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Preface

This thesis started out as a project about deformations of quantum mechanics.
Although an interesting subject, I got a little stuck. So we decided to
choose another subject: Entanglement of states with unitary and permutation
symmetry, which also turned out to be a very interesting subject. It has
connections to many parts of mathematics: from abstract algebra (the theory
of polynomials) to Lie group theory (the representations of U,) and convex
geometry. Furthermore, the questions we ask have actual physical significance.

This also means that there is much to be said about our subject and that
many connections can be made. I feel that in this thesis I have only treated the
tip of the iceberg that is this subject.

Even though I have not obtained the results we set out for at the beginning of
this project: finding necessary and sufficient conditions for a state with unitary
and permutation symmetry of four or more particles to be separable, I think
there are many interesting results in this thesis. I feel that I have learned a lot,
not only about the subject of this thesis but also about mathematics in general.

I would like to thank Dr. Maassen for introducing me to the beautiful subject
of finite dimensional quantum stochastics and also for the countless hours he
spent with me working on my thesis, a lot of the ideas in this piece are his. I
would also like to thank Prof. Dr. Koelink for his help with the original subject
of this thesis and, together with Dr. Maassen, timely seeing that it was time to
change subjects.
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Introduction

Quantum mechanics is a theory that describes the way small particles interact.
It was derived from physical phenomena such as the photo electric effect
and the double slit experiment. The mathematical framework of quantum
mechanics gives rise to all sorts of counter intuitive phenomena, including
entanglement. Entanglement is a phenomenon which occurs when multiple
quantum mechanical systems are combined (so, for instance, when one looks
at a system of two electrons). The combined system can be in a state which
cannot be seen as the combination of states of the single particles. These states
are more than a mathematical construct: they have actually been measured.
In this thesis we will be interested in the entanglement of states with
permutation and unitary symmetry, which we will call completely symmetric
states. A lot of theory will be needed before we can properly treat these states.
So it will take some time before we can state the central question of this thesis.
We start with a chapter on Quantum Stochastics, which is the basic math-
ematical framework needed to understand quantum mechanics. As we said
we are interested in quantum mechanical states with certain symmetries, the
symmetries will be the subject of the second chapter. After that we will be able
to study completely symmetric states.

In this thesis the symbols N,Z,R,C will denote the natural numbers, integers,
real numbers and complex numbers respectively. All other notation will be
explained as we go along.
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Chapter 1

Quantum Stochastics

In this chapter we will treat the basics of quantum stochastics. We will
briefly introduce the concepts of states and observables and then turn to
combined quantum mechanical systems, for which we can define the notion
of entanglement.

1.1 Heuristics

We begin with a little heuristics. From experiments it turns out that in certain
aspects quantum mechanical systems behave as waves. For one, quantum
mechanical systems satisfy the superposition principle: if ¢»; and 15 are possible
states of a system, \111 + A21)s is also a possible state for A1, Ao € C. So the set
of states should be some vector space H. The square of the length of a vector
representing a state is interpreted as the intensity of the wave!, which means
that we assume that H is a normed vector space.

Example 1.1.1. Suppose we have a quantum mechanical system that can be
described by states in H = C2. Any state 1 € H can be written as:

P = Arer + Aqe

where {e1,e2} is an orthonormal basis for H. So the intensity of v is equal
to |)\1\2 + |)\2|2. Furthermore, the intensity of 1 in the ej-direction is equal to
M| = (¢ |er) |7, where (-|-) denotes the inner product on C2. So we can say

that 1 is for ‘%JT%'Q parts in the state eq.
Now an interesting phemomenon occurs. An electron has a property called
spin and spin has a magnitude (which is the same for every electron) and a
direction. If we measure the component of the spin along any azis in our three
dimensional world there are only two possible outcomes (let us call them 0’

and ‘1’°). However, in a general experiment, if we repeat the measurement on

IThis is called Born’s law.
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another electron (meaning that we prepare the setup in exactly the same way
and measure along the same azis), the outcome does not have to be the same.

Now suppose we perform the proposed experiment a large number of times.
Because we prepare the setup in exactly the same way for each measurement,
we assume that the electron has the same state 1 in each measurement.
Furthermore let e; be the (hypothetical) state with intensity/norm 1 which always
has outcome i and let \; be the number of times we have measured i divided by
the total number of measurements fori = 0,1. Then it would be natural to write
Ww = VAoeo + VAre1, where ||| is the norm on C2. So we may conclude
that we can model the measurement of the spin of an electron along some axis
can be modeled by H = C? with orthonormal basis {eo,e1}. If the electron is in

state v € ‘H the probability of measuring outcome i is Kﬁlfﬁél? fori=0,1.

The example above gives us an idea how to handle states in the general case.
We have already seen that the set of states should be a normed vector space and
the use of the inner products above suggests that we should let the set of states
form a vector space with an inner product defined on it. For reasons that we
shall not discuss, we also demand this vector space to be complete in the norm
induced by the inner product, which means that the set of states is a Hilbert
space.

We have also seen the interpretation of the inner product in terms of
probabilities. In particular we have seen that the question of whether or not
the system has a certain spin is related to the component of the ‘state vector’ in
the direction that corresponds to this spin, hence to the orthogonal projection
of this state vector on this direction. We will take this as a model for every
possible question about the system. So a question about a system described by
a Hilbert space H corresponds to an orthogonal projection? p : H — H. If the
system is in state ¥ € H then the probability that the answer to this question

is ‘yes’ is:
(¥ lpy)
()

We are actually never really interested in the intensity of the state vector, we
only want to know what the probability is of an answer to a certain ‘yes-or-no’-
question. This means that we might as well take states to be unit vectors in a
Hilbert space H.

Before we turn to the theory of quantum stochastics, we have one final
consideration. Suppose we have two questions p; and py about our state ¥ € H,
one might ask: what is the probability that the answer to both p; and py is
‘yes’? So which part of ¢ is in both p;’H and poH? If p; and ps commute then
the answer would be pypst) = pop11), but if they do not the answer is unclear,
because then for a general state ¢ € H p1p21) # pap1v. Because the operation
‘and’ is commutative, this is a serious problem. It means that for two general
questions, the operation ‘and’ is not defined. So in general we cannot know the

P[p is true] =

2A linear operator p : H — H with p? = p = p*. From hereon, if we talk about projections,
we will always mean orthogonal projections.
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answer to two questions at the same time. This will be something we have to
account for in a probabilistic framework for quantum mechanics.

1.2 Axioms

1.2.1 Pre quantum probability spaces

Now we have some understanding of the intuitive grounds for quantum
mechanics, we are ready for the general theory. We will approach the subject
from the point of view of questions (Heisenberg picture) instead of the point of
view of states (Schrodinger picture).

In the previous section we have seen that quantum mechanics is about the
probabilities that certain ‘yes-or-no’-questions are answered with ‘yes’ or ‘no’
by a state. So what we need is some sort of probability theory, like the classical
theory of probability as it was axiomatised by Kolmogorov. As it will turn
out, quantum stochastics, the natural probabilistic framework for quantum
mechanics, while similar to Kolmogorov’s probability theory, will differ in some
key points.

For a reminder we summarise Kolmogorov’s axioms in the following definition.

Definition 1.2.1. Let 2 be a set and ¥ a o-algebra on Q. Furthermore let
P: X — [0,1] be a map with:

1. If A,B €% with AN B =0 then P(AU B) = P(A) + P(B)

i=1

3. P(Q) =1

Then (2,3,P) is called a classical probability space. The elements of ¥ are
called events and P is called the probability measure.

As mentioned before we start with the set of questions. This set will play
the role that the o-algebra of events plays in classical probability. From the
considerations in the previous section it is clear that this should be some set of
projections on a Hilbert space H. Define:

PH)={p:H—H;p*=p=0p"} (1.1)

So our set of questions should be some set Q C P(H).
Let us look at the following set:

Q°={peP(H);pq=qpVq € Q} (1.2)

So Q° is the set of all questions that can be answered at the same time with
every question in Q. So Q° = (Q°) is the set of all questions that can be
answered at the same time with every question that can be answered at the
same time with every question of Q.
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Definition 1.2.2. Let H be a Hilbert space and let Q@ C P(H). Q is called full
if:
Q=09
Let B(H) denote the set of bounded linear operators on H. For A C B(H)

we define:
A" = {be€ B(H);ba = abVa € A} (1.3)

So by the bicommutant theorem A” = (A’)" is the von Neumann algebra
generated by A. This means that a set of projections Q is full if and only
if the von Neumann algebra generated by Q contains no projections that are
not in @ itself. So, by abuse of notation:

Q=0 09=P(Q" (1.4)

Instead of only looking at the projections, we will eventually mainly use von
Neumann algebras in our description of quantum mechanics, because then we
will be able to use the theory of operator algebras. The von Neumann algebra
corresponding to a system will be called the observable algebra. If we look at
a set of ‘yes-or-no’-questions for our system we will from hereon always assume
that this set is full, because then we know that we have all the possible ‘yes-or-
no’-questions for our system.

Finally note that for our replacement of the o-algebra we no longer need an
underlying set €2. There is also a physical reason that there should be no such 2.
The set 2 in classical probability namely is some sort of hidden set ‘explaining’
the behaviour of a random variable. In quantum mechanics we assume that there
are no such hidden variables, so it is not more than reasonable that there should
be no analogue to €2 in the probabilistic framework for quantum mechanics.
Next, we need to construct an analogue to the probability measure, which should
be some map P : @ — [0,1]. We start with looking at the properties of the
classical probability measure and how we can translate them into properties of
a quantum probability measure.

First of all, we have the sum property, if two events exclude each other then their
joint probability is the sum of the two separate probabilities. This translates
to: if p1,po € Q such that p1ps = papy = 0 then:

Plp1 +p2] = Plp1] + P [po] (1.5)

Next up there is the nested probability property. If we have a sequence of nested
events then the probability of the union should be the limit of the separate
probabilities. First we should have an idea of what a nested event is. Of course
there is the possibility that p1H C paH or equivalently p1ps = pap1 = p1. If
this is the case, we write p; < p2. So a nested sequence of projections is a
sequence p; < po < p3 < .... The next question is: which limit should we look
at? From the previous section it seems that we are mainly interested in how the
projections act on the underlying Hilbert space H. So in terms of convergence
we are interested in when p,¢ — py for all ¥ € H, where the limit is taken
with respect to the topology induced by the norm on H. We turn this into the
following definition.
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Definition 1.2.3. Let H be a Hilbert space and let {a,},—, C B(H) and let
a € B(H). We say that a,, — a strongly for n — oo if:

llany —ayp|| = 0 for n — oo Vip € H

In this case we write sot— lim a, = a.
n—oo

The following question is: If we have a sequence of nested projections p; < ps <
p3 < ..., does sot— lim p,, exist?

n—oo

Proposition 1.2.1. Let H be a Hilbert space and let Q be a full set of projections
on H and let p1 < py < p3 < ... be a sequence of projections in Q. Then there
exists a projection p € Q such that p = sot— lim p,.

n—oo

Proof: First of all, suppose p and ¢ are projections such that ¢ < p then we
have:

(p—a)=p-pi—ap+q=p—q
and
(r—a)"=p—q
Meaning that p — ¢ is also a projection. Furthermore:
(p—a)g=ps—q=0

And if there exists a projection r < ¢ then

P—qr=pP—-qq =0

So p — q is orthogonal to all projections smaller than or equal to q. Now we
return to our sequence {p;};-,. We define the sequence {g¢;};, C B(H) by:

q1 = Pp1

¢i = pi — pi—1 for i >2

Our previous remarks tell us that this is a sequence of pairwise orthogonal
projections. Furthermore we have for m > n and v € ‘H:

m n m
pmoll = lpavl] = > llaoll =Y llawll = D llasvll = [|(pm — pa)ol| > 0
i=1 i=1 i=n+1

We also have ||ppv|| < ||v]] for all v € H and n € N. Monotone convergence
then implies that the sequence {||p,v||} -, is a Cauchy sequence. The equation
above now implies that {p,v} -, is a Cauchy sequence in the norm on H.
Because H is complete, this implies that there exists some w such that

w= lim p,v
n—oo
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So we can define a map p: H — H by:
pv = lim pyv
n—oo

Linearity follows from properties of the limit. The fact that this map is bounded
follows from the principle of uniform boundedness. So now we still have to prove
that the map we have found is also a projection. To do this, we will first prove
that p € B(H) is a projection if and only if

{pv|pv) = (v|pv)

for all v € H. If p € B(H) is a projection, the equation above is obviously valid.
On the other hand, if the equation above holds for some p € B(H) then for all
v € H:

(v]p"pv) = (vlpv)

Using the polarisation identity, this gives us p*p = p and hence that p is a
projection.

The fact that the sot—limit of the sequence is a projection follows from the fact
that both sides of the equation above are sot—continuous.

The projection p is by definition the strong limit of the sequence {pn}ff:l. So
all that is left is to prove that it lies in Q.

First of all note that it lies in the von Neumann algebra generated by Q, because
this is strong operator closed. But because it is a projection, it must also lie in
P(Q//) — QCC — Q |:|
So, after all this work, we can translate the nested probability property in the
following way: Let p; < p2 < p3 < ... be a sequence of projections then

P |sot— lim pn} = lim P[p,] (1.6)
n—oo

n—oo

The final property is that some event must happen. In our case this means that
the largest projection always has to be true. This means that:

P[1] =1 (1.7)

We summarise our construction in the following definition. We have already
mentioned that we will be looking at von Neumann algebras later on, so what
we have constructed above will be called a pre quantum probability space.

Definition 1.2.4. Let Q be a full set of projections on a Hilbert space H and
let P: Q— [0,1] be a map with:

1. If p,q € Q with p L q then: P[p+ q] =P [p] + P|q]

2. If{pi};2; € Q withpy < ps <ps < ... then: P [sot— lim pz} = lim P [p;]

11— 00

3 Pl]=1
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Then (Q,P) is called a pre quantum probability space over H. P is called a
quantum probability measure.

Example 1.2.2. If we look at the previous section, we get the following example
of a pre quantum probability space. Let H be a Hilbert space and let ¥ € H with
[|¥]| = 1. Let Q be a full set of projections on H (we could for example take
P (H)). Define Py, : Q — [0,1] by:

Py [p] = (¢ |py)
It is easy to see that Py is a quantum probability measure.

