponding to the three isolated zeros of the witness W.
This section is mapped into itself by the map M = My, since

p1=(p1+02)/2, p2=(p2+ p3)/2,
3 = (p3 + p1)/2. (67)

Figure 11 shows a section defined by the same pure states p;
and p; as in Fig. 10, together with a random state of rank three.
This section is not mapped into itself.

The continuous set of quartic zeros of the witness W, given
in Eq. (65), defines a two-dimensional surface of pure states

p(e.B) = 5 d(@.Blp@.B)] = po+o@p)  (68)

mapped by M to the boundary 9D. Here py = 1/3, and o («, 8)
is a completely off-diagonal matrix. We see directly from
Eq. (62) that

Mp(e.B) = po — 3 o(@.f) = L Boo — p@. ). (69)

Thus the straight line through Mp(«, ) and py contains the
pure state p(c,). This surface of pure states is curved, but
we may choose our plane Z in such a way that it is tangent to
the surface. Define, for example,

a .
§(a) = % Pla.p) =i es. (70)
o
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0.8} 1

-0.8 -0.4 0 0.4 0.8

FIG. 11. The Choi-Lam map. Another section with p; = ele'lr
and p, = eze;. The origin p, is chosen here as a random state of rank
three, so the section Z N D contains neither e3e§ nor 1/3.

Then the matrix

a 1 N
Dle.p) = - ple.p) = g{%’(a)[lb(a,ﬁ)ﬁ + ¢l plE(@)]'}

o
7
is a tangent to the surface such that

pa.B) +€D(@.f) = pla+e€.p)+ O@).  (72)

Figure 12 shows a section where we have chosen py = 1/3
and

p1=p0.0)=1(e1+er+es)er+ert+en), (73)

i

m=m+D@m=m+§mm+aﬁ—m+a@L
(74)

It does not matter that p, & D. The coordinate axes as defined
in Eq. (54) are now

a 0o 1 1
B=a(p1—:00)=§ o0 1},
1 1 0
b 0 —i 0
C=bpr—p)=bDO0)==[i 0 i]. @5
3o —i o

According to Eq. (62), this section is mapped into itself by a
180° rotation and a scaling by 1/2,

B—B=-1B Ccw—C=-lc (76)
Both sections Z N D and Z N D shown in Fig. 12 are of type F

in our classification. The numerical factors in Eq. (75) making
B and C orthonormal are a = /6, b =3. Figures 13-15

PHYSICAL REVIEW A 92, 042306 (2015)

0.5F 1

_1—‘ ) ) ) B

-1 -0.5 0 0.5 1
T

FIG. 12. The Choi-Lam map. py = 1/3, p; = p(0,0), and p, =
p1 + D(0,0), as defined in the text.

illustrate the Choi-Lam map by other sections, as explained in
the figure captions.

D. A third example in 2 x 4 dimensions

Our third example is based on the study of optimal witnesses
by Lewenstein ez al. [16]. As an example they describe how

0.5F 1

-1 -0.5

0.5 1

0
X

FIG. 13. The Choi-Lam map. We use here py = //3 and two
randomly chosen pure states p; = ¢1¢1', P = ¢2¢; corresponding

to product vectors ¢; ® ¢}, ¢, ® ¢; from the continuum of quartic
Z€ros.
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FIG. 14. The Choi-Lam map. py = 1/3, p; = ele'lr, and p, is a
random state of rank three.

to create optimal witnesses for proving the entanglement of
the PPT states in 2 x 4 dimensions discovered by Horodecki
[17]. We have chosen arbitrarily the parameter value b = 0.6
and computed numerically the optimal witness as described
in [16]. It has exactly eight zeros, all quadratic. It is not
extremal but is the center of a two-dimensional circular face
of the set of normalized witnesses (normalized to have unit
trace). The boundary of this face is a circle of quartic extremal

0.5F 1

FIG. 15. The Choi-Lam map. py = 1/3, p; = ele'lr, and p, is a
random pure state.

PHYSICAL REVIEW A 92, 042306 (2015)

0.5

-1 1

FIG. 16. The two rings of zeros of the extremal witness in
dimension 2 x 4 on the surface of the unit sphere. The eight zeros of
the optimal witness are marked by small circles.

witnesses, one of which defines the map described numerically
in the Appendix. Note that this map is neither unital nor trace
preserving.

This extremal witness has two separate continuous rings
of zeros, which are all necessarily quartic since they are not
discrete. To a zero ¢ ® x with ¢T¢p = xTx = 1 corresponds a
density matrix

x —1iy
2\x +iy ) an

1 -z

with x? + y> 4 z> = 1. This rank-one density matrix in D,
is mapped to a rank-three density matrix in D4 with x being
an eigenvector of eigenvalue zero. Thus the image of the two
rings on the boundary of D, is where the image of D, touches
the inside of the boundary of D.

The coordinates x,y,z defining a zero are given by one
parameter 6 as follows. Let

a = 0.1807362587783353, b = 0.047422228589395,

6y = 1.121090508802759, (78)
__acos(20 + 6p) P —bs £ /1 + 52— b2 (79)

T ocos(@—6y) 1+ s2 ’
x =tcosh, y=tsinf, z=—b—ts. (80)

Note that t — Oand ts — —b £ 1 as s — =£o0.

All the extremal quartic witnesses forming the circular
boundary of the face have similar sets of zeros; it is only the
parameter 6 that varies as we go around the boundary. Any two
of them have exactly eight zeros in common, corresponding
to the special values & = 0 and 6 = £/3, where x,y,z are
independent of 6, and to 0 = 6y + /2, where x =y =0,
z = =x1. Every witness in the interior of the face has exactly
these eight zeros.

Figures 16 to 18 show the zeros of the witness defining the
map given in the Appendix. Figures 19 to 21 show the same
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0.6

0.4r

-1 -0.5 0 0.5 1
X

FIG. 17. The xy projection of Fig. 16. Two of the eight special
zeros are at the origin x = y = 0; the six others are at angles nx /3
from the x axis withn = 0,1,2,3,4,5.

zeros and in addition the zeros of two other extremal witnesses
on the boundary of the same face. The zeros of different such
extremal witnesses are found simply by changing the value
of 90.

V. SUMMARY AND CONCLUSIONS

The purpose of the work presented here has been to gain
a more intuitive understanding of the geometry of positive
maps, which are related to entanglement witnesses in bipartite

0.6

0.2r

FIG. 18. The yz projection of Fig. 16.

PHYSICAL REVIEW A 92, 042306 (2015)

FIG. 19. The same as Fig. 16, but including the zeros of two other
extremal witnesses with different values of 6.

quantum systems. We try to visualize the action of an extremal
positive map by plotting various two-dimensional sections
through the set of density matrices.

For this purpose it is useful to transform the map to
some standard form. We argue that any positive map can be
transformed into a unital and trace-preserving form through
a product transformation of the corresponding entanglement
witness. If the witness lies in the interior of S°, which
means that it has no zeros, this follows from the proof of a
similar result given in [14]. We present an iteration scheme
for computing the transformation numerically, and we find
in practice in 3 x 3 dimensions that it works well even for
extremal witnesses and other witnesses lying on the boundary

0.6

0.4+

FIG. 20. The xy projection of Fig. 19.
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0.6

0.4
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FIG. 21. The yz projection of Fig. 19.

of §°. We find numerically that the unital and trace-preserving
form of a positive map is unique up to unitary product
transformations.

We present plots related to two different extremal entan-
glement witnesses in 3 x 3 dimensions and one in 2 x 4
dimensions. The first example is a randomly chosen generic
extremal entanglement witness with quadratic zeros found in
previous numerical searches. We produce the corresponding
positive map M : H3 — H; and then plot two-dimensional
sections in order to illustrate how the image MD; lies inside
Ds.

‘We then repeat this scheme for a version of the Choi-Lam
map, or entanglement witness, which is extremal but highly
nongeneric, having only quartic zeros. It has three isolated
quartic zeros and one continuous two-dimensional set of zeros
which are necessarily quartic.

The most important feature of the plots is related to the

PHYSICAL REVIEW A 92, 042306 (2015)

In higher dimensions the symmetric dimensions m x n with
m =n > 3 are clearly the most interesting. The complexity
increases much with the dimension because the simplex of
pure states in D3 corresponding to the quadratic zeros of the
extremal witness considered here becomes a polytope with a
number of vertices larger than m? when m > 3. For example,
withm = n = 4, the minimum number of zeros of a quadratic
extremal witness is 20, compared to the dimension of Dy,
which is 15. With m = n = 5 the minimum number of zeros
is 37, compared to the dimension of Ds, which is 24 [11].

We believe that the geometrical way of thinking illustrated
here may be a fruitful approach when one wants to construct
examples of extremal maps and entanglement witnesses.
It may be that the increase in complexity with increasing
dimension, which is a well-known phenomenon, is easier to
handle geometrically than by other methods.
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APPENDIX: AN EXTREMAL POSITIVE MAP
FROM H, TO H,

We introduce the following 4 x 4 matrices:

ap —ia3 ia4 ap
i(l3 ay 0 ia3
By + By = . . s (A1)
—iay 0 a, —iay
a; —iaz iag a;

with

a; = 0.0244482760740412,
a3 = 0.0114377547217477,

ay = 0.2152770862261020,
as = 0.0500075452822933.

zeros of the two witnesses. A zero defines a pure state in D3 (A2)
which is mapped to the boundary of Dj. In particular, a generic . .
. . . . . as ias iag  —as
extremal witness in 3 x 3 dimensions, like the one presented . .
here, has nine zeros, defining a simplex in D3 with nine vertices By — By = —taz e 0 tag (A3)
which is mapped to a simplex in D3 with nine vertices touching : —iag 0 ag iag |’
the boundary of Ds frf)m the inside. . —as  —ia; —iag as
We should emphasize that we have studied here only 3 x 3
and 2 x 4 dimensions, which are the simplest nontrivial cases. with
J
as = 0.0644909685779951, as = 0.1957836691218616,
a7 = 0.0774551312933996, ag = 0.0177155824920755. (A4)
0 *agfl'a]() ay —iap *ia13
—ag +ia 0 —aj4 —ia aj +ia
B = 9 . 10 . 14 15 1 ‘ 16 (AS)
ay +iap  —ap+iags 0 —ag —iay
iag apn —ia  —ag+iay 0
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with
a9 = 0.0363521121932822, a;p = 0.0276760626964089, a;; = 0.0094553411157518,
app; = 0.0293657267910500, a3 = 0.0130745578191192, a4 = 0.1714859526438769, (A6)
aps = 0.0675990471881839, aje = 0.0121590711417975, a7 = 0.0384768416753617.
0 —day — ialz —ag + ia|0 ialg
B, — —ap +.ia12 *.014 iapg ag — i.aw (AT)
—dgy — ldjo —layg a4 ap —iage
—iag —ag +iay;  ap +iap 0
with
arg = 0.0082070224528484, a9 = 0.0424325553291989. (AB)
The 2 x 2 matrix
_lfut+z  x—iy
_§<x+iy w_ (A9)

is positive when u > 0 and u” > x% + y? + z2. In Sec. IV D we discuss the following extremal positive map, which we do not

transform to unital and trace-preserving form:

MIAI—)B:uBo+xBl+sz+ZBg.

(A10)
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ABSTRACT. It is known that in 3 x 3 dimensions, entangled mixed states that are positive under partial
transposition (PPT states) must have at least rank four. The classification of these rank four states is
believed to be complete, and the next unsolved problem is to understand the extremal PPT states of rank
five in 3 x 3 dimensions. We call two states SL-equivalent (more precisely SL x SL-equivalent) if they are
related by a product transformation. A generic rank five PPT state p and its partial transpose p” both
have six product vectors in their ranges, and no product vectors in their kernels. Then the three numbers
{6,6;0} are SL-invariants that help us classify the state. We have found no analytical method for constructing
generic rank five extremal PPT states, but we have studied numerically a few types of nongeneric states, in
particular states with one or more product vectors in the kernels, both extremal and nonextremal. We call
a state p SL-symmetric if p and its partial transpose p’ are SL-equivalent, and genuinely SL-symmetric if it
is SL-equivalent to a state 7 with 7 = 77, Genuine SL-symmetry implies SL-symmetry. We have produced a
random sample of rank five SL-symmetric states of type {6,6;0}, in which all are extremal and about half
are genuinely SL-symmetric. We find an interesting new analytical construction of all rank four extremal
PPT states, up to SL-equivalence, where they appear as boundary states on one single five dimensional
face on the set of normalized PPT states. The interior of the face consists of rank five states, a simplex of
separable states surrounded by entangled PPT states. All these states are real matrices, symmetric under

partial transposition.

1. INTRODUCTION

Entanglement between subsystems of a compos-
ite quantum system is a phenomenon which has no
counterpart in classical physics. Entangled quantum
states show correlations in measurements which can-
not be completely modelled within any local theory,
including classical physics. A classical local descrip-
tion of such systems implies several types of so called
Bell inequalities [1], which experimentally are shown
to be violated [2]. So it is clear that entangled quan-
tum states exhibit a nonlocality that excludes any
local theory, though deterministic theories that in-
cludes quantum mechanics is still a possibility, but
they must be nonlocal.

Pure product states are the only pure quantum
states that are not entangled, and they resemble pure
classical states in that they have no nonlocal correla-
tions at all. By definition, a mixed quantum state is
a statistical ensemble of pure quantum states, and it
is represented mathematically by a density matrix.

One single density matrix may represent many dif-
ferent ensembles. A basic postulate is that there is no

way to distinguish experimentally between different
ensembles represented by the same density matrix.

A mixed quantum state is said to be separable if it
can be mixed entirely from pure product states. The
entangled mixed states are exactly those that are not
separable. While the separability problem for pure
states is solved entirely via Schmidt decomposition
of state vectors, the problem of how to characterize
the set S of separable mixed states, and to decide
whether a mixed state is separable or entangled is
known to be a very difficult mathematical problem,
and it has been demonstrated that operational pro-
cedures are NP-hard [3].

In recent years these problems have been given
considerable attention, mainly due to the fact that
quantum entanglement have found use in many ap-
plications. Many new developments have been made
that requires an understanding of entanglement as a
resource in quantum communication, quantum cryp-
tography, quantum computers and others. How to
prepare, manipulate and detect entangled quantum
states have become important in this respect.



Sound operational methods or criteria for entan-
glement checking only exist for special cases and/or
for the low dimensional systems 2 x 2 and 2 x 3. The
separable states have the property that they remain
positive after partial transposition, they are PPT
states. The set of PPT states P is in general larger
than the set of separable states S, but the difference
between the two sets is small in low dimensions, and
in the 2 x 2 and 2 x 3 systems P = S [4]. Thus
the condition of positive partial transpose, known as
the Peres separability criterion [5], is completely ad-
equate as long as we for the dimensions of the system
have N = NyNp < 6.

For systems with total dimension N = NyNp > 8
entangled PPT states, also known as states with
bound entanglement, exist. It is exactly these states
that make up the difference between P and S, and
they are in that sense the states that violate the Peres
criterion.

Another criterion which is of considerable useful-
ness is the range criterion. This criterion states that
if a quantum state is separable, then its range (or
image space) is spanned by a set of product vectors
w; = u; ® v;, and the range of the partial transpose
pF is spanned by @; = u; ®v}. It was shown [6] that
this criterion is independent from the PPT criterion,
as there are PPT entangled states that violate the
range criterion and there are also NPT states satis-
fying it.

The close relation between PPT states and prod-
uct vectors has been used to prove the separability
of sufficiently low rank PPT states [7], which shows
that on an N4 x Np system with N4 < Np, all states
of rank Np are separable.

For the 3 x 3 system this means that the entangled
PPT states with lowest rank has rank four. Bennet
et.al. [8, 9] introduced a method for constructing
low rank entangled PPT states by using Unextend-
able Product Bases (UPB). A UPB is defined as a
maximal set of orthogonal product vectors which is
not a complete basis of the Hilbert space. If one so
constructs an orthogonal projection ¢ and comple-
mentary projection P = I—@Q, then P is an entangled
PPT state. The UPB construction is clearly most
successful in the case of rank four PPT states in the
3 x 3 system, where this construction is able to pro-
duce all entangled PPT states of rank four [10, 11].
Since the orthogonality is essential to the construc-
tion of the PPT states as a projection operator, this
UPB strategy fails for rank five states in the 3 x 3
system.

Due to the lack of such a schedule as the UPB
method, the characterization of rank five PPT en-
tangled states in the 3 x 3 system seems much more
challenging than for rank four states. All extremal
PPT states of rank four are essentially of one generic
type, while for the extremal PPT states of rank five
a whole range of nongeneric forms also exist.

Outline of the paper. The contents of the present pa-
per are organized in following manner.

In Section 2 we develop some preliminary linear
algebra, which includes density matrices and projec-
tion operators.

In Section 3 we extend the description to bipar-
tite composite systems. Product vectors and their
importance is discussed, we emphasize the impor-
tance of product transformations and discuss PPT
states which are equivalent under such transforma-
tions. We also briefly discuss PPT states with prod-
uct vectors in the kernel, and introduce a character-
ization of such states.

In Section 4 we construct a standard form for PPT
states of rank five with four product vectors in the
kernel. All these special PPT states of rank (5,5) are
nonextremal, but this scheme leads to a new method
for constructing extremal PPT states of rank (4,4),
and is relevant to our further study of nongeneric
PPT states of rank (5,5), presented in Section 7.

In Section 5 we review some features regarding
generic subspaces of dimension five in the 3 x 3 sys-
tem. We also discuss nongeneric subspaces in the
3 x 3 system, specifically how to construct pairs of
orthogonal subspaces U and V with [/| = 5 and
|[V| = 4, such that the number of product vectors
in V is nonzero.

In Section 6 a summary of the numerical results
obtained during our investigations is presented. This
includes data for the generic states with no prod-
uct vectors in Kerp, and several nongeneric cases
with up to four product vectors in Kerp. We also
present some results from our random searches for
SL-symmetric states.

In Section 7 we present a collection of nongeneric
standard forms for orthogonal subspaces U and V),
with dimensions five and four respectively. The non-
generic feature is that the number of product vectors
in V is nonzero. For the various U and V, we have
produced PPT states of rank (5,5) with Img p = U
and Kerp = V. The number of product vectors in
Img p is either six or infinite, while the number of
product vectors in Kerp ranges from one to four.
The latter is presented as a special case in Section 4.



In Section 8 we present a special five-dimensional
subspace of C? that contains only two product vec-
tors, and with one product vector in the orthogonal
complement space. We construct a set of states found
by transformation to standard form of one particular
rank (5,5) nonextremal PPT state in this subspace.
This nonextremal PPT state was found by complete
chance in our searches for SL-symmetric states.

In Section 9 we conclude with a summary of the
main results, and also include a brief description of
some unsolved issues.

2. BASIC LINEAR ALGEBRA

We want to review some basic concepts of linear
algebra, partly in order to make the paper selfcon-
tained, and partly in order to define our notation.

2.1. Density matrices. The natural structure of
the set Hy of Hermitian N x N matrices is that of
a real Hilbert space of dimension N? with the scalar
product

1)

The set of mixed states, or density matrices, is de-
fined as

D=Dn={peHy|p>0,Trp=1}.

(X,Y) = Tr (XY).

(2)

A density matrix p has a spectral representation in
terms of a complete set of orthonormal eigenvectors
1 € CN with eigenvalues \; > 0,

N N
p=Y Nl > vt =1 (3)
i=1 i=1

with wiij = ;5. The spectral representation defines
one particular ensemble represented by p.

The rank of p is the number of eigenvalues \; > 0.
The matrices

P= %" vl
i, Ai>0 ) (4)
Q=I-P= ) v
7, A;=0

are Hermitian and project orthogonally onto two
complementary orthogonal subspaces of CY.

P projects onto Img p, the range of p, and @ onto
Ker p, the kernel (or nullspace) of p. Some useful
relations that follow from this are that Pp = pP =
PpP = pand Qp = pQ = QpQ = 0.

We say that p is positive (or positive semidefinite)
and write p > 0 when all \; > 0. An equivalent con-
dition is that ©Tpy > 0 for all v € CN. It follows

3

from the last inequality and the spectral representa-
tion of p that 1Tpy = 0 if and only if pip = 0.

The fact that the positivity conditions 9fpyp > 0
are linear in p implies that D is a convex set, so that
if p is a convex combination of p1, ps € D,
0<p<l, (5)
then p € D. Furthermore, since Ker p = {¢ |9t pyp =
0} when p > 0, it follows that

p=pp1+(1=pp,

(6)

independent of p, when p is as in (5). Since Ker p is
independent of p, so is Img p = (Ker p)*.

A compact (closed and bounded) convex set is de-
termined by its extremal points, those points that
are not convex combinations of other points in the
set. The extremal points of D are the pure states
of the form p = ¥t with ¢ € CV. Thus the spec-
tral representation is an expansion of p as a convex
combination of N or fewer extremal points in D.

Ker p = Ker p; N Ker pa,

2.2. Perturbations and extremality in D. Let
p be a density matrix, and define the projections P
and @ as in Equation (4). Consider a perturbation

(7)

where A # 0 is Hermitian, and TrA = 0 so that
Tr p' = Tr p. The real parameter € may be infinitesi-
mal or finite.

We observe that if Img A C Img p, or equivalently
if PAP = A, then there will be a finite range of val-
ues of €, say €1 < € < e with ¢ < 0 < €2, such
that p’ € D and Imgp = Img p’. This is so because
the eigenvectors of p with zero eigenvalue will re-
main eigenvectors of p’ with zero eigenvalue, and all
the positive eigenvalues of p will change continuously
with € into eigenvalues of p’. Since D is compact, we
may choose €; and e such that p’ has at least one
negative eigenvalue when either ¢ < €; or € > eo.
The negative eigenvalue becomes zero at € = ¢; or
€ = €3, this makes Ker p' strictly larger than Ker p
and Img p’ strictly smaller than Img p in both limits
e =¢€1 and € = €9.

The other way around, if p' € D for ¢ < € < e
with €; < 0 < €3, then p’ is a convex combination of
p+ €A and p + e2A for every € in the open inter-
val €1 < € < €. Hence Imgp’ is independent of € in
this open interval, implying that Img A C Img p and
PAP = A.

pl=p+eA,



This gives us three equivalent formulations for the
extremality condition of p on D. The state p is ex-
tremal in D if and only if

(1) There exists no A # 0 with Tr A =
0 and PAP = A.

(2) The equation PAP = A for the
Hermitean matrix A has A = p as
its only solution.

(3) There exists no p’ € D with p' # p
and Img p = Img p.

We may replace PAP = A by the weaker condi-
tion QAQ = 0. By standard perturbation theory
the zero eigenvalues of p do not change to first or-
der in €. So, with QAQ = 0 and € infinitesimal, the
perturbation (7) preserves the rank of p.