It is also good to know that quantum stochastics is a proper generalisation
of classical probability. We can embed classical probability into the quantum
probabilistic framework by taking:

H=1%(Q,%,P)

Q= {1A§ Ac Z}
P[la] =P[4]
where 14 : L2 (Q,%,P) — L2 (Q, X, P) is the projection defined by:

flx) ifzeAd

(1Af)(93)={ ,
0 ifxg A

1.2.2 Quantum probability spaces

As mentioned before we want to enrich the theory that we have developed in
the previous section by using von Neumann algebras. We will do this through
the von Neumann algebra generated by Q:

A=vNA(Q) = Q" (1.8)

The question now is how to extend the quantum probability measure to A.
Gleason’s theorem tells us how to do this, but before we can state the theorem
we need some definitions.

Definition 1.2.5. Let A be a von Neumann algebra and let ¢ : A — C be a
linear functional such that:

p(a) € 10,00)
for all A>a >0 and p(1) =1 then ¢ is called a state®*. If A C B(H) then a
state of the form:

p(a) = (¢ ]az))
for some ¢ € H is called a pure state or a vector state. We will sometimes
denote the state above by o = |¢) (Y]

3Remember that a € A is called positive if & = a* and the spectrum of a is a subset of
[0, 00).
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Definition 1.2.6. Let A be a von Neumann algebra and let ¢ : A — C be a
state. If p(sot— lim p;) = lim @(p;) for every sequence p1 < ps < p3 < ... of

projections in A then ¢ is called normal.
We can now state Gleason’s theorem.

Theorem 1.2.3. Gleason: Let H be a Hilbert space with dim(H) > 2 and let
(Q,P) be a pre quantum probability space over H. Furthermore let A = Q.
Then P : Q — [0,1] can be extended to a unique normal state ¢ : A — C.

The proof of this version of the theorem can be found in [Ara99]. Gleason’s
theorem gives rise to the following definition.

Definition 1.2.7. Let A be a von Neumann algebra and let ¢ : A — C be a
normal state on A. Then (A, p) is called a quantum probability space. A is
called the observable algebra of the system.

We will now prove two useful properties of normal states. Before we can do
this, we need some properties of so-called trace class operators.

Proposition 1.2.4. Let H be a separable Hilbert space, let a € B(H) and let
{e;}:2, and {fj};i1 be two orthonormal bases and let a € B(H) then:

o0

Z (ae; |ae;) :Z (afjl|af;)

i=1 j=1

Proof: First of all note that it is possible that both are infinite. Let I C N be
some finite nonempty set:

> {ae; |ae;)

iel

Il
M

(ae; | f5) (fjlaeq)
(ae; | f;) °
(ei a* f;) |

-
m
~
<
Il
—

|
:MS

©
m
~
N
<
I
—

[
Mg i

<
Il
—
.
m
~

IN
M8

(a* fjla* f;)

.
Il
—

Which means that:

o0 o0

Z ae; lae;) < Z a* fila* f;)

i=1 i=1
We can repeat the argument three times, starting with the other basis or with
the adjoint a* we obtain:

Z(aei |ae;) :Z “fila® fi) :Z (afilafi)
=1 i=1 i=1

O
The proposition above ensures that the following definition makes sense.



1.2. AXIOMS 17

Definition 1.2.8. Let H be a separable Hilbert space with orthonormal basis
{ei}oe, and let a € B(H). If:

o0

Z ae; lae;) <

=1

then a is called a Hilbert-Schmidt operator. If:

i <e¢ ’(a*a)l/26i> < 00

i=1
then a 1is called trace class.
Proposition 1.2.5. Let H be a separable Hilbert space with orthonormal basis
o0
{ei}io,. Ifa € B(H) is trace class then the sum Y (e; |ae;) converges absolutely
i=1
and is independent of the choice of orthonormal basis.
Proof: We will prove this in two steps.
Step 1: We will first prove that if a is trace class then there exist two Hilbert-
Schmidt operators by, ba such that a = b7ba.
First assume a is trace class, from the definition we see that this implies that
la|*? = (a a)'/* is a Hilbert-Schmidt operator. Let u : H — H be some partial
isometry* then from the definition of Hilbert-Schmidt operators we see that
U |a|1/ % is also a Hilbert-Schmidt operator. Now we use the polar decomposition

of a to write:

1/2 41/2

a=ulal = ula]""a|
where u : H — H is a partial isometry.

Step 2: We will now prove that i (e; |ae;) converges absolutely and is
independent of the choice of basis. =

We start with the absolute convergence. We have:

2 eslaes)] = > [(bre: [baes) |

1=1
< 3 |{baeq [baeq) |7 [(bre; [breg) |2
=1

< <§:1 [(b2€i |baes) |)1/2 (12 [(b1ei [bres) |) -

< 0

So the sum converges absolutely. Furthermore we have what is called the
polarisation identity:

(v |av) = (byv |bav) =

] =

3
Z’Lk b1 + ikbg)’u ‘(bl + ikbg)’U>
k=0

4A linear operator u : H — H such that u*u is a projection.
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So:
Z (em |aem) = 1 Z Z’Lk <(b1 + zkbg)em f(bl + Zkb2)6m>
m=1 m=1 k=0
which is basis independent. O

So we can define a trace on the set of trace class operators (which of course is
the reason that these operators are called trace class).

Definition 1.2.9. Let ‘H be a separable Hilbert space with orthonormal basis
{ei}se, and let a € B(H) be trace class. Define the trace of a by:

tr(a) = Z (e; |ae;)

i=1

Definition 1.2.10. Let H be a Hilbert space and let 0 < p € B(H) be trace
class with tr(p) = 1. Then p is called a density operator. The set of density
operators on H will be denoted D(H).

The first useful property of normal states is the following.

Proposition 1.2.6. Let H be a Hilbert space and let A C B(H) be a von
Neumann algebra. Let ¢ : A — C be a normal state. Then there is a density
operator p € A such that:

p(a) = tr(pa)
for all a € A.

The proof of this proposition can be found in [Gle57]. It means that instead
of studying normal states we can also study density operators.
The second useful property is the following.

Proposition 1.2.7. Let H be a separable Hilbert space. D(H) is a convex set
its extremal points® are the vector states.

The proof of this proposition can be found in [Ara99].

1.3 Combined systems

Entanglement occurs in combined systems so the next logical step is to
study these. We will follow the treatment from [MaK09]. Suppose we have
two separate (isolated) quantum mechanical systems described by observable
algabras A and B. We would like to know what the observable algebra of the
combined system is. Suppose C (A, B) is the observable algebra of the combined
system and suppose ¢ 45 : C (A,B) — C is a normal state.

We still have to be able to perform the measurements that we were able to
perform on the separate systems on the combined system. So if the combined

5Remember that the extremal points in a convex subset K of a vector space X are the
points € K such that if z =ty + (1 — ¢)z for some ¢ € (0,1) then y =z = z.
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system is in a state ¢ 4 5 : C (A, B) — C, we should also be able to view ¢4 g as a
map from A x B to C. Moreover, we can ask various questions and combinations
of them about the system with observable algebra A and ignore the other system
and vice versa. Which means that the map should be linear over both A and
B: it should be bilinear.

But we also know that it is a linear map from C (A, B) to C. This of course
leads us to the conclusion that we should take:

C(A,B) = A® B

where the tensor product of two von Neumann algebras is defined as the
completion in the strong operator topology of the algebraic tensor product of
the von Neumann algebras.

Definition 1.3.1. Let {Ai}le be observable algebras corresponding to k
quantum mechanical systems. The observable algebra of the combined system
s then given by:

There exist states on this observable algebra that cannot be seen as combinations
of n states of the underlying system. Let us look at an example of this.

Example 1.3.1. We look at the simplest combined system: two spinning
electrons. So we have Hy = Ho = C?, both with orthonormal basis
{eo,e1}. We study the pure state on B((Cz) ® B((Cz) given by the wvector
’l/) = % (60 ®e—er® 60). So:

1
@(G)Z§<60®€1—€1®eo|a(eo®el—el®eo))

We measure the spin of the first particle under an angle a € [0,7) and the second
spin under an angle § € [0,7). These measurements correspond to projections
Do and gg given by:

Pa(v @ w) = (ea V) o @w, gs(v @ w) = (eg|w) v@eg

= (50 ) = (28

where the first entry is the 0’-coordinate. We denote the event that either both
measurements return 07 or both measurements return ‘17 by: [po = qg]. So in
terms of projections we have [po = qg] = Paqs + (1 — pa)(1 — ). So:

where:

Plpa = qs] = ¢ (Pags + (1 =pa)(l —qp))
= (¥ |(Pags + (1 = pa)(1 — gp)) )

= sin*(a — )
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This simple example turns out to be very important. It turns out that this is
a proof of the fact that quantum probability is a true generalisation of classical
probability. This follows from the following theorem.

Theorem 1.3.2. There is no set of {0,1}-valued classical random wvariables
{Xa, Y0, 8 €[0,7)} with:

P[X, = Y3] = sin®(a — )

Proof: Suppose there is some classical probability space (Q2,%,P) and a set of
random variables {X,,Ys; o, 8 € [0,7)} with the desired property. Define the

set of random variables {ffﬁ : Q0 —{0,1}; 8 €0, 7T)} by:

- 1 if Ya(w) =0
Yﬁ(“’):{ 0 ifYZ(w) 1

So we have:
P[X, =Y =P [Xa ” Yﬁ} —E HXQ - ifﬁH

Where E : M(Q2) — R denotes the expectation value and M(Q2) denotes the
set of ¥-measurable functions X : @ — {0,1}. E has to satisfy the triangle
inequality. This means that:

P [Xo =Yro] <P [Xo=Yss] +P[Yejs = Xnss] + P [ X3 = Yoo

But this is not the case, because:
n? (5) = 1> g =’ (§)
sin“(—=)=1>-=3sin"( =
(3)=1>3 G
O
So the vector 1) = %(eo ®ep —e; ®eg) € C?2®C? is special, in the sense that if
the two electrons are in this state then their spins are correlated in a way that
cannot be explained by classical probability. Such a state is called an entangled
state.
Definition 1.3.2. Let A; fori=1,...,k be von Neumann algebras. A density
k

operator p € Q) A; is called separable if:
i=1

p=> Xip®...®p

where \; € [0,00) and pg € A; is a density operator fori =1,...,n,7=1,...,k.
A non-separable density operator is called entangled.

k
Proposition 1.3.3. Let {Hz‘}?:l be Hilbert spaces and let v € @ H; be a unit
i=1
vector. The state a — (¢ |av) is separable if and only if:

Yp=9y'®.. 0y

where * € H; is a unit vector fori=1,... k.
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Proof: First suppose that the state a — (¢ |a)) is separable. Because it is a
pure state, we know that its density operator cannot be written as a convex
combination of density operators. Let py : H1 ® ... ® Hp — H1 ® ... ® Hy,
denote the corresponding density operator. Because p, is separable and no
convex combination of density operators, we have:

pd,:p}p@...@pfp

where pl, € D(H;) for i = 1,...,k. Now suppose p;, does not correspond
to a pure state for some 1 < ¢ < k. Then we would be able to write pfp =

tpfb’1 +(1—- t)pff for some pzl, pif € D(H;) which would mean that

py=tpy®...@p5 ®.. @ph+(1-tp,®..®p®...0p

which is contradictory to our previous observations.

The fact that every pure state defined by a vector of the form ¢ = ¥' ®...@yF
is separable is trivial. O
Characterising and detecting entanglement is an important subject in quantum
stochastics. In this thesis we will be interested in the entanglement of states
with certain symmetries. We will describe these symmetries in the following
chapter.
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Chapter 2

Representation theory

In this chapter we will study the representation theory of the symmetric group
over k letters: Sy. In particular, we will be interested in the representations of
S) on the k-fold tensor product of a finite dimensional Hilbert space H. In the
first section we will briefly recall some basics of group representation theory.
In the second section we will construct the irreducible representations of Sj.
Both of these sections will only give a brief overview. A more comprehensive
treatment can for example be found in [Sag01] or [Sim96].

2.1 Representation theory of finite groups

For a finite dimensional vector space V we will denote the general linear group
on V with GL(V). In this chapter every vector space will be assumed to be
finite dimensional and complex. Furthermore, every group will be assumed to
be finite.

Definition 2.1.1. Let G be a group and V a vector space. A representation of
G is a map p: G — GL(V) such that for all g1,g92 € G:

p(g1)p(g92) = p(9192)

Let U C V be a linear subspace. U is called invariant under G if:

plgluelU

for all g € G, uw € U. The representation p is called irreducible if the only
invariant subspaces of V- under G are {0} and V itself.

Two representations p1 : G — GL(V) and ps : G — GL(W) on vectorspaces V
and W are called equivalent if there exists a vector space isomorphism a : V —
W such that:

pilg) = a"' p2(g)a
for all g € G. In this case we will write py = py or V=W.

23
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We have the following theorem.
Theorem 2.1.1. Let p: G — GL(V) be a representation. We have:
V=P,
acA
where U, is irreducible for all a € A.
The proof of this theorem can be found in [Sim96].

Definition 2.1.2. Let G be a group. Two elements g1,g2 € G are said to be
conjugate if there exists an element h € G such that:

g1="h""gsh
Let g € G, the conjugacy class of g is defined by:
K(g) ={h € G;h is conjugate with g}

It is easy to see that conjugacy is an equivalence relation, which means that any
group G can be written as a disjoint union of its conjugacy classes.

Example 2.1.2. In Sy conjugacy is related to what is called the cycle type of
the group elements. Any element m € Sy, can be written as a product of disjoint
cycles.

™= (Zl 7;2 e in1)<in1+1 e an) L (in171+1 e an)
where n; = k. Since all these disjoint cycles commute, we can order the factors
m min such a way that ny > ng —ny >ng—ne > ... >n; —n;_1. The cycle
type of ™ is defined by:
z(m) == (n1,n2 — N1,y .., M —Ny—q) (2.1)
Lemma 2.1.3. Two elements w1, my € Sk are conjugate if and only if:
z(my) = z(m2)

Proof: Let m = (i1 d2 ... in,)+ (ing_y4+1 --- in,) € Sk. It is easy to see that for
o € Sy we have:

omo ™t = (0(iy) (i) ... 0(in,)) (0 (in,_ 1) +-. O(in,)) (2.2)

So two conjugate elements in Sy mecessarily have the same cycle type. On the
other hand, for two elements w1, 7y € Sy, of the same cycle type we can always
find a permutation o € Sy such that the numbers in the cycles of m are mapped
to the numbers in the corresponding cycles of ma, so that omio ™! = . O

Conjugacy classes are fundamental in representation theory because of their
relation to characters. Let us first introduce the notion of characters.
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Definition 2.1.3. Let p: G — GL(V) be a representation of G on some vector
space V. The character of p is the function x, : G — C given by:

Xp(9) = tr(p(g))

For matrices a,b € GL(V) we have tr(aba=!) = tr(b). So if g1 € G and gy €
K(g1) then:

Xp(91) = X,(92)

for every representation p. So characters are constant on conjugacy classes. We
have the following important result.