2.3. Projection operators on Hy. Using the pro-
jections P and ) defined above we can define projec-
tion operators P, Q, R on Hy, the real Hilbert space
of Hermitean N x N matrices, as follows,

PX = PXP,
QX = QXQ, (8)
RX I-P-Q)X.

Here I is the identity operator on Hy. It is straight-
forward to verify that these are complementary pro-
jections, with P2 = P, Q> = Q, PQ = QP = 0, and
so on. They are symmetric with respect to the natu-
ral scalar product on Hy, hence they project orthog-
onally, and relative to an orthonormal basis for Hy
they are represented by symmetric matrices.

In an orthonormal basis of CV with the first m
basis vectors in Img p and the last n = N — m basis
vectors in Ker p, an matrix X € Hy takes the form

Uu Vv
X*<VT W)’
with U € H,, and W € H,. In this basis we have
I, O (0 0
r=(50) e-(o1)

and hence

U 0 0 0
PX:(O 0)’ QX:(O W)’

0o Vv
- ()

9)

(10)

(11)

3. COMPOSITE SYSTEMS

In order to describe entanglement in quantum sys-
tems it is necessary to develop the basic theory of
tensor product states. We do this for a bipartite sys-
tem consisting of two subsystems A and B.

3.1. Product vectors. If N = NsNp, the tensor
product spaces CV = CN4 @ CV5 (a complex tensor
product) and Hy = Hy, ® Hy, (a real tensor prod-
uct) describe a composite quantum system with two
subsystems A and B of Hilbert space dimensions N4
and Np.
A vector 1) € CV then has components ; = Vij,
where
I=1,...,N
I (12)
ij =11,12,...,1Np,21,22,..., N4Ng.

A product vector ¢ = ¢ ® x has components 1;; =
¢ix;j. We see that ¢ is a product vector if and only
if its components satisfy the quadratic equations

Yijg — Yabry = 0.

These equations are not all independent, the number
of independent complex equations is

(13)

K = (Na—1)(Np—1) y

=N-Ny—Np+1. ( )
For example, if ¢ # 0 we get a complete set of
independent equations by taking ¢ = j = 1, k =
2,...,Ng,and [ =2,...,Np.

Since the Equations (13) are homogeneous, any
solution 9 # 0 gives rise to a one parameter fam-
ily of solutions ¢t where ¢ € C. A vector 9 in a
subspace of dimension n has n independent complex
components. Since the most general nonzero solution
must contain at least one free complex parameter, we
conclude that a generic subspace of dimension n will
contain nonzero product vectors if and only if

n>K+1. (15)

The limiting dimension

n=K+1=N-Nyg— Np+2, (16)
is particularly interesting. In this special case a
nonzero solution will contain exactly one free param-
eter, which has to be a complex normalization con-
stant. Thus up to proportionality there will exist a
finite set of product vectors in a generic subspace of



this dimension, in fact the number of product vectors
is [12]
Ny+ Np —2
= (M)
(Na+ N —2)!
(Ng—DI(Ng — 1)

(17)

A generic subspace of lower dimension will contain
no nonzero product vector, whereas any generic sub-
space of higher dimension will contain a continuous
infinity of different product vectors. By different in
this context we mean in the sense that they are not
proportional.

These results hold however for generic subspaces.
It is trivially clear that nongeneric subspaces with
low dimensions exist that contain product vectors.
In the special case N4 = Np = 3 studied here, the
limiting dimension given by Equation (16) is five,
and the number of product vectors given by Equa-
tion (17) is six. As described in Section 8 we have
found one special example of a five dimensional sub-
space with only two product vectors.

The facts that product vectors always exist in
K + 1 and higher dimensions, but not always in K
and lower dimensions, are special cases of a theorem
proved by Parthasarathy for systems composed of
any number of subsystems [13]. These results have
profound implications for the construction of unex-
tendible product bases.

3.2. Partial transposition and separability.
The following relation between matrix elements
(XP)ijirr = X, (18)
defines the partial transpose X* = X758 of the ma-
trix X with respect to the second subsystem B. The
partial transpose with respect to the first subsys-
tem X4 = XPT = XT8T where T denotes total
transposition, then simply amounts to complex con-
jugation. The partial transposition is simply trans-
position of the individual submatrices of dimension
Np x Ng in the N x N matrix X. If X =Y ® Z
then X =Y @ ZT.
A density matrix p is called separable if it is a
convex combination of tensor product pure states,

P = Z Dk wkw;j,
k

19
= Z Pk (Uku]j) & (Ulcv]:)v ( )
k

5

with wy, = up @ v, € CY, p, > 0, and Sepe=11t
follows that

p" =" pr (wpr)) @ (o))"

; (20)

= Z P () ® (ivh).
k

We write the set of separable density matrices as S.
The obvious fact that p? is positive when p is sep-
arable is known as the Peres criterion, it is an easily
testable necessary condition for separability. For this
reason it is of interest to study the set of PPT or Pos-
itive Partial Transpose matrices, defined as
P={peD|pf>0}=DnD". (21)
We may call it the Peres set. A well known result
is that P = S for N = NyNp < 6, whereas P is
strictly larger than S in higher dimensions [4].

We will classify low rank PPT states by the ranks
(m,n) of p and p” respectively. Here we study the
special case N4y = Np = 3, then the ranks (m, n) and
(n,m) are equivalent for the purpose of classification,
because of the symmetric roles of the subsystems A
and B, and the arbitrariness of choice of which sub-
system to partial transpose.

3.3. Product vectors in the kernel. Recall that
Tpp = 0 if and only if pt» = 0 when p > 0, and
similarly for p?. The identity

@eyieey) =(zey)pzey’) (22
therefore implies, for a PPT state p, that x ® y €
Ker p if and only if z ® y* € Ker p’.

Let the number of product vectors in Imgp,
Img pP and Kerp be respectively nimg, Timg, and
Nker- Lhen nye, is also the number of product vectors
in Ker p, and p is characterized by {Nimg, Mimg; Nker }-
As we shall see, the generic entangled PPT states of
rank (5,5) are in this way {6,6;0} states.

We write the product vectors in Img p as

w; = U Q v, 1=1,..., Nimg. (23)
And likewise for Ker p,
zj = xj @ Yj, 7=1,... Nier- (24)

Since the two subspaces are orthogonal, it is neces-

sary that 'LUTZ]' = 0 for all 4, j, hence for every pair

i
i,j we must have either u;ij =0or v;.ryj =0.
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3.4. The range criterion and edge states. If p
is separable, as defined in Equation (19), then Img p
is spanned by the product vectors wy = uj ® vy, and
Img p* is spanned by the partially conjugated prod-
uct vectors wy = uy, ® vi. No such relation between
product vectors in Img p and Img p” need exist if p
is an entangled PPT state.

The existence of a set of product vectors spanning
the range of p, such that the partially conjugated
product vectors span the range of p’, is seen to be a
necessary condition for separability, called the range
criterion [6]. Since there exist entangled states sat-
isfying the range criterion, the condition is not suffi-
cient.

Please note that the range criterion demands that
there should exist at least one such set of product
vectors, not that all product vectors in the ranges
should be related by partial conjugation. We exhibit
here, for example, separable states that are convex
combinations of five pure product states, such that
Img p and Img p” contain exactly six product vectors
each, but the sixth product vector in Img p” is not
the partial conjugate of the sixth product vector in
Img p.

On the same note we define an edge state as a
PPT state that breaks the range criterion maximally.
That is to say that there exists no product vector in
the range of p with its partial conjugate in the range
of pF. Obviously, by the range criterion, all edge
states are entangled.

We also see that every extremal entangled PPT
state p is an edge state. In fact, if w =u®wv € Imgp
and @ = u®v* € Img p¥, then p is not extremal, be-
cause (1—¢)p+ecww' is a PPT state for both positive
and negative € in some finite interval.

3.5. Extremality in P. We will now describe the
extremality test in P = D N DF, which follows di-
rectly from the extremality test in D. We want to
outline also how to use perturbations with various
restrictions in order to calculate the dimensions of
and trace numerically surfaces of states in P of equal
ranks. Thus we are interested in perturbations that
preserve the ranks (m,n) of p and p*” simultaneously.
As we did for p, we define P and Q =1-P as the
orthogonal projections onto Img p” and Ker p”. We
then define
PX = (PX'P)",
QX = (QX"Q)", (25)

RX = (I-P-Q)X.

These are again projections on the real Hilbert space
Hy, and like P, Q and R they are symmetric with
respect to the natural scalar product on Hy. We use
these projection operators on Hy to impose various
restrictions on the perturbation matrix A in Equa-
tion (7).

Testing for extremality in P. Clearly p is ex-
tremal in P if and only if A = p is the only simul-
taneous solution of the two equations PA = A and
PA = A. Another way to formulate this condition
is that there exists no p' € P, p/ # p, with both
Img p’ = Img p and Img (p')” = Img p”.

Since P and P are projections, the equations
PA = A and PA = A together are equivalent to
the single eigenvalue equation

(P +P)A =2A. (26)
They are also equivalent to either one of the eigen-
value equations
PPPA=4A, PPPA=A. (27)
Note that the operators P + f’, Pf’P, and PPP are
all real symmetric and positive and therefore have
complete sets of nonnegative real eigenvalues and
eigenvectors. B

When we diagonalize P + P we will always find
A = p as an eigenvector with eigenvalue 2. If it is
the only solution of Equation (26), this proves that p
is extremal in P. If A is a solution not proportional
to p, then we may impose the condition Tr A = 0
(replace A by A— (TrA)p if necessary), and we know
that there exists a finite range of both positive and
negative values of € such that p’ = p+¢eA € P, hence
p is not extremal in P.

Perturbations preserving the PPT property
and ranks. The rank and positivity of p is preserved
by the perturbation p’ = p + €A to first order in ¢,
both for € > 0 and € < 0, if and only if QA = 0.
Similarly, the rank and positivity of pP is preserved
if and only if QA = 0. These two equations together
are equivalent to the single eigenvalue equation

Q+Q)A=0. (28)
Again Q—i—Q is real symmetric and has a complete set
of real eigenvalues and eigenvectors. The number of
linearly independent solutions for A in Equation (28)
is then the dimension of the surface of rank (m,n)
PPT states going through p.



We may want to perturb in such a way that
Imgp = Imgp, but not necessarily Img (p')F =
Img p”, that is we only require Tmg (p')* and Img p”
to have the same rank. Then the conditions on A are
that PA = A and QA = 0, or equivalently

I-P+Q)A4=0. (29)
In this case the number of linearly independent so-
lutions for A is the dimension of the surface of rank
(m,n) PPT states with fixed range Img p at p.

3.6. Product transformations. A product trans-
formation of the form

pp =aVpVl V=Va® Vs (30
where @ > 0 is a normalization factor and V4 €
SL(N4,C), Vg € SL(Np,C), preserves positivity,
rank, separability and other interesting properties
that the density matrix p may have. It preserves
positivity of the partial transpose because

W) =aW"V,  V=VieVi (1)
A transformation of the form of Equation (30) is also
sometimes referred to as a local SL-transformation.

The range and kernel of p and p” transform in the

following ways,

Img p' = V Img p,

Kerp' = (V1)1 Kerp,
Tmg (o) = V Img p",
Ker (o)) = (V) ' Ker p".

(32)

We say that two density matrices p and p’ related
in this way are SL-equivalent. The concept of SL-
equivalence is important because it simplifies very
much the classification of the low rank PPT states.
Since this SL-equivalence is transitive it generates
equivalence classes of matrices.