Theorem 2.1.4.

1. Let G be a group and let p and o be two irreducible representations of G.
We have:

oc=peXp(9) =Xo(9) Vg EG

2. The number of irreducible characters of G is equal to the number of
conjugacy classes in G.

The proof of this theorem can be found in any elementary book on representation
theory or group theory, for instance [Sag01] or [Sim96].

The theorem implies that we can label the irreducible representations of a group
by its conjugacy classes. In the case of S; we can thus label the irreducible
representations by the possible cycle types, i.e. by the partitions of k.!

2.1.1 The group algebra

We will now briefly look at the group algebra, which is a very useful tool in
group representation theory. We will not prove the results we state in this
section because we would have to stray too far from the main thread of this
piece to do this. We refer to the second and third chapter of [Sim96] for the
proofs.

If G is a finite group and s : G — C is some function, then we can formally

define:
s=> s9)g

geaG

The set of all such formal linear combinations turns out to have a very rich
algebraic structure. Of course addition and scalar multiplication can be defined
on it. Furthermore, a multiplication can also be defined by:

st=>Y s(g)g > thh= > s(gth)gh=" (Z S(th)t(h)> g

geG heG g,heCG geG \heG

LA partition of k is a sequence of positive integers A = (A1, A2, ..., An) with Ay > A >
n
.. > An such that >> \; = k.
i=1
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Definition 2.1.4. Let G be a finite group and let s : G — C, t : G — C. Define
the convolution product of s and t by:

(sx8)(g) = 3 s(gh™)t(h)

heG

So we have:

st= 3 (sx1)(g)g (2.3)

geG

We can also define a star operation on these functions. Let s : G — C, define
s*: G — C by:
s"(9) = s(g71) (2.4)

Let us summarise all this in a definition.

Definition 2.1.5. Let G be a finite group. Then the group algebra of G is
defined by:
AG)={s:G— C}

With the following multiplication, addition, scalar multiplication and star

operation:
(sxt)(g) = > s(gh~")t(h)
heG
(s+t)(g) =s(g)+tg)
(As)(g) = As(g)
s*(g) =s(g™h)

fors,t € A(G), \eCandgeG

In literature, C[G] is also common notation for the group algebra of G. Note
that we can also still view A(G) as the set of linear combinations of elements
in G. Furthermore characters are also elements of A(G).

Definition 2.1.6. Let G be a finite group and let x : G — C be an irreducible
character and let d, be the dimension of the corresponding representation.

Define py, € A(G) by:
> x(9)g

geG

_ dX
Px= %)

Proposition 2.1.5. Let G be a finite group and let x : G — C be an irreducible
character. We have:

Py =p2 =Dy
If X' : G — C is an irreducible character inequivalent to x then:
PxPyx' = Px'Px =0
Definition 2.1.7. Let A be a *-algebra. The center of A is the set:
Z(A) ={a € A;ba = ab Vb € A}
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Proposition 2.1.6. Let G be a finite group, then:
Z(A) = span {p,; x irreducible character}

If we have a representation p : G — GL(V') for some vector space V then we can
extend it linearly to a representation p : A(G) — M(V'), where M (V') denotes
the set of linear maps on V. So:

p| Do s9g] =2 s@)rlo) (2.5)

geG geG

Proposition 2.1.7. Let G be a finite group, and let p : G — GL(V) be a
representation and U an irreducible representation of G with character xy :

G — C such that V 2 (EB U) PW such that W has no linear subspace
i=1
isomorphic to U. Then p(py, ) is a projection and:

m

p(p)V = EPU

i=1

2.2 The irreducible representations of S5

We will construct the irreducible representations of S using so called Ferrers
diagrams. In the previous section we noted that we can label irreducible
representations of S by the partitions of k, the Ferrers diagrams are a very
nice graphic depiction of these partitions.

Definition 2.2.1. Let A = (A1,..., \n) be a partition of k. The Ferrers diagram
of shape X is the set:

FN) ={(,j)cN}1<i<n1<j< N}

We can depict these Ferrers diagrams by sets of square boxes. For the diagram
of shape A = (A1,...,A,) we draw n rows of boxes, where row ¢ contains \;
boxes.

Example 2.2.1. For example, if k = 4, we have:

F@y =TT} 7= Fe2=

F(2,1,1) = , F(L,1,1,1) =

Definition 2.2.2. Let A = (A1,...,\,) be a partition of k. A Young tableau of
shape F(X) is a bijection Y : F(A) — {1,...,k}. We will write sh(Y') = F(\)
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We can depict a Young tableau Y of shape F(A) by drawing the corresponding
Ferrers diagram F()) and putting the number Y (¢, j) in the box corresponding

to (i,7).

Example 2.2.2. For ezample, if k = 3 and A = (2,1), we have the following
possible Young tableauz:

2] [1]3] [2]1] [2]3] [3]1] [3]2]
3] 712 3] (1] 2] |1

Definition 2.2.3. Let A = (A1,...,A\) be a partition of k. A standard Young
tableaw of shape F(N) is a Young tableau Y : F(A) — {1,...,n} such that:

Y(i,j) <Y(k1)
ifi<kandj=lorifi=kandj<l

So a standard Young tableau is a Young tableau that increases in every row and
column.

Example 2.2.3. For ezample, if k = 3 and A = (2,1), we have the following
possible standard Young tableaux:

1]2] [1]3]
3] 72

It will be useful for later on if we have a symbol to denote the number of
possible standard Young tableaux corresponding to a certain partition or Ferrers
diagram.

Definition 2.2.4. The number of standard Young tableauzx corresponding to a
Ferrers diagram F is denoted dx

Example 2.2.4. In the example above, we have seen that:

dBj =2
We have a natural action of Sj; on a Young tableau Y of shape F()\) given by:
(mY) (i, 4) = 7 (Y (i, 7)) (2.6)

Note however that 7Y need not be a standard Young tableau, even if Y is.
However, the shape of the Young tableau is conserved.

Example 2.2.5. Let us look at the action of Ss on . We have:

V1l2] _[1]3]
7(23/3 2

12]_

_ |1 1]2]_[2]1]
3 3]

(13)L 2| _ i) 2\7 (123)§ 2]_[2 3\7 (132)L 2] _[3]1]
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So for each shape (or partition of k) we can define an Si-module.

Definition 2.2.5. Let A = (A1,...,\,) be a partition of k. The Si-module

M= P cy

sh(Yi)=F(X)
18 called the permutation module corresponding to \.

The module M?* is not irreducible. We will now construct an irreducible
submodule of M?: the so-called Specht module of shape A. For this, we first
need the definitions of row- and column-stabilizers.

Let Y be a Young tableau of shape A = (\1,...,\,), the i*" row of Y is given
by:

RY ={Y(i,1);l=1,...\}

?

the j* column of Y is given by:

C’;/:{Y(l,j);lzl,...n}

Definition 2.2.6. Let Y be a Young tableau of shape A with rows Ry, ... R; and
columns C1,...C,,. Define the row-stabilizer and column-stabilizer of Y by?:

Sk > Sgpy :ZSR}f XSR%/ X"'XSRlY
Sk>Scy Z:SC}f XSC;Y ><---><SC7§:L

The polytabloid associated to Y, ey € M?>, is defined by:

ey = Z e(m)onY

mESqy
oESRY

where € : Sy, — {—1,1} denotes the sign.
Definition 2.2.7. The Specht module of shape X\ is defined by:

= P Cev

sh(Y)=F(\)
Y is standard

We claim that ey and ey are linearly independent for Y # Y’ which means
that dim(S*) = dr(n)- The proof of this and the following theorem can be found
in [Sim96].

Theorem 2.2.6.

1. Let X be a partition of k. S is an irreducible Sy-module.

2The notation H < G means that H is a subgroup of G. S, denotes the group of
permutations of a set A.
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2. Let A1, \o be partitions of k. If \j # Ay then S* 2% S*2.

Note that this theorem also implies that all irreducible Si-modules are
equivalent to some Specht module.
The proof of the following proposition can also be found in [Sim96].

Proposition 2.2.7. Let F be a Ferrers diagram for Si. Then the projections
corresponding to the irreducible representation corresponding to F is given by:

sz(% ZX?(W)WZ% Z Z g(m)om

TESk T Y,sh(Y)=F €S,y
Y std. o€SRy

2.3 Representations on H®*

In relation to quantum mechanical systems we are mainly interested in
representations of S on the k-fold tensor product of a finite dimensional Hilbert
space H over C. m € Sj acts linearly on elementary tensors v; ®...® v, € H®*
by:

7T(’Ul®...®1}k) =Un-1(1) @ ... @ Up—1(f) (27)
So 7 permutes the factors in the tensor product. This action can be extended
linearly to a representation of Sj.
Because H is a finite dimensional Hilbert space over C, we can take H = C¢ for
some d € N. The unitary group on C¢ is given by:

Uy = {u € GL(C%); (uv [uw) = (v|w) Vv,w € C?} (2.8)

The condition (uv|uw) = (v|w) Yv,w € C¢ is equivalent to uu* = 1 for
u € GL(C?).
We can let u € Uy act on elementary tensors v1 ® ... ® vg € H®k by:

w1 ® ... Q) = (uv1) ® ... ® (uvg) (2.9)

This action can also be extended linearly to a representation of Uy.
We are interested in the combination of these two representation. It will turn
out that they generate each other’s commutant. We first need two lemmas.

Lemma 2.3.1. Let H be a Hilbert space. Let S*(H) = {v € H®*;mv = v V7 € Sy }.
Then S*(H) is the smallest subspace of H®* containing {v® ... ®v;v € H}

Proof: First, we note that:

SE(H) = {kl' >y e H} (2.10)

TESk

This follows from the fact that & > 7v € S¥(H) for all v € H and
TESk

% 3 mv = for all v € S¥(H).

TESk
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Now for v € H define: p(v) =v® ... ®v. Then:

1 akrfl

— 1
AT Ftavat ) = = 3 w(n@. . @) (211
k! Oty ... Oty t2='~'=tk:0p(v1 202 kVk) 7l (01 ®...Qu) (2.11)

" wESy

By definition the left hand side of the equation above is a limit of sums of vectors
of the form v ® ... ® v for v € H. From the previous remark, we know that
every element in S¥(H) can be written in the form of the right hand side above.
This means that every element in S¥(H) can be written as a limit of a sum of
elements of the form v ® ... ® v for v € H.

On the other hand, the fact that S*(H) contains the set {v® ... ® v;v € H} is
trivial. O

Lemma 2.3.2. Define (-|-) : Mg(C) x My(C) — C by:
(a|b) = tr(a*b)

Then (My(C),(-|)) is a Hilbert space and GL(C%) C My(C) is dense in the
induced norm.

Proof: The fact that (-|-) is a well defined sesquilinear positive semidefinite
form easily follows from the properties of the trace and the adjoint. Suppose
tr(a*a) = 0, this means that:

> a0

A€o (a*a)

where o(a*a) denotes the eigenvalue spectrum of a*a. Because a*a is positive,
all of its eigenvalues must be positive. The equation above then implies that
all the eigenvalues of a*a must be equal to 0, so a*a = 0. This means that
Hav||éd = (v]a*av) ca = 0 for all v € C%, so a = 0. Hence (-|-) is an inner
product.

Now we have to prove that My(C) is complete in the induced norm. We will do
this through the sup-norm on M;(C) defined by:

llallgyp = sup {|lavl|;v € C Jjv]| = 1}

We will first prove that My(C) is complete in the sup-norm. So suppose
{an},7, C My(C) is a Cauchy sequence in the sup-norm. So for every € > 0
there is an N € N such that for all m,n > N:

||a‘n - am”sup <e
Let 0 # v € C? then HTUH is a unit vector, so:

lamv = anvl| < {lam = anllay [0l < 0|

So for every fixed v € C? {a,v},~, is a Cauchy sequence in C¢, which means

that it has a limit. So we define a new operator:

av = lim a,v
n—oo
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It is easy to see that this is a bounded linear operator on C¢ and thus an element
of My(C?). This means that My(C?) is complete in the sup-norm.

We will now prove that the sup-norm is equivalent to the trace norm, meaning
that there exist A, u € (0,00) such that:

/\ Ha’Hsup — ||a||tr < K ||a||sup

for every a € My(C), which means that My(C) is also complete with respect to
the trace norm.

We start with the left hand side. Let a € My(C). Because f, : C¢ — R defined
by fa.(v) = ||av|| is a continuous function and the unit ball in C? is compact,
there is some vy, € C? such that ||vsp|| = 1 and ||avsup|| = lallgup-
Now let {vsup, €1,...e4—1} be an orthonormal basis for C? then:

U

-1
tr(a*a) = (Veup 0" avsup) + D _ (e [a*ae;) > [Javew||” = [lall2,,

i=1

The right hand side is easy, because (e;|a*ae;) < Haﬂsup for all e; in some
orthonormal basis for C¢. So:

d

Z (ei |a*ae;) < d||a|?

i=1

So (My(C),{-]-)) indeed is a Hilbert space. Now we have to prove that the
invertible elements are dense in this Hilbert space.

We know that a € My is invertible if and only if det(a) # 0. Let us look at the
element a — 1, for some € > 0, where 145 € M;(C) is the unit matrix. We have:

lleLall, = v/tr(e21a) = Vd|e|

Furthermore we know that det(a — €lg) is the characteristic polynomial of a
in e. Because this is a polynomial, it only has a finite number of roots, which
means that there exist arbitrarily small € > 0 such that det(a —elg) #0. O
Now we can prove our statement earlier on.

Theorem 2.3.3. Schur-Weyl duality: The representations of S, and Uy on

((Cd)@c generate each other’s commutant.

Proof: 3 Let C C B(H) be the algebra generated by Sj. It is easy to see that
the commutant of S is equal to the commutant of C. So let us look at C’. The
special unitary group on C% is given by:

SUg = {u € Uy;det(u) = 1} (2.12)

3In this proof we use the theory of compact Lie Groups, which we will not develop in this
piece. A good reference for this theory, which also contains this proof, is [Sim96].
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Its Lie algebra is given by:
sug = {g € My(C);tr(9) =0, g +g* =0} (2.13)

Let D C B((Cd)®k) denote the algebra generated by SU; under the

representation of Ug. So D = A({u®...®@u;u € SU4}). Clearly D C (C/,
so we only need to show that ¢’ € D. We will first show that D contains
{a®...®a;a € Mg(C)}. Let g € suq, then the following is an element of D:

d

dt (®k€tg) =:dl'(g)

t=0 (2.14)
:g®1d®...®1d—|—1d®g®1d®...®1d+
R ®1®g

Note that d'(g + Al4) = dI'(g) + k ®* 14 and dT'(g + ih) = dT'(g) + idT'(h) also
lie in D. The complexification of su, is sl; and adding units turns sly into gl,
the Lie algebra of GL(C?) which means that:

{a®...®a;a € GL(CY} C D (2.15)

GL(C?) is dense in My(C) and D is closed, which means that
{a®...®a;a € My(C)} C D. Now we can apply lemma 2.3.1.