SL-symmetry under partial transposition. We say
that the state p is SL-symmetric if p and p” are SL-
equivalent, that is, if
pF=aVpVl,  V=Vi0Vp (33)
Since SL-transformations of product type V =
V4 ® Vg preserve the number of product vectors in
a subspace, any transformation p — pf = a VpV1
must transform the set of njng product vectors in
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the range of p to the set of Ny product vectors in
the range of p’, so for SL-symmetric states we always
have nimg = Nimg. If the product vectors in Img p is

w; = u; @v; with ¢ = 1,..., njmg and for Img p”” we
have w; = u; @ v; for i = 1,..., Nimg, then
Vaui =, VB vi = ;. (34)

Note that we need SL-transformations V4 and Vg
that transform all vectors w; and wv; respectively.
Since our understanding of the relation between w
and w is quite limited for entangled states, it is diffi-
cult to say much in general about what makes some
states SL-symmetric and others not. But it is clear
that the vectors w;,v; which are fixed for a given
range of p, and the vectors u; and v; which depend on
the specific state p (or p’) must have a structure that
allows the existence of V4 and Vg to satisfy Equa-
tion (34). This structure is very likely nongeneric, so
for a generic state p no such V4 and Vp will exist.

Genuine SL-symmetry. We say that a state p is gen-
winely SL-symmetric if there exists a transformation
o =aUpUf, U=U,®Usg, (35)
such that (p')F = p/. The transformation of p implies
that o
()" =alp"U" (36)
when we define U = Uy ® Ug. Then assuming gen-
uine SL-symmetry we get that

UpP'Ut = vput (37)
and hence
P _ T
p = VpVli (38)
with V.= U'U = 1 ® Vg and Vg = (U})"'Up.

This shows that genuine SL-symmetry implies SL-
symmetry, and Equation (38) requires that V pre-
serves the trace of p, i.e. Trp = Trpf’ = Tr (VpV'1) =
Tr (p VTV). A sufficient but not necessary condition
for this trace preservation is that Vg is unitary.

The relation Vg = (U;;,)_lUB implies that Vg
has some special properties. One implication is that
Vg = VBfl, so that Vp is unitary if and only if it is
symmetric, V7 = Vg.

We also infer that det Vg = (det Ug)/(det Ug)*, so
that |det Vg| = 1. If we multiply Up by some phase
factor €, then Vg is multiplied by €@, and in this
way we may redefine Vp such that det Vp = 1.



We conclude that for the state p to be genuinely
SL-symmetric it must be SL-symmetric with a trans-
formation of the form given in Equation (38). For the
3 x 3 system V would have the form

Ve 0 0
v=[o0 vz o [, (39)
0 0 Vg

with V € SL(3,C) and V; = V5 L

Since the transformation has the form V =1® Vg
in the case of genuine SL-symmetry, by Equation (34)
the product vectors in Imgp and Imgp? will be
related by the transformations u; = w; and v; =
Vpv;. This is a necessary condition for genuine SL-
symmetry which may be tested as soon as we know
the product vectors in Img p and Img p?.

Assume that for a given PPT state p we find
that p and p” are related by a transformation of
the form given in Equation (38). Then a further
problem to be solved is to find a transformation
U = Us ® Up that demonstrates explicitly the gen-
uine SL-symmetry of p. Thus we have to solve the
equation Vg = (Ug)~'Ug for Ug.

We reason as follows. Assume that A is an eigen-
value of Up, then p = A/A\* is an eigenvalue of V3.
Hence || = 1, and we may assume that A = e
where « is real. Then A must be a solution of the
equation p = A2, suggesting that we may try to take
Up as the matrix square root of Vz. We find in prac-
tice that it is possible to choose simply

U=1®+\Vpg.

(40)

4. THE RANK (4,4) EXTREMAL PPT STATES
REVISITED

Rank (4, 4) extremal PPT states in dimension 3x3
are well understood [10, 11, 14, 15]. They are all SL-
equivalent to states constructed from unextendible
product bases (UPBs). A construction method not
using UPBs was discussed in [15], and the structure
of a PPT state p with at least four product vectors
in Ker p was derived.

In the present section we will review and expand
on the discussion given in [15]. This is relevant
for our present study of nongeneric rank (5,5) PPT
states, and it leads to a new construction of the rank
(4,4) extremal PPT states.

Given a PPT state p and four product vectors
zj = x; ® y; in the kernel of p, in some definite but

arbitrary order. We assume that any three = vec-
tors and any three y vectors are linearly independent.
Then we may perform a product transformation as
in Equation (30), and subsequent normalizations, so
that the vectors take the form

1 00 1
r=y=[(0 1 0 1], (41)
00 11
and for the product vectors z;
1 0 0 1
00 0 1
00 01
00 0 1
z=10 1 0 1 (42)
00 0 1
00 0 1
00 01
00 11

The transformation is unique. In this four dimen-
sional subspace there exist no other product vectors.
The real form of the product vectors z; € Ker p im-
plies that z; € Ker oF.

It is equally easy to see that there exist exactly six
product vectors w; = u; ® v; in the orthogonal sub-
space. In fact, in order to have (u; ® v;) L (z; ® y;)
foralli=1,...,6 and j =1,...,4, we must have for
each pair 4, j that either u; L = or v; L y;. Since any
three x vectors and any three y vectors are linearly
independent, a u vector can be orthogonal to at most
two x vectors, and a v vector can be orthogonal to
at most two y vectors. This gives the six possibilities
for orthogonality listed in the table.

U @i | wi Lag, x| vi L Y, Yn
i k,l m,n
1 2.3 1,4
2 1,3 2,4
3 1,2 3,4
4 1,4 2,3
5 2,4 1,3
6 3,4 1,2

TABLE 1. Possibilities for a product vec-
tor u;®v; to be orthogonal to all four prod-
uct vectors x; ® y;.



The unique solution is the following list of vectors,

1 0 0 0 1 1
u=|(0 1 0 10 -1,
o o0 1 -1 -1 0
(43)
0 1 1 1 0 0
v = 1 0 -1 0 1 0],
-1 -1 0 0 0 1
and for the product vectors w;
o o0 o0 0 0 0
1 0 0 O 1 0
-1 0 0 0 o0 1
0 1 o 1 0 0
w = o o0 o0 o0 0 0 (44)
0 -1 0 0 0 -1
0 0 1 -1 0 0
o 0 -1 0 -1 0
o o0 o o0 0 0
|
0 0 0 0
0 c1+c  —c1 0
0 —c1 c1+cq 0
1 0 0 0 co + cg
p==- 0 0 0 0
2 0 0 —C4 —C9
0 0 0 —cp
0 —c5 0 0
0 0 0 0

From (47) we observe that the normalization con-
dition for p becomes

6
Trp:Zci =1.
i=1

Since the matrices wiwj are linearly independent,

and there are no other pure product states in Img p,
p is separable if and only if all the coefficients ¢; are
nonnegative. However, we will now see that it is pos-
sible for p to be an entangled PPT state even if one
of the coefficients is negative.

An eigenvalue of p, and of p’ = p, is a root of the
characteristic polynomial

(48)

det(p — M) = =X* f(N), (49)

where the function f()) is a fifth degree polynomial
of the form f(A) = A% —dyA\* +d3 A3 — do X2+ dy A —dp.
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The five dimensional subspace Img p = Span w given
by (44) defines a face F C D of dimension 52—1 = 24.
Recall that

pzj=ptz=0, j=1,...,4 (45)
In terms of the face F, Equation (45) means that
p € F and pf € F, or equivalently, that p € FNFL.
Equation (45) restricts p to have the form (47), with
real coefficients c;.

Note that p”’ = p. Since F is a face on D, FF is
a face on DP, and the intersection G = FN FF is a
face on P = D N DF. Equation (47) shows that the
face G has dimension five.

The state p defined in (47) is a linear combination,
but not necessarily a convex combination, of the six

pure product states,

6
p= % z ¢ wiwg. (46)
i=1
0 0 0 0 0
0 0 0 —c5 0
0 —cy 0 0 0
0 —C2 —Cg 0 0
0 0 0 0 0 (47)
0 Cy+ ¢y 0 0 0
0 0 c3+cg —c3 0
0 0 —c3 C3+cs 0
0 0 0 0 0
[
The constant term in f(\) is
6 6 6
3 3 1
d():TGZHC]‘:E(HC]‘)Zf. (50)
. . . . . CZ
i=1 j#i j=1 i=1

If we start with ¢; > 0 for ¢ = 1,...,6, then p
is a rank (5,5) separable state. If we then change
the coefficients continuously, p will continue to have
five positive eigenvalues until we get dy = 0. Hence
dy = 0 defines the boundary of the set of density ma-
trices, and also of the set of PPT states since p = p”.

We know that the boundary is not reached be-
fore at least one coefficient becomes zero or nega-
tive. If two coefficients become zero simultaneously,
then dyp = 0 and we have reached a boundary state
which is separable. To get negative coeflicients while
p is a rank (5,5) PPT state we have to make one
coefficient negative before the others. Let us say,
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for example, that ¢; < 0, and that we want to
make also ¢y negative, while ¢; > 0 for i = 3,...,6.
Then we first have to make co = 0, in which case
do = 3 c1e3e405¢6/16 < 0 and we have already crossed
the boundary dy = 0.

In conclusion, the entangled boundary states have
¢i # 0 for i = 1,...,6, and they have one negative
and five positive coefficients ¢; satisfying

| =

=0.

D

1 1

(51)

o

6

K2

Thus the boundary dy = 0 consists of two types of
states.

(1) Separable states that are convex
combinations of up to four of the
T

pure product states w;w; .

(2) Rank (4,4) entangled PPT states
that are linear combinations of all
the six pure product states w,-w;
with one negative coefficient.

It is well known that rank (4,4) entangled PPT
states are extremal.

05+

0.25F
Yoo

-0.25
-05

-05 -0.25 0 0.25 05
x
FIGURE 1. A two dimensional cut through the five

dimensional face on P of states given by (47). The
outer curve is the common boundary of D and P, it
consists of rank (4,4) PPT states. The simplex in
S is the hexagon with corners A to F'. The region
between the two curves is entangled PPT states of
rank (5,5). The coordinates z,y are dimensionless.

Figure 1 shows a two dimensional section through
the five dimensional face of P defined by Equa-
tions (46) and (48). The section through S is the
hexagon with corners A to F. On the boundary of
the hexagon (dashed), one of the coefficients ¢; is
zero. The region between the two curves consists of
entangled PPT states of rank (5,5) with exactly one
coeflicient negative. In Table 2 we have listed the co-
efficients ¢;, multiplied by 12, that define the states
A to F by Equation (46). The hexagon is reflection
symmetric about two axes.

A

— o N wo ol
oo~ OO wQ
Nw o o~ oy
— O O wN oM
o~ o N W

O T W N | =
SO WN OO

TABLE 2. The coefficients ¢;, multiplied
by 12, for the states A to F' in Figure 1.

The most general rank (4,4) entangled PPT
states. Consider a general rank (4,4) entangled
PPT state p in 3 x 3 dimensions. It is known that
any such state is extremal, and has exactly six prod-
uct vectors in its kernel. We can now see that it
is SL-equivalent, in no less than 360 different ways,
to such states on the boundary of the five dimen-
sional face of P that we have described here. The
360 transformations are found in the following way.
Pick any four of the six product vectors in Ker p,
this can be done in 15 different ways. Order them
next in one of the 24 possible ways. Altogether there
are 24 x 15 = 360 possibilities. There is then a
unique product transformation that transforms the
four product vectors to the form given in Equa-
tion (41). We know that it must transform the state
p into one of the rank (4,4) states described by the
Equations (46), (48), and (51), since these are the
only rank (4,4) entangled PPT states of this form.