7 € Sy acts on B (((Cd)®k) by:
m(a) = mar ! (2.16)
where 7 on the right hand side denotes the representation on (C?)“*. So:
¢ ={aeB((C)*")sra=arvre s}

= {a €B (((Cd)®k) smar~l=aVr € Sk}

=span{a®...®a;a € My(C)}

(2.17)

cD

So C' = D. By the double commutant theorem the algebra generated by S}, is
also the commutant of Uy [l
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Chapter 3

Completely symmetric
states

3.1 Definitions and properties

We will be interested in states on the k-fold tensorproduct on a finite dimensional
Hilbert space H that are what we will call ‘completely symmetric’. If we speak
about Sy or Uy in this chapter we always mean the representations of these
groups on H®*.

Definition 3.1.1. p& D <(Cd)®k) will be called completely symmetric if
wp = pm and up = pu

for allme S, and u € Uy.

Because of Schur-Weyl duality we know that a density matrix p is completely
symmetric if and only if p is a linear combination of the elements of S and also
commutes with all elements of Si. Proposition 2.1.6 tells us that these density
matrices lie in the set:

Z(A(Sk)) = span {pr; F Ferrers diagram for k} (3.1)

Note that not all elements in Z(A(Sy)) are density matrices, only the self adjoint
elements with unit trace are. The set of density matrices in Z(A(Sg)) will be
denoted by Y. This is a subset of the set of Ug-symmetric states, which is are
called Werner states in the case that k € {2,3} (see [Wer89] and [EgW00]).
The central question in this thesis is the following.

Question. What are the conditions for a density matriz p € Vi to be separable?

We will not be able to completely answer this question. Instead we will study
the cases where k € {2,3,4}.

35
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3.1.1 Properties of )

For a general Ferrers diagram F, the projection px does not lie in Vi because
it is not of unit trace. However, if tr(pg) # 0, we can define pr = %pf,
which is in Vg. So we will start with determining when tr(pz) # 0.

Proposition 3.1.1. Let F be a Ferrers diagram and let h(F) = #(CY
some Young tableau of shape F and let d < h(F). Then 0 =pr € B (((Cd)
h(F) will be called the height of F.

r

) fo
®k)
Proof: We will use the expression for pz of proposition 2.2.7. Let {61‘}?:1 be an
orthonormal basis for C? and let i1, ... i, j1,...jk € {1,...d}. Then:

(€iy, ®...® e |prej, ®...Q0¢€j,)

:d—f > Yo oelm)(en ®... Qe lome;, @...®ej,)

e.jafl,,r—l(m)>

k
% > ¥ eI (e
Y,sh(Y)=F n€Soy m=1

Y std. o€Sgpy

Now let us look at the term corresponding to a single Young tableau Y and a
single permutation ¢ € Sy in this summation. In particular, let us look at
how Scv acts on the set {1,...,k}. If F has s columns then for each 7 € Sgv
we can write m = mymy where m € SC}/ and mp € SC; X "'SCX- Soifm e CIY

then mom = m and if m ¢ CY then m;m = m. So we can write:
k
<ei”‘ ‘e’?*lw”(m)> - H <€im ‘ejo—lw;1<m)> H <€¢m ‘eja—lwgl(m)>
m=1 meCy mgC}

And we also have e(m) = e(mym2) = e(m1)e(m2). Which means that:

ejaflﬂfl(m)>

> em 11 (e,

‘ITESCY m=1

e(r)e(m) T (ennles, o) T (o losoai)

meSC}/ ’ﬂ-QGSC;X wcY 77L€C¥ 7”¢C}/
L.xCY

> oem) T (einles,nny,) X cm) T (enles, o)

7r1€SC}/ mecCy ”2€ch’x...xcb¥ mgCy

Let us look at the first factor in this expression:

> em) I (e

7"1680}’ mecy

Ry )>. If we switch two vectors in the set
o=lxTl(m
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{ejm}mecl‘” the factor gets a minus sign, but because d < #(CY) we
know that at least two of the vectors in this set have to be equal, which
means that >  e(m) ] <eim ‘ej I > = 0 and by extention that
WIESC}’ meCy T

(ei, ®...® e |prej, ®...Qej;) = 0. So all the matrix coefficients of pr are
equal to 0, which means that pr = 0. 0
So we see that at least if the dimension of the underlying Hilbert space is less
than the height of the Ferrers diagram F then tr(pr) = 0. Furthermore it is easy
to see that if the dimension of H is larger than or equal to k and {ei}le CH
is some orthonormal set, then:

pre1®...® e, #0

for all Ferrers diagrams F of height less than or equal to k.
All Ferrers diagrams for S; have height less than or equal to k. So if we take
the dimension of the underlying Hilbert space to be larger than or equal to k

then we can define: )

7= o (3.2)

for all Ferrers diagrams F. And in that case we have:

Vi = {Z AFpriAF € [0,00), Z)‘F = 1} (33)
F F

There will be no reason to specifically look at the case where the dimension of
the underlying Hilbert space is smaller than k, so from hereon we will take the
dimension of the underlying Hilbert space to be larger than or equal to k.
Let n(k) denote the number of partitions of k then we can label the coordinates
in R**) by Ferrers diagrams. Because the projections {pr} s are pairwise
orthogonal we see that each p € Yy is uniquely determined by the vector:

r(p) = (tr(prp)) z € RM® (3.4)

so instead of determining the separable density matrices in )i, we can also
determine the image of the separable density matrices in ) under r : Vi —
R™(¥)  which turns out to be easier.

Let du denote the Haar measure! on U;. Define the map

P:B ((Cd)®k) — Z(A(Sy)) by:

Pa) = o Z /U muau ' m " du (3.5)

First of all note that tr(P(a)) = tr(a) and that (P(a))* = P(a*) for all
achB (((Cd)®k). This means that if a is a density matrix then P(a) is a density

matrix as well. So we can also see P as a map: P : D (((Cd)) — YV

1See [Sim96] for the definition.
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Because of the way Uy and S, act on B ((C?)), we see that P(p) is separable if
and only if p is separable.

Finally, P also commutes with all a € A(S}y), so in particular with all px for all
Ferrers diagrams F.

The reason that all of this is useful, is that we can also extend r : Y — R2(%)

toamapr:D ((Cd)(m) — R2(®) without changing its range because:

r7(P(p)) = tr(prP(p)) = tr(P(prp)) = tr(prp) = r7(p) (3.6)

So instead of determining the image of all separable completely symmetric states
under 7, we can also determine the image of all separable states under r, which
is the same set.

We know that every separable state can be written as a convex combination

of pure separable states. The map 7 : D(((Cd)®k) — R2®) js R-linear. This

means that the set we want to determine is the convex hull of the image of all
separable pure states under r.
Our tactic will be to determine the image of all separable pure states under r
and then determine its convex hull.
So let us first try to obtain a formula for tr(ps|v1 ® ... @ vk) (V1 @ ... @ vg|)
for a set of unit vectors {vi}le C C?. We will do this through the matrix
coefficients of [v1 ® ... @ vg) (V1 ® ... ® vk, so let us first determine these. Let
k

{ei}f-l:l be an orthonormal basis for ((Cd)®k then for a general unit vector v €
((Cd)®k we have:

(ei[(lv) (v]) e5) = (vle;) (e:fv) 3.7)
s0:

dk

e o) o) = 5 (eilprlo) (o] )
S feilp e ) (ol es) )

& (3.8)
= v21<6j [v) (vles) (ei[pre;)

S (feal) eilpr e o) )

= (v|pFrv)

So for a separable pure state we have:

Ny

=1

<v1®...®vk|py:v1®...®vk>

:% oxF(mM (v ®@...Qug v ® ... ® V)

TESK
= di; > xF(m) ‘H <'Ui ‘Url(i)>
TES i=1

(3.9)
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Note that this means that tr(pg|v1 ® ... @ vg) (11 ® ... ® vg| only depends on
the inner products of the vectors {vi}le.

Definition 3.1.2. Let H be a Hilbert space and let {vi}le C H. The Gram
matriz of {Ui}le is the matriz G € My (C) defined by:

Gij = (vi]vy)
The set of k x k Gram matrices of unit vectors will be denoted by Gy 1. So:
Gra = {(<U1,Uj>)ﬁj:1 € Mi(Cl;v; e H||vi|| =1 fori=1,...,k, H a Hilbert space}

Lemma 3.1.2. G € Mi(C) can be written as a Gram matriz of vectors
{vi}le C CF if and only if G > 0.

Proof: First, we prove that every Gram matrix is positive. Let G = ({(v;, ”j>)i‘€j:1
and let \; e Cfori=1,...,k. We have:
k _ k _
> AGEA = 20 Ai(vi, i) A
4,j=1 4,j=1
k 2 3.10
S (3.10)
i=1
>0
which means that G is positive.
Now suppose G > 0. Define a new vector space over C:
H' =span{vi;i=1,...k} (3.11)
with sesquilinear form:
(vj [v}) = Gy (3.12)

The fact that this is a sesquilinear form follows from the fact that G is self
adjoint. If we divide H’ by the kernel of this form, we obtain a Hilbert space,
which we will call H. We have:

dim(H) < k (3.13)

This means that H is isomorphic to C4™() < CF. So there are vectors v; € C*
for i = 1,...k such that:

<'UZ' |’Uj> = <'U; |’U;> = Gij (314)

d

In particular we may conclude that we can write every k x k Gram matrix of unit
vectors in some Hilbert space as a Gram matrix of unit vectors in C*. Which
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in turn means that for d > k:
{rlme. .ou)me.. eul){ut, cC vl =1}
= (3.15)

{rlme. .ou)me.. gul);{ull, cC, lull =1}

So our question boils down to determining the convex hull of the last of these
two sets.

3.2 The minimal central projections

Let us first investigate whether or not the density matrices corresponding to the
minimal central projections pg : (Ck)®k — ((Ck)®k for Sj are separable.
If pF is separable then the considerations in the previous section tell us that:

r(pF) € conv (r{jv1 @ ... ®vg) (11 ® ... @ vy| ;05 € C* ||uil| =1fori=1,...,k})

Furthermore, because pr is extremal in Y, it also has to be extremal in
conv (1 {|jv1 ® ... @vg) (1 @ ... @ vg|;v; € CF ||| =1 fori=1,...,k}). So:

r(p}-)€r{|vl®...®vk><v1®...®vk|;viG(Ck,HvZ-H:1f0ri:1,...,k}

which means that there should be some set of vectors {vi}le C C* with
[lvs|| = 1 for i = 1,...,k such that for all Ferrers diagrams F’ for Sk:

1 fF =F
7“]:/(|’01®...®Uk><7)1®...®vk|):
0 ifF£F

Note that the fact that rz(|v1 ® ... @ v) (v1 ® ... ® vg|) = 1 is enough because
of the orthogonality of the projections for different Ferrers diagrams and the
fact that the v;’s are unit vectors.

Lemma 3.2.1. Let F be a Ferrers diagram for Sy such that F # [11---0 and
let {vi}le C CF with ||v;|| =1 fori=1,...,k. Then:

sup {re(jv1 ® ... @ vg) (1 ®@ ... @ vg|);v; € C*, vl = 1} <1

Proof: Suppose F #[1]---Oand (v1 ® ... Q vk [prv1 ® ... @ v) = 1. Because

the unit ball in (C*¥)®* is compact, there exists a set of unit vectors {vi}le cck
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such that:
re(jv1 ®...Qug) (11 ® ... vkl)

M ®...0 vk |pFrv1 ® ... @ V)

sup {(w1 ® ... @ wy [prw1 @ ... @ wi) ;w; € CF, |Jws|| =1 fori=1,... k}
=1
Because of the earlier remarks, we have:
M ®..0Uk P31 ®...Q0 v, =0
Because pr..(CF)®* = span{w®*|w € C?} (see lemma 2.3.1) we have:

(V®..Qulwe...@w) =0VvYweC*

S0:
(v1 |w) (va,w| ) (v |w) =0 VYw € C*
hence:
k
U v =C*
i=1
which is obviously a contradiction. O

Proposition 3.2.2. Let F be a Ferrers diagram for Sy. pr € Vi is separable
if and only if F =010 -.

Proof: Let v € C* be a unit vector then:
W®..0U|p . v®...0v) =1
which means that p.. is separable. Lemma 3.2.1 tells us that the density

matrices corresponding to the other Ferrers diagrams are not separable. O
3.3 The two particle case

The two particle case was treated in [Wer89], we will apply the same reasoning.
For k = 2 we have the following Ferrers diagrams:

FO) =[ T} F1,1) = H (3.16)

Both have but one standard Young tableau, namely and . We obtain the
following projections:

o= %(1 +(12)), iy = %(1 —(12) (3.17)
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So we have:

1 (Jor @ v2) (U1 @ va|) = L + 3 (v [va) |?
O , (3.18)
TH(|U1 ® v2) (V1 ®va|) = 5 — 5 [(v1[va) |

We see that the image of all separable states under r is determined by one
parameter, namely |(vy |vs) | € [0,1]. If [{(v |v2)|* = 0 then

1 (Jv1 @ v2) (V1 ® val), 1 (Jv1 @ v2) (V1 ®wvel) | = %’%
B
and if |(vy |vg) |2=1then

(TDj (Jv1 ® ve) (11 ® U2|)’TH(|U1 ® v2) (V1 ® U2|)> = (1,0)

Note that in this case the image of all separable pure density operators under r
is already convex. So we may conclude that p € )s is separable if and only if

r(p) € {(12“71;);%[0,1]}

3.4 The three particle case

The three particle case already turns out to be a lot more complicated then
the two particle case. In [EgW00] a generalisation of it was treated. We will
approach this case through three different angles, the second being the most
similar to [EgW00].

We start with some general facts about the range of r : Y3 — R®®). First of
all, V3 is a compact set in the topology induced by the trace norm and r is a
bounded linear map, which means that its range is also compact.

Furthermore Vs is convex, together with the linearity of r this implies that r())s)
is also convex. Let us introduce some notation on convex sets.

Definition 3.4.1. Let V be a vector space and let C C'V be a convex set. The
set of extremal points in C' will be denoted by ext(C). Let A C V, the closed
convex hull of A will be denoted conv(A).

We have the following theorem.

Theorem 3.4.1. Krein-Milman: Let V' be a Banach space and let C C 'V be
nonempty compact and convex. Then ext(C) # 0 and C = conv(ext(C))

The proof of this theorem can be found in [Con90]. It implies that we only have
to look for the extremal points in r()3) to fully determine this set.

Instead of the r-coordinates, we will use a closely related set of coordinates that
can be obtained by an invertible linear transformation. The sole reason for this
change of coordinates is that it makes the equations look a little nicer.
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Definition 3.4.2. Let K be a conjugacy class of Sy and let p € D (((Ck)‘g’k)
then define:
ak(p) = tr(mp)

TeK

Because conjugacy classes in S can be labeled by partitions of k, we will
also label these new coordinates by the corresponding partitions. The linear
transformation between the old coordinates and the new ones is given by:

rr(p) =Y xF(K)ax(p) (3.19)
K

where the sum is over conjugacy classes, which is well defined because the
characters are constant on conjugacy classes.
We have the following proposition.

Proposition 3.4.2. Let V be a finite dimensional Banach space and let K C'V
be compact and convex. Let p:V — V be a bounded linear map. Then:

1. pK 1is also a compact conver set.
2. ext (pK) C p(ext (K))
3. If p is invertible then ext (pK) = p (ext (K))

Proof: 1. This is similar to the reasoning in the beginning of this section.
2. Suppose pv € ext (pK). Because v € K, we know that we can write

n
v = E /\iei
=1

where A; >0, >° A, =1 and e; € ext(K) foralli =1,...n. So:

i=1

n
pv=">_ Aipe;
i=1

Because puv is extremal we know that pe; = pv for alli =1,...,n.

So we may conclude that ext (pK) C p (ext(K)).

3. We already know that ext (pK) C p (ext(K)). So we only have to prove that
if p is invertible then p (ext (K)) C ext(pK).

Suppose e € ext(K) and pe ¢ ext(pK). So there exist f,g € pK unequal
to pe and t € (0,1) such that pe = tf + (1 — t)g. But then p~lpe = e =
tp~1f + (1 —t)p~'g, because p is invertible we know that p~!f,p~'g € K and
that both are unequal to e, which is a contradiction to e € ext(K). 0
So this proposition tells us that a(Ys) is also a compact convex set and that
its extremals are the same (modulo an invertible linear transformation) as the
extremals of 7(Vs).
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3.4.1 Calculus approach

A general separable pure density operator is given by

[v1 @ va @ v3) (V1 Ve @u3| € D (((C3)®3) where v1,v9,v3 € C3 are unit
vectors.

There exist 3 partitions of the number 3, namely (1,1, 1), (2,1) and (3). We will
write ax (|Jv1 ® va ® v3) (V1 ® V2 ® v3]) = ak (v1,v2,v3). For a start we assume
the vectors to be real. We then have:

a(,1,1)(v1,v2,03) =1
a@n (v vvs) = (o foa)” o+ (oafo) (o fos)® (3.20)
aez)(v1,v2,v3) = 2 (v |va) (va |vs) (vs|v1)

We ignore the first coordinate and interpret this as a map a : (52)3 — R2. We
will write:

a(vr,v2,v3) = (a(2,1)(v1,v2,v3), acs) (v1, va, v3)) (3.21)
In this section we will prove the following theorem:

Theorem 3.4.3.

conv (ran(a)) = conv ({eg, e1,€2})
where:

— (0,0), ¢ —(3 —1> er = (3,2)

€y = ( ,U), €1 — 47 4 y €2 — )

We are interested in the extremal points in the convex hull of the range of a.
Because this convex hull is a closed set, the extremal points have to be on the
boundary of it. Furthermore this convex hull consists of the range of a and
convex combinations of points in the range of a, this means that if a point
is extremal in the convex hull of the range of a, it should at least be on the
boundary of the range of a. We start by determining this boundary.
Because of the unitary symmetry (which boils down to orthogonal symmetry
in the real case), only the angles between the vectors are important, meaning
that we may rotate the vectors as we please withouth changing the value of
a(vy,v2,v3) (as long as we rotate all vectors the same way). So we may take:

1 cos(0) cos(¢1) cos(p2)
vi=| 0 |],va=| sin(d) |, vs=| cos(e1)sin(p2) (3.22)
0 0 sin(¢1)

Then we have:
(v1 Jvg) = cos(6)
(va|vs) = cos(p1)
(v |vg) = cos(ep1)

cos(f — ¢2)
cos(p2)
So:
apn(d,0) = cos?(0) + cos? (1) cos?(0 — @) + cos?(p1) cos?(p2) ( )
3.23
a@)(0,9) = 2cos(0) cos(pz2) cos(f — p2) cos*(p1)



3.4. THE THREE PARTICLE CASE 45

If a(v) € Oran(a) then we must have that rnk(Da(v)) < 2, where Da(v) is the

derivative matrix of a at v € (52)3. We will determine for which v € (52)3
this is the case. Note however that the converse is not true, meaning that if
rnk(D(a(v)) < 2 then a(v) does not necessarily have to be an element of dran(a),
so we might obtain a set that is still too large to handle through this method.

The derivative matrix

We have:
sin(260)+cos? (1) sin(20—2¢p2) 25in(20—2) cos(pz) cos?(¢1)
Da(@, (p) = — sin(2¢p1)(cos? (0 —p2)+cos?(¢2)) 2 sin(2¢1) cos(0) cos(p2) cos(0—p2)
sin(2¢p2—20) cos? (¢1)+sin(2¢p2) cos? (1)  2sin(2p2—0) cos(#) cos?(¢1)
(3.24)

The rank of Da is smaller than 2 if its columns are parallel (NB: these are the
rows in the matrix above, which we have transposed for typographical reasons).
First we look at the first and last column. We want to know when:

8a(2,1) 8(1(3) _ aa(3) 8(1(2’1)
00  Opo 00  Oyps

Which means that:
2(sin(26) + cos?(p1) sin(26 — 2¢3)) sin(2p2 — 0) cos(6) cos? (1)

2(sin(2¢p9 — 20) + sin(2¢2)) sin(20 — @2) cos(p2) cos*(¢1)
We apply some elementary trigonometric identities to obtain
sin(2py — 0) cos(6) sin(260) cos? (1)

_ (3.25)
sin(2p2 — 0) cos(6) sin(26) cos* (1)

We leave this equation for what it is and look at the second and third column.
We want:

25in(2¢1) cos? (1) cos(8)(cos?(0 — o) + cos?(p2)) sin(2ps — )

2sin(2¢1) cos? (1) cos(8) cos(pz2) cos(d — w2)(sin(2ps — 26) + sin(2¢2))
This is equivalent to:

sin(2¢p1) cos? (1) cos(#) sin(2p2 — 6)
= (3.26)
sin(2¢1) cos?(1) cos?(6) sin(2py — 0)

Finally, we look at column one and two. We want:

2sin(2¢1) cos(6) cos(p2) cos(d — ¢2)(sin(20) + cos?(p1) sin(20 — 2p2))

25sin(2¢1)(cos?(0 — p2) + cos2(<p_2)) sin(260 — ¢2) cos(p2) cos?(p1)
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‘Which means that:

sin(2¢1) cos(p2) cos(#) cos(d — p2) sin(26)
= (3.27)
sin(2¢1) cos(p2) cos?(p1)(sin(20 — @2) + sin(ip2) cos?())

Now we will look for the solutions to these equations. We will start with
solutions to (3.25) and look whether (3.26) and (3.27) pose extra conditions.
For future reference, we will label the solutions.

From (3.25) we see that either cos?(p1) = cos*(¢1) or sin(2p2—0) cos(6) sin(20) =
0. The case that cos?(¢;) = cos*(¢1) implies that:

™
©1 € QZ
Which means that sin(2¢1) = 0, so equations (3.26) and (3.27) are automatically
satisfied. This will be called solution I.
The second option is that sin(2¢s — 0) = 0, then (3.25) is also satisfied. This
happens when:
2@2 —0 €

Write 8 = 25 — mm. From equation (3.27) we obtain:

sin(2¢1) cos(pa) cos(2¢e — mm) cos(pe — ma) sin(4deg — 2ma)

sin(2¢1) cos(p2) cos?(p1)(sin(3ps — 2mn) + sin(py) cos? (20 — mmn))

So:
sin(2¢1) cos(p2) cos(2¢2) cos(p2) sin(4ps)

sin(2¢1) cos(p2) cos?(¢1)(sin(3p2) + sin(psz) cos?(2¢2))

So either sin(2¢1) cos(p2) = 0, which means that ¢ € §7Z, which corresponds

to solution I, or:
1
Yo €T (Z + 2)

cos(2¢2) cos(pz) sin(4gs) = cos? (1) (sin(3¢s) + sin(ps) cos?(2¢2))

or:

The left hand side of the equation above is equal to zero if and only if v € 5Z.
The half-integer multiples of m were already seen to be a solution and the integer
multiples of 7 are also a solution, because then the left hand side is also equal
to 0. If ¢o ¢ T7Z, then we need:

2 _ cos(2¢p2) cos(p2) sin(4p2)
cos (901) - Sin(3gaf)2+sin(:pp§) cosz(gfw)

cos?(2¢3)
cos?(ip2)
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So we have 2¢9 — 6 € 7Z and:

cos?(2¢9)

™
€ -7 2 =
P2 2 Oor COos (901) cos2 (902)

These will be called solutions IT.a and IL.b respectively. Note that in the second
2

Cf:sz((zf;)) € [0,1]. This is a genuine restriction on ¢q. Let

us see which s satisfy this condition. First of all, note that the expression is

always positive, so the only remaining condition is:

case we do need that:

2
cos®(2¢p2) <1
cos?(p2)

or equivalently:

< Jcos(i2)|

M| —

so: g2 € [0, 3] U [2F, 4X] U [3F, 2]

Finally, there is the possibility that cos(6)sin(20) = 0. In that case we have
6 € 57. Which means that (3.26) is also satisfied. Write § = =T, from (3.27)
we obtain the condition:

0 = sin(2¢1) cos(p2) cos (1) (sin(mm — p3) + sin(ps) 0052(%))

SO:

0 = sin(2p1) cos(pa) cos®(1)((—1)™** sin(p2) + sin(ps) COSQ(%))

So if m is even, (3.27) is satisfied, we will call this solution IIL.a. For odd m
we obtain:

0 = sin(2¢p) cos(gp2) cos? (1) sin(ps)

So @1 € §Z, which corresponds to solution I, or @3 € FZ, which we will call
solution IIIL.b.
We summarise the solutions:

L o1 € 3Z
II. 29 — 6 € 7Z and one of the following:

a. g2 € 57

COS2 us us s ™
b. cos®(p1) = COSQ((?;D;)) and @2 € [0, 5] U [, F] U5, 2]

III. a. 8enZ
b. 0 en(Z+3) and @y € 37
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Computing the boundary

We will now compute the coefficients a1y, a(3) for each of the solutions. It will
turn out that all these solutions are lines in the image of a. We will directly
reparametrise these lines, which will simplify the expressions.

I.a. We will now also make a distinction between two types of solutions for
solution I, the first being the case where ; is an integer multiple of 7. In that
case we have:

a@n(8,¢0) = cos?() + cos? (0 — ¢2) + cos?(p2)
= 2cos(f) cos(p2) cos(d — p2) + 1

ae3)(0,p) = 2cos(0) cos(p2) cos(0 — o)

Write u(6, o) = cos(8) cos(ps) cos(d — ¢2). To determine the range of u, we
determine its extrema. So we want to know when:

Ould,2) _ sin(20 — 2) cos(p2) = 0
00
and: ou(8, p3)
duY,w2) _ g - -
Tor sin(2¢g — 0) cos(f) =0

So we have the following cases:
sin(26 — p2) = 0 or cos(p2) =0

and
sin(2¢9 —0) = 0 or cos(f) =0

If cos(f) = 0 or cos(¢2) = 0 then u = 0. So now only one of the four cases is
left, namely the case that sin(20 — ¢5) = 0 and sin(2¢3 —0) = 0. Then we have:
2p9 — 6 = mm and 20 — ps = nm, s0 3y = (M + 2n)w =: kr, which means that:

km 2km
@2:76110:?—7171'

3

In that case we have u(f, p2) = cos(2:%) cos? (&%) € {—%,1}. So we can write:

a(u) = (2u+1,2u) for u € {—;, 1}

Lb. If ¢ is a half-integer multiple of © we have:
a2,1) (0, ¢) = cos?(6)

a(3) (07 90) =0

Write u = cos?(6), then we have:

a(u) = (u,0) for u € [0, 1]
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IL.a. If @9 is an integer multiple of 7 then:
a@1) (0, ¢) =1 +2cos*(p1)

ags) (0, ) = 2cos” (1)
If o is a half-integer multiple of 7 then:

a@1)(0,9) =0
as)(0,9) =0
We write u = cos?(¢1) to obtain the line:
a(u) = (2u+ 1,2u) for u € [0, 1]
IL.Db.

cos?(2¢p2)

2 _ 2
02 (2) cos”(p2) = 3 cos®(2p2)

ag2,1)(0, @) = cos®(22) + 2

ags)(8, @) = 2cos® (2¢p2)
We write u = cos(2¢2). We have the condition that o € [0, 2] U [2F, 47] U
[3%,27], which means that u € [~3,1]. So we obtain the line:

1
a(u) = (3u?,2u®) for u € [—5, 1]

IIT.a.
a(2,1)(0,9) = 1+ 2 cos?(p1) cos? (i2)

ags)(8, @) = 2cos®(p1) cos®(p2)

We obtain:
a(u) = (2u +1,2u) for v € [0,1]

IILb. 0 €7 (Z+ %) and ¢ € FZ

s

a@,1)(0,¢) = cos?(p1) cos?(p2 — §) + cos® (1) cos®(i2)

We obtain:
a(u) = (u,0) for u € [0, 1]

The figure below shows a plot of the lines we have found:
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Figure 3.1: The points a(v) where rnk(Da(v)) < 2

The extremal points

We are interested in the extremal points of the convex hull of the lines
we have found. 1In the picture one can see that these are the points
{(0,0),(2,-1),(3,2)}. We will now prove this claim.