5. RANK (5,5) PPT STATES IN 3 X 3 DIMENSIONS

Our main purpose with the present study has been
to try to understand the rank (5,5) entangled PPT
states in 3 x 3 dimensions. In particular, we would
like to understand better the relation between Img p
and Img p” when p is a rank (5,5) PPT state. A
natural question is whether p is SL-symmetric, as
defined in Equation (33), so that Img p” = V Img p.



The product vectors in Img p and Img p*” are very
useful for answering the question of SL-symmetry, es-
pecially when both these spaces have dimension five.
By Equation (14), the number of constraints to be
satisfied by a product vector is K = 4, thus K+1 =5
is precisely the critical dimension at which every sub-
space contains one or more product vectors, and a
generic subspace contains a finite number of product
vectors, exactly six in this case.

5.1. Standard form for generic subspaces. Any
set of five product vectors w; = u; ® v; in a generic
five dimensional subspace may be transformed by an
SL x SL transformation, followed by suitable normal-
izations, to the standard form [15]

1 00 11
u=1101 01 p |,
0011 gq
(52)
10011
v=|( 0101 r |,
0011 s
with p,q,r,s as real or complex parameters. By

generic we here mean that any three vectors in u
and in v are linearly independent. There will also
be a sixth product vector which is a linear combina-
tion of the above five. The parameters p,q,r, s are
determined by the following ratios of determinants,

o det(urupua) det(urugus) — p
1= det(ujugus) det(ujuzug) ¢’
(53)
det(ujugus) det(uguqus)
§2 = — =q— 17
det(ujuguy) det(ugusus)
o det(vivovs) det(vivgvs) T —s
3= det(vivous) det(vivgvg) s
(54)
< det(vivzvs) det(vavzvg) 7
1 det(vivovs) det(vgvgvs) 1 —r

All the parameters s; are invariant under SL x SL
transformations. Hence for given vectors w; and v;
not on standard form these formulas may be used to
calculate the values of the parameters p, g, 7, s with-
out actually performing the transformation to stan-
dard form.

Though only wuq,...,us and vi,...,vs occur in
Equations (53) and (54), since the numbering is ar-
bitrary all six product vectors must be taken into
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consideration when calculating the invariants. Dif-
ferent permutations of the six product vectors will in
general give different values for the invariants.

The standard form in Equation (52), or equiva-
lently the invariants s; defined in Equations (53) and
(54), can be used to check whether p and p are
SL-equivalent. We must find the six product vec-
tors in Imgp and Img p”, in some order. Then we
either transform these to the standard form in Equa-
tion (52), or calculate directly the invariants s; for
both subspaces. For the comparison we must try all
the 6! = 720 permutations of the six product vectors.
If the invariants so calculated for Img p and Img p”
are identical for some permutation, then these sub-
spaces can clearly be transformed by a unique SLxSL
transformation to the same standard form in Equa-
tion (52) with the same values of p, ¢, 7, s. The trans-
formations of both spaces to a common standard
form then define a transformation V = V4 ® Vg from
Imgp to Imgp’. Tt is then easy to check whether
pF = aVp VT for some a > 0.

Note that the partial transpose of p with respect
to subsystem A is (p”)*. If p is SL-symmetric under
this partial transposition, then it means that the in-
variants of Img p” will be the complex conjugates of
the invariants of Img p.

Separable rank (5,5) states. In a generic five dimen-
sional subspace of C? containing six normalized prod-
uct vectors w; = u; ® v;, we may construct a five
dimensional set of separable states as convex combi-

nations p
_ E :C"LU‘U}T
p* 1 1%

i=1

with ¢; > 0 and >, ¢; = 1. Hence all the separable
states in the subspace are contained in a simplex with
the six pure product states as vertices. The partial
transpose of p is

(55)

6
pP = Z C; aﬂﬂj, (56)
i=1

where w; = u; ® v) is the partial conjugate of w;.
The six partially conjugated product vectors will be
linearly independent in the generic case, hence the
separable states in the interior of the simplex will
have rank (5,6).

On the boundary where one coefficient ¢; vanishes,
p will be a rank (5,5) PPT state. In this case five
of the product vectors in Imgp and in Imgp!” are
partial conjugates of each other, whereas the sixth
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product vectors in the two spaces are related in a
more complicated way, unless all vectors v; are real.

The surface of generic rank (5,5) PPT states. It
is known that a generic four dimensional subspace
is not the range of any entangled rank (4,4) PPT
state [10]. It appears however in our numerical in-
vestigations that every generic five dimensional sub-
space is the common range of extremal and hence
entangled rank (5,5) PPT states that together form
an eight dimensional surface [15]. It is an interest-
ing numerical observation that the dimension of the
surface of rank (5,5) PPT states in a generic five di-
mensional subspace is higher than the dimension of
the simplex of separable states.

In order to compute this surface numerically we
consider the perturbation

pl=p+eA, (57)
with TrA = 0 and A satisfying Equation (29). We
find eight linearly independent solutions for A in ad-
dition to the trivial solution A = p, meaning that the
surface has dimension eight.

Similarily, if we want to find the dimension of the
total set of rank (5,5) PPT states we find that Equa-
tion (28) has 48 linearly independent nontrivial solu-
tions. The dimensions 8 and 48 are consistent with
the fact that the set of five dimensional subspaces
has dimension 40 [15].

5.2. Nongeneric subspaces. By definition, for a
generic set of vectors in C? any subset of three vec-
tors will be linearly independent. For a generic rank
(5,5) PPT state p, Imgp contains six product vec-
tors w; = w; ® v;. A nonzero vector z € C® can
at most be orthogonal to two vectors wu;, and a
nonzero y can at most be orthogonal to two v;, hence
z = x®y can at most be orthogonal to four w;. Since
Kerp = (Imgp)* it is clear that in the generic case
it is not possible to have a product vector in Ker p,
as described in Section 3.3. Thus generic states must
have nye = 0.

In order to construct pairs of orthogonal subspaces
U C C®and V = Ut with || = 5 and |V| = 4, such
that )V contains one or more product vectors, we must
alter the generic linear dependencies of the u; and v;
vectors. Instead of the generic condition that any
three vectors either in w or in v must be linearly in-
dependent and span C? we introduce the condition
that any four vectors must span C3 Then it is possi-
ble to have one or more product vectors z; = z; ® y;

with each z; orthogonal to g, up, u. and y; orthogo-
nal to vq, ve, vy where a,b, ..., f is some permutation
of 1,...,6.

In the above sense it is the subspaces that are inter-
esting, and to a lesser degree the states themselves. A
general characterization of two orthogonal subspaces
U and V with regard to the number of product vec-
tors they contain, is then {n,;n,}.

Since z; = x; ® y; € Kerp if and only if z; =
Tj® y;-‘ € Ker pT, it is clear that the kernels of p and
p" are related when they contain product vectors. In
particular, if y; is real then z; = Z; € Ker pf. Aslong
as Nger < 4, which is always the case in the exam-
ples we have constructed here, we can always choose
a standard form where all the vectors x; and y; are
real.

6. A SUMMARY OF NUMERICAL RESULTS

We summarize here the main results of our numer-
ical investigations. For ease of reference we number
the cases from I to VIL.

6.1. Generic states. Case (I). The generic rank
(5,5) PPT state is an extremal and hence entangled
{6,6;0} state. By definition, a generic state is found
in a completely random search for rank (5,5) PPT
states. The number of generic rank (5,5) PPT entan-
gled states we have generated are in the thousands.
They are all non-SL-symmetric, and since they are
extremal they are also edge states. The partial trans-
pose p¥ of a generic rank (5,5) PPT state p is again
a generic rank (5,5) PPT state.

6.2. Nongeneric states. The nongeneric states
have from one to four product vectors in the ker-
nel, as discussed in Section 5.2. We have defined
standard forms for nongeneric orthogonal subspaces
U and V with various numbers {n,;n,} of product
vectors. We take the product vectors in V, as many
as we need, to have the standard form given in Equa-
tion (41). We have then produced a large number
of PPT states p of rank (5,5) with Imgp = U and
Kerp =V.

In addition to the generic case (I), we have studied
the following nongeneric cases:

Case (II), ngey = 1. Then Ker p contains z; from
Equation (41), and Img p is defined by Equation (78).
The rank (5,5) PPT states found are all extremal and
of type {6,6;1}.

Case (III), nye = 1. This is the special {2;1}
subspace presented in Section 8, producing both ex-
tremal and nonextremal entangled rank (5,5) PPT



states. The extremal states are of type {2,6;1}.
Some of the nonextremal states are of type {2,6;1},
others are symmetric under partial transposition and
therefore of type {2,2;1}.

Case (IV), nger = 2. Then Ker p in the standard
form contains z1, z3, and Imgp is defined by Equa-
tion (70). The rank (5,5) PPT states found are all
extremal and of type {6,6;2}.

Case (V), nger = 3, where Ker p contains z1, 29, 23,
and Imgp is defined by Equation (64). The rank
(5,5) PPT states found are all nonextremal and of
type {6, 6;3}.

Case (VI), nger = 4. This is the case discussed in
Section 4, with Imgp defined by Equation (43). It
gives a new way of constructing the extremal rank
(4,4) PPT states.

Case (VII), nger = 2. Kerp contains 21, zo from
Equation (41), whereas Imgp is defined by Equa-
tion (73) and contains an infinite number of product
vectors. The resulting {co, 00; 2} states include both
extremal and nonextremal states, and also some in-
teresting rank (4,5) PPT states. We know that the
latter do not exist in generic subspaces [15].
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Tables. Using the projection operators and extremal-
ity tests outlined in Section 3.5, we can calculate the
dimensions of the surfaces defined by Equations (26)—
(29) for the various types of states. We use the ab-
breviation P+ P for the operation that preserves the
range of both p and p’, Q + Q for the preservation
of the rank of both p and p”, and finally P + Q and
Q + P for the two other projections. The dimen-
sion given by the trivial solution A = p has been
subtracted. Note that for many of the states the di-
mension defined by P+ P is zero, indicating that the
state is extremal and therefore known with certainty
to be entangled.

Presented in Table 3 are data for the various ran-
dom rank (5,5) PPT states we have produced. In
addition to the dimensions defined above, we also in-
dicate whether the states are edge states and if they
satisfy the range criterion, both of which are defined
in Section 3.4.

All states are non-SL-symmetric and are produced
in large numbers, with the exception of the {2,6;1}
states, where a total of 15 states have been produced.

Case | {Nimg, Nimg; Mker} | Q+Q | P+ Q | Q+P | P+ P | Edge | Range
I {6,6;0} 48 8 8 0 Yes No
11 {6,6;1} 49 9 9 0 Yes No
11T {2,6;1} 49 9 9 0 Yes No
v {6,6;2} 50 10 10 0 | Yes | No
v (6,63} 51 11 11 3 | No | No
VI {6,6;4} 52 12 12 5 | No | Yes

{0, 00; 2} 50 12 12 0 Yes No

VII {00, 00; 2} 50 11 11 6 | No | No

{00, 00; 2} 50 15 15 9 No No

TABLE 3. Data for the random rank (5,5) PPT states we have produced based on the
standard forms presented in Section 7 and the special {2; 1} subspace in Section 8. The affix
a indicates that these states are PPT states of rank (4,5). All states are non-SL-symmetric.
For the dimensions of the various surfaces the trivial solution A = p has been subtracted, so

the states for which P + P = 0, are extremal.

6.3. SL-symmetric states. The complete set of
PPT states of rank (5,5) has dimension 48, and the
set of SL(3, C) x SL(3, C) transformations has dimen-
sion 16 4+ 16 = 32, so the set of equivalence classes of
rank (5,5) states with respect to SL x SL transforma-
tions will have dimension 16 [15]. Hence in a random

search for PPT states of rank (5,5) we will never find
two states belonging to the same equivalence class.
We also find that a generic state p does not belong
to the same SL-equivalence class as its partial trans-
pose pf. So, SL-symmetric states can be found nu-
merically only by conducting specific searches.
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We have randomly produced 50 SL-symmetric
PPT states of rank (5,5), which apart from being
SL-symmetric, are generic {6,6;0} states. These
searches are rather special in the sense that we look
for transformations of the form (33), but with a = 1,
i.e. transformations that are trace preserving. This
choice is mainly motivated by the fact that due to
Equation (38) we might in this way expect to find
states that are genuinely SL-symmetric.

Out of the 50 states produced in this way, about
half are genuinely SL-symmetric, as defined by Equa-
tion (35). This conclusion is drawn from producing
the actual SL x SL transformations from p to p.
Then, by comparing to the form in Equation (39)
and constructing the transformation U from (40),
one may check for genuine SL-symmetry. We con-
sider two transformations V; and V5 to be identical if
they differ only by a phase factor ¢!, i.e. Vi = €@V,
For the cases of genuine SL-symmetry, the number
of SL x SL transformations from p to pf is always
three, and out of these there is only one that has the
form given in Equation (39).

Given three positive matrices A = [a;5], B = [bi;]
and C' = [¢;;], a special class of states proposed by
Chrusciniski and Kossakowski [16] are states of the
form

a2
b12 b1

ail a13

b11
c11 c12
21 €22

C13
€23
a2 as3
bag bag
b3z b33

- 33

asi

ba1

ba3
C31 €32

>
Il

azy a2 as3
As long as A, B and C are positive matrices, then
so will p. There are additional constraints on the
elements a;j,b;; and ¢;; in order for p to be a PPT
state. Interestingly, all the genuinely SL-symmetric
PPT states of rank (5,5) which we have produced,
can be transformed by product transformations to
the form (58). If we for a genuinely SL-symmetric
PPT state p of rank (5,5) take the two transforma-
tions V; and Va # Vi, so that

VipVi =", VapVy =", (59)
then the transformation S = Vi ~!'V4 will transform
from Imgp to Imgp. Assuming that V; is of the
form (39), the transformation S = S4 ® Sp satisfy

S3 = I. If all transformations are nonsingular then
S4 and Sp will have the eigenvalue decompositions

3
Sa=>Nigigl,

3
Sp=Y_ pihihl,  (60)
i=1 i=1

where the eigenvalues \; and p; are complex roots
of the form {1,w,w?} with w3 = 1, and the eigen-
evectors {g;} and {h;} are orthonormal sets. The
transformations

TXI = TL = [gla927g3]7

Ty =Tk = [ha, ho, h),
are such that

(61)

TpT'=p  with T=T4®Tg. (62)

For the SL-symmetric states that are not genuinely
SL-symmetric, there is only one SL x SL transforma-
tion from p to p¥, and this is never of the form given
in Equation (39).

Our searches for SL-symmetric states have also
produced a small number of states that have sev-
eral other nongeneric properties, in addition to be-
ing SL-symmetric. From the results of these searches
we have collected many nongeneric structures, and
these have been instrumental to the study of the
nongeneric standard forms given in Chapter 7. For
instance, the very special subspace discussed in Sec-
tion 8, which is a {2;1} subspace, is collected from a
small number of {2,2;1} SL-symmetric states found
in these random searches.

7. NONGENERIC RANK (5,5) PPT STATES

We present several standard forms for nongeneric
orthogonal subspaces Y = Imgp and V = Kerp
of dimension five and four. The set of parameters
a;, by, ¢, d;, e;, f; is usually assumed to be chosen in
a generic, or completely random manner. One may
however also make investigations into certain non-
generic choices for these coefficients.

These standard forms can be used to construct
nongeneric rank (5,5) PPT states with a range de-
fined by the given standard form, and with nye, >
0. Some of these constructions give states that
generically are extremal in P and therefore entan-
gled, while some return generically only nonextremal
states.

The case nyer = 3. Given three product vectors in
the kernel of p we can make a product transforma-
tion so that we get for these z; = x; ®y; fori =1,2,3



from Equation (41). We choose the orthogonality re-
lations

zlj_ui i=2,3,6, ng_UZ‘ 7,'21,4,57
o Lu;, 1=1,3,5, Yo L v i =2,4,0, (63)
zgl_u,‘ i=1,2,4, ylLUi i=3,5,6.

A standard form for the six product vectors w; =
u; ® v; in the range of p is then

1 0 0 a 1 O
v=|10 1 0 1 0 ©bs],
0 0 1 0 e 1
(64)
0 d 1 0 0 1
v=11 0 e3 0 1 O
fi 1.0 1 0 0
This gives the product vectors
0O 0 0 0 0 O
1 0 0 0 1 O
f1 0 0 a4 0 0
0 do 0 0 0 bg
w=]0 0 0 0 0 0 (65)
0O 1 0 1 0 0
0O 0 1 0 0 1
0 0 €3 0 Cr 0
0O 0 0 0 0 O

Let A be the 6 x 6 matrix that results from removing
the rows of zeros, i.e. the rows one, five, and nine
from w, then

det A = does fi — aygbges. (66)
Since we want the six product vectors w; to span
a five dimensional space we require that det A =
0. This equation determines the sixth parameter
uniquely if we choose random values for five of the
parameters ay, bg, c5, da, €3, f1.

We impose the further restrictions that all the six
parameters ay, ..., f1 should be nonzero, and that

a4 1 0
1 0 b |=—1—aygbges #0,
Cs 1
(67)
do 1
1 0 e3 |=14desf1 #0.
fi 1 0

Then the three vectors us, us, ug are linearly depen-
dent, and so are ui,us,us and ui, us, ug, but these
are the only sets of three vectors u; that are lin-
early dependent. In the same way, the only sets
of three linearly dependent vectors v; are vy, vy, vs,
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then vs, vy, vg, and vs, vs, vg. These linear dependen-
cies make it possible for the three product vectors
21, 22, 23, and only these, to be orthogonal to all the
six product vectors w;.

One may check that with these choices of parame-
ters there are no more product vectors that are linear
combinations of the six vectors w;.

It should be noted that we have a further freedom
of doing diagonal product transformations. In this
way we may actually reduce the number of parame-
ters in our standard form from six to one, setting for
example ay = ¢5 = do = f; = 1. We must then set
bg = e # {0,—1} in order to satisfy all the condi-
tions.

A PPT state p with Img p spanned by the product
vectors wi,...,ws and with 21, 20,23 € Ker p must
also have z1, 2, 23 € Ker pP. For given w and z these
restrictions on p reduce our search for such states to
a seven dimensional subspace of Hyg. Six of the seven
dimensions are spanned by the pure product states
wiw;7 and there is only one dimension left where
there is room for entangled PPT states.

In random numerical searches we have produced
different sets of product vectors and hundreds of rank
(5,5) PPT states. We find that they are all entan-
gled but not extremal. The only extremal PPT states
are the six pure product states and a four dimen-
sional surface of rank (4,4) states. The normalized
product states p; = Niwiw;f with normalization fac-
tors IN; define a five dimensional simplex, which con-
tains two special equilateral triangles with corners
P1, P2, p3 and py, ps, pg. We never find these separa-
ble states in random searches.

A rank (5,5) entangled PPT state arises as a con-
vex combination of an arbitrary rank (4, 4) extremal
PPT state and a separable state from one of the two
special triangles. Fig. 2 shows one three dimensional
set of rank (5,5) PPT states bounded by the triangle
P4, P5, pe and a two dimensional surface of extremal
rank (4,4) PPT states. This geometry implies that
when p is a rank (5,5) PPT entangled state there are
always three product vectors w; = u; ® v; € Imgp
such that w; = u; ® v} € Img pP. The two possible
sets of three are ¢ = 1,2,3 or i = 4,5,6. Since there
are less than five such product vectors, the range cri-
terion is not fulfilled.

A separable state mixed from n product states p;
has rank (n,n) if n < 6. It has rank (5,6) and lies
in the interior of the simplex if n = 6. Rank (5,6)
entangled states arise in many ways, for example as
convex combinations of one rank (4, 4) extremal state
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and pure product states from both special triangles,
for example p; and ps. Ranks higher than six are
of course impossible, since Ker p?” contains the three
product vectors z1, 29,23. Another consequence of
the last fact is that Img p” contains six product vec-
tors of the form in Equation (65), usually with other
values for the coefficients a4, bg, cs5, da, €3, f1.

We conclude that all of the rank (5,5) states pro-
duced in these searches are {6, 6; 3} entangled nonex-
tremal states that are neither edge states nor satisfy
the range criterion.

0.5r

0.5 1

FIGURE 2. A three dimensional set, the interior of
which consists of nonextremal entangled rank (5,5)
PPT states. The set is bounded by an equilateral tri-
angle at z = 0 defined by three pure product states
P4, P5, p6, and a two dimensional surface (z > 0)
of extremal rank (4,4) PPT states. The curves are
equidistant contours at intervals of Az = 0.07. The
coordinates z,y, z are dimensionless.

The case nier = 2. Given two product vectors in
Ker p we can always make a product transformation
so that we get z; = z; ® y; for i = 1,2 from (41).

We have the freedom of doing further product
transformations with

(VAT)ill'i = T4,

(68)
(V)i = B,

for i = 1,2 and with «a;, 8; € C. In order to have six
product vectors w; = u; ®v; orthogonal to 21, z2, one

possibility is to impose the following orthogonality
conditions,

T J_’U,Z' i=1,2,3,

i=3,4,5,

Y1 J_’U,‘ i=4,5,6,

i=1,2,6. (69)

) 1 Uy Y2 1 v;
These conditions are satisfied when the six product
vectors w; = u; ® v; in the range of p have the stan-
dard form

0 0 0 a4 a5 Qg
u=1|b bo 0 0 0 Vb |,
1 1 1 1 1 1
(70)
dy doy d3 0 0 O
v=|0 0 e3 e e5 0|,
1 1 1 1 1 1
with a;, b;, d;, e; € C. We then get
0 0 0 0 0 0
0 0 0 a4g€4 Qa5€s5 0
0 0 0 a4 as ag
bidy bady O 0 0 0
w = 0 0 0 0 0 0 (71)
b1 b 0 0 0 be
dy  do ds 0 0 0
0 0 es ey es 0
1 1 1 1 1 1

We may generate random values of the coefficients
a;, bi, d;, e; defining any five of the six product vec-
tors w;. Then we always find a sixth product vector,
unique up to normalization, which is a linear combi-
nation of the five. The complete set of six product
vectors then has rank five and automatically takes
the form given in Equation (71). It is straightfor-
ward to check that z1, zo are the only product vectors
orthogonal to all the w;.

We generate rank (5,5) PPT states p with
wi,...,ws € Imgp. With the additional restriction
that the two fixed product vectors z; and zs should
be in Ker p”, the search can be restricted to an 11 di-
mensional subspace of the 81 dimensional space Hg
of Hermitian matrices.