All the lines, except IL.b., are straight lines. Since all the points on a straight
line are a convex combinations of the endpoints on this line, only the endpoints
of these lines can be extremal. Furthermore, we easily see that the point (0, 1),
endpoint of all lines except II.b. and I.a., cannot be extremal, because it is a
convex combination of the endpoints of line L.a.. So for the possible extremal
points we are left with the endpoints of line I.a. and all the points of line IL.b..
We will now prove that of path ILb. only the points a(u) = (3u?,2u?) for
u € {—3,0,1} can be extremal.

Write:
eo = (0,0)
o — 3 1
-G-)
es = (3,2)

We will look at the lines:
Ly ={ep+s(e2 —ep);s € R} = {sea; s € R}
Lo(u) = {e1 + t(a(u) —e1);t € R}

First of all we will prove that for u # 3, the lines Ly and Lo (u) are not parallel
and thus intersect at some point.

Suppose L; and Lo(u) are parallel, this means that a(u) — e; is parallel to es.
So:

3 1
2—— = 3 —
2(3u° — ) =3(’ + )



3.4. THE THREE PARTICLE CASE 51

s0: 9
—6u +6u—==0
4
" 1 9 9
2 N(=3u*+-u—=)=0

(u+ 2)( u” + 5 U 4)
Sou = —% or —3u’+ %u—% = 0. We compute the discriminant of this quadratic
equation: D = (%)2 —4. % -3 = —% < 0. So besides u = —%, the equation only

has imaginary solutions. So L; and Lo(u) are parallel if and only if u = —%.
We will now determine the point where Ly and Lo(u) intersect in the case that

u ¢ {—3%,0,1}. At the intersection we have:
(1 —ty)er + tya(u) = syes

So we obtain the following two equalities:

3 1 —t,) + 3u’t, = 3s,
4

1
-7 -t + 20°t, = 2s,

SO:
1 1
Z(l—tu)+u2tu:_§(1—tu)+u3tu
SO:
3 j—
3—8u2+8ud
and:
1 3 3 1 12u% — 3
—(1 — 2 = — (1 e — = Sy
S v mrr: D e e 4<+3—8u2+8u3> s

We will show that for v € (—3,0) U (0,1) we have 0 < s, <1ent, > 1. The
first of these implies that a(u) is on a line through e; and the segment eges. The
second inequality implies that a(u) lies on the segment between the intersection
and ey, which means that a(u) lies in the interior of the convex hull of ej, ey
and eg.

We start with the claim that ¢, > 1. We want to show that:

0<3—8u?+8u*<3

for u € (—%,0) U (0,1). The right hand side is satisfied if and only if:

3

u? < u?

for u € (—%,0) we have u® < 0 < u?. For u € (0,1) we have v® = u - u? < u?.

For the left hand side, we look for the minimum of f(u) = 3 — 8u? + 8u3. We

have:
of (u)
ou

2
= 24u? — 16u = 24u(u — g)



52 CHAPTER 3. COMPLETELY SYMMETRIC STATES

So the minimum of f liesat u =0, u = % u = —% or u = 1 (the stationary points
of f and the boundary points of the intervals). f(0) =3, f(3) =3-224+5% = %,
f(=3) = 0and f(1) = 3. Note that f(—3) = 0 does not cause us problems,
because f(u) is positive for u > —1, which means that ¢, — +oo for u | —1.
Sot, >1foralue (—1,0)U(0,1).

We also want to prove that 0 < s,, < 1. This comes down to:

1242 — 3
1< —— <3
— 3—8u?+8ud —

First, we look at the left hand side. We know that 3 — Su? 4+ 8u3 > 0 for all
u € (—%,0)U(0,1). So we want that:

—3+8u? —8uP<12u®—3

so that:
8u +4u® >0

For u € (0,1), this is certainly true. For u € (—3,0) we will again look for the

minimum. Write f(u) = 8u® + 4u®. We look when:
2f(u) = 24u? + 8u = 24u(u + 1) =0
ou B B 3

f(0)=0, f(—3) =5, f(—3) =0and f(1) =12.
For the right hand side we want:
1202 — 3 <9 — 2402 + 2443

SO:
0< 12— 36u? + 24u°

Write f(u) = 12 — 36u? + 24u>. We again look for the minimum of f:

gf(u) = —T2u+ 72u* = T2u(u—1) =0
u

f(=3) =6, f(0) =12, f(1) = 0. So we know that 0 < s, < 1 for all u €
(_%70) U (Oa 1)
So a(u) = (3u?,2u®) can only be extremal if u € {—3,0,1}. We have:

We may conclude that:

conv (ran(a)) = conv ({eg, €1, e2})
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3.4.2 Geometric and arithmetic means

The calculation in the previous section was rather long and does not provide us
with a lot of insight in how we might do a similar calculation in a situation with
more than three particles. Furthermore, the calculation above only concerns
states on a real Hilbert space, introducing complex vectors would make the
calculation even longer.

In this section we will obtain the results in the more general complex case
through a different (quicker) calculation. So we will prove the following:

Theorem 3.4.4. p € Y3 is seperable if and only if:

a(p) = (a(2,1)(p); ags)(p)) € conv ({eg, €1, €2})
We first need the following lemma.

Lemma 3.4.5. Let R>z; >0 fori=1,...,n. We have:

<H $z> <- Z Z;
i=1 ni=

and equality holds if and only if x; = x; for all i,5 = 1,...,n. The left hand
side is called the geometric mean and the right hand side is called the arithmetic
mean of the numbers {x;};_,.

Proof: Note that if all the x; are equal, equality is trivially true. The same holds
for n = 1. So from hereon we may suppose that not all z; are equal.
Suppose the statement is true for n. Write:

n+1

1
M:n—f—lzxi

=1

Because not all z; are equal, there must be some x;, , z;, such that z;, < p < x;,.
Without loss of generality, we assume i; = n + 1 and io = n. We have:

(1= Tns1) (@ —p) >0
Write @], = 2, + Tpy1 — 0 > T — o > 0. So we have:

1+ ... 1+,

n

Because of the induction hypothesis, we have:
p" > wy
We have ), = (4 — py1)(@n — ) + Tp@pt1 > TpTpyr. So

n+1
M >T1 Tp—1TnTn+l
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O
We can now return to our problem. We drop the assumption that the vectors
are real, so we get:

a2,1)(v1,02,v3) = (v v2) [ + [(v2 vs) [* + [(vy Jvs) [°
and:
aes)(v1,ve,v3) = 2Re ((v1 [v2) (V2 |v3) (v3|v1))
From the fact that the vectors vy, v9, v3 are unit vectors we obtain:
0 < ag,1)(v1,v2,v3) <3

and:

—2[{v1 Jva) (va |v3) (v3|v1) | < ag)(vi,v2,v3) < 2[(vr |v2) (V2 Jvs) (Vs |v1) |
Furthermore we have:
[(v1 [v2) (valva) (valvi)| = [(v1|va)|[(v2|va)|[(vs|v1)]

= (1o 02} {02 05) [ [{u3 o1} [2)

3

a(2,1y(v1,02,03) \ 2
< (Genlyren)

N

Where we have used lemma 3.4.5 in the last step. So:
3 3
ai1y(vi,v2,v3)\ 2 1 agz,1)(v1,v2,v3)\ 2
() < (e

Furthermore we know that the Gram matrix G, given by:

1 (vifvz)  (v1|vs)
G=1 (v1]|vg) 1 (v2 |v3)
(v |v1)  (v3|ve) 1

has positive determinant because it is positive semidefinite. So:
1— |(v [v2) [ + [(v2 vs) [ + [(v1 Jvs) [* + 2Re ((v1 [v2) (v2]vs) (vs[v1)) >0

So:
a2,y (v1,v2,v3) — 1 < agsy(v1,v2,v3)

So we obtain:

max {2 (9(2,1)(@31,1;2,@3)>

<

(N

,a(2,1)(v1,v2,v3) — 1}

a(3) (Ula V2, U?))

<

3
9 (e (v1,v2,v3) 2
3
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Define the function f : [0,3] — R by f(z) = max {—2 (%)% T — 1}. We will
rewrite it by looking at the intersections of the curves defined by

3
y(z) = (x,-2(£)?) and y(z) = (z,x — 1) for = € [0,3]. These curves intersect

when: \
2 (%) for-1

We will look for solutions of:

so:
4 4 3
2—7x37x2+2x71: 2—7(x73)2(:c71) =0
For instance by filling in x = 0 and z = 2, we see that:
3
2 for0<z< %

v (- (9)" 51} = { L0

3
5 for $<x<3
So we have:

if 0 < a(g,1)(v1,v2,v3) < 3.

e

3
a(2,1)(v1,02,v3) \ 2 1 a(2,1)(v1,v2,v3)
- ( 3 < 50(3)(v1,v2,v3) < 3

o (3.28)
if § < age1)(v1,v2,v3) < 3

3
a(2,1)(v1,v2,03)—1 1 a(2,1)(v1,v2,v3) \ 2
2 < 503 (01,02, v3) < 3

Let us look for the intersections of the upper and lower bounds.

At the intersection of the curves (z,2 (%)%) and (x,2 — 1) for x € [0, 3], the
same cubic equation is valid as on the previous intersection. We may conclude
that the only intersection of these curves is at © = 3.

The only intersection of (x, —2 (%)%) and (x,2 (%)%) is at z = 0.

In a similar way as in the previous section, we can prove that the area between
the three curves is contained in the convex hull of (0, 0) and the two intersections,
which we will call ey, e; and ey again.

If we can prove that there exist vectors vi, vy, vi with a(vi,vi,vy) = e; for
i =0,1,2 then we are done. We know that the range of a is contained in the
area between the three curves, which means that the convex hull of ran(a) is
contained in the convex hull of these three curves, which is contained in the
convex hull of eg,e; and e3. But because we have found these v}, v}, v}, we
know that the convex hull of eg,e; and es is also contained in the convex hull
of ran(a).

Of course, we already know from the previous section which vectors we have to
take. But in an effort to keep our new approach somewhat self contained, we
will try to reconstruct the vectors from the arguments in this section.
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First of all, we have the point ey = (0,0). a(2,1)(v1,v2,v3) = 0 means that
[(v; |vj>|2 =0 for i« # j = 1,2,3 and hence that we need an orthonormal
configuration of vectors. In this case a(s)(v1,v2,vs) is also equal to 0.

3 N2
At the two other intersections we need that (M = (M) )

From lemma 3.4.5, we know that this is the case if and only if
|(vi |vj) 1> = [(vg |v) | for all 4, j,k, 1 =1,2,3 with i # j and k # L.

So at the first intersection: e; = (2, —1) we obtain |(v; |v;) > = 1 for all i # j

4>
and Re((vy |va) (v |vs) (vs|v1) = —4. It is easy to see that there are only two
options (up to permutations of the vectors), namely
—(v1 |v2) = (vafvg) = (vi]vz) = § and (v1|v2) = (valvg) = (v1]oz) = —3.

The fact that both these combinations can be realised by unit vectors in C3
follows from the positivity of the corresponding Gram matrices.
At the second intersection e; = (3,2) we obtain |(v; |v;) |> =1 for all
i # j and Re((v1 |v2) (v2|vs) (vs|v1) = 1. Again we are left with two options:
— (v |vz) = —(v2|vs) = (vi|vs) =1 and (v1|vy) = (v2fvg) = (v1]vs) = 1.
Which can again both be realised because of the positivity of the corresponding
Gram matrices. This means that we are done. We have proved that also in the
complex case we have:

a(Y3) = convi{eg,e1,ea} (3.29)

Though it is a lot quicker than the method from the previous section, this
method still does not generalise very well to a higher number of particles. It
depends on a somewhat lucky guess: the inequality for the two averages. So in
order to generalise we would have to find new inequalities.

3.4.3 Sturm’s theorem

In this section we will utilise the fact that the roots of the characteristic
polynomial of a Gram matrix have to be positive to obtain the inequalities
that we found in the previous section and thus to again prove theorem 3.4.4.
We will do this using Sturm’s theorem.
For a matrix A € M4(C) we will write chary : C — C for its characteristic
polynomial. So:

char 4 (z) = det(A — z14)

Let G be the Gram matrix of the unit vectors vy, vy, v3 € C3. Then we have:

(—1)3char_g11,(2) = det(G — 13 + z13)

2 (v1 Jva) (w1 |vs)
= det <1}2 |’U1> z <U2 |U3>
(v3 |v1) (V3 |va) z (3.30)

=23 — (v1 [v2) |* 2 — |(v2 Jus) [* 2 — |1 |vs) |* 2
+2Re ((v1 [v2) (v2 Jvs) (v3 |v1))

= 2% — a1y (v1,02,03)2 + a(z) (v1, v2,v3)
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For a function f: C — C we write:
Ny ={z€C; f(z) =0} (3.31)
Because G is a Gram matrix (and thus positive semidefinite) we know that:
J\LChM_G+13 = {z € C;char_g41,(2) =0} C (—o0,1] (3.32)

We will use this in combination with what is known as Sturm’s theorem. We
will first need some results on polynomials.

Proposition 3.4.6. Let p;1 : R — R and po : R — R be polynomials with
deg(p1) > deg(p2). Then there exist unique polynomials ¢ : R — R and r : R —
R such that:

p1(x) = q(z)p2(z) + r(z) Vz € R
and deg(r) < deg(pz). r will be called the reminder of division of p1 by pa, we

will write r = rem(py, p2).

The proof of this proposition can be found in [Lan02].
If p: R — R is a polynomial we will write p’ : R — R for its derivative.

Definition 3.4.3. Let p: R — R be a polynomial. The canonical Sturm chain
of p is the set of polynomials {p;}.-, defined by:

e po=p p1=p

® piy1 = —rem(p;—1,p;) fori>1.

o p; #0 foralli
Note that this defines a finite sequence because deg(p;+1) < deg(p;).

Definition 3.4.4. Let p : R — R be a polynomial. p is called square free if
there is no A € R such that (z — \)? divides p(x) for all z € R\\

Lemma 3.4.7. Let {pi}ZO be a canonical Sturm chain and let py be square free
then:

1. Let x € R. If pi(x) =0 for 0 <i < m then sgn(p;—1(z)) = —sgn(pit+1(x))
2. sgn(pm) is constant

Proof: 1. By definition we have:

pi-1(x) = q(x)pi(z) — pit1(x) = —pit1(x)

So if x is no root of p;+1(x) and p;—1(z) then the statement is proven. Because
these polynomials are obtained by the Euclid Algorithm for py and p; = pf), we
see their greatest common divisor is equal to the greatest common divisor of pg
and pj. So if x is a root of p;_1,p; and p;41 it has to be a root of pg and pf, as
well, but these have no simultanious roots, because pq is square free.