With different sets of product vectors generated
in this way we have produced numerically, by ran-
dom searches, hundreds of rank (5,5) PPT states.
They are all extremal. Hence they are also edge
states, that is, when u; ® v; € Imgp we never have
u; @ v € Img pP. The partial transpose p? of such
a state p always has the same characteristics, i.e.
there are six product vectors in Tmg p?” of the form



given in Equation (71), but with different values of
the coefficients a;, b;, d;, €;.

In summary, all the states produced in this way
are {6, 06;2} extremal states.

The case nyey = 2 with symmetric orthogonality re-
lations. Observe that for the above standard form
given in Equation (70), the orthogonality relations
in Equation (69) overlap. This has been done inten-
tionally, and the reason will become clear when we
now try to impose the more symmetric orthogonality
relations

xlj_u,; 2'2172737

i=4,5,6,

ylj-vi i:475767

i=1,2,3. (72)

xzj_u,; ygj_vi

This would give six product vectors w; = u; ® v; in
Img p on a standard form

0 0 0 a4 Qa5 ag
u = bl bg b3 0 0 0 5
1 1 1 1 1
(73)
di dy d3 0
v=10 0 0 e e5 eg |,

where a;,b;,d;,e; € C. As compared to Equa-
tion (78) it means that we set by = bs = bg = 1 =
ea = e3 = 0. We then get

0 0 0 0 0 0

0 0 0 aq€yq as€s ae€e

0 0 0 a4 as ag
bidi bady bzdz O 0 0

w=| 0 0 0 0 0 0 (74)

b1 by b3 0 0 0

di  do ds 0 0 0

0 0 0 ey es eg

1 1 1 1 1 1

Omitting one of the six product vectors gives
rankw = 5. However, omitting for example wg, we
can find no sixth product vector of the form wg in
the five dimensional subspace. On the other hand,
there will be infinitely many product vectors that are
linear combinations of wy, ws, ws. In fact, uz and vs
must be linear combinations

u3z = a1uy + ousg,

75
v3 = B1v1 + Bava, (75)
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and then for any 1,79 € C the product vector
w' = u' @ v with

!
U = y1001Uu1 + Y200u2,

, (76)
v = 718101 + 2,302,

will be a linear combination of w1, ws,ws. All these
product vectors lie in a three dimensional subspace
of a C2 @ C? subspace.

Our search for rank (5,5) PPT states p with
wi,...,ws € Imgp and 21,25 € Kerp® can now
be restricted to a 13 dimensional subspace of Hg.
Using five such randomly generated product vectors
w1, ..., ws to create subspaces of dimension five, we
have produced numerically by random searches hun-
dreds of rank (5,5) PPT states. Most of the states
we find are separable, but we also find a very small
number of extremal rank (5,5) PPT states.

We find that 11 of the 13 dimensions in Hy rep-
resent unnormalized separable states, and the entan-
gled PPT states account for the last two of the 13
dimensions. This can be understood as follows. The
product vectors wy, we, w3 span a three dimensional
subspace containing infinitely many product vectors.
These product vectors generate a set of unnormal-
ized separable states of dimension nine, the same as
the complete set of unnormalized density matrices
on the three dimensional subspace. In addition we
get two more dimensions of separable states from the
product vectors wy and ws.

Note that a separable state mixed from more than
three product vectors in the C? ® C? subspace will
have rank (3,4). Hence, if we mix in also one or both
of wy,ws we will get separable states of rank (4,5)
or (5,6), respectively.

The partial transposes of the states we construct
numerically have the same characteristics, thus all
the states are of type {oo,00;2}. It is noteworthy
that it is possible for an extremal rank (5,5) PPT
state to have infinitely many product vectors in its
range.

The case nie; = 1. Given a product vector in the ker-
nel of p we may perform a product transformation as
in Equation (30) so that the vector after normaliza-
tion take the form z; = x; ® ¥, where again z is
taken from Equation (41).

This transformation is not unique, and we have
the freedom of doing further transformations with

(VAT)flzL’l = axy,

77
(Vi 'y = By, )
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with «, 8 € C. We assume that the six product vec-
tors w; = u; ® v; in the range of p have the standard
form
0 0 0 a4 as ag
u= (b by by by b5 bs |,
1 1 1 1 1

di do d3 0 0 0
v=|€1 €2 €3 €4 €5 €6 |,
1 1 1 1 1 1

where a;, b;,d;,e; € C. They are then orthogonal to
21 = 11 ® Y1 because

l‘lJ_ui i=1,2,3, le_vi i=4,5,6. (79)
We then get
0 0 0 0 0 0
0 0 0 a4eq ases ases
0 0 0 a1 a5 ag
bidy bady bzds 0 0 0
w = b1€1 bgeg 5363 b4€4 b5€5 6666 (80)

by be by ba by bs
di dy d3 0 0 0
€1 €9 €3 €4 €5 €6
1 1 1 1 1 1

The normalization in Equation (78) presupposes that
the third component of every vector is nonzero.
There is no loss of generality in this assumption, be-
cause of the freedom we have to do product transfor-
mations. This freedom could actually be used to re-
duce the number of parameters in the standard form
given in Equation (78).

In our numerical searches we generate, for exam-
ple, random values for the coefficients a;, b;, d;, e; for
i = 1,...,5. This is then a generic case in which
w1, ..., ws span a five dimensional subspace, and
there will be a unique solution for ag, bg, €6 such that
wg lies in this subspace. There are no other product
vectors in the subspace, in the generic case.

Furthermore, there can be no product vector 2z’ =
2/ ® y' orthogonal to all w;, apart from 2’ = z;. In
fact, 2’ can at most be orthogonal to three vectors u;,
because any four vectors u; span C3 Similarly, v’ can
at most be orthogonal to three vectors v;. The only
set of three linearly dependent vectors w; is uy, ug, us,
and the only set of three linearly dependent vectors
v; 18 vy, v5,v6. The only possibility is therefore that
2’ L u; with i = 1,2,3 and ¢/ L v; with i = 4,5,6,
implying that 2’ = 21.

We generate rank (5,5) PPT states with this sub-
space as range. In general, there is a 25 dimensional
real vector space of Hermitian matrices operating on
a fixed subspace of dimension five. However, when
we are searching for a PPT state p with pz; = 0, we
have the additional restriction that the partially con-
jugated product vector 21 =21 Qyj =21 @Y1 = 21
must be in Ker p”. This reduces the 25 dimensions
to 17, because the equation pz; = 0 gives the four
extra complex equations p;r = 0 with j = 2,3 and
k= 4,7. It is straightforward to find rank (5,5) PPT
states in this 17 dimensional space of Hermitian ma-
trices.

In random searches we have produced hundreds of
such states for many different sets of product vec-
tors w. All states produced in this manner are ex-
tremal. Hence they are edge states, that is, when
u® v € Imgp we never have u ® v* € Imgp’. We
find that the partial transpose p” always has the
same characteristics as p, i.e. there are six product
vectors in Img p”” of the form in Equation (78), but
with different values for the coefficients a;, b;, d;, e;.

So in our classification all these states are {6, 6;1}
extremal states.

The case nimg < 6. All the above forms have been
constructed as to contain (at least) six product vec-
tors. There is however no reason to limit the possible
values of g to this. The maximum dimension of
an entangled subspace, a subspace that does not con-
tain any product vectors, is known from [13]. For the
3 % 3 system the limiting dimension is 4. So any sub-
space of C° of dimension five or higher must contain
at least one product vector. We shall see in the next
section an example of a very special {2;1} subspace
of C°.

For any five dimensional subspace of C? to con-
tain less than generic number of six product vectors,
the set of equations in (13) must have degenerate so-
lutions. To fully describe extremal rank (5,5) PPT
states according to the {nimg, Nimg; Nker } characteris-
tic, these matters should be further developed.

8. AN EXCEPTIONAL SUBSPACE OF TYPE {2;1}

A generic five dimensional subspace of C3 @ C3
contains exactly six product vectors. Obviously, a
nongeneric five dimensional subspace may well con-
tain infinitely many product vectors, if it contains a
whole product space C! @ C% C? @ C!, or C? ® C2
On the other hand, it may also contain less than six
product vectors.



In our random searches for rank (5,5) PPT states
with the special symmetry property that the state
p and its partial transpose p” are SL-equivalent, we
have found four such states with niy,g = 2. A further
special property of these states is that nye, = 1, i.e.
there is exactly one product vector in Kerp. The
states are not extremal, since three of them lie on a
line between a pure product state and a rank (4,4)
extremal PPT state, whereas one lies inside a two di-
mensional region bounded by a closed curve of rank
(4,4) extremal PPT states.

Further numerical random searches for rank (5, 5)
PPT states with the same range as the non-extremal
rank (5,5) PPT states described above, but not
restricted to SL-symmetric states, reveal extremal
states of type {2,6;1}. It is clear that a subspace
with only two product vectors supports just one line
of separable states.

We find that the pure product state and the curve
of rank (4,4) states are parts of the same geome-
try, which can be transformed to a standard form as
shown in Figure 3. It is an empirical fact that a rank
(4,4) state 744 involved in such a construction of a
rank (5,5) state p can always be transformed to a
standard form where the product vectors in Ker 744
are related to regular icosahedra. We will now de-
scribe this standard form in more detail.

8.1. Rank (5,5) states in a region bounded by
rank (4,4) states. We describe here analytically a
set of states found by transformation to standard
form of one particular rank (5,5) nonextremal PPT
state found numerically in a random search. This
particular state lies inside a curve of rank (4,4)
states, but the three other states we have found be-
long to the same geometry. It is remarkable that an-
alytically defined states possessing such very special
properties turn up in random searches. Our limited
imagination would not have enabled us to deduce
their existence.

After transformation to standard form the rank
(5,5) state lies inside a circle bounded by extremal
rank (4,4) PPT states. The interior of the circle con-
sists entirely of rank (5, 5) PPT states, each of which
has exactly one product vector in its kernel, this vec-
tor is common to all the rank (4,4) and rank (5,5)
states. Each of the rank (4, 4) states have five addi-
tional product vectors in its kernel, these are different
for the different states. The rank (4,4) states have
no product vectors in their ranges, whereas all the
rank (5,5) states have one common range contain-
ing exactly two product vectors. All the rank (4,4)
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and rank (5,5) states are symmetric under partial
transposition.

Product vectors from a regular icosahedron. In the
standard form we define, all the product vectors
in the kernels of all the rank (4,4) states are de-
fined from regular icosahedra, as follows. We define
¢ = cos(2km/5), s = sin(2kn/5), thus

VE—1

Cl =C = 4 P
10 +2v/5
81 = —84 = 4 )
81
2 = C3 = 4 ’
10 —2V/5
S§9 = —83 = 1 .

Note that ¢ = 2¢; = 0.61803... is the golden mean,
defined by the equation ¢ = 1 — ¢.

We define product vectors z = xp ® yi for k =
1,2,...,6 with

1 2 201 202 263 204 0
r=—1| 0 251 259 253 254 0 |,
N R NG (62)
202 2 203 201 2()4 0
e 252 0 253 281 284 0

y:
Vb 11 1 1 1

The 12 vectors +xy, are real and are all the corners of
a regular icosahedron. The vectors y; as defined here
are the same vectors in a different order. We define
z and y in such a way that x5 = y5 and ¢ = yg. The
product vector zg is going to play a special role, it
will be the one common product vector in the kernels
of any two of the rank (4,4) states.