2. By the Euclid algorithm, p,, is the greatest common divisor of py and py. If
it is not constant, then py and pj, have a common root, which means that pg is
not square free. O
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Definition 3.4.5. Let {p;}.~, be a canonical Sturm chain and let © € R.
Define:
o(z) = #{i;1 < i <m, sgu(pi(z)) # sgn(pi-1(2))}

We have the following theorem.

Theorem 3.4.8. Sturm: Let p : R — R be a polynomial and let {p;}.", be the
corresponding canonical Sturm chain then:

# ({z € Ryp(z) = 0} N (a,b]) = o(a) — o (b)
where multiplicities are not counted.

Proof: First we assume that p is square free. Let us first look at the interior
of the chain, so the polynomials p; for 1 < i < m. Suppose the a < b and
sgn(p;)(a) = —sgn(p;)(b). Because polynomials are continuous functions, there
must be some a < ¢ < b such that p;(¢) = 0. Because of lemma 3.4.7 we
know that this means that: sgn(p;—1(c)) = —sgn(p;+1(c)). We again use the
continuity of polynomials to see that this must be true for a neighbourhood of
c. But this means that the total number of sign changes in the chain does not
change if we go through c. So the total number of sign chains is not influenced
by the roots of the polynomials in the interior of the chain, but only by the
roots of p.

Now suppose that p(z) = 0. Because p;(z) = p'(z) # 0, we know that p must
be either increasing or decreasing at x. Suppose it is increasing, then the sign of
p goes from negative to positive and the sign of p; is positive as we go through
x from left to right. This means that the total number of sign changes decreases
by 1. Suppose p is decreasing around at x, this means that its sign goes from
positive to negative and the sign of its derivative is negative as we go through
x from left to right. This also means that the total number of sign changes
decreases by 1 if we move through a x. So for square free polynomials, the
theorem is proved.

Now suppose p is not square free. Let r denote the greatest common divisor of
p and p’. Then d divides all p; for i = 0, ..., m, because of the properties of the
Euclid algorithm. Which means that we can define a new sequence ¢; = p;/d

for i = 1,...,m. It is easy to see that this is also a canonical Sturm sequence
with the same number of sign changes at every € R. Furthermore ¢q is square
free and has the same roots as p. O

We of course want to apply this to the polynomial char_g11, : R — R. First
we will look in which case char_g41, is not square free. So suppose that:

—char_g11,(2) =2%— a2,1)(v1,v2,v3)2 + a3 (v1,v2,v3)
= (=N
=25 — (24 p)22 + (A2 + 22p)z — pA?

So we obtain: 2\ + u = 0 and hence p = —2X. So then —char_gy1,(2) =
23 —3X22 4 2A3, which implies that 27a(s3) (v, va, v3)? = daa 1) (v1,v2,v3)°.
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Let us assume that char_g4 1, is square free and compute the canonical Sturm
chain of —char_gy1,. This is given by:

po(x) = 23 — a1y (v1,v2,v3)T + acz)(v1, v2,v3)

p1(z) = 322 — a2,y (v1,v2,v3)

p2(z) = %ag,1)(v1,v2,03)T — az)(v1,va, v3)

27 a(s)(lev27v3)2

p3(x) = a(2,1)(vl’ U2, V3) — 4 a(2,1)(v1,v2,03)2

We want the roots of py to lie in the set (—o0,1]. So we want:
o(—o0)—0o(1) =3

The chain has the following values at —oo and 1:

—00 1
Do —00 1 — a1y (v1, v2,v3) + a3y (v, v, v3)
D1 +oo 3 —a(2,1)(v1,v2,v3)
P2 —0 %a(m)(vl»vzws) — Q(3) (U17U2,U3)

27 as)(v1,v2,03)°
4 a(z,1)(v1,v2,v3)2

27 a(3>(v1,v2,v3)2

4 a(211)(v1,v2,v3)2 a(2$1)('U1,’U2,'U3) -

p3 a(2¢1)(U17U2,U3) -

So we obtain the following conditions:

1 — a1 (vi,v2,v3) + agg) (v, v2,v3) > 0

3 —a2,1)(v1,v2,v3) > 0

%a(gyl)(’ljl,vgfl)g) — az)(v1, v2, v3) > 0 (3.33)
32,1y (v1, 02, 03)° > jag)(vi, v2,v3)°

So we have obtained the same conditions as in the previous section, but now
through a more structured approach.

3.4.4 From extremal points to constraints

Originally we were interested in conditions for a completely symmetric state of
three particles to be separable. In principle we have found these, the image of
this state under the map a : Y3 — R? must lie in the convex hull of the three
points we have found.

There is however another way to describe the convex hull of these points, which
makes determining whether or not some other point lies in this convex hull a
little easier. This is done using supporting hyperplanes.
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Definition 3.4.6. Let C C R? be conver and let (s,r) € R? x R then the set:
Hispy = {2 eRY (2 ]s) =1}

is said to be a supporting hyperplane at x € OC if x € H,,y and (y|s) <r for
ally € C.
Furthermore define:

H+

(s,

) = {xERd;<x|s> >r}
Note that for A € R\{0} (s,7) € R? x R and (s, A\r) € R? x R define the same
hyperplane.

Definition 3.4.7. Let C C R? be convex and let H .y be a supporting
hyperplane of C at x € OC then the set F' = C N H,,) is called a face of
C.

Definition 3.4.8. The dimension of a set A C R? is the minimal k € {0,...,d}
such that there exists an invertible bounded linear map r : A — R

Definition 3.4.9. Let C C R? be convex. A face of C of dimension dim(C) — 1
is called a facet of C.

Note that if dim(C') = d then every facet determines a unique hyperplane H, ..

Proposition 3.4.9. Let C C R? be a compact convex set and let F be a face
of C. Then:

1. F is a compact conver set.
2. Let x € F then x € ext(F) if and only if x € ext(C)

The proof of this proposition can be found in [Gru07].
We have the following useful characterisation of convex sets that are generated
by a finite number of extremal points.
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Theorem 3.4.10. Minkowski-Weyl: Let C C R? be a compact convez set. Then
the following are equivalent:

1. # (ext(C)) < o0

2. There exists a finite set {(si,r:)}i—, C RY x R such that:

n
C= ﬂ H(—giﬂ“i)
=1

If dim(C) = d then these half spaces can be taken to be the half spaces
corresponding to the hyperplanes corresponding to the facets of C.

The proof of this theorem can be found in [Gru07]. The goal of this section will
be to determine the description of our set as an intersection of half spaces.
Now we return to our set, the convex hull of ¢y = (0,0), e; = (%, —i) and
ea = (3,2). Because ey does not lie on the line spanned by e; and ey, we are
dealing with a 2 dimensional convex set in R?. So we will look for the facets of
this set.

Because of the proposition above, every facet of our set must contain at least
two of the points {eg, €1, ea}.

We start with e and e;. We are looking for a hyperplane H,,) such that
eo,e1 € Hi, ). So we need some (s,7) € R? x R such that:

{e1]s) = (eols)

The left hand side is equal to zero, meaning that we are looking for a vector
s € R? such that (e;|s) = 0. We could for instance take s = (1,3). Because
(e2]s) =9, the corresponding half space is:

H+

(13,0 = 1z € R%(2](1,3)) > 0}

Next we look for the hyperplane that contains ey and ez, we again get (es |s) = 0.
Which means that we can take s = (2,—3). We then have (e; [s) = 2 so the
corresponding half space is:

+ _ 2,
Hy 5 = {z € R%(z|(2,-3)) >0}
Finally there is the hyperplane that contains e; and e;. We are looking for some
s € R? such that:
(e1ls) = (ezs)
So (e2 — €1 |s) = 0 we can take s = (—1,1). We have (ea|s) = —1 and (eg |s) =
0 so the corresponding half space is:

2,
Hi_y 4,21y = {2z €R% (2[(-1,1)) > -1}

Remember that if G is the Gram matrix of the vectors vy, v2,vs then det(G) =
1—a9,1)(v1,v2,v3) +ae)(vi,v2,v3). So the fact that a(YV3) C H(szl,l),fl) comes
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from the fact that for all separable pure states the corresponding Gram matrix
has to have positive determinant.
So we get the following description of our convex set:

conv{eo, e1,e2} = {z € R? (z](1,3)) 2 0,(z[(2,-3)) 20, (z[(1,-1)) > ~1}
(3.34)
We summarise the results in the following theorem.

Theorem 3.4.11. p € Y5 is separable if and only if the following three
conditions are satisfied:

a2,y (p) + 3acz)(p) >0
2a¢2,1)(p) — 3az)(p) = 0
—ag2,1)(p) +a@)(p) > —1

3.5 The four particle case

For the four particle case we will use the same set of coordinates as in the three
particle case. So we look at the map a : YV, — R2() . There exist 5 partitions
of 4, namely: (1,1,1,1), (2,1,1), (3,1), (2,2) and (4).

We again start with pure states. We have:

ac,i,1,1)(v1,v2,v3,04) =1

a@,1,1)(v1,v2,v3,v1) = [(v1]ve) >+ (v1 [vs) |22
[(v1 [va) [~ + [{v2 |vs)

+ Ii B
+ [(va [va) |7 + [{v3 va) |

a(3,1)(v1,v2,v3,v4) = 2Re ((v1 [v) (v2[v3) (v3[v1))

+2Re ((v1 |v2) (v2 |v4) (V4 |v1))

+2Re ((v1 |vs) (v3 [va) (valv1))

+2Re ((vz [vs) (vs|va) (V4 |v2)) (3.35)

a(2,2)(v1,v2,v3,v4) = [(v1 |v2) \22 [(v3 [va) |22
+ [ [v3) |~ [(v2 |v4)
+ [{v1 [va) |7 [{v2 |vs)

V)

| 2
|

a4y (v1,v2,v3,v4) = 2Re ((v1 [v2) (va|vs) (v3 |va) (valv1))
+2Re ((v1 |v2) (v |va) (V4 |v3) (V3 |v1))
+2Re ((v1 |v3) (v3 |va) (V2 |v4) (v4|v1))

We will write:

a(vi,ve,v3,v4) = (a(2,1,1)(v1,v2,v3,v4), a1y (v1, V2, V3, 04), (3.36)
a(2,2) (01’027U3,U4)7a(4)(U1,U27U3,U4))
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3.5.1 Necessary conditions

We will try to apply the same trick as in section 3.4.3. Let G be the Gram
matrix of the unit vectors vy, va, v3,vs € C*, then:

char_g41,(2) =det(G — 14+ 2)

=z —a@1,1)(v1,v2,v3,04) 2% + a1y (v1, V2,03, 04) 2 (3.37)

+agy(vi, v, v3,v4) — ag2,2)(V1, 2,03, V4)

We immediately see a problem arising: the properties of the characteristic
function will only tell us something about the coordinates b(vy, ve, v3,v4) given
by:

bl(’Ul,'UQ,'U3,U4) = CL(2,171)(’U1,’U2,U3,U4)
bQ(Ul,U27U3,U4) = a(g)(vl,’UQ,Ug,U;l) (338)
b3(v1,v2,v3,v4) = aqz,2)(v1,V2,V3,V4) — aa)(v1,V2,V3,04)

A priori there is no reason to assume that these coordinates describe the
entire situation. They do however provide us with necessary conditions for a
completely symmetric state to be separable. So we do proceed with computing
the convex hull of the range of these coordinates. Through this method we will
obtain the following result.

Theorem 3.5.1. Let p € YV, be separable. Then:
2a(2,1,1)(p) + Bacs,1) (p) — 4a2,2)(p) + 4ac)(p) =2 0
2a(2,1,1)(p) + 3a 371)(0) +12a(2,2)(p) — 12a¢4y(p) = 0
2a(2,1,1)(p) = 3ags,1)(p) — 4a,2)(p) +4aw)(p) 2 0
ac2,1,1)(p) — as1)(p) — a@.2)(p) +awy(p) <1

To lighten the notation a bit, we drop the vectors and write:
char_gy1,(2) = 2 —b12® + byz — b3 (3.39)

We could again try to apply Sturm’s theorem, but as it turns out this results
in inequalities in polynomials of degree 10 in three variables. Instead we start
with the roots of char_¢g41,.

We know that Nehar_g,,, C (—00,1] and that:

O=tr(-G+1)= > A (3.40)

/\ENchar,GJr14

Which implies that Nehar_g,,, C [~k+1,1]. Without loss of generality we may
assume that Ay < Ao < A3 < Ay, We will write:

4
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Note that A C R* is a convex set with extremal points:

€1 = (_3a17171)

es =(-1,-1,1,1)

L (3.42)
es =(-3—-3-31)
es = (0,0,0,0)

So for a general monic polynomial of the form p(z) = 2% — b122 + byz — b3 to be
a characteristic polynomial of —G + 14 for some Gram matrix G of unit vectors

it is necessary that there exist \; € [k + 1,1] for ¢ = 1,2,3,4 with f: Ai=0
and A\ < Ay < Az < \g such that: =
p(z) = (2= A)(z = A2)(z = As)(z — Aa)
=20 = (= A2+ (= X M)z — (A1 A223M)

1<j i<j<k

(3.43)

So let us view the coordinates b as a map b : A — R? and look at its range.
Note that there might be points in this range that cannot be realised as Gram
matrices of unit vectors. We have not proved that it is also sufficient that
the roots of a polynomial are elements of A in order to be able to write this
polynomial as the characteristic polynomial of —G + 14 for some gram matrix
G.

If however all the extremal points in the convex hull of the range of b can be
realised by some Gram matrix of unit vectors then we know that all the points
in the convex hull of the range of b can be realised by some separable density

matrix because the map b : D (((C4)®4) — R3 is R-linear. On the other hand,

we know that all the points in R? that can be realised by some Gram matrix
must lie in the range of b. Which means that in this case the range of b provides
us with a set of necessary conditions for a state to be separable.

So in order to prove all this, we will look for the extremal points in the convex
hull of the range of b.

Claim. Look at the map b: A — R3. We have:

ext(conv(ran(b))) = {b(e1), b(e2), b(es), bea)}

We will first compute conv({b(ey),b(ez2),b(es),b(eq)}) and then prove that the
range of b is contained in this set.
We have:

= (=D Ad— D AN —A A ds M) (3.44)

i<j i<j<k
Define:
fi="ble1) = (6,8,3), fo =b(e2) = (2,0,-1),
(3.45)

f3= b(e3) (% - 7?17)’ Ja= b(€4> = (070’0)

en
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Because fi, fo and f3 are linearly independent and f4 ¢ conv{fi, f2, f3}, we
have: conv{fi, fo, f3, f4} is a volume.