The six product vectors zj are linearly dependent
and define a five dimensional subspace of C% The or-
thogonal projection on this subspace may be written

as
5 6
Q= 5 ;mmﬂ

Since @ is a projection, with Q% = @, and is symmet-
ric under partial transposition, Q' = @, we conclude
that the matrix

(83)

T44 = i (I — Q) (84)

is a rank (4,4) PPT state, entangled and extremal.
This method for constructing such states is known as
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a UPB construction, since any five of the six vectors
2 form an unextendible product basis for the sub-
space, so called because there is no product vector
orthogonal to all of them [8, 9].

Note that @ and 744 are symmetric under partial
transposition with respect to subsystem B, in our
notation Q¥ = Q and 7'412 = T44, because the vec-
tors yi defined in Equation (82) are real. They are
also symmetric under partial transposition with re-
spect to subsystem A, in our notation Q7 = @ and
’7'412T = 744, because the vectors xj are real.

We now define product vectors wy = ug ® vy, for
k=1,2 with

1 1' . 0
ul:ﬁ 61 =vy =0}, ug= (1) , (85)
Note that us = x¢ = yg and
IR
up = Wi j;w x, (86)
with w = e 2™/% = ¢; —ig;. We define
W = wiwy = (uug') @ (v1val), (87)
and then the two Hermitian matrices
A=w+wl,  B=iWw-wf. (88

Since v1 = vy, W is symmetric under partial trans-
position,

W = (uluzT) ® (vlvlT)

89
= (uluj) ® (vlvlT)T = WP, (89)

and so are A and B. Define now
p="Tus+aA+ BB, (90)

with real parameters o and . Putting dy = 24a —
2v2¢; and t; = 248 — 24/2s1, the eigenvalues of p
are four times 0, three times 1/4, and

71 1 2 2
A= gk 1+ B8

Since p¥’ = p, we get a rank (4,4) PPT state with
A— =0 when

(91)

(240 —2v2¢1)* + (248 - 2v2s1) =8, (92)

In particular, a = 8 = 0 gives the state 744 that we
started from. Equation (92) defines a circle of rank

(4,4) states, which are in fact extremal PPT states.
All the states inside the circle are rank (5,5) non-
extremal PPT states. The centre of the circle we
call pg, it has a = v/2¢1/12 and B = V251 /12.

All the states defined by Equation (90) are sym-
metric under partial transposition with respect to
subsystem B, we have that

e vl (93)
=T44+aA+ﬁB:p.

However, because A and B are complex, p is complex

when a # 0 or 8 # 0. Then it is not symmetric un-

der partial transposition with respect to subsystem

A, we have then that

P =p" =p*#p.

All the rank (4,4) states on the circle are projec-
tions. The rank (4,4) state at an angle v around
the circle from the state 744 is Urgq U where U =
Us ® Up is a a unitary product transformation,

(94)

cos(y/10) —sin(v/10) 0
Ua = | sin(y/10)  cos(vy/10) 0 ,
0 0 e /2
. (95)
cos(v/5) sin(y/5) 0
Up = | —sin(y/5) cos(v/5) 0|,
0 0 1

The kernel of Uryy Ut is defined by the transformed
icosahedron vectors (UL)_lx = Ujz and (U;)_ly =
Upy. This transformation leaves yg invariant and xg
invariant up to a phase factor. A rotation by v = 27
is a cyclic permutation of the first five icosahedron
vectors,

Tl > —Tyg > Ty —Ts > T3 — —T1,

(96)
Y12 Ya > Yo o Ys 2 Y3 2 Y.

Note that the vectors uy, us, v1, and v are eigenvec-
tors of the transformation matrices U4 and Up, for
example,

Uaug = /104, (97)
Hence the pure states p, = wkw}; are invariant under
the transformation p — UpUT.

The geometry of this construction is depicted in
Figure 3. The four traceless matrices A, B, p1 — po,
and pg — po define directions in Hg that are mutually
orthogonal. The directions A and B define the plane
of the circle centered on pg. Thus, the two states



pr = wrwy with k = 1,2, together with the circle of
rank (4,4) states, define two cones that are different
three-dimensional faces of P, the set of PPT states.
All the nonextremal states on the surface of a cone
are rank (5, 5) states.

A state p lying inside a cone may be written as a
convex combination

p=ppss + (1 —p)pr, 0<p<l, (98)

with pss inside the circle and & = 1,2. This state
also has rank five, since wy € Imgpss. But its par-
tial transpose p” will have rank six, because it is a
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convex combination of pgg = ps5 and one of the two
pure product states

Pf = (u1 ®v9)(u; ® 1)2)Jf7

n

py = (ug ®v1)(uz ® v1)". )

Since pgng = p5T5 #+ pss, that is, ps5 is not symmetric
under partial transposition with respect to system A,
we conclude that neither is p. The same conclusion,
that p'T # p, follows because p’T must have rank
six, in fact it has the same eigenvalues as p’.

FIGURE 3. A pure product state p, = wpw! with k =1 or k = 2, together with the circle
of extremal rank (4,4) PPT states, define a three-dimensional conical face of P. States on
the surface that are nonextremal on the cone, are entangled PPT states of rank (5,5), while
the interior of the cone contains entangled PPT states of rank (5,6). The state pg is the
centre of the circle, and the state 744 is the special state defined in (84).

Since ug as defined in Equation (85) is real, it fol-
lows that p7 = p when we define

p=praa+(1—p)p2, 0<p<L (100)

Thus, a state p of this form is a rank (5,5) state on
the surface of a cone, and this state is symmetric
under partial transposition with respect to system
A. Since pf and p”T have the same eigenvalues,

we can deduce that p and p” have the same eigen-
values, although they are neither SU-equivalent nor
SL-equivalent.

If we define
p=ppas+ (1 —p)p2, (101)

using a different rank (4,4) state pyq in place of the
special state 744, then we get a state p that has no
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longer the same symmetry as p, but is equivalent to
p by a unitary product transformation U as given
in Equation (95). In this case again p, p%, and pr' 7~
all have the same eigenvalues, in fact, they have the
same eigenvalues as p, pb, and pFT.

If we replace py by p1 in Equation (100), then the
state p we get is not SL-equivalent to any one of p”
or pP'T. All three states p, p*, and pP7 still have the
same set of eigenvalues, although the reason is not
clear.

Four similar constructions. The construction just
described is one of four different ways of extending
the four dimensional subspace Img744 to a five di-
mensional subspace which is orthogonal to zg and
contains exactly two product vectors wy, ws. Define

0 1

b=—11 102
)l )
We find that the only possibilities are those given in
Table 4. They give rise to four different circles of
rank (4,4) extremal PPT states. The specific pos-
sibility given by Equation (85) is case 2 in Table 4.
Since a is real, it is quite obvious from Table 4 that
case 1 and case 2 are related by complex conjugation,
and so are also case 3 and case 4.

Case w1 wWo
1 bb* | a®b
2 | b*®b | a®b*
3 beb | b'®a
4 | 0*Q@b* | b®a
TABLE 4. The four ways to extend

Img 744 to a five dimensional subspace or-
thogonal to zg, and containing exactly two
product vectors wy, ws.

In our numerical random searches for SL-
symmetric PPT states of rank (5, 5) we have (by pure
chance) found four examples of states that are SL-
equivalent to states lying on the surface of a cone,
as described above. In one example the state lies
inside the circle, and is of the form given in Equa-
tion (90). This is the case discussed in detail above,
corresponding to case 2 in Table 4. In the three other
examples the state lies on the side of the cone, and
is of the form given in Equation (100). These corre-
spond to the case 3 and case 4 in Table 4, where we
have pl’ = py for the pure product state pa.

9. SUMMARY AND OUTLOOK

The work presented here is a continuation of previ-
ous studies of the entangled PPT states of rank (5, 5)
in the 3 x 3 system, with an emphasis on nongeneric
states. We use both numerical and analytical meth-
ods, and to some extent we build on ideas from [15].
For dimensions 3 x 3 it is known that the extremal
PPT states of lowest rank, which are not pure prod-
uct states, are entangled states of rank four. The
classification of these rank four states is believed to
be complete. The structure of extremal rank five
PPT states appear however much more complex.

The equivalence between PPT states under SL x
SL-transformations is a very important concept. The
special cases where p and its partial transpose p’
have this SL-equivalence are SL-symmetric states.
We define a state p to be genuinely SL-symmetric if
it is SL-equivalent to a state 7 = 7. We then show
that genuine SL-symmetry implies SL-symmetry,
and that in the case of genuine SL-symmetry at least
one SL-transformation from p to p” must have a
special diagonal block form and in addition be trace
preserving. We argue that SL-symmetric states can
be found numerically, but only by conducting spe-
cific searches. We have randomly produced 50 SL-
symmetric PPT states of rank (5,5), which apart
from being SL-symmetric, are generic states. These
searches are rather special in the sense that we look
for product transformations that are trace preserv-
ing. This choice is motivated by the fact that we
might in this way expect to find states that are gen-
uinely SL-symmetric. A summary of the results can
be found in Section 6.

Generic extremal PPT states of rank (5,5) have
no product vectors in their kernel. How to construct
PPT states that have a nonzero number nye, of prod-
uct vectors in the kernel is discussed in [15], and here
these matters are further developed. For the 3x3 sys-
tem this is essentially a study of orthogonal comple-
mentary subspaces U,V C C° of dimension five and
four, with certain nongeneric properties as described
in Section 5.2. Using these nongeneric properties we
have constructed several standard forms for ¢ and
V, with nye, ranging from one to four, and then pro-
duced PPT states of rank (5,5) with &/ = Img p and
V = Kerp. For a detailed summary of the results,
we refer to Section 6.

For the case nie, = 4 we find an interesting new
analytical construction of all rank four extremal PPT
states, up to SL-equivalence, where they appear as
boundary states on one single five dimensional face



on the set of normalized PPT states. The interior of
the face consists of rank five states, a simplex of sep-
arable states surrounded by entangled PPT states.
All these states are real matrices, symmetric under
partial transposition.

Also, a very special subspace, which is a {2; 1} sub-
space, is collected from a small number of {2,2;1}
states found in random searches for SL-symmetric
states. We describe analytically a set of states found
by transformation to standard form of one particu-
lar rank (5,5) nonextremal PPT state in this sub-
space. After transformation to standard form the
rank (5,5) state lies inside a circle bounded by ex-
tremal rank (4,4) PPT states. The interior of the
circle consists entirely of rank (5,5) PPT states, each
of which has exactly one product vector in its kernel,
and this product vector is common to all the rank
(4,4) and rank (5,5) states. Each of the rank (4,4)
states has five additional product vectors in its ker-
nel, these are different for the different states. The
rank (4,4) states have no product vectors in their
ranges, whereas all the rank (5,5) states have one
common range containing exactly two product vec-
tors. All the rank (4,4) and rank (5,5) states are
symmetric under partial transposition.

All our nongeneric standard forms have been con-
structed as to contain (at least) six product vectors.
There is however no reason to limit the possible val-
ues of nimg to this. The maximum dimension of an
entangled subspace is known from [13]. For the 3 x 3
system the limiting dimension is four. So any sub-
space of C° of dimension five or higher must contain
at least one product vector. An analysis on how to
construct subspaces of C° with various Nimg < 6 is
given in [11]. To fully describe extremal (5,5) PPT
states according to the number of product vectors in
the range and kernel, these matters should be further
developed.

As for the case of the generic PPT states of
rank (5,5), we still do not know how to construct
these. An underlying structure that these states
might contain, and that would make such a construc-
tion scheme possible, has yet to be found. Also, we
are even further from a full understanding of higher
rank extremal PPT states in 3 x 3 dimensions, or in
higher dimensions.
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