This means that each set of three elements of { f1, fa, f3, f4} determines a facet
of conv{ f1, fa, f3, fa} and a supporting hyperplane and corresponding half space
by linear extention of this facet.

In the three particle case we have already seen that it is useful to describe our set
as the intersection of these half spaces. So let us determine the corresponding
hyperplanes.

Let us start with f1, fo an f3. Remember that a hyperplane defined by some
(s,7) € R3 x R is given by:

Hiry = {z e R (z|s) =r}

Note that for A € R\{0} (s,r) and (As, Ar) define the same hyperplane, meaning
that when looking for the hyperplane spanned by fi, fo and f3 we are only
interested in the line on which s lies and not in its magnitude.

So, let H(,,) be the hyperplane through fi,f> and f3. Then (fi|s) =

(f218) = {fsls). So (f1 — fals) = (fo — f3]s) = 0 (Note that (f; — f3|s) =0
immediately follows from these two equations). We obtain the linear equations
in the coordinates of s:

4s1 + 889 + 4s3 =0
16 224 80 _
31t Srsatgyss =0
Gauss elimination gives us:
§1 = 53, S3 = —S3

So we can take:
s=(1,-1,1)
We have (f1|s) = —1 and (f4|s) = 0 so the corresponding half space is given
by:
(1L-1.1)1) = {z e R% (z|(1,-1,1)) <1}
Through similar calculations we obtain three more hyperplanes. We will label

the defining vectors by the extremal points that are not part of the corresponding
hyperplanes. We obtain the following vectors:

S1 = (275a4)7 S2 = (2737712)5

(3.46)
s3 = (2,-3,4), s4 = (1,-1,1)
And we obtain the following description of our convex set:
conv{ f1, f2, f3, fa}
= (3.47)

{2 B3 (x]s1) 20, (x]sa) 20, (xs5) >0, (xlss) <1}
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So now the next step is proving that the range of b : A — R? is contained in this
set. So let us study the range of b. We know that the range of b is a compact set
in R3, which means that its convex hull is also compact and thus spanned by its
extremal points. So if we can prove that the extremal points in the convex hull
of the range of b all lie in conv{f1, fa, f5, fa} then we are done. We will start
with proving that b(A) cannot be extremal for elements A of a large subset of
A.
We will look at what happens if we fix two of the four roots, say \; and A;.
Write £ = —\; — A, which is also fixed. Call the other two roots A, and A;. We
have:

AN =&— X (3.48)

and:
b(A) = —(Nidj + (N +A5)E AiN6,0) — A (€ — M) (L, i + g, Aidg) - (3.49)

So we see that by varying A\; we obtain a straight line through b()\), which
means that b(\) cannot be extremal in the range of b. There are however A € A
for which this argument breaks down. There are two ways for this to happen:

I (A +8)(E =M —1t) = (Mg —t)(§ — M +t) for t € R, this would mean that
there exists a straight line that ends at b(\) in the range of b instead of
one going through b(\). This happens when the function f(z) = 2(§ — x)
has an extremum at z = \g. So if A\ = %E and thus that Ay = ;.

2. )\ is maximal or minimal, meaning that there is no ¢ € (0,00) such
that respectively A\, +t or A\ — t can be realised by some X € A for all
t € [0,¢). Meaning that there is no A € A such that A\j = \;, \; = \j, A}, =
Ao+t N = A — t.

We will now study the set of elements in A for which the argument breaks down
in three concrete cases.

First we fix A3 and \4. And take A\, = A1, \; = A2. So the ways for the argument
to break down are:

1. A1 = Ag. This means that A € conv{es, e3,e4}.

2. A1 is minimal or maximal. Because A\; < Ao we see that maximality of
A1 means that A\; = Ao, which corresponds to the previous point. A; is
minimal if Ay cannot be increased any further, which means that Ao = A3
and hence that A € conv{es, es,eq}.

So we see that if A ¢ conv{es, e3, e4}Uconv{ey, €3, e4 } then there exists a straight
line in the range of b : A — R3 through b()\). Which means that if b()) is
extremal in the convex hull of its range, then:

A € conv{eg, e3, e} Uconv{e,es, eq4} (3.50)

Now we fix Ay and A3. And take A\ = A1, A\; = A4. So the ways for the argument
to break down are:
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1. A1 = Ay which means that A = ¢4

2. A1 is minimal, so Ay = 1 and hence A € conv{ej, e, ez}, or A; is
maximal so A3 = Ag or Ay = Ay which means that A\ € conv(ey, ez, e4) U
conv(es, e3, €4)

So b()\) can only be extremal if:

A € convi{ey, e, eq} Uconv{es, es,eq} (3.51)

Finally we fix Ay and Ay. And take Ay = A3, \; = A4. So the ways for the
argument to break down are:

1. A3 = Aq and so X € conv{ey, ea,eq4}.

2. A3 is minimal, which means that A3 = Xy or Ay, = 1 so A €
conv{ey, ez, ez} U conv{es,es,eq} , or Az is maximal which means that
A3 = A4 which corresponds to the previous point. So

So b()\) can only be extremal if:
A € conv(ey, ea, e4) Uconv(ey, ez, e3) Uconv(er, es, eq) (3.52)

We combine equations (3.50),(3.51) and (3.52) to conclude that b(\) can only
be extremal if:

(conv(es, e3,e4) U conv(er,es, eq))
N
A€ (conv(ey, es, e4) Uconv(ey, ez, eq))
N (3.53)

(conv(ey, ea, eq4) Uconv(er,es,es) Uconv(e,es,eq))

= conv(es, eq) U conv(ey, eq) Uconv(es, ez) Uconv(es, ey)

Note that there are still other combinations of roots that can be kept fixed, but
it turns out that these do not pose extra conditions for extremality of b(\) for
some A € A.

So let us look at the image of the set of line segments we have found under b
and prove that it is part of the set conv{fi, fo, f5, fa}. We will treat each line
segment separately.

We start with the segment conv{es,es}. Write A(t) = tes + (1 — t)eq = teg so:

8 1

BAW) = (1 WS St
)

s1) 2 0, (b(A()) |s2) = 0, (b(A(?))[s3) =0

So we have to prove that (b(A(t))

and (b(A(t)) [s4) < 1 for all £ € [0, 1]. We have:
(b)) [s1) = 3t2 = 328° + oott = 2 (t = 1)(t - 9)
(b)) [s2) =32 =813 — %% =242t —1)(t +3)
(b(A)) |s3) = 2t + 343+ L1t
(bA®) |s1) =282+ 23 4 Lt
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From the factorisations of the first two, we see that they are positive for all
t € [0,1]. The third and fourth are increasing functions of ¢, which means that
for all ¢t € [0,1] we have: (b(A(t)) |s3) > (b(A(0))]|s3) =0 and

(b)) |s4) < (b(A(1))]s4) = 1. Which means that this entire line segment is
mapped to the set conv{f, fa, f3, fa} under b.

The next segment is conv{ey,es}. Write A(t) = tez + (1 — t)eq = teg so:

b(A(t)) = (6t%,8t3, 3t%)

We have:
(b(A®)) |s1) = 12¢% +40t3 + 12¢*
(b(A(t)) [s2) =122 4 2483 — 36t* = —36t2(t — 1)(t + )
(b)) |s3) =122 — 2483 + 12t* = 12£2(t — 1)?
(b(A(t)) |s4) = 6t% —8t3 + 3t

The first three are all positive for ¢ € [0,1]. Let us determine the maximum of
the fourth expression. Write f(t) = 6t2 — 8> + 3t*. We have:

%f(t) = 1263 — 24¢% + 12t = 12t(t — 1)?
So f has local extrema at ¢t € {0,1}. f(0) =0 and f(1) = 1. So
(b(A()) |sa) = f(t) < 1.
The third segment is conv{eq, e4}. Write A\(t) = tes + (1 — t)es = teg so:

b(A(t)) = (2t%,0, —t*)

So:
(b)) |s1) = 4t2 —4t4
(b(A(1)) |s2) =4t + 124
(b(A(t)) |s3) = 4t? — 4t4
(b)) |s4) =2t —t*

It is easy to see that these functions also satisfy the conditions.
The final segment is conv{es, es}. Write:
At) =tea+ (1 —t)es

= 5(=1,-1,-1,3) + 5t(=2,-2,4,0)

So

4, 2 16, 8 8 1
b(\(t)) = (# + o, =t - —, —5- (2t + 1)2(4t — 1))
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For the inner products this means that:
bA()) |s1) = -5t + 57 — 5t°

bA(L)) [s2) = 2242 + 1543

(
(b(A(?)) [s2)
(bA®) [s3) = P2 = Ft°
(b)) [s4) =1

The second and third expressions are obviously positive for ¢ € [0,1] and the
fourth condition is also trivially satisfied. Let us look for the minimum of the

: : 16 64 _ 16 .
first expression. Write f(t) = — 42t 4+ 52 — 32¢3. So:
P 32 48, 48
T = -t o= (42
8tf() 9 27 27 (t+2)

Which means that min { f(¢); ¢ € [0,1]} € {f(0), f(1)} = {52, 0} so (b(A(t)) |s1)
f(t) >0 for all ¢ € [0,1].
Let us summarise the argument. For a pure state
[v1 @ v2 @ vz @vy) (V1 QU QU3 Ruy| € D ((C4)®4>, a ‘projection’ of the
coordinates of a(|v] ® va ® v3 ® v4) (V1 ® V2 ® V3 ® v4|) has to correspond to the
coefficients of the characteristic polynomial of —G + 14, where G is the Gram
matrix of vy, v, v3 and vy. This means that these coefficients must be such
that the roots of the corresponding polynomial must lie in (—oo, 1] which in
turn means that the coefficients must lie in the range of b : A — R3. Because
the image of all separable states under a is the convex hull of the image of all
separable pure states under a we see that the coefficients must lie in the convex
hull of b. This is equal to the convex hull of fi, fo, f3 and f4.
We can also translate the results back to the a-coordinates. Define p : R* — R3
by:

pag,1,1),a(3,1), (2,2), A1) = (a2,1,1), A(3,1), A(a) — A(2,2)) (3.54)
So if a € R* corresponds to a separable state then we know that (pa |s;) > 0 for
i=1,2,3 and (pal|sy) < 1. So: {(a|p*s;) > 0fori=1,2,3 and {(a|p*ss) < 1.
So we obtain the vectors t; = p*s; for i = 1,2,3,4. These are given by:

t1 =(2,5,—-4,4), to = (2,3,12,-12),
(3.55)
ts = (2,-3,—4,4), t, = (1,-1,-1,1)
This proves theorem 3.5.1.

Note that the determinant again turns up in our conditions. Let G be the Gram
matrix of the vectors vy, va, v3,v4 € C*. Then:

det(G) =1—a,1,1)(v1,v2,v3,v4) 4 as,1)(v1,v2,v3,04)

3.56
+a(2,2)(v1,v2,v3,v4) — agy(v1,v2,v3,v4) ( )

So the fourth inequality comes from the fact that this determinant has to be
positive.
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3.5.2 Sufficient conditions?

The conditions in theorem 3.5.1 are necessary conditions and as we already
mentioned in the previous section, there is no reason to assume that they are
sufficient. In fact, it is quite easy to see that they are not. For instance, the
vector a = (0,0,1,1) satisfies them and this vector cannot be in a()s3) because
for all vy, vy, v3,v4 € C* we have:

2 2 2
[(v1 |v3) [~ + [{v1 |va) |

(02 [va) |* + | (v3 [va) |

2
"

+ +

(1(27171)(1)1,’1)2,1)3,7)4) = |<U1 |UQ> )
|(va va) |
) (v |vg) |”
)

= a(2,2)(v1, V2, V3, Vy)

Because every element in a(Y3) can be written as a convex combination of
elements of the form above, we see that the inequality must be valid in general
and it is not for the vector a = (0,0, 1,1).

Of course we can easiliy add some conditions. First of all, based on the discussion
above we can also add the linear condition :

ac2,1,1)(p) = a@,2)(p)

or equivalently:
(a(p)[(1,0,—1,0)) =0

Furthermore we know that:
dr
= — >
tr(prp) o ;Xf(K)aK(P) >0

For all Ferrers diagrams F.
Using the theory in chapter 2, we can calculate the character table of Sy. It is
given by:

(1,1,1,1) (2,1,1) (3,1) (2,2) (4)

XB:D 3 1 0 -1 -1
X 2 0 -1 2 0

Xﬁj 3 -1 0 -1 1

XE 1 ~1 1 1 -1

So we can extend theorem 3.5.1 in the following way:
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Theorem 3.5.2. Let p € YV, be separable. Then:
2a(2,1,1)(p) + 5a(z,1)(p) — 4a2,2)(p) + 4awy(p) >0
2a2,1,1)(p) + 3a(s,1)(p) + 12a(2,2)(p) — 12a(4)(p) = 0
2a2,1,1)(p) = 3aes,1) (p) — 4a2,2)(p) + 4a)(p) =2 0

(p
(
(
a@.1,1)(p) —a@n(p) —ae, 2)( ) taw(p) <1
) =
) =
)

a(2,1,1)(p) — ag,2)(p

a(2,1,1)(p) +a,1)(p) —4a@2)(p) +aw(p) = -1

) (
) (
) (
a@z1,1)(p) +a@1(p) —aw(p) = =3

—as,)(p) + 2a(2,2)(p) > —2
*0(2,1,1)(/)) - a(2,2)(p) + agy (p) > -3

Whether or not these conditions are sufficient is still an open question. None of
the methods we have used in the three particle case seem to work. The calculus
approach was already too lengthy in the three particle case, the inequality
between the two averages was a bit of a lucky guess and does not really yield
results in the four particle case and, as we have seen in the previous section, the
method using characteristic polynomials only yields necessary conditions.
There is another subject, related to the questions in this thesis which we have
not yet touched upon and might yield stronger results (the author did not
know about it until two weeks before this piece was handed in). It concerns
the following: in the beginning of this chapter we have seen that for a general
Ferrers diagram for Sj, we can write:

(@ Qv lpron®...©u) =% 3 xrm®Ili; (e o)

k TESK
d k
= ﬁ Z X]:(ﬂ-) Hi:l GTK‘(’L) %
TESK
where G € My (C) is the Gram matrix of the vectors vy,...,vx. For a Ferrers

diagram F, the map Immg : My (C) — C defined by:

Imm}- Z X]: ]:[Aﬂ.(,) i (357)

TESE

is called the immanant corresponding to F. So, basically, we are studying
immanant inequalities for positive semidefinite matrices with unit diagonal in
this piece. As it turns out, there already exists a lot of literature on the
immanants, for example [LiR34], [Pat92] and [Pat98]. This might provide a
new angle for our problem.
